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Thee mechanism of purine nitration 

TheThe results described in this chapter were obtained m a concerted action with Melle Koch and will  also be 

discusseddiscussed in his thesis. 

ABSTRACT T 

Thee mechanism of purine nitration with a mixture of tetrabutylammonium nitrate and tri-

fluoroaceticc anhydride was elucidated by using NMR spectroscopy. Extensive monitoring of the 

nitrationn of I excluded direct nitration of the highly electrophilic C2 position and demon-

stratedd that this reaction occurred in a three step process. Electrophilic attack by trifluoroacetyl 

nitratee (TFAN) on the purine N7 position results in a ni trammonium species that is trapped by 

aa trifluoroacetate anion furnishing nitramine intermediate II . A subsequent nitramine rear-

rangementt generates C2-nitro species II I that immediately eliminates TFA to give 2-nitro-6-

chloroo purine IV. The involvement of radicals during the nitramine rearrangement was une-

quivocallyy established by l 5N-CIDNP NMR. A radical trapping experiment disclosed that 65-

700 % of the nitramine rearrangement takes place intermolecularly. 

R R 

TFAN N 

CI I N02 2 

-N N 
I I 
R R 

CI I 

N N 

Q2N N 

itrv°™ ™ 
' N N 

I I 
R R 

III I 

CI I 

0 2 N ^ N ^ M M N N 

R R 

IV V 

nitraminee rearrangement 



ChapterChapter 6 

6.11 INTRODUCTION 

Thee mechanism of aromatic nitration reactions depends on the nature of the nitrating system, 

thee actual reaction conditions, and is continuously under discussion.1-2 The direct attack of a 

ni t roniumm ion on the aromatic species followed by a fast proton loss' is still recognised as a 

validd model of nitration over a wide range of conditions (Scheme 6.1). For benzene or 

pathh B 

[A I - + '' N02' 

ArH H N02
+ + 

pathh A 

Schem ee 6.1. Classical nitration pathways. 

Ar. . 
NO, , 

ArN02 2 

fast t 

compoundss less reactive than benzene path A has always been accepted. For compounds more 

reactivee than toluene a possible role for the electron transfer mechanism (path B) has been 

proposed.44 The initial reaction in path B has a high activation energy due to the difference in 

geometryy of the nitronium ion (linear) and the nitrogen dioxide molecule (bent). Although 

directt nitration (path A) also involves a major change in geometry of the O-N-O group, the 

energyy terms involved in bond formation stabilise the transition state. It has been shown by 

bothh C IDNP investigations and theoretical considerations that electron transfer plays, if any, 

onlyy a minor role.1,5 

Bothh of the nitration pathways discussed in Scheme 6.1 are unlikely to be involved in the 

nitrationn of electron deficient substrates, like the purine system. Few examples are known of 

nitrationss of deactivated systems at room temperature. One, reported by Moodie, comprises 

C l ^ / W N 0 2 2 
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Schem ee 6.2. Nitration of deactivated aromatic systems. 
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TheThe mechanism of purine nitration 

thee nitration of chloro-nitrobenzenes using N2O5-HNO3.6 The nitro-nitrate-addition products 

likee 1, formed as intermediates, were observed by 15N CIDNP NMR and support a radical 

additionn mechanism (path B in Scheme 6.2), although electrophilic processes catalysed by 

HNO33 seem to dominate the formation of the end products (path A). Nitrogen dioxide is not 

reactivee enough for addition to the aromatic ring and therefore a more reactive species such as 

NO3,, which is formed in an equilibrium from N2O5, initiates the substitution reaction. 

Comparablee mechanisms were suggested to explain unusual selectivity during Kyodai nitration 

withh NO2-O3, although electron transfer from electron rich substrates to NO3 was preferred as 

thee initiating step.7 

6.22 TRIFLUOROACETYL NITRATE IN PURINE NITRATION REACTIONS 

Thee use of the TBANTFAA mixture for electrophilic aromatic nitration was reported by 

Masci88 as an adaptation of Crivello's nitration system, consisting of TFAA and heterogeneous 

metall  or ammonium nitrates in inert solvents.9 The active species in both methods is the 

trifluoroacetyll  nitrate, TFAN, formed in situ (Scheme 6.3). For benzenes high regioselectivity 

O O 

F3CC O + *N02 
O OO O . ^ 

XXXX +- X ,N02 ^ 
B1I4NN N03 + F3C O CF3 ^ ^ Bu4N O2CCF3 + F3C O 

^ ^ O O 
TBANN TFAA TBATFA TFAN ^ „ X - + 

F3CC O + N02 

Schemee 6.3. Trifluoroacetyl nitrate (TFAN) equilibria. 

wass obtained with this nitrating reagent. Reaction of substituted pyridines with TBANTFAA 

wass reported to introduce the nitro group selectively on the 3 position.10 Apart from 

electrophilicc aromatic nitrations, trifluoroacetyl nitrate has also been used for the nitration of 

enolacetates,11122 silylenolethers," and the N-nitration of amides,14'15 uridines and inosines.1617 

Althoughh generally the heterolysis of TFAN, thereby releasing nitronium ions, is considered to 

bee the nitrating mode of action, also concerted pathways involving covalent TFAN1' and 

radicall  pathways via homolysis are believed to be operative.10" 

Thee mild TBANTFAA nitration of purines proved to be a strongly substrate dependent 

processs (Scheme 6.4). While (1-deaza) purines with protected hydroxyl and doubly protected 

aminoo functionalities are readily nitrated, (mono protected) adenosine triacetate and nebularin 

triacetatee did not give any of the expected nitration products.181920 
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eTT TBAN/TFAA Y X = CH, N 

x x -N N ^^ 1-2equiv X ^ V " \ 
III \>8  II > Y = CI, N02, N(Ac)2,N(Cp)Ac, OBn 

2 k N ^ NN 0 2 N A N ^ N II v2r ZZ = Rib(Ac)3, THP, Me, Boc, R i b — ^ ZZ Z 

Schem ee 6.4. Examples of purine nitrations. 

6.33 PROPOSED MECHANISMS 

Bothh direct electrophilic nitration of the highly electron deficient purine C2 position and the 

alternativee mechanism via electron transfer, taking the high oxidation potential of purines into 

account,, seem unlikely. Moreover, upon TBANTFAA nitration of solid supported purines, 

describedd in Chapter 2, no concurrent nitration of the polystyrene matrix was detected, 

indicatingg the negligible amount of strongly electrophilic nitronium ions.20 Therefore, in an 

earlierr publication from our group a radical nitration pathway was proposed (Scheme 6.5).19 

Homolyticc cleavage of trifluoroacetyl nitrate as proposed by Evans et al. generates the 

trifluoroacetoxyll  and nitrogen dioxide radicals (Scheme 6.3)." Addition of the reactive 

CII CI CI CI 

N^VN
NXX _^ 1 N V X „  'N 2

 N ^ V N
X "H0R

 NV\ 
III I N> ^ = ^ I I ^ O R  | V O R || | "> 
k N ^ NN \ ^ f 0 2 N A N ^ N 0 2 N A N ^ N 

R''  R' R' R' 

Schem ee 6.5. Initially proposed radical addition mechanism. 

trifluoroacetoxyll  radical to the purine C-8 gives a highly delocalised radical that is stabilised by 

thee substituent at C-6. Subsequent combination of this radical with N 0 2 at C-2 is followed by 

el iminationn of trifluoroacetic acid from the intermediate, which affords the product. Although 

inn principle NO2 addition on C-4 or C-6 is also possible, this would not lead to stable 

products. . 

