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(C34H 5013, mol wt 632.76). The intensity data were collected on
a Picker FACS-1 diffractometer equipped with a graphite
monochromator (Mo Ka radiation, A = 0.71069) and with mod-
ified Nonius low-temperature device.”* A crystal measuring
approximately 0.15 X 0.35 X 0.5 mm was used for data collection
at 96 K. Cooling was used in order to increase the number of
observed reflections, which was very limited at room temperature.
A total of 5827 independent reflections were measured (f < 30°)
of which 3889 were considered to be observed [I > 2.00(1)]. The
data were not corrected for absorption (u = 1.01 cm™).

The structure was solved by direct methods, using the program
MULTAN® and refined by full-matrix least-squares methods, using
the X-RAY system.!* The 48 H atoms were located in difference
maps. In the final refinement anisotropic thermal parameters
were used for C and O atoms, and isotropic temperature factors
(B = 2.0 A% were used for H atoms, but only positional parameters

(12) N. Bernth, E. Larsen, and S. Larsen, Tetrahedron, 37, 2477
(1981).

(13) P. Main, L. Lessinger, M. M. Woolfsen, G. Germain, J. P. De-
clercq, MULTAN 77, University of York, England.

(14) J. M. Stewart, P. A, Machin, C. Dickinson, H. L. Ammon, H.
Heck, and H. Flack, “The X-RAY 76 System”, Technical Report TR-4486,
Computer Science Center, University of Maryland, College Park, MD.

for the H atoms were refined. The final discrepancy index is R
= 0.080 for the 3889 reflections. Unit weights were used for all
observed reflections. (See paragraph at the end of the paper about
supplementary material.)
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Competitive Reactivity of Nitrenium and Carbenium Ion Contributors of
Purinium Cations with “Soft” Bases!
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Delocalized cations formed by ionization of “activated” esters of carcinogenic purine N-oxides react with many
nucleophiles to yield C-substitution products but afford oxidation-reduction products with others. The present
study provides experimental support for the proposals (1) that these two reactivities result from nucleophilic
substitutions at different sites of the delocalized cations and (2) that HSAB “hard” bases react only at carbenium
ion sites to form C-substitution products, while “soft” bases react preferentially at nitrenium ion contributors
to afford adducts that ultimately yield redox products. “Soft” bases showed the following order of reactivity
at a purine nitrenium ion: iodide =~ selenourea > thio amides ~ thio acids ~ biselenide > bisulfide ~ thiols
~ disulfides > thiosulfate. This order differs significantly from that observed for the double Sy2 displacement
reaction of nucleophiles with compounds of the type NH,—-X. This appears to be the first report of differing
orders of nucleophilicities of bases involved in Sy1 and Sy2 reactions at electron-deficient nitrogen centers. No
evidence was found for radical intermediates formed by electron transfer.

3-Hydroxyxanthine and several related N-oxidized pu-
rines are potent carcinogens in rats.2”’ Studies on the
mechanism of tumor induction demonstrated that while
the N-oxides undergo few reactions, their O-esters are
extremely reactive under mild conditions. Metabolic es-
terification in vivo is an essential step for tumor devel-
opment.® % In vitro N-(acyloxy)purines undergo a variety
of reactions including hydrolysis, spontaneous reduction,
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nucleophilic substitution, and an oxidation-reduction re-
action with certain nucleophiles.!’'® Nucleophilic sub-
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Chem., 34, 981 (1969).
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Table I. Product Compositions from Reactions of 3-Acetoxyxanthine with Selected Nucleophiles at pH 7

yield"'d
8-NuXan,
name structure 4 (Nu = OH) 2 6 (£) 4 [Nu=]? total®
control 40 (2) 4 (1) 20 (2) 64
(A) “Soft” Bases

