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The Kinetics and Mechanism of the Reaction of 5-Fluorocytosine with
Hydroxylamine

By David J. Palling, Paul J. Atkins, and C. Dennis Hall,* Department of Chemistry, King’s College, University
of London, Strand, London WC2R 2LS

Kinetic and stereochemical data on the reaction of 5-fluorocytosine (1a) with hydroxylamine (2a) to form 5-
flupr9—3,4,5,6—tetrahydro-6-hydroxyamino-4-hydroxyiminopyrimidin-2(1H)—one (3a) are presented. A mech-
anistic scheme involving acid catalysis and a change in the rate-limiting step with increasing hydroxylamine

concentration is proposed.

INTEREST in the reaction of cytosines with hydroxyl-
amines began with the discovery by Freese ef al.1% that
hydroxylamines are able to cause mutations in some T-
even bacteriophages at or near neutral pH. This effect

NH,
NZ X
| + NH,0R
0" °N
Y
(1) Y =H or furanosyl (2)
a; X=F a;R=H
b; X=H b; R =alkyl
¢; X =Me ¢;R=aralkyl

is accepted as being due to interaction with cytosine
residues. Further synthetic, mechanistic, and stereo-
chemical studies have been carried out by Budowsky,5?
Lawley,!® Brown,'"¢ and more recently, by Black-
burn 1719 and Hall 202

EXPERIMENTAL

Kinetic Measurements—The rates of reaction were
followed by monitoring the disappearance of (la) at 280 nm
using 10 mm cuvettes thermostatted at 38 °C in the cell

NOR NOR
6lH
OJ\N NOR OJ\N
| H |
Y Y
(3) (4)

housing of a Unicam SP 1700 spectrophotometer. The
ionic strength was maintained at 4.0m by the addition of
NaCl and the pH was maintained by the buffering action of
hydroxylamine hydrochloride partially neutralised by
sodium hydroxide. The reactions were carried out under

TABLE 1

Values of %4y, for the reaction of 5-fluorocytosine with hydroxylamine at 38 °C

pH 5.24 (22.4)°  5.47 (32.9) 5.60 (39.8)
[NH,OH]/M  10kqps /st 105 b [S7 105 by 571
0.5 2.35 3.65 3.05
1.0 7.12 9.31 9.83
1.5 13.3 16.6 17.3
2.0 19.0 24.1 26.1
2.5 29.8 33.5 35.0
3.0 37.1 46.2 42.6
3.5 43.2 51.8 49.6
4.0 48.1 54.3 56.7

5.87 (55.2) 6.06 (65.6) 6.43 (81.7) 6.98 (94.1)
105 0. [S 7L 105 gps Js71 105k, /s 105 b /571
3.57 3.08 2.41 1.09
10.2 9.14 7.61 3.19
19.7 17.3 13.6 6.31
28.1 25.6 20.4 9.30
35.8 35.3 27.9 12.4
43.4 428 34.0 15.1
55.8 45.6 41.0 18.7
60.7 52.2 47.2 21.7

¢ Figures in parentheses represent 9, free hydroxylamine.

In general the reaction yields a mixture of a tetra-
hydropyrimidinone (3) and a 4-hydroxyiminouracil(4) and
both types of product have been thoroughly character-
ised.2® In the past kinetic measurements were carried
out using cytosine, 1-methylcytosine, and 1,3-dimethyl-
cytosine as substrates and the analysis was complicated
by the formation of both products (3) and (4).52® The
present study was performed using 5-fluorocytosine (la;
Y = H) since in this case the kinetic analysis was simpli-
fied by the formation of only one product (3a).

pseudo-first-order conditions with the initial concentration
of (la) at ca. 10*M and the total hydroxylamine concen-
tration ranging from 0.5 to 4.0M. Rate constants were
calculated by the Guggenheim method 22 over at least three
half-lives. Calculations were carried out with the aid of
appropriate programs on the University of London CDC
6000 computer.

Several series of kinetic runs were made at fixed pH
values and the proportion of hydroxylamine in the free base
form, {NH,OH]y, was calculated using the Henderson—
Hasselbach equation.? The pK, of hydroxylamine was
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determined by automatic titration (Radiometer) and was
found to be 5.78 4 0.01. All kinetic measurements were
carried out at least in duplicate using doubly-distilled (from
glass) deionised water.