AA major drawback in the mechanism proposed in Scheme 6.5 is the generation of the very 

unstablee trifluoroacetoxyl radical, which rapidly decomposes to CO2 and the trifluoromethyl 

radicall  with a reported dissociation constant k> 5-104 s'1.21 During TBAN-TFAA nitrations 

formationn of CO2 or CF3H is not observed, which makes homolytic cleavage of trifluoroacetyl 

nitratee unlikely. 

Inn the original publication it was noted, however, that in theory N7O5 and consequently 

NO33 can be formed during the TBAN-TFAA nitrations as is depicted in Scheme 6.6. In the 

solidd state dinitrogen pentoxide is composed of crystalline ionic nitronium nitrate,22 but in the 
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Schem ee 6.6. N205 equilibria. 

vapourr phase and dissolved in organic solvents it is covalent. The covalent molecule wil l also 

dissociatee into nitrogen trioxide and nitrogen dioxide.23 In this case the highly reactive NO3 

radicall  adds to the purine C-8 position and the pathway in Scheme 6.5 is followed under 

liberationn of the strong acid HNO3, which is buffered by tetrabutylammonium trifluoro-

acetate,, TBATFA. 

Althoughh nitronium ions may be present in solution as indicated by the equilibria 

mentionedd above, direct electrophilic attack by the nitronium ion on the purine substrate was 

excludedd by a control experiment with nitronium tetrafluoroborate.19 No nitration was 

observedd under these conditions and starting material was recovered completely. However, 

uponn addition of TBAN to this mixture purine nitration did occur, albeit in moderate yields. 

Thiss points to the in situ formation of N2O5 as the nitrating species. 

Inn order to test the viability of N2O5 intermediacy purine nitration was carried out with 

preformedd N2O5.24 Nitration with an excess of N2O5 of 6-chloropurine riboside triacetate 2 

furnishedd the 2-nitro product 3 in 18 % yield, 21 % recovery of starting material, while a 

considerablee amount of 8-oxo product 4 was formed (Scheme 6.7). The addition of 

trifluoroacetatee ions in the form of TBATFA led to a remarkably improved 2-nitro-product 

yield.. As depicted in Scheme 6.6 TFAN can be generated by reaction of TBATFA with N2O5. 

Apparently,, TFAN is a better purine nitrating species than N2O5, indicating an important role 

forr the trifluoroacetate ion. 

C! ! 

N N 
1 1 
Rib(Ac)3 3 

2 2 

N205 5 

»--

CI I 

NN 1 
02NN N 

1 1 
Rib(Ac)3 3 

3 3 

0 2 N " % J ^ N N 

Rib(Ac)3 3 

recovered d 
startingg material 

1 8% % 30% % 211 % 

withh TBATFA 38 % 36 % 

Schem ee 6.7. Nitration of 6-chloro purine riboside triacetate 2 with N2Os. 

7% % 
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6.44 DETECTION OF A 7-NITRO-8-TRIFLUOROACETOXY PURINE INTERMEDIATE 

Inn order to obtain more insight into the purine nitration mechanism an attempt was made to 

detectt nitration intermediates with NMR spectroscopy. Initiall y the nitration of 6-chloropurine 

ribosidee triacetate 2 was studied. Interpretation of the spectra was hampered because the 

intermediatess present were mixtures of diastereomers. Therefore, another substrate had to be 

selectedd that offered a clean and efficient nitration and showed a simple NMR spectrum; 6-

chloro-9-Bocc purine 5 met with these requirements. This crystalline compound was easily 

synthesisedd in high yield by reaction of 6-chloro purine with B0C2O and catalytic DMA P 

(Schemee 6.8).25 On preparative scale the nitration of 5 was carried out in dichloromethane at 

0°° C and furnished 2-nitro-6-chloro-9-Boc purine 6 in 86 % isolated yield. 

9'' Boc20 1.4equiv 9' TBAN1.6equiv 9' 

N^\^ NN DMAP cat. N ^ k ^ N TFAA1.6equi v N^yN 

Sg-^NN CH2CI2, rt, 1h S\I^N CH2CI2 , 1h 02l\l"'S^N 

HH 89% 0 ^ k Q ^ t B u 86% ' j L ABu 

55 6 

Schem ee 6.8. Synthesis of 2-nitro-6-chloro-9-Boc purine. 

Monitoringg the nitration of 6-chloro-9-Boc-purine 5 with 'H-NMR at -10 °C clearly revealed 

thee formation and decrease of a purine intermediate. Figure 6.1a shows part of the 'Hi-

spectrumm of a mixture of 6-chloro-9-Boc purine 5 (0.13 M) and TBAN (0.26 M) in CD2Cb at 

-100 °C. When TFAA (2 equivalents) was added to this mixture the appearance of the H8 

(8.922 ppm) of the product 6 and the disappearance of the H2 (8.86 ppm) and H8 (8.63 ppm) 

signalss of starting material 5 were observed as expected (Figure 6.1b). In addition, the fast 

formationn and gradual decrease of a set of signals was seen that contained a singlet at 8.82 ppm 

(integratedd as 1H), a singlet at 8.78 ppm (integrated as 1H) and a singlet at 1.48 ppm 

(integratedd as 9H). These signals were assigned to purine intermediate 7. Some small additional 

peakss were detected which were ascribed to side products. After allowing the sample to warm 

upp to room temperature, all of the starting material and intermediary peaks had disappeared 

andd in the aromatic region only the product H8 signal remained (Figure 6.1c). The following t-

butyll  signals (not displayed) were observed: starting material 5 (1.65 ppm), intermediate 7 

(1.488 ppm) and product 6 (1.72). The progress of the nitration is represented graphically in 

Figuree 6.2 as a plot of the normalised integral values against time. 

AA successful attempt to 'freeze' the nitration reaction in the intermediate stage allowed for 

extensivee spectroscopic characterisation of this species. The progress of the intermediate 

formationn was monitored at -50 °C and complete conversion of the starting material into the 
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H-8 8 
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Figur ee 6.1. Aromatic region of 1H-NMR spectra of the nitration of 6-chloro-9-Boc-purine 5 at -10 C in CD2CI2. 
a)) to- b) t-iOmin-C) too-

purinee intermediate 7 over an 8 hour period was observed, while formation of 2-nitro product 

66 was suppressed to less than 3 %.27 

Thee 15N-NMR spectrum of the intermediate formed from 98 % 15N-labelled TBAN revealed 

aa doublet at 339.6 ppm with 7NH = 2.7 Hz (Table 6.1). In the corresponding 'H-spectrum a 

doublett at 8.82 ppm with JNH = 2.7 Hz was observed instead of a singlet. A 'H-decoupling 

1.00 ft 

0.8 8 

a,a, 0 .6. 
5 5 

 0.4 

0.2 2 

0.0 0 

, 0 0
Oo

ooooooooooo o 

10 0 20 0 300 40 
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Figur ee 6.2. Progress of the nitration by plotting the 1H-integral values against time (T = -10 . Triangles: 
startingg material 5; Closed circles: purine intermediate 7; open circles: product 6. 
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Tablee 6.1. Selected NMR data from nitrations with 15N labelled TBAN.a 

6-Cl-9-Boc-purinee 5 purine intermediate 7 2-N02-6-Cl-purine 6 

55 (ppm) J (Hz) 5(ppm) J (Hz) 8(ppm) J (Hz) 

22 8.86 8.78 

'H-88 8.63 8.82(d) 

l 3 022 153.5(d) 'JCH =211 157.7(d) 

1 3088 144.3(d) ]JCH = 2 22 93.0 (dd) 

1 5N022 339.6(d) 

19FF -75.86 (s) 

a>> recorded in CD2CI2 at -50 °C. 

experimentt confirmed 'H-^N-coupling. The size of the coupling constant points toward a 3JJVH 

coupling.. Purine intermediate 7 contains a N-nitro group and no Gni t ro or nitrato moiety. 