iodide I 70 (6) 70
selenourea H,NCSeNH, 4(1) 80 (6) 84
thio amides

thiourea H,NCSNH, 50 (4) 28 (3) [SH] 78

6-mercaptopurine C,H,N,S 7@1) 5(2) 50 (4) 62

thioacetamide CH,CS NH, 40 (3) 26 (1) [SH] 66
thio acids

ethyl xanthate EtOCS,- 42 (3) 52 (1) [SH] 94

thioacetate CH,COS- 43 (1) 52 (3) [SH] 95

thiocarbonate CS,*" 14 (1) 43 (1) 38 (1) [SH] 95
biselenide HSe~ 3(1) 5(1) 40 (8) 48
thiols

bisulfide HS" 13 (4) 32 (5) 29 (2) [SH] 74

N-acetyl-L-cysteine HSCH,CHNHAcCO,” 38 (1) 7Q1) 37(2) 82

thiophenol C,H,SH 14 (9) 3(1) 30 (2) 13 (2) {SC,H,] 60

tert-butylmercaptan (CH,),CSH 38 8 28 74
dimethyl disulfide (CH,8), 15 (1) 27 (2) 42
thiosulfate 8,0 6 (2) 24 (2) 48 (3) {SH] 78
cyanide CN- 45 (2) 6 (2) 18 (3) 69

(B) “Borderline” Bases
bisulfite HSO,” 12 (6) 16 (5) 18 (1) 46
nitrite NO,” 3(1) 10 (3) 30 (1) [NO,] 43
(C) Reducing Agents

borohydride BH, 17 (1) 34 (3) 51
dithionite 8,0,% 14 26 14 54
dithionate 8,0, 39 9 20 68

¢ Yields are expressed as mole percent of starting material. ® Substituent at the 8-position of 4 (Scheme I). ¢ Percent

recovery of starting material. ¢ Values in parentheses are standard deviations.

stitution of purine N-oxide esters resembles that of esters
of arylhydroxylamines, the “activated” form of arylamine
oncogens.’®!7 Similar types of delocalized aromatic cations
appear to be involved as intermediates in these Syl sub-
stitution reactions.!® The formation of covalent adducts
between arylamine cations and nucleophilic sites in DNA
is generally considered to be the initiating factor in the
induction of tumors.!®?*® Nucleophilic addition products
at both the electron-deficient nitrogen and carbon sites in
arylhydroxylamine esters have been identified.!8!® Only
C-substitution products have been isolated from reactions
of N-(acyloxy)purines with nucleophiles in vitro!!1315 or
in vivo.882L22 Thig alkylating reactivity may account for
the oncogenic properties of some purine N-oxides.

In contrast to most nucleophiles, iodide ion does not
react with N-(acyloxy)purines to afford 8-iodopurines.
Instead, it produces a redox reaction that yields the parent
purine and iodine.!* Studies on the mechanism of this
unexpected redox activity'#%% implicated the delocalized
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cations involved in nucleophilic C-substitution as inter-
mediates in the redox reaction. It was proposed!® that the
electron-deficient nitrogens of such aromatic cations, e.g.,
3A (Scheme I), are exceptionally “soft” acids by the criteria
of the Pearson hard and soft acid and base (HSAB) clas-
sification.827 Accordingly, they should exhibit a strong
preference for reacting selectively with “soft” base nu-
cleophiles such as iodide ion. However, the formation of
a nitrenium ion-nucleophile adduct, e.g., the iodoamide
5 (Nu = I), from a purine cation and a “soft” base does
not lead to a stable product but produces an intermediate
that reacts further to yield the observed redox products,
xanthine (6) and iodine.

The present studies were undertaken to test the validity
of the earlier proposals,'? which were based on studies
with only two nucleophiles, that the nucleophilic substi-
tution and redox reactions are dual reactivities of a single
ambident electrophile and that the type of reaction that
will occur with this intermediate is determined by the
character of the nucleophile. This represents the first
investigation into the relative reactivity of two electron-
deficient sites within a single aromatic cation that differ
substantially in their nucleophilic properties.

Results

Reactions were performed under standarized conditions
with 5 equiv of nucleophile at pH 7.0 in 0.1 M phosphate
buffer. This was previously shown not to affect the

(24) J. C. Parham and M. A. Templeton, Tetrahedron, 36, 709 (1980).

(25) J. C. Parham and M. A. Templeton, Cancer Res., 40, 1475 (1980).