RESULTS AND DISCUSSION

Kinetics.—The observed pseudo-first-order rate con-
stants, k. (Table 1) show a bell-shaped curve when
plotted against pH with a maximum at ca. pH 5.8 (Figure
1) and, contrary to our earlier report,?! a greater than
first-order dependence on the total hydroxylamine con-
centration, [NH,OH]r, at a given pH (Figure 2). These
results suggest that the hydroxylammonium ion acts as
a catalyst. The upward curvature of the lines in
Figure 2 reflects the component of the reaction which is
second order in hydroxylamine. Inspection suggests
that this curvature and hence the second-order com-
ponent, becomes less significant as [NH,OHlr is in-
creased and this is confirmed by plots of the apparent
second-order rate constants (R app. = Eobs./[NH,OH]y)
against [NH,OH]y (Figure 3). The initial slopes of the
lines in Figure 3 are the rate constants for the catalysed
reaction and since the values of %z, .pp, are larger in the
more acidic solutions it can be concluded that the
hydroxylammonium ion is a more effective catalyst than
free hydroxylamine. The lines extrapolate to zero
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Ficure 1 pH-Rate profiles for the reaction of 5-fluoro-

cytosine with hydroxylamine at 38 °C

indicating that the uncatalysed reaction of hydroxyl-
amine makes no detectable contribution to the observed
rates.

The slopes of the lines in Figure 3 are large at low
hydroxylamine concentration and tend to zero at higher
hydroxylamine concentrations where the reaction be-
comes essentially independent of the catalyst concen-
tration. This ‘ decrease’ in the catalytic constant is
evidence for a change in the rate-limiting step of the
reaction with increasing hydroxylamine concentration.
Thus, hydroxylammonium ion catalysis is important
for the step which is rate limiting at low [NH,OH]r but
is negligible for the step which becomes rate limiting
at high [NH,OH]r.

The reaction mixtures were also scanned periodically
between 210 and 320 nm. A typical result is shown in
Figure 4. At free hydroxylamine concentrations below
ca. 1.4M an isosbesic point could be seen at 235 nm.
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(33% free
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FIGURE 2 Plots of kg, versus [hydroxylamine]y for the
reaction of 5-fluorocytosine with hydroxylamine at 38 °C
Above this concentration the hydroxylamine blanks out
the spectrum below 235 nm. An isosbestic point
indicates that an intermediate is not accumulating during
the reaction 24 and hence, at these lower concentrations
certainly, the rate-limiting step is seen as the formation

of the addition intermediate (5).

Stereochemistry.—The 1%F and 'H n.m.r. studies (Table
2) show that addition of hydroxylamines across the 5,6-
double bond is highly stereoselective and frans.2! The
signal : noise ratio (and hence the certainty of no cis-
product in the sample) was better than 999, and only
one product was detected in the reaction mixture by t.l.c.
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FI1GURE 3 Plots of kg gpp, versus [NH,OH]y for the reaction
of 5-fluorocytosine with hydroxylamine
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Incidentally, the value of [y ¢-u (18—20 Hz) denotes an
anti-disposition of F-5 and 6-H 252 and this is only
compatible with the B-conformer of frans-addition. No
changes in the 'H n.m.r. spectra were observed on raising

J.CS. Perkin II

For convenience this equilibrium has been summarised
under K;. In principle, attack by free hydroxylamine
on protonated (1a) may occur at C-4 or -6 but since these
mechanisms are kinetically indistinguishable, extra-

TABLE 2
1H and YF n.m.r. of the pyrimidone (3a; X = F)

5-H
r]nm/ ]6-1?/‘
R Hz Hz
H 49.0 1.0
Bul 49.0 2.5
PhCH, 49.0 1.0
H H NOR
H F F
NH
ROHN NH ROHN ”/ko
RON N [0] H
H
« p

¢is - addition

the temperature to 60 °C and one must conclude that
the energy barrier to interconversion of the «- and B-
conformers is at least 20 kcal mol™.

Proposed Mechanism.—On the basis of the kinetic
and stereochemical data there is a change in the rate-
limiting step as [NH,OH]r increases and the three
further points which require an explanation are as
follows. (1) Hydroxylammonium ion catalysis is more
important for the reaction step which is rate limiting
at low [NH,OH]r. (2) At low [NH,OH]Jg there is no
discernible build-up of an intermediate. (3) Addition
across the 5,6-double bond is stereoselective and frans.
A mechanism which would account for the data is shown
in Scheme 1.

The first step may be regarded as a composite of three

steps involving protonation of (la) at N-3 by I¢IH30H,
10
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FiGURE 4 Absorbance curves for the reactions of 5-fluoro-
cytosine with hydroxylamine at 38 °C, pH 5.5 (359, free base),
and 1.0M-NH,OH

attack by free hydroxylamine on the protonated sub-
strate, and removal of a proton from the intermediate by
excess free base, the proton-transfer steps being fast.