Thee N-chemical shift of the doublet of the purine intermediate typically lies within the range 

off  N-nitro compounds, which is generally shifted about 20 ppm upfield relative to that of C-

nitroo compounds.26 Peaks derived from covalently bound nitrates, which appear at even higher 

fieldd values relative to N-nitro derivatives, were not detected.6 The signal of the 2-nitro product 

6,, a singlet at 365.0 ppm, displays a chemical shift value characteristic for aromatic C-NO2 

compounds. . 

Inn the 13C spectrum of the starting material 5 C2 was found at 153.5 ppm with 
ll icHicH = 211 Hz and C8 at 144.3 ppm with 1JCH = 222 Hz (see Table 6.1). In the spectrum of 

pur inee intermediate 7 the values for C2 (8 = 157.7 ppm, 'JQH = 212 Hz) were similar to those of 

thee starting material, but C8 showed a remarkable upfield shift to 93.0 ppm and a decreased 
J/CH-valuee of 194 Hz. Moreover, C-N-coupling with 2JCN = 1-8 Hz was observed for C8 in 

experimentss with N-labelled TBAN. These results indicated that aromaticity was contained in 

thee pyrimidine part, but not in the imidazole ring. In addition, the presence of a 

trifluoroacetoxyy group in purine intermediate 7 was observed with 13C-NMR as indicated by a 

quartett at 114.2 ppm (!JCF = 290 Hz) and a double quartet at 153.8 ppm (2iCp = 44 Hz, 
33icuicu = 2.9 Hz). The 19F-NMR spectrum verified the presence of the trifluoroacetoxy group, 

whichh appeared as a singlet at -75.86 ppm. With the help of CH correlation spectra and the 

observedd long range couplings the intermediary singlet in JH-NMR at 8.78 ppm could be 

assignedd to H2 and the doublet at 8.82 ppm to H8. The extremely high chemical shift of 

8.822 ppm for H8, a proton attached to a sp3 carbon atom, can be explained by the three hetero 

33JHNJHN = 2.7 

JJCHH = 2 12 

! /CHH = 194 

/CNN = 1.8 

JNHJNH = 2.7 

154.2(d)) J7CN = 29 .4 

148.33 (d) 'JCH = 223 

365.0 0 
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atomss attached to C8, the electron withdrawing effect of the nitro, Boc and trifluoroacetoxy 

groupss and the anisotropic effect of the carbonyl and nitrosyl moieties. During the reaction the 

concentrationn of TFA increases and H8 showed a gradual up-field shift of about 0.2 ppm as a 

consequencee of partial protonation of the intermediate, which disturbs the anisotropic effect. 

Thee NMR data above led us to the structure assignment for the N-nitropurine intermediate 

77 as shown in Figure 6.1. 

6.55 THE N-NITRATION-NITRAMINE REARRANGEMENT MECHANISM 

Thee radical addition mechanism proposed in Scheme 6.5 appeared to be inconsistent with the 

obtainedd NM R results and a new three step nitration pathway was suggested as depicted in 

Schemee 6.9. The purine ring system is N-nitrated on nitrogen atom 7 in the imidazole ring by 

electrophilicc attack of TFAN. The highly electrophilic imidazolium cation is trapped by a 

presentt nucleophile, in this case trifluoroacetate, furnishing the observed nitropurine 

intermediatee 7. A subsequent nitramine rearrangement28 follows in which the nitro group 

movess to the 'para' position (i.e. C2), affording 8. Fast TFA elimination finally leads to the 

nitratedd product 6. 

R R 

5 5 

N - 0 A C F 3 3 

9''  + NO2 

R R 

O O 
__ u 
O ^ C F 3 3 

nott observed 

CI I N02 2 

i i 
R R 

OTFA A 

CI I 

- T k ^ NN 0 T F A 0 2 N H // - N 
i i 
R R 

8 8 

-TFA A 

fast t 0 2 N ^ N - ^ M M 

nott observed 

Schem ee 6.9. N7-nitration followed by a nitramine rearrangement. R = Boc. 

-N N 
i i 
R R 

THETHE NITRAMINE REARRANGEMENT 

Arylnitraminee rearrangements are intensively studied28 ever since the discovery of the 

rearrangementt of N-nitroaniline to o- and p-nitroaniline by Bamberger in 189.3 (Scheme 6.10).29 

Hee reported this rearrangement both acid-catalysed in cold hydrochloric acid, and uncatalysed 
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. -N02 2 

A o r H + + 

major r 

Schem ee 6.10. /Vnitroaniline rearrangement. 

uponn heating to give primarily o-nitroaniline and some p-nitroaniline, nitrosobenzene, carbon 

dioxidee and nitrous fumes. The thermal rearrangement of N-methyl-N,p-dinitroaniline 

(Schemee 6.11, X=N02), neat or in dichloromethane, was reported by Barnes and 

Hickinbottomm to afford N-methyl-2,4-dinitroaniline in high yield.30 The rearrangement was 

effectivelyy blocked in the presence of dialkylphenols, yielding mostly N-methyl-p-nitroaniline. 

Fromm these observations it was inferred that free radicals were involved. This conclusion was 

laterr supported by the large positive activation volume of the decomposition of the N-methyl-

N,p-dinitroanilinee in a mixture of toluene and piperidine as found by Naud and Brower." The 

positivee change in activation volume is due to the increase in free space between the solvent 

moleculess and the radical pairs generated. Homolytic reactions have positive activation 

volumes,, while reactions which undergo polarisation either by bond breaking or bond 

formationn have negative activation volumes.32 After studying the thermal rearrangement of 

variouss ring-substituted N-methyl-N-nitroanilines a mechanism was proposed in which 

reversiblee homolysis leads to a radical pair (Scheme 6.II).33 Recombination of the paired 

„ N 0 2 2 ~NN N02 

rearrangement t 

radicall pair 

++ N0 2 

freee radicals 

Schem ee 6.11. Homolysis of the N-NO2 bond followed by recombination of the paired radicals. 
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radicalss generates the C-nitro compounds intramolecularly. The separation and escape of the 

radicall  fragments provides the 'free' N-methyl-anilinyl radical and NO2. Recombination of 

thesee free radicals allows for the intermolecular formation of the C-NO2 product. Separative 

diffusionn and hydrogen abstraction renders N-methylaniline. 

Thiss radical pair rearrangement mechanism was originally put forward by White.34 He 

describedd the intermediacy of the N-methyl-anilinium radical cation and NO2 radical pair 

duringg the acid-catalysed rearrangement of N-nitro anilines. The involvement of radicals was 

supportedd by the detection of CIDNP effects (see Section 6.6 ) by Ridd and coworkers during 

thee acid-catalysed rearrangement of 2,6-dichloro-N-nitroaniline and 2,6-dibromo-N-

nitroaniline.355 It was recognised that for nitramine rearrangements of nitroanilines with 

stronglyy electron withdrawing substituents the boundary between heterolysis (path a) and 

homolysiss (path b) is less well defined (Scheme 6.12).28b 

ArNHRR + N02
+ ArNH2RN02 • ArNHR + N0 2 

Schem ee 6.12. Heterolysis vs. homolysis. 