(26) R. G. Pearson and J. Songstad, J. Am. Chem. Soc., 89, 1827
(1967).

(27) T. L. Ho, Chem. Rev., 75, 1 (1975).
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product composition from 1.1 At pH 7 the major product
formed spontaneously from 1 is uric acid [4 (Nu = OH),
Scheme 1], arising by nucleophilic substitution at the 8-
position of the cation 3B with the solvent (Table I}. A
significant portion (20%) of 1 undergoes spontaneous re-
duction to xanthine (6), while a small amount (4%) is
hydrolyzed to 3-hydroxyxanthine (2). The remaining 36%
of starting material is not detectable by UV absorption and
probably consists of a mixture of oxidation products of uric
acid; oxidation of uric acid to non-UV-absorbing products
by 1 has been demonstrated.!

The addition of most nucleophiles to a reaction of 1
diminishes or eliminates reactions of 1 with the solvent,
including hydrolysis to 3-hydroxyxanthine, reduction to
xanthine, and 8-substitution with the solvent, and produces
an 8-substituted xanthine derivative of the nucleophile,
4.1213 The presence of a redox reaction between a nu-
cleophile and 3A was indicated primarily by an enhance-
ment, rather than a decrease, in the yield of the reduction
product, xanthine (6), compared to that formed via the
spontaneous reduction of 1 in buffer only (Table I, control).
With iodide ion, formation of the oxidation product, tri-
iodide ion, could be monitored as well. The yield of tri-
iodide correlated well with that of 6. Thus, at least with
iodide ion, the evidence indicates that the redox reaction
with 3A consumes all of 1, and there is little or no spon-
taneous reduction of 1 to xanthine. With the other nu-
cleophiles the yield of oxidation product was not deter-
mined independently, hence it must be assumed that some,
perhaps as much as the usual 20%, of 6 may be produced
by the spontaneous reduction of 1. For this reason only
the enhancements in the yield of 6 over the control value
are considered.

Table I lists the product compositions from the reactions
of 1 in the presence of a series of “soft” and “borderline”
base nucleophiles and two reducing agents. Compounds
have been arranged in decreasing order of their ability to
act as a reducing agent of 1. With some “soft” nucleophiles
there was no C-substitution via 3B while others formed
a C-substitution product, e.g., 8-thiouric acid (4, Nu = SH).
The yields of uric acid and 3-hydroxyxanthine were greatly
decreased or eliminated in the presence of most nucleo-
philes. Todide was the only “soft” base to yield 6 exclu-
sively. It was closely followed by selenourea, which af-
forded a small amount of 3-hydroxyxanthine (2). Thio
amides and thio acids produced elevated yields of 6 and
also reacted to a significant, often larger, extent at the
carbenium ion of 3B to yield 8-thiouric acid. The extent
of reduction of 1 was relatively constant for all of the
thiocarbonyl derivatives (40-50% yields of 6), while re-
activity at the carbenium ion of 3B varied. C-Substitution
was greater for thio acids than for thio amides. 6-
Mercaptopurine behaved somewhat anomalously; it en-
hanced the yield of 6 but gave no C-substitution product.
Thiocarbonate reacted well at both electron-deficient sites
of 3. It was also apparently reactive with 1 prior to the
formation of 3, as shown by the increase in formation of
3-hydroxyxanthine (2). Since the very “soft” nitrenium
ion of 3 would be unlikely to react with any “hard” oxygen
nucleophile, 2 must arise from the “soft—soft” interaction
between thiocarbonate and the “soft” carbonyl carbon of
1. This interaction occurred completely at the expense of
nucleophilic addition to the carbenium ion.

Thiols were less effective reducing agents than thio-
carbonyl compounds and reacted significantly less at the
carbenium ion; only bisulfide and thiophenol afforded
8-substitution products. Bisulfide, like thiocarbonate, also
increased the yield of 2. The absence of formation of
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8-substitution products with the two aliphatic thiols was
surprising, in view of their known high nucleophilic
properties and the report that N-acetyl-L-cysteine affords
an S-(8-xanthyl)cysteine adduct at pH 6 in low yield
(14%).1* That amount or even less would have been
readily detectable in the present studies but was not ob-
served. The enhanced yield of 6 observed with N-
acetyl-L-cysteine does complement the observation!4 that
N-acetyl-L-cysteine is oxidized in part to cysteic acid in
the presence of 1 and suggests that the two products are
formed as part of a redox reaction.