6-H
. X - 6-NH
Jox/ Jxa/ Js—¥/
Hz Hz Hz
21.0 9.0
18.0 12.0 1.5
20.0 10.0 2.0
H  NOR
F H H
NH
ROHN /ﬂ-l ROHN N’go
RON” N™ 70 FoH
H
« B

trans — addition

kinetic arguments are necessary to resolve the problem.
In the past C-6 has been the preferred site 12 but 13C
n.m.r. spectra reveal that C-4 is the more electrophilic

?H
H~N:
[)
H \NH, HONH NH,
etV > k F
N<H ’N F 1 HN +
i )\/ | = I+ fmon
HO  o?\n Ky 07 N
H H
(1a) (5)
ko (spontaneous)
kylH*]
NOH HONH NH,
HN F &, (NH,OH) HN- N~ F
YO e
sl "Ny 0 N H
o) n NHOH (tast) N
(3) (6)
ScHEME 1

carbon atom 202 and the stereoselective trans-addition
is more easily rationalised by initial attack at C-4.

At low [NH,OH]p, the formation of (5) is seen as rate
limiting and is catalysed by ItIH3OH.* At higher
concentrations of (2) as the rate of formation of (5)
increases, the proton transfer step (5) — (6) becomes
rate limiting. This step is analogous to the predomin-
antly specific acid-catalysed hydration of olefins.2%28
Although it is recognised that general acid-catalysis

* As shown in the kinetic analysis section, catalysis of this step
by the proton is not detectable.
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TaBLE 3

+
Values of %, from plots of [NH,OH]g/kqus, versus 1/[NH,OH] at various pH values

pH 5.24 5.60

10%%,/12 mol™ 571 7.4 403

5.47
11.2 + 1.0

7.7+ 03

5.87
9.2 404

6.06
8.4 4- 0.6

6.43
9.4 + 0.2

6.98
11.1 + 0.3

Average k; = 9.2 + 1.5 X 107 12 mol™s7L

occurs in the hydration of vinyl ethers?® and vinyl-
amides,3 the latter being a system which is analogous to
(5),* it was not detectable in the 5-fluorocytosine system
as evidenced by the levelling of &y values with in-
creasing [NH,OH] [¢f. (3),(7), and (8)]. A plausible
pathway for the reaction is shown in Scheme 2.

H
H NHOH
+°/

-\,

(5)

(1a) at C-6 to give (7) it is difficult to see why attack of
a proton should not occur on either face of (7) with almost
equal facility thus giving rise to a mixture of (8a and b)
and hence a low stereoselectivity in the formation of
(3) (Scheme 3).

The overall mechanistic picture is similar to that for

NHOH

NH,

T complex

HONH,
(s)

(attack from below)

(3)

NHOH

HORNH,

SCHEME 2

This mechanism parallels that proposed for the addi-
tion of hydrogen iodide to tiglic and angelic acids 3!
which is found to be stereoselective, frans. If one
imagines initial addition of hydroxylamine to protonated

* We are indebted to a referee for alerting us to this work.

the reaction of hydroxylamine with amides,3 the pro-
pionic acid-catalysed formation of semicarbazone from
acetophenone,3 the borate-catalysed cyclisation of
glutamine3 and the base-catalysed aminolysis of
penicillin derivatives.33

——> trans —(3)

(8b)

SCHEME 3
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Kinetic Analysis.—The following analysis employs the
steady-state approximation with respect to (5), t.e.

[(5)]/dt = 0 and thus its applicability to rates obtained
at high [NH,OH]F is possibly dubious.* Good agree-
ment is obtained, however, between theory and the
observed rates except at the very highest pH value
investigated (pH 6.98; 949, free base).

d[(5)]/dt = &, [NH,OH][FC][NH,OH]z —
k4 INH,OH][(5)] — yf5] — Al(8)]H*] (1)
k,[NH,OH][NH,0H]s[FC]
E[NH,OH] + ky + kg[H*]
_ k,[NH,OH][NH,OH]x(k, 4 k5[H*])
k4[NH,OH] + , + Ey[H*]

If FC = substrate, ¢.e. 5-fluorocytosine, equations (1)
and (2) are obtained. Since, rate = d[(3)]/d¢t = (k, +
ks[H*1)[(6)], kobs. is given by equation (3). Hence,
equation (4) applies. Thus a plot of [NH,OH]y/kops.

versus 1/[NH,OH] at constant [H*] will give 1/k, as

(8)] =

(2)

3)
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FIGURE 5  1/Ry qyp. versus l/[ItIH,OH] for the reaction of 5-fluoro-
cytosine with hydroxylamine at 38 °C and pH 6.43 (829, free
base)

A calculated pH-rate profile compared with the experi-

mental points is shown in Figure 9.