Anotherr mechanism by which the nitro group can be transferred was suggested and is 

knownn as the 'cartwheel' mechanism shown in Scheme 6.13 for the acid catalysed nitramine 

rearrangement.366 The mechanism consists of the migration of the nitro group to the ortho 

positionn to give the ortho-nitrite. Further migrations occur rapidly as [3,3] sigmatropic shifts. 

Protonn expulsion probably precedes the transformation of the mobile nitrito into the stable 

nitroo form. A homolysis-recombination pathway of the O NO to NO2 rearrangement has been 

suggested.37 7 

.NOo.NOo + ,9 + + 
HNN H 2 N - N _ _ NH2 NH2 

óó  - ö - (n - ó 
exx  -,o 

N N 

JJ - H + J - H + 

NH22 NH2 

ÓrN022 (^ 
N0 2 2 

Schem ee 6.13. Cartwheel mechanism of the nitramine rearrangement. 
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Nitr oo group rearrangements have also been observed in the nitration of arylanilides. Iley 

andd coworkers reported the reaction of N-aryl-benzimidoyl chlorides with silver nitrate at room 

temperaturee to yield not the expected N-nitroamides, but N-(nitroaryl)benzamides with the 

nitroo group rearranged to the ortho and para positions (Scheme 6.14).38 When the ortho and 

parapara positions were blocked, the reaction of silver nitrate with N-(nitroaryl)benzimidoyl 

chloridess afforded the expected N-nitroamides. A mechanism was proposed in which the 

intermediaryy O-nitro imidate rearranges via homolytic cleavage of the O-NO2 bond. The rate 

off  rearrangement appeared to be independent of the substituent in the C-aryl ring, but 

increasedd with the electron withdrawing ability of the substituents in the N-aryl ring. In 

anotherr study towards the rearrangement of ring substituted N-methyl-N-nitroanilines it was 

concludedd that, in the absence of acid, substrates containing electron withdrawing substituents 

aree more prone to rearrangement than those with electron donating groups.39 

CI I 

A r ^ N . . AgN03 3 

0 ,NO 2 2 

A AA X 

)/ / 

Ar r 

O O 

A. . 
NO2 2 

X X 

O O 

AA  A . 1 U N02 Arr NH 

O O x x 
Arr  NH 

NO, , 

X,YY = H X,Y,ZZ H 

Schem ee 6.14. Reaction pathway of /Varylimidoyl chlorides with AgN03. 

NITRAMINENITRAMINE REARRANGEMENT OF PURINES 

Iff  the radical nitramine rearrangement mechanisms mentioned above are applied to the purine 

systemm a pathway as depicted in Scheme 6.15 is obtained. The N-NO2 bond of the nitramine 

intermediatee 7 splits homolytically and the paired radical fragments recombine under 

formationn of a C2-NO2 bond. The C2-NC>2 intermediate 8 was not detected because the 

subsequentt TFA elimination leading to 6 is too fast on the NMR time scale. 
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CI I N0 2 2 

^ N ^ N X O T F A A 

R R 

CI I N02 2 

R R 

CI I 

NVVH H 
02NN N 

OTFA A 

•TFA A 

8 8 

CI I 

0 2 N ^ N ^ N N 
R R 

6 6 

Schem ee 6.15. Homolytic purine nitramine rearrangement. R = Boc. 

Too validate that formation of 2-nitro product 6 occurred by rearrangement of the N7-nitro 

intermediatee and not by other processes, the conversion of the nitramine intermediate 7, 

whichh was preformed at -50 °C in CDCI3, into the 2-nitro product 6 was followed with 'H-

NMRR at -10 °C. In Figure 6.3 the progress of the normalised integrals of H8 of nitramine 

intermediatee 7 and the product 6 is represented graphically, demonstrating the excellent first 

orderr kinetics that indicate the expected unimolecular process. First order rate coefficients 

1CNN = 1.5-10'3 s'1 (nitramine decrease) and kp = 1.9-10"3 s'1 (product increase) were determined 

overr about 4 half-lives with a high Revalue and good reproducibility. A similar discrepancy in 

thee values of k^ and kp was found by Ridd and coworkers during the acid catalysed nitramine 

rearrangementt of 2,6-dichloro-N-nitroaniline and 2,6-dibromo-N-nitroaniline.55b They 

explainedd this by the occurrence of side reactions: a subsequent reaction would decrease the 

magnitudee of the signal for the product at the end of the reaction and thus cause the extent of 

reactionn at earlier times to be overestimated. Indeed side reactions took place as the final 

amountt of product 6 did not reach the amount of nitramine 7 that was initially present (see 

alsoo Section 6.7 ). 

CO O 

£ £ 

" D D 
CD D 
CO O 

"05 5 

O O 

c c 

kP== 1.9-10"3 s1 

kNN = 1.5-10"3s 33 --1 

Figur ee 6.3. Conversion of /VN02 intermediate to the 2-nitro product followed with 1H-NMR at . Closed 
circles:: nitramine intermediate 7; open circles: product 6. ktf. nitramine decrease; kp: product formation. 
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Inn order to prove that the rearrangement was not acid catalysed, it was conducted in the 

presencee of DIPEA and identical reaction rates were found. Moreover, if the rearrangement 

wouldd be acid catalysed, the reaction rate would increase during the course of the reaction, 

sincee TFA is generated upon product formation. Deviation from a first order correlation was 

nott observed. 

Wi t hh the unimolecularity of the reaction now being established the involvement of radicals 

duringg the rearrangement was studied with N CIDNP NMR. 

6.66 CHEMICALLY INDUCED DYNAMIC NUCLEAR POLARISATION (CIDNP) 

Chemicallyy Induced Dynamic Nuclear Polarisation refers to the perturbation of the nuclear 

spinss away from the expected Boltzmann distribution.41,42 The effect is observed in NMR 

spectraa as an abnormal intensity of the NMR signals; the signals display either enhanced 

absorptionn or emission. In other words, when dealing with I = 1/2 nuclei, allowing for only 

twoo nuclear spin states (a and (3) in a high magnetic field, this means that one of the two states 

iss either over- or underpopulated as compared to the Boltzmann distribution (Figure 6.4). For 

simplicityy only the case of I = 1/2 nuclei wil l be discussed, since they reflect the spin quantum 

numberr of common nuclei like 'H, '3C, 15N and F. The discussion applies of course to all 

magneticc nuclei. 

Reactionss occurring through radical pairs are able to generate nuclear polarisation, when 

thee products resulting from a radical pair depend on the lifetime of the singlet (antiparallel 

>> > 
O) ) 
aj j 
c c 

LU U 

P P 
AE E 

P P P P 

Emission n 

Absorption n Enhancedd absorption 

Boltzmannn distribution: 

Np/Naa = e"AE/kT 

Figur ee 6.4. Populations of nuclei with a or [3 spins. 
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Figur ee 6.5. Energy vs. separation (r) of singlet and triplet states of a radical pair in a magnetic field. 

electronn spins) and triplet (parallel electron spins) states. In a high magnetic field the triplet 

(To)) and singlet (S) states of the radical pair become degenerate, when the two radical 

componentss are greater then 5 A apart and then S-T0 mixing can occur (Figure 6.5). Because S-

Too mixing involves hyperfine interactions (hfi) due to coupling of the nuclear spins with the 

unpairedd electron spins, it is faster for one nuclear spin state, say (3, than for the other, ergo a. 