The behavior of dimethyl disulfide was qualitatively
similar to that of the alkyl thiols; it enhanced the yield of
xanthine slightly but did not react at C(8) of 3B. Thio-
sulfate reacted appreciably at C(8) of 3B to yield 8-thiouric
acid, but in contrast to the thiocarbonyl acids, it demon-
strated little reducing activity toward 3. The “soft” base
cyanide, the “borderline” base bisulfite, and dithionate
showed no indication of reacting at either electron-deficient
site of 3, while the “borderline” base nitrite reacted only
at the carbenium ion of 3B. The fully oxidized dithionate
would not be expected to react with 3 and served as an
internal control.

Discussion

Previous studies'® on the spontaneous reactions of 3-
acetoxyxanthine (1, Scheme I) in aqueous solution dem-
onstrated that the ester could undergo C-substitution at
the 8-position by two possible reaction paths. The extent
of each was determined by the pH (path a < pH 3 > path
b). Both pathways involved the delocalized cation, 3A,B,
as the electrophilic intermediate in the C-substitution
reaction. A second type of reactivity, spontaneous re-
duction of a portion of 1 to xanthine (6), was observed only
in conjunction with C-substitution via the pathway oper-
ative at pH’s above 3. The mechanism of this spontaneous
reduction reaction has not been established.?

A third type of reactivity of 1 was indicated by the
exclusive formation of the reduction product, xanthine, in
the presence of iodide ion. The concomitant formation of
1 equiv of iodine demonstrated the redox nature of the
process.'® This reactivity was subsequently shown to be
a general property of all N-(acyloxy)purines that could
undergo nucleophilic substitution.22%2% In each instance
iodide ion could completely eliminate 8-substitution in
favor of a redox reaction, affording iodine and the parent
purine.

Certain other nucleophiles exhibited similar, although
less dramatic, abilities to participate in redox reactions
with N-(acyloxy)purines. Bromide ion affords C-substi-
tution products with most N-(acyloxy)purines,'® but with
3-acetoxy-1,7-dimethylguanine it behaved as a redox agent
and produced 1,7-dimethylguanine and tribromide ion.?
No 8-substitution occurred with bromide ion. Bromide was
a less efficient reducing agent than iodide ion, and high
concentrations (3 M) were required to effect complete
reduction. The extent of reduction of the ester was a direct
function of the bromide ion concentration and both were

(28) It was originally suggested!® that the spontaneous reduction of 1
might be a radical process involving the amidyl radical, 7. It was then
assumed that 7 was also associated with the redox reaction observed in
the presence of iodide. However, data from recent studies!>?-? indicate
that the hypothesis cannot be correct.
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inversely correlated with the extent of 8-substitution that
took place with the solvent. Thiourea decreased the yields
of uric acid and 3-hydroxyxanthine, elevated the yield of
xanthine, and formed 8-thiouric acid.!® Similarly, very high
concentrations of thiourea enhanced the reduction of 3-
acetoxy-9-methylxanthine and 3-acetoxy-9-methylguanine
to the parent purines.? This was accompanied by a cor-
responding decrease in 8-substitution with the solvent and
the formation of small amounts of 8-thio derivatives.

The data from those studies!®?*2 consistently indicate
that the redox reaction of N-(acyloxy)purines observed
with a few nucleophiles and the 8-substitution reaction
seen with the majority of nucleophiles are competitive
reactions involving a common intermediate. An obvious
candidate for this intermediate from 1 is the delocalized
cation, 3A,B. It was proposed!s that these dual reactivities
of 3A,B result from different reactions at each of its
electron-deficient sites, i.e., the nitrenium ion of 3A and
the carbenium ion of 3B. The reactions at each site occur
with different groups of nucleophiles, which could be ca-
tegorized as either “hard” or “soft” bases, as defined by
the hard and soft acid and base concept (HSAB) of
Pearson.?? Thus the dual reactivities of 3A,B could be
atrributed to “hard” bases reacting exclusively at the
carbenium ion of 3B to produce 8-substituted xanthines
and “soft” bases reacting preferentially at the nitrenium
ion of 3A to afford intermediates that reacted further in
an oxidation-reduction process.