As indicated earlier the overall kinetic and mechanistic
picture bears a very close similarity to that for the

[NH,OH]ekfons, = 1/kz, app. = ko[NHyOH] + By + ky[H*) /b, [NHOH](k, + ky[H*])

= k—1/k1(k2 + ka[H+]) +

gradient and %_,/&(k, + k3[H*]) as intercept (e.g.
Figure 5). The gradients are independent of pH as
required (Table 3).+ From the intercept I = k_/k;-
(ky + k5[H*]) one can obtain equation (5). Thus a

kz/ks + [H] = k—1/I k1k3 (5)

plot of [H*] against 1/I (Figure 6) will give an intercept
of —Ry/k; and a gradient of %_/kk;. These and other
ratios are shown in Table 4.

Using the values of Table 4, the plots shown in Figures
7 and 8 were obtained in which the kg ,pp values are
shown with error bars. The solid curves are calculated
using the rate constant ratios and extrapolated back to
the origin (dotted lines). The dashed lines in Figure 7

1/ky[NH,OH] 4)

reaction of hydroxylamine with amides.®2 The pH-rate
profile is due to general acid catalysis whilst the change in
rate-determining step occurs with increasing catalyst

TABLE 4

Rate coefficients ratios derived for the reaction of (la) and
(2a) in water at 38.0°

10%,/12 mol2 52 =9.18 4 1.37
10%%_, [k, ky/mol? s I'2 =9.95+ 0.8
109%,/k,/mol I1 = 1.86 % 0.33
10%_, k4 = 913
107%k_, [kyky/mol s I = 53

concentration. In retrospect this is hardly surprising
since cytosines may be regarded as cyclic vinylogues of
amides [¢f. (9), (10), and the section of (11) in bold] and

Fote,/[NHyOH]p = kg app. = A, [NH,OH](k, -+ £4[H*])/k_,[NH,OH]
= Kk + K, ky[H*] (6)

were calculated by making two approximations. At
high concentrations of hydroxylamine when the proton
transfer step (5) — (6) becomes rate-limiting, &,-
[NH,;OH] > (k, + k5[H*]). Hence, equation (6) is
obtained. The horizontal, dashed lines represent the
value of kg app. and as expected, a plot of kg app, (maxi-
mum) versus [H*] gives a straight line with a ratio of
intercept/gradient = k,/k; = 1.88 x 107 (c¢f. Table 4).
At low [NH,OH] however, when the formation of (5)
is rate limiting, we can assume (R, + k5[H*]) > k-
[NH,OH] and hence ks upp, = £ [NH;OH]. This situ-
ation is represented by the dashed lines at low [NH,OH].

* Because one cannot be certain that an isosbestic point occurs
at high hydroxylamine concentrations.

we expect to provide further evidence for this mechanism
in a subsequent paper dealing with O-alkylhydroxyl-
amines.

NH, N/
| |
O/C\ /C\ PN
(9) (10) (11)

1 If the formation of (5) was also catalysed to a significant

extent by H;O%, plots of [NH;OH]g/Eoe, versus 1/ [1+\IH30H] would
not give straight lines.
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FiGUre 6 1/Intercept (Figure 8) versus [H+] for the reaction of
5-fluorocytosine with hydroxylamine at 38 °C at various pH
values )
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FIGURE 7 kg app. Versus [NH OH]y at pH 5.60 (39.89%, free base).
The solid line is calculated from the rate coefficient shown in
Table 4 and equation (3) (for explanation of dashed lines see
text)

39-8%

55:2°%
656 %

81-7%
.

0 | 1 | |
0 1-0 20 3-0 40
[NHonlT/M

FIGURE 8 ks app. versus [NH,;OH]Jy at pH 5.60 (39.89%, free base),
5.87 (55.29, free base), 6.06 (65.6%, free base), and 6.43 (81.7%
free base). The solid lines are calculated from the rate
coefficients shown in Table 4 and equation (3)
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FIGURE 9 kgp,. versus pH at 1.0M-[NH,OH]y. The solid line is

calculated from the rate coefficient shown in Table 4 and a
suitably rearranged version of equation (3)
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