Schemee 6.16 outlines the radical pair mechanism (though oversimplified), which accounts 

forr the CIDNP effect. Consider for example the case of an initial singlet radical pair generated 

byy thermal homolytic cleavage of AB, a singlet precursor. Spin selection rules state that product 

formationn can only be the result of the encounter of two radicals paired in a singlet state. The 

nuclearr spin state, that gives the fastest STo mixing, say (3, wil l be most rapidly converted to the 

unreactivee triplet state. The radical fragments A with (3 nuclear spin (represented as Ap) wil l live 

Aa-B B 

primary y 
recombination n 

AP-B B 

secondary y 
recombination n 

A -B B 
SS homolysis A"" f { B 

S-T-mixing g 

T T 
AMM \ B 

geminatee pair 

diffusion n 

sidee reactions 

AA + B 

freee radicals 

encounter r 

APff f B 

S-T-mixing g 

j j 

A « || \ B 

freee pair 

Schem ee 6.16. Radical pair mechanism. 
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longerr and some will ultimately escape from the geminate pair to become free radicals. The 

geminatee product AaB generated by primary recombination of the radical pair in the singlet 

statee will then display an overpopulation of the a nuclear spin state compared to the normal 

Boltzmannn distribution and net polarisation is the consequence. The escaped, free radicals can 

givee rise to side reactions or to random encounter to form a free radical pair. Now the nuclear 

spinn state, that gives the fastest S-To mixing ((5) will be most rapidly converted to the reactive 

singlett state and the secondary recombination product APB will be overpopulated in P nuclear 

spins.. If all the radicals eventually yield the same product, either during recombination within 

thee original geminate pair or after separation, then the product signal will be unpolarised, 

unlesss the lifetime of the free radicals is long enough for loss of some of the polarisation via 

relaxationn processes in the radicals. 

Kapteinn has developed a set of equations, known as the Kaptein rules, that allows one to 

predictt the phase, i.e. enhanced absorption or emission, of the polarisation.43 It is written as 

followss for the net polarisation of atom i derived from the radical a in the pair of radicals A,B: 

Tnee = (XEai(gA'gB) 

Heree Tne is the phase of the net polarisation observed (positive for enhanced absorption 

signals,, negative for emission signals), /i is derived from how the radical pair is formed (positive 

whenn formed from a triplet precursor or by the encounter of free radicals, negative when 

formedd from a singlet precursor), e is derived from how the products are formed (positive for 

geminatee products, negative for secondary recombination products), at is the sign of the 

hyperfinee coupling constant for the nucleus i in radical A, and igA-gs) is the difference between 

thee g values (obtained from epr data) of radicals A and B. 
15N-CIDNPP NMR has been a valuable tool in elucidating reaction pathways in nitration 

reactions.444 When the equation is applied to the polarisation of  15N nuclei, an additional 

negativee sign must be added because of the negative magnetogyric ratio of the 15N nucleus.45 In 

thee NO2 radical the negative magnetogyric ratio of the 15N nucleus also causes a  ̂ to be 

negative477 and Kaptein's rule then takes the following form: 

r n ee = M-e(gnitTO-gB) 

Thee analysis can be further simplified if the reasonable assumption is made that the g value of 

thee organic purinyl radical46 is larger than the g value of NO2 (2.0000).47 The conclusions of 

Kaptein'ss rule can then simply be related to how the radicals are formed and how they react to 

formm the product. 

Inn a thermal radical rearrangement the radical pair is generated from a singlet precursor, so 

HH is negative. From the phase of the polarised NMR signals one can then conclude whether the 
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rearrangementt occurs intra- or intermolecularly. If the product is formed in an intramolecular 

fashion,, it is a geminate product, the result of a recombination reaction within the radical pair 

(ee is positive) and enhanced absorption is observed. If the product is formed in an 

intermolecularr fashion, it is a secondary recombination product, the result of recombination 

afterr separation from the original pair (e is negative) and emission is observed. Conclusions are 

lesss obvious if the rearrangement both has an intra- and an intermolecular counterpart. Since 

thee observed NMR signal matches the sum of the unpolarised and polarised (positive and/or 

negative)) material formed, even no net polarisation at all can be the consequence. 

1515N-CIDNPN-CIDNP NMR IN PURINE NITRA HON 

Whenn the rearrangement of nitramine 7 at 0 °C is followed with 15N NMR indeed CIDNP 

effectss are observed (Figure 6.6). During several half lives the nitramine intermediate signal (N) 

showss enhanced absorption. In the early stage of the reaction at t = 2 min the 2-NC>2-product 

signall  (P) shows emission, while during the remainder of the rearrangement a reduced 

absorptionn signal is observed until after about 4 half lives (reaction nearly complete) no 

CIDNPP effects are observed any more. The observed CIDNP effects are graphically represented 

inn Figure 6.7. These results can be explained with the mechanism shown in Scheme 6.17. The 

SS P 
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Figuree 6.6.15N CINDP NMR spectra of rearrangement of 0.45 M nitramine. S: nitrobenzene standard; N: 
nitraminee intermediate; P: 2-nitro product. 
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Figuree 6.7.15N CIDNP integral values normalised on external 15N nitrobenzene plotted vs. time. Closed 
circles:: nitramine intermediate 7; open circles: product 6. The course of the rearrangement is added as 
calculatedd from kN (—-) and kP (—); Initial nitramine concentration: 0.15 M, , CDCI3. 

enhancedd absorption of the nitramine intermediate signal (N) obviously indicates the reverse 

reactionn of the radical pair to reform nitramine 7 by primary recombination within the original 

pair.. The emission signal for the product (P) points to an intermolecular process. Free radicals 
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Schemee 6.17. Purine nitration mechanism obtained from NMR studies. 
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re-encounterr to form the secondary recombination product 6. In the beginning of the reaction 

itss contribution to the NMR signal is larger, since the concentration of the escaped (or free) 

radicalss is higher as is the chance of random free radical encounters. 

THETHE QUESTION OF INTRAMOLECULARITY 

Whitee has shown that the nitramine rearrangement (Scheme 6.11) has both an intra- and 

intermolecularr counterpart.48 By diverting the free NO2 radicals that have escaped from the 

originall  radical pair through reduction with hydroquinone he was able to block the 

intermolecularr part of the rearrangement as shown in Scheme 6.18. It appeared that the 

H H 

02NArr R 

RR +. • hydroquinone R 
'NHH + N02 ,NH + HN02 

Ar'' Ar' 

Schemee 6.18. Free radical reduction by hydroquinone. 

intermolecularr part of the rearrangement of N-methyl-N-nitroaniline was about 40 %.49 He 

foundd that increasing the hydroquinone concentration above a certain point had no further 

effectt on the product yield. This indicated that the hydroquinone only reacted with the 

'escaped'' radicals and not with the paired radicals. The difference in o/p ratio with (68:32) or 

withoutt (31:69) diverting agent implied that the 'structure' or average configuration of the 

radicall  pair varies depending on its source (nitramine homolysis or secondary recombination 

off  free radicals). Since the radical reassociation step is an equilibrium process, the resulting 

radicall  pair probably possesses the lowest energy, most stable average configuration, resulting in 

C-NO22 product formation. That explains why in our case N-NO2 formation (high energy 

conformation,, kinetically favoured) is in competition with C-NO2 formation during the 

intramolecularr recombination. This is expressed in the enhanced absorption for N-NO2 

intermediatee 7. Intermolecular recombination on the other hand primarily leads to the 

thermodynamicallyy more stable C-NO2 compound accounting for the observed emission signal 

off  6. 