To test the validity of these proposals, we have examined
the effect of a series of “soft” and “borderline” bases on
the product composition from 1 under a standardized set
of conditions (Table I) and find that the data accord with
the proposals. Substitution reactions of 1 were performed
previously mainly with “hard” or “borderline” bases, e.g.,
CI', N5, NO,", amines, and alcohols.!?!® The only “soft”
bases reacted with 1 were a thioether (methionine)!>!? and
a thiol (N-acetyl-L-cysteine),?* both of which were reported
to afford 8-substitution products. We find that at pH 7,
5 equiv of cysteine enhances the yield of xanthine but does
not produce the S-(8-xanthyl)cysteine adduct reported®
previously. Thiolate nucleophiles, in general, increased
the formation of xanthine by 7-17%, but only the most
reactive, bisulfide and thiophenol, afforded C-substitution
products under the present conditions. The yields of those
were not high. Aliphatic thiols, dimethyl disulfide, and
thiosulfate proved to be the boundary between “soft” bases
that could enhance the yield of xanthine and those with
no effect.

Biselenide, thio acids, and thio amides showed a greater
effect on the formation of xanthine, increasing its yield by
20-30% over the control value. The thiocarbonyl com-
pounds also reacted to a significant extent at C-8 of 3B
to afford 8-thiouric acid. C-Substitution was larger for thio
acids (40-50%) than for thio amides (0-28%). The
greatest enhancements in the formation of xanthine from
1 were shown by selenourea, which increased the yield of
6 by 60%, and the very “soft” base iodide. As with iodide,
no 8-substitution product could be detected with either
selenium nucleophile, selenourea or biselenide.

The “soft” bases in Table I show the following order or
reducing ability toward 3: iodide ~ selenourea >> thio
amides ~ thio acids > thiols ~ disulfides > thiosulfate.
This order is consistent with a reaction that is frontier
orbital controlled,? i.e., one involving “soft—soft” inter-
actions. The relative reactivities of two pairs of bases,
thio-, and selenourea and bisulfide and biselenide, with 3

(29) G. Klopman, J. Am. Chem. Soc., 90, 223 (1968).
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are strongly indicative of frontier orbital control for the
redox reaction. Selenium nucleophiles are “softer” bases
than the corresponding sulfur analogues.®? Accordingly,
seleno derivatives should exhibit greater selectivity than
sulfur analogues toward reaction at the “softer” of two acid
sites.?6 In the aromatic cation 3 that would be the nitre-
nium ion 3A. If reaction at N-3 of 3A initiates a redox
reaction, selectivity would be manifested by greater en-
hancements in the yield of xanthine by seleno nucleophiles
than by the sulfur counterparts. That was indeed ob-
served: selenourea (60% enhancement) > thiourea (30%);
biselenide (20%) > bisulfide (12%). The greater selectivity
of the selenium nucleophiles was also shown by their lack
of reaction at the “harder” acid site of 3, the carbenium
ion 3B. This behavior was also observed with the very
“soft” base iodide ion. In contrast, the sulfur nucleophiles
reacted significantly at both electrophilic sites of 3. These
data are thus strongly supportive of the proposal that
reactivity at the nitrenium ion of 3A, leading to a redox
reaction, is determined by the “softness” of a nucleophile.