Thee rearrangement of nitramine intermediate 7 in the presence of 3 equivalents of 

hydroquinonee revealed that only 30-35% of 2-nitro product 6 was generated. This indicated 

thatt 65-70 % of the purine nitramine rearrangement occurred intermolecularly. As expected, a 

greatlyy enhanced absorption was observed for product 6 as a consequence of removal of the 

emittivee contribution to the NM R signal, indicating an exclusive intramolecular process. In 

Ar'' N0 2 
Ar r 

'NHH NO2 
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Figuree 6.8. CIDNP effects when the intermolecular rearrangement is prevented by diverting the free radicals 
withh hydroquinone. S: nitromethane standard; N: nitramine intermediate; P: 2-nitro product. 

agreement,, the signal of nitramine intermediate 7 still displayed enhanced absorption as can be 

seenn in Figure 6.8. 

Whenn the rearrangement was performed in the presence of the radical scavenger TEMPO 

(33 equivalents) only 10 % of product formation was observed, while the remainder was 

denitratedd to starting material. Apparently the TEMPO radical is so reactive that it intervenes 

withh the paired radicals, thus 'kidnapping' some of the radical partners responsible for 

intramolecularr rearrangement. While in the TEMPO experiment the product signal displayed 

aa strong enhanced absorption, the signal of nitramine intermediate 7 was only slightly 

enhanced,, which is another indication for incursion of TEMPO in the paired radicals, thereby 

influencingg the equilibria outlined in Scheme 6.17. 

6.77 SIDE PRODUCTS: 8-OXO PURINE FORMATION 

Whil ee monitoring the nitration reaction with NMR, two equivalents of TFAN were used and 

inn the spectra a set of peaks was observed, derived from side product formation, that deserves 

moree comment. The signals were observed both during direct nitration of 6-chloro-9-Boc-

purinee 5 and during the nitramine tearrangement after preformation of nitramine 

intermediatee 7. The peaks disappeared after completion of the reaction by warming the sample 
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upp to room temperature. In the 15N-NMR spectra a set of signals composed of a singlet at 

363.44 ppm and a doublet at 335.9 with 7NH = 2.7 Hz corresponded to a doublet at 9.10 ppm 

withJNHH = 2.7 Hz (integrated as 1H) and singlet at 1.54 ppm (integrated as 9H) in the 'H-NMR 

spectraa and a singlet at-75.95 ppm in 19F-NMR spectra. These NMR-signals were interpreted as 

thee consequence of an equilibrium between 2-nitro product 6 and a secondary nitramine 

intermediatee due to a consecutive addition of TFAN leading to the observed dinitro 

intermediatee 9 as depicted in Scheme 6.19. Since the para position is already substituted, 

nitraminee rearrangement is not possible and either conversion back to the 2-nitro-6-chloro 

purinee 6 occurs or, alternatively, hydrogen transfer gives rise to 2-nitro-6-chloro-8-

trifluoroacetoxyy purine 10. Hydrolysis of this latter compound upon aqueous work-up explains 

thee formation of 8-oxo purines like 11 as incidentally isolated after nitration reactions, 

especiallyy with a large excess of nitrating agent. 
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N 0 A C F 3 3 

CI I N0 2 2 

Boc c 
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cii 'NO2 

-N N 
i i 
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-HN0 2 2 

CI I 

II 1 V0_CF3 

Boc c 

10 0 

•TFA A 

aqueouss work-up 0 2 N ^ N ^ N N 

Boc c 

11 1 

Schemee 6.19. A dinitro intermediate leads to 8-oxo-purine formation. 

6.88 CONCLUDING REMARKS 

Inn summary, extensive monitoring of the TBAN-TFAA purine nitration reaction with NMR 

spectroscopyy excludes direct nitration of the highly electrophilic C2 position and demonstrates 

thatt this reaction occurs in a three step process. Electrophilic attack by TFAN on the purine 

N77 position results in a nitrammonium species that is trapped by the trifluoroacetate anion 

furnishingg nitramine intermediate 7. Subsequent nitramine rearrangement generates a C2-

nitroo species 8 that eliminates TFA to give 2-nitro-6-chloro purine 6. Moreover, the involvement 

133 3 



ChapterChapter 6 

off  radicals during the nitramine rearrangement is unequivocally established by 15N-CIDNP 

NMR.. A radical trapping experiment discloses that 65-70 % of the rearrangement takes place 

intermolecularly. . 
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6.100 EXPERIMENTAL 

Generall information. Al l nitration monitoring experiments ('H, 13C, I5N, I9F) were carried out on a 
Variann Inova 500 spectrometer operating at 11.74 T (499.9 MHz for 'H; 125.7 MHz for nC; 50.7 MHz 
forr l5N, 470.4 MHz for 19F) using a 5 mm SW probe or a 10 mm broadband tunable probe. The spec-
traa were determined in deuterated chloroform or dichloromethane obtained from Cambridge Isotope 
Laboratoriess Ltd. Chemical shifts (8) are given in ppm downfield from tetramethylsitane (JH, 13C) or 
liquidd NH3 (15N) or CCI3F (19F). Coupling constants J are given in Hz. For the nitration experiments 
thee solvents were run over a neutral alumina plug prior to use. Na15NC>3 (98 % 15N) was purchased 
fromm Aldrich. 15N-nitrobenzene was obtained according to Shackelford's method for the nitration of 
benzenee by replacing tetramethylammonium nitrate with 15N-labelled TBAN.50 Dichloromethane was 
distilledd freshly from prior to use subsequently from phosphorous pentaoxide and calciumhydride. All 
otherr commercially available chemicals were used without further purification. 

N2OSS nitration of 6-chloro purine riboside triacetate 2. N2O524 (0.108 g; 1.0 mmol) was added to a solu-
tionn of 6-chloropurine riboside triacetate 2 (0.124 g; 0.30 mmol) in dry CH2CI2 (1.5 mL) at 0 °C under 
aa nitrogen atmosphere. After stirring for one hour the solution was diluted with light petroleum. This 
solutionn was placed directly on a silica column and flash chromatography with EtOAc offered 2-nitro-
6-chloropurinee riboside triacetate 319 (24-7 mg; 18%), 2-nitro-6-chloro-8-oxo-purine riboside triacetate 4 
(42.88 mg; 30%) and starting material 2 (26.0 mg; 21%). 

Repeatingg the experiment, but with addition ofTBATFA (0.142 g; 0.40 mmol), afforded a mixture of 
differentt composition: 2-nitro-6-chloropurine riboside triacetate 3 (52.2 mg; 38%), 2-nitro-6-chloro-8-
oxo-purinee riboside triacetate 4 (51.8 mg; 36%) and starting material 2 (9.2 mg; 7%). 

6-Chloro-9-Boc-purinee (5). A suspension of 6-chloropurine 4 (15.5 g; 0.10 mol), Boc20 (31 g; 0.14 mol) 
andd DMA P (0.3 g; 2 mmol) in dry CH2CI2 (150 mL) was stirred for 3 h until a clear solution was 
obtained.. Light petroleum (25 mL) and silica gel (10 g) were added, the mixture was filtered over high-
floww and the solids were rinsed with EtOAc. Evaporating the solvent yielded the crude product (24.4 g; 
96%).. Recrystallisation from a mixture of EtOAc-light petroleum afforded a first batch of white nee-
dless (12.1 g; 48%). A second batch was obtained by recrystallising the concentrated filtrate (10.5 g; 
41%).. decomp. > 111 °C; >H NMR (CDCI3) 5 8.86 (s, 1H, H-2), 8.64 (s, 1H, H-8), 1.65 (s, 9H, 
CCH3).. 13C NMR (CDCI3) 5 153.46 (d, ] 211.2, C-2), 151.06 (d, ƒ 13.2, C-6) 150.84 (dd,} 12.6,) 4.7, 
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C4),, 144.83 (CO), 144.26 (d,J 221.6, 08), 132.02 (dd, J 12.7, J 1.2, C-5), 87.49 (-CCH3), 27.22 (q, 
]]  127.6, -CCH3). H-8 was identified by a NOE-experiment (400 MHz, CDCI3): saturation (4-5 s) of the 
t-Buu protons led to 0.29 % NOE on H-8 and 0 % on H-2. 

Nitrationn of 6-chloro-9-Boc-purine 5. TFAA (2.25 mL; 16 mmol) was added dropwise to a solution o{ 
6-chloro-9-Boc-purinee 5 (2.55 g; 10 mmol) and TBAN (4.87 g; 16 mmol) in dry CH2C12 (25 ml) at 0 °C 
underr a nitrogen atmosphere. After stirring for 1 h the solution was poured into 75 mL of sat. aque-
ouss NaHC03-ice (1:1) and Et20 (75 ml) was added. The aqueous layer was extracted with 3 portions 
off  50 mL Et20-CH2Cl2 (3:1). The collected organic layers were washed with H2O (2x50 mL) and brine. 
(1x500 mL) and dried with Na2S04. Evaporation to dryness afforded the crude product (2.82 g; 94%). 
Triturationn with cold MeOH furnished 2-nitro-6-chloro-9-Bocpurine 6 as a light yellow solid (2.58 g; 
86%).. decomp. > 117 °C; lU NMR (CDCI3) 8 8.92 (s, 1H, H-8), 1.72 (s, 9H, CCH3) . 13C NMR 
(CDCI3)) 5 154.15 (C-2), 152.97 (C-6) 151.40 (d, J 4.5, C-4), 148.33 (d, J 223.4, C-8), 144.47 (CO), 
135.499 (d, J 12.1, C-5), 89.49 (-CCH3), 27.55 (q, J 127.6, -CCH3). 

Monitoringg the nitration of 6-chloro-9-Boc-purine 5. A 5 mm NMR tube containing a solution of 6-
chloro-9-Bocc purine 5 (20 mg; 0.10 mmol) and TBAN (61 mg; 0.20 mmol) in CD2C12 (0.7 ml) was 
placedd in an acetone-ice bath of -10 °C. The reaction was started by the addition of TFAA (28 uL; 
0.200 mmol). The contents were mixed and the tube was transferred into the spectrometer probe set to -
100 °C and locked and shimmed within 2 minutes. ! H spectra were then recorded every 30 seconds 
usingg single pulses during several half lives. Then the sample was brought to rt and a 'too' spectrum was 
recordedd again at -10 °C. 

Synthesiss of 15N-labelled TBAN. Tetrabutylammonium chloride (2.0 g; 8.4 mmol) was added to a 
stirredd solution of  15N-labelled sodium nitrate (1.1 g; 12.6 mmol) in water (4 ml). When a white solid 
precipitatedd from the solution, CH2CI2 (5 ml) was added and the biphasic system was stirred vigor-
ouslyy for 1 h. The layers were separated and the aqueous layer was extracted with CH2CI2 (3x5ml). The 
combinedd organic layers were washed with water (1x4ml) and dried with a large amount of Na2S04-
Afterr filtration and washing the remaining Na2S04 thoroughly, the solvent was evaporated and drying 
inn vacuo at 50 °C gave 15N labelled TBAN as white crystals (2.2 g, 85%). mp 117-4-119 °C; lit . 116-
1188 °C (unlabelled). 15N NMR 8 381.3 (s). 

Formationn of 6-chloro-7-15N-nitro-8-trifluoroacetoxy purine intermediate 7. A 5 mm NMR tube con-
tainingg a solution of 6-chloro-9-Boc purine 5 (20 mg; 0.10 mmol) and 15N labelled TBAN (61 mg; 
0.200 mmol) in CD2CI2 (0.7 ml) was placed in an acetonitrile-dry ice bath of -50 °C and pre-cooled 
TFAAA (28 pL; 0.20 mmol) was added. Complete conversion of the starting material to 7-nitro-8-trif-
luoroacetoxyy purine intermediate 7 was observed within 8 hrs as monitored by 'H NMR at -50 °C. 
NMRR data were recorded at -50 °C; JH NMR 8 8.82 variable (d, ]HN 2.7, 1H, H-8), 8.78 (s, 1H, H-2), 
1.488 (s, 9H, CCH3);

 13C NMR 8 159.77 (bs, C-4), 157.69 (d,; 212.4, C-2), 153.75 (dq, JCF 44, JCH 2-9, 
CHO2CCF3)) 151.09 (d,J 13.1, C-6), 144.92 (bs, CO), 117.99 (C-5), 114.2 (q,iCF= 290, CHOzCCF3), 
93.011 (dd, ; C H 194, JCN 1.8, C-8), 86.73 (CCH3), 27.18 (q, J 127.0, CCH3); 15N NMR 8 339.55 (d, 
]] mm 2.7); 19F NMR 8 -75.86 (s). CH-correlation data: cross peaks were found for (H-8) 8.82 - (O8) 93.01 
andd (H-2) 8.78 - (C-2) 157.69. 

NMRR data for 2-,5N-nitro-6-chloro-9-Boc purine 6. ]H NMR 8 8.92 (s, 1H, H-8), 1.72 (s, 9H, CCH3). 
13CC 8 154.15 (d, ;CN 29.4, C-2), 152.97 (d, 7CN 4.6, C-6) 151.40 (dd, JCN 4.0,7 4.5, C-4), 148.33 (d, 

135 5 



ChapterChapter 6 

]]  223.4, C-81 144.47 (CO), 135.49 (d, ] 12.1, C-5), 89.49 (CCH3), 27.55 <q,) *= 127.6, CCH3).
15N 8 

365.022 (s). 

KINETICKINETIC AND CIDNP STUDIES. 

Al ll  kinetic and 15N CIDNP NMR studies were carried out using CDCI3 as a solvent in 10 mm NMR 
tubess fitted with a coaxial insert containing a 0.15 M external reference solution of  15N labelled 
nitrobenzenee (370.4 ppm) or nitromethane (379.4 ppm) in CDCI3. 

Purinee nitramine rearrangement. A 10 mm NMR tube containing a 0.15 M solution of nitramine 
intermediatee 7 in CDCI3 (2.0 ml) preformed by the method described above and stored at -50 °C was 
placedd in a bath of the appropriate temperature for 30 seconds with occasional shaking, and was subse-
quentlyy transferred into the spectrometer probe set to the appropriate temperature and locked and 
shimmedd within 2 minutes. The rearrangement was followed with ! H and 15N NMR. 'H spectra were 
recordedd every 30 seconds or every minute; for the 15N CIDNP NMR experiments spectra were 
recordedd every 3 minutes using single pulses with a pulse angle of 90° or every 45 seconds using single 
pulsess with a pulse angle of 45°. Complete relaxation was ensured. 15N NMR relaxation times Tj were 
determinedd applying H-7T./2 pulse sequences. Nitrobenzene: (Tj )o °c = 94  4-7 s. Nitromethane: 
(TiLwc(TiLwc = 98.9  18.1 s. 2-nitro purine 6: (T,)0 °c = 23.4  0.8 s, (TJLJO-C = 19.8  0.7 s. CIDNP data 
aree given in Table 8 and Table 9. 