The redox reaction between 1 and “soft” bases is very
reminiscent of the double-displacement redox reaction (eq
1 and 2) observed with certain nucleophiles and O-esters

I- + NH,080;- — NH,I + S0, 1

8 9
I+ NH21 - NH2_ + 12 (2)

9
I+ >N*— >N-I (3)
3A 5

I'+ >N-I— >N+ 1, 4)

5 6

of hydroxylamines, e.g., hydroxylamine-O-sulfonate (8, eq
1).3%34 The intermediate formed initially in those reac-
tions, e.g., iodoamine (9, eq 1), with iodide ion rapidly
undergoes a second Sy2 reaction with a second mole of
nucleophile to afford ammonia and the oxidized nucleo-
phile, iodine (eq 2). However, it was established earlier
that this is not the mechanism of the redox reaction be-
tween the O-acyl hydrozamate 1 and “soft” bases.!> There
was no dependency on the concentration of iodide ion
beyond the required 2 equiv. Instead, at pH’s below 3
(path a) iodide ion produced xanthine (6) only to the ex-
tent that C-substitution occurred in the absence of iodide
(5%). These data indicate that the redox reaction cannot
be initiated until after the cation, 3A,B, has been formed.
We propose that the redox reaction of N-(acyloxy)purines
is a two-step process somewhat similar to that observed
with O-esters of hydroxylamine, 8 (eq 1 and 2), but dif-
fering in its requirement for an initial ionization of 1 to
3A,B. Frontier orbital controlled nucleophilic addition of
“soft” bases at the electron-deficient nitrogen of 3A pro-
duces the adduct 5 (eq 3). This product subsequently
reacts at the substituted nitrogen with a second mole of
nucleophile to yield the observed redox products (eq 4).
The first step of the redox reaction of 1 (1 — 3 and eq 3)
can be considered the Syl equivalent of the initial Sy2
reaction between O-esters of hydroxylamine and nucleo-
philes {(eq 1).

The second step for both reactions (eq 2 and 4) involves
displacement at the nitrogen by a second mole of nucleo-

(30) P. A. S. Smith, H. R. Alul, and R. L. Baumgarten, J. Am. Chem.
Soc., 86, 1139 (1964).

(31) J. H. Krueger, P. F. Blanchet, A. P. Lee, and B. A. Sudbury,
Ionorg. Chem., 12, 2714 (1973).

(32) P. F. Blanchet and J. H. Krueger, Inorg. Chem., 13, 719 (1974).

(33) B. A. Sudbury and J. H. Krueger, Inorg. Chem., 13, 1736 (1974).

(34) J. H. Krueger, B. A. Sudbury, and P. F. Blanchet, J. Am. Chem.
Soc., 96, 5733 (1974).



656 <J. Org. Chem., Vol. 47, No. 4, 1982

phile. There are several known examples of comparable
displacements involving many of the nucleophiles that are
most reactive with 3A. These include the oxidation of
iodide ion by N-iodo amides;® oxidation of thiourea to the
disulfide by S-nitrosoisothiouronium salts (10, eq 6), which

S SNC
HZN!NHZ + NOT = HNC==NH,* (5)
10
3 H,N *NH,
16 + HNCNH, — C—S—5—C( + NOT (6)
*RH, NH,

are formed, in turn, by nitrosation of thiourea (eq 5);%
denitrosation of aromatic N-nitroso amines by thiourea
and halide ions (eq 7);¥"*° formation of disulfides from

C5H5>n+~—wo + HX == CeHgp™NH, + NOX (7)
GHs

RSH + N,0, — RSNO (8)

RSNO + R’SH — RSSR’ + HNO 9)

RSH + R’'SN< — RSSR’ + HN< (10)

thiols and thionitrites (eq 9)4142 or thioimides (eq 10);%%
and the oxidation of thiols to disulfides by N-bromo-
acetamide.t*® The two reaction sequences involving
nitrosation of thiourea or thiols to S-nitroso intermediates
(eq 5 and 8) which subsequently react to yield the di-
sulfides (eq 6 and 9) are almost identical with the proposed
mechanism for the redox reaction of 1. All three reactions
involve nucleophilic addition to an electron-deficient ni-
trogen to form an activated intermediate that reacts readily
with “soft” bases. Intermediates have been isolated from
reactions with nitrite only with great care*! but are usually
not obtainable.®# All attempts to trap intermediates from
1 with “soft” bases have been unsuccessful.

Many of the nucleophiles that reacted with 3A have also
been studied with hydroxylamine-O-sulfonate.3'-3¢ It is
noteworthy that the nitrenium ion of 3A does not exhibit
the same order of reactivity toward nucleophiles as does
the “soft” trivalent nitrogen of hydroxylamine-O-sulfonate.
For Sy2 displacement in compounds of the type NH,~X
the order of nucleophilicity was thiolate > thiourea >
thiosulfate > iodide,** while that toward the electron-de-
ficient nitrogen center in 3A was iodide > thiourea > thiol
> thiosulfate (Table I). This difference is a reflection of

(35) R. Filler, Chem. Rev., 63, 21 (1963), and references therein.

(36) (a) K. Al-Mallah, P. Collings, and G. Stedman, J. Chem. Soc.,
Dalton Trans., 2469 (1974); (b) P. Collings, K. Al-Mallah, and G. Sted-
man, J. Chem. Soc., Perkin Trans. 2, 1734 (1975). )
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(38) L. D. Biggs and D. L. H. Williams, J. Chem. Soc., Perkin Trans.
2, 107 (1975).

(39) D. L. H. Williams, J. Chem. Soc., Perkin Trans. 2, 128 (1977).

(40) J. T. Thompson and D. L. H. Williams, J. Chem. Soc., Perkin
Trans. 2, 1932 (1977).

(41) S. Oae, D. Fukushima, and Y. H. Kim. J. Chem. Soc., Chem.
Commun., 407 (1977).
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893 (1977).
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(1970).
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W. F. Van Horn, and J. P. Snyder, Tetrahedron Lett., 3551 (1970).
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(46) D. N. Harpp and T. G. Back, Tetrahedron Lett., 4953 (1971).
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the differing mechanisms for the two reactions. Although
it has been shown that the order of nucleophilicities of
bases participating in Sy2 reactions differs substantially
from that observed in Sy1 processes at carbon centers,*>-5!
this appears to be the first report of differing orders of
nucleophilicities of bases involved in Sy1 and Sy2 reactions
at nitrogen centers.

A plausible alternative mechanism to that proposed
involving a covalent intermediate (5, eq 3) would be
electron transfer from “soft” bases to the nitrenium ion
of 3A to produce an amidyl radical, 7.2 This would readily
abstract a hydrogen atom to produce the reduction prod-
uct, 6. For examination of that hypothesis, reactions of
1 with iodide and thiourea at pH 7 containing the spin-
trapping agent 5,5’-dimethylpyrroline N-oxide were mon-
itored by ESR.*2 No signals could be detected to the limit
of detection in the presence or absence of the spin trap.

The reactions of two reducing agents, borohydride and
dithionite, are also indicative of an ionic, rather than a
radical, mechanism for the initial reaction at the nitrenium
ion 3A (eq 3). Dithionite reduces by electron transfer from
a radical intermediate.’** It did not react at either
electron-deficient site of 3A,B but instead reduced the acyl
group of 1 to afford an enhanced yield of 3-hydroxy-
xanthine (2). Borohydride, however, which has been used
previously to trap carbenium ion intermediates,?%® did
enhance the yield of xanthine. Since hydride ion is a “soft”
base, but approaching the “borderline” category, reduction
might be expected to occur by addition to the carbenium
ion of 3B, rather than to the nitrenium ion of 3A. The
formation of nearly half the usual amount of uric acid
indicates that borohydride competes poorly with water for
3B and is a poorer reducing agent of 3B than many of the
“soft” bases are of 3A. These results do not indicate a role
for electron transfer in the redox reaction of N-(acyl-
oxy)purines but are consistent with the formation of a
covalent intermediate.