Forr the runs followed by ! H NMR, the first order rate coefficients (k^) obtained from the decrease 
off  the nitramine intermediate 7 were calculated over 3-4 half-lives from the plots of M N H Z A S) against 
timee or ln(NHs/Is) against time, where NH2 and NHS are the integral values of the nitramine H-2 and 
H-88 respectively and Is the integral value of the tetrabutylamnnonium signal at 3.18 ppm used as an 
internall  standard. The rate coefficients (kp) obtained from the increase of 2-nitro product were calcu-
latedd from a plot of ln[(PH8/Is)t=°° - (PHS/ISXI against time, where PH8 are the integral values of the 
productt H-8. Regression coefficients were 0.998  0.002. The rate coefficients mentioned were meas-
uredd in duplo (see Table 7). 

Rearrangementt in the presence of DIPEA. DIPEA (3 equiv; 153 uL; 0.90 mmol) was added to a solu-
tionn of the 7-nitro-8-trifluoroacetoxy purine intermediate 7 (0.15 M) in CDCI3 (2.0 ml) preformed by 
thee method described above and stored at -50 °C. The sample was placed in an acetone-ice bath of 
-100 °C for 30 seconds with occasional shaking, and was subsequently transferred into the spectrometer 
probee set to -10 °C and locked and shimmed within 2 minutes. The rearrangement was followed with 
! HH NMR and first order rate coefficients were determined as described above (see Table 7). 

Tablee 7. First order rate coefficients of the purine nitramine rearrangement.3 

Concentration n 

0.155 M 

0.155 M 

0.155 M 

0.155 M 

0.155 M 

0.155 M 

Temperature e 

0°C C 

o °c c 

-100 °c 

-100 °c 

-100 °c 

-100 °c 

Additive e 

--

--

--

--

DIPEAA (3 

DIPEAA (3 

equiv) ) 

equiv) ) 

kk (s'1) 

kNN = 6.0-10-3 

kPP = 7.4-10-3 

kN== 1.5-lO-3 

kP=1.9-10-3 3 

kNN = 1.8- lO"3 

kPP = 2.0-ia3 

a)) k's determined in duplo. 
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CIDNPP data 

Tablee 8.15N CIDNP integral values normalised on external 15N-nitrobenzene; 0.15 M nitramine.3 

tt (min)b 

Intermediatee 7 

Productt 6 

0 0 

1.00 0 

2 2 

2.23 3 

-0.48 8 

5 5 

0.45 5 

0.63 3 

8 8 

0.89 9 

11 1 

0.99 9 

14 4 

1.04 4 

17 7 

1.04 4 

20 0 

1.03 3 

23 3 

1.00 0 

a>> 0.15 M nitramine rearranged at 0 C in CDCI3; the reaction was followed for a longer period but no further changes were 
observed.b)) time measured from the moment the sample was taken out of a bath of appropriate temperature. 

Tablee 9.15N CIDNP integral values normalised on external 15N-nitrobenzene; 0.45 M nitramine.; 

tt (min)b 

Intermediatee 7 

Productt 6 

0 0 

1.00 0 

2 2 

3.66 6 

-1.19 9 

5 5 

0.28 8 

0.65 5 

8 8 

0.92 2 

11 1 

0.97 7 

14 4 

0.90 0 

17 7 

0.97 7 

20 0 

1.00 0 

23 3 

1.00 0 

a>> 0.45 M nitramine rearranged at 0 C in CDCI3; the reaction was followed for a longer period but no further changes were 
observed.011 time measured from the moment the sample was taken out of a bath of appropriate temperature. 

Rearrangementt in the presence of hydroquinone. A 10 mm NMR tube containing a solution of 6-
chloro-9-Bocc purine 5 (59 mg; 0.30 mmol) and a substoichiometric amount of  15N labelled TBAN 
(855 mg; 0.28 mmol) in CDCI3 (2.0 ml) was placed in an acetonitrile-dry ice bath of -50 °C and pre-
cooledd TFAA (40 uL; 0.28 mmol) was added. Purine intermediate 7 was allowed to be formed during 2 
dayss at -50 °C in order to remove all TFAN present. Hydroquinone (99 mg; 0.90 mmol) was added to 
thiss solution and the sample was placed in a bath of -10 °C for 30 seconds with occasional shaking, 
andd was subsequently transferred into the spectrometer probe set to -10 °C and locked and shimmed 
withinn 2 minutes. As an external standard 15N-nitromethane (Tj = 113  12 s) was used instead of N-
nitrobenzene.. The rearrangement was followed with 15N NMR, 1x45° pulse, 40 sec. delay (see 
Tablee 10). After completion of the reaction the amount of product was more accurately determined 
withh 'H NMR: =35 % of nitramine intermediate 7 had been converted into product 6 (Tj = 19.8
0.77 s). 

Tablee 10.15N CIDNP integral values normalised on external 15N-nitromethane; 0.15 M nitramine in the 
presencee of hydroquinone (3 equiv).a 

tt (min)b 

Intermediatee 7 

Productt 6 

tt (min)b 

Intermediatee 7 

Productt 6 

00 1.7 2.3 2.9 3.5 4.2 4.8 5.4 6.0 6.6 7.2 7.9 8.5 9.1 9.7 

1.000 22.0 14.1 10.5 6.17 5.50 3.29 2.21 1.56 1.35 0.69 0.74 0.75 0.73 0.55 

18.11 12.5 9.16 6.17 4.81 2.84 1.67 1.24 0.78 0.63 0.52 0.48 0.59 0.51 

10.33 10.9 11.6 12.2 12.8 13.4 14.0 15.0 16.1 17.1 18.1 19.1 22.2 25.2 35.0 

0.677 0.43 0.38 0.34 0.45 0.21 0.34 0.27 0.22 0.13 0.10 -

0.344 0.25 0.55 0.34 0.47 0.58 0.37 0.41 0.36 0.44 0.51 0.40 0.39 0.37 0.37 
a>> 0.15 M nitramine rearranged at -10 C in CDCI3.

 b> time measured from the moment the sample was taken out of a bath 
off appropriate temperature. 
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Rearrangementt in the presence of TEMPO. T E M PO (140 mg; 0.90 mmol) was added to a solut ion of 

thee 7-nitro-8-tri f luoroacetoxy pur ine intermediate 7 (0.15 M) in C D C 13 (2.0 ml) preformed by the 

methodd described above and stored at - 50 °C. The sample was placed in a bath of 0 °C for 30 seconds 

wit hh occasional shaking, and was subsequently transferred into the spectrometer probe set to 0 °C and 

lockedd and shimmed within 2 minutes. The rearrangement was followed with 15N NMR, 1x45° pulse, 

300 sec. delay (see Table 11). 

Tablee 11.15N CIDNP integral values normalised on external 15N-nitrobenzene; 0.15 M nttramine in the 
presencee of TEMPO (3 equiv).a 

t (m in ) bb |0 2 2.5 3 3.5 4 4~1 5 sTs 6 ó l 7 ! § 1 13 22.5 

In termediatee 7 1.00 0.59 0.42 0.16 0.12 

Productt 6 0.10 2.89 1.94 1.19 0.98 0.76 0.73 0.66 0.42 0.40 0.34 0.27 0.20 0.20 0.20 
a>> 0.15 M nitramine rearranged at 0 C in CDCI3. b> time measured from the moment the sample was taken out of bath of 
appropriatee temperature. 
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