In summary, the present studies provide experimental
support for the proposals that the C-substitution and ox-
idation-reduction reactions of N-(acyloxy)purines are dual
reactivities of delocalized aromatic cations released from
the esters. The two reactivities arise from nucleophilic
substitutions at different electron-deficient sites of the
cations. The type of reaction is determined by the reaction
site, and this is defined, in turn, by the nucleophilic
properties of the approaching nucleophile. HSAB “hard”
bases react only at carbenium ion sites and yield stable
C-substitution products. Extremely “soft” bases, such as
iodide ion and selenourea, react exclusively at the nitre-
nium ion and produce redox products in high yield. Thio
acids, thio amides, bisulfide ion, aromatic thiols, and
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thiosulfate react at both electron-deficient sites to varying
degrees and afford mixtures of redox and C-substitution
products. Aliphatic thiols and disulfides react slightly at
the nitrenium ion. There was no evidence for electron
transfer to form a radical intermediate.

Experimental Section

Weighed samples of 10 umol (2.5 mg) of analytically pure
3-acetoxyxanthine hydrochloride!® were dissolved in 5 mL of 0.1
M NaH,PO, buffer containing 0.01 M (5 equiv) of the desired
nucleophile. Reactions were allowed to proceed in the dark at
ambient temperature for 24 h, most of the solvent was removed
under reduced pressure, and the solutions were chromatographed
over 9 X 150 mm columns containing Dowex 50 (H*) resin. H,O
eluted uric acid, 8-thiouric acid, 8-nitroxanthine, 8-(phenyl-
thio)xanthine, and 2 while 0.1 or 1 N HCl eluted 6. Products were
identifiable both by their position of elution from the column and
by comparison of UV spectral values in acid and base to those
of authentic samples or to reported values. Yields were deter-
mined from the optical density of measured elution volumes and
known ¢ values: 8-nitroxanthine (pH 1), A, 360 nm (e 10600);®
3-hydroxyxanthine (2; (pH 2-4), Ayex 272 nm (¢ 10000);® 8-thiouric
acid (pH 2), Anay 308 nm (e 18 200);%! xanthine (6; pH 0), Ay, 260
nm (e 9200).15 OD values were determined with a Unicam SP800A
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(60) U. Wolcke and G. B. Brown, J. Org. Chem., 34, 978 (1969).
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Chem. Soc., 81, 3039 (1959).

recording spectrophotometer. Values in Table I are the average
of two or more determinations when standard deviations are
indicated. Assignment of structure of 8-(phenylthio)xanthine is
based on the similarity of the UV spectra of the product in acid
(Amax 288 nm and, in base, 297 nm) to those of 8-(methylthio)-
xanthine: A, (pH 1) 218 nm (e 12400), 289 (15800); Ap.. (PH
12) 252 (7000), 292 (12800). Since the Ay, and ¢ values of 8-
ethoxy-%2 and 8-phenoxyxanthine® are reasonably close, the ex-
tinction of 8-(methylthio)xanthine was used to estimate the yield
of 8-(thiophenoxy)xanthine in Table I. The yield of triiodide
(70%) was determined spectrophotometrically at 352 nm (e
26 500).14
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This paper disputes the conclusions of a recent report by Laszlo and co-workers® regarding the applicability
of the dual substituent parameter (DSP) method to studies of substituent effects on 3C chemical shifts. We
show that the pj and pg transmission coefficients obtained from DSP analyses of '3C shifts in side chains of styrene
derivatives provide useful mechanistic information. Trends in chemical shifts for a number of C=0 or C=N

probe groups are discussed and interpreted in terms of the m-polarization mechanism. The concept that -

polarization effects may be partially transmitted via “molecular lines of force” is introduced and compared with
the classical through-space transmission mode of polarization effects. The interrelationship between this concept

and that of extended polarization is discussed.

13C NMR chemical shifts have been used extensively as
monitors of molecular structure and electron distribution.
In particular, the use of substituent chemical shifts (SCS)
to monitor the transmission of electronic effects in rigid
molecular frameworks has been a fruitful area of research
for many years.!”’® Studies have been made of the
transmission of substituent effects both within aromatic
ringst36911-14 and in (often unsaturated) side chains at-
tached to those substituted aromatic systems,!>2®

The most successful analyses of substituent effects on
chemical shifts have used Hammett-type®® treatments.
The dual substituent parameter (DSP)3! extension of the

*To whom correspondence should be addressed.
tLa Trobe University.

Hammett approach has proven particularly useful. In this
method, the observed C 8CS (6°) values are correlated
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