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Abstract: A study of the kinetics and mechanism of the decag-@icetoxyN-nitrosopyrrolidine an@.-acetoxy-
N-nitrosopiperidine are reported. The compounds differ in reactivity by more than 2 orders of magnitude at
physiological pH. On the basis of thermodynamic parameters, common ion inhibition and azide ion trapping
experiments, both compounds appear to decompose under these conditions by the formatibrosiminium

ion intermediates. The differences in reactivity are rationalized on the basis of results from an ab initio study,
described in the accompanying paper. The first direct study of the kinetics of decay of @ygfidroxynit-
rosamines of nitrosopiperidine and nitrosopyrrolidine and a third compound, 2-hydroxy-2-methylnitrosopyr-
rolidine is also summarized. These prove to be highly unstable reactive intermediates, in contrast to what
might be expected on the basis of earlier reports concerning aydfigdroxynitrosamines.

Introduction solvolysis to give N-nitrosiminium ions that subsequently

. . . ) hydrate, as in eq 2.
a-Acetoxynitrosamines1( eq 1) are widely employed in

elucidating the mechanisms of nitrosamirZ €¢q 1) carcino- NO

genst2 They are purported precursors dshydroxydialkylni- N (Z) CH

trosamines &, eq 1) that are believed to be the products of R Y T 8

metabolic activation of many nitrosamines, as indicated sche- © NO NO

) - 1

matically in eq 1. ,;‘Nﬁ + AO R’NYOH @

¥o e NO No " d

N —_— ,Ill OH =-—— _.N Ac . . . . .

- R R Cyclic a-acetoxynitrosamines have likewise been used for
R’ 3 R’ 1 R’ the generation of reactive intermediates of a number of important

2 J ) carcinogens including tobacco specific nitrosaminasd ni-

R

trosopyrrolidine and nitrosopiperidifé. These esters have
enabled important progress in determining the structure of DNA
l and nucleoside adducts from the ultimate electrophiles. How-
" ever, the cyclic esters have been less-studied with respect to
+ . . . . .
R-N=N andior R and R'CHO mechanism. Mainly on the basis of differences in the rates of
hydrolysis, the mechanism of eg-Bhe more “typical” carbonyl

o-Hydroxydialkylnitrosamines subsequently give rise to elec- attack mechanism of ester hydrolysisas been proposed in the

trophiles that covalently modify DNA. The mechanism by which HO(H)

o-acetoxynitrosamines decompose has been the subject of

differing reports3—° but it has most recently been clainfetat Q

the simplest acyclic members of the family undergqQlS N o —~
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Reports concerning cyclia-hydroxynitrosamines are puz-
zling in the context of what is known of the corresponding
acyclic compounds. A number of the latierhydroxy methyl
compounds, 3, eq 1, R = H), were generated¢-20 years ago,
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o-hydroxynitrosamines prove to be highly unstable in aqueous
media with half-lives of seconds to milliseconds at physiological
PH.

characterized in aprotic organic solvents, and shown to have Experimental Section

maximum half-lives of seconds to minutes in aqueous média.

Warning! Many nitrosamines are powerful carcinogens. Precautions

More recently, similar methods were employed to produce taen in handling include use of frequently changed double pairs of

a-methylene compounds3,(eq 1, R = CHs, CH(CHg),, and

disposable gloves and a well-ventilated hood. Contaminated, and

Ph) that were shown to have maximum half-lives of seconds in potentially contaminated materials, were treated with 50% aqueous

aqueous medi& In contrast, the cyclic-hydroxynitrosamines,

sulfuric acid containing the commercially available oxidant “No

4 (X = H and OMe) were isolated as stable solids from aqueous Chromix” (Aldrich Chemical). Dilution of concentrated nitroso com-

nitrosation of the indoles and fully characteriZéd heir stability
was attributed to both the formation of an intramolecular
hydrogen bond involving the oxygen of thehydroxyl and the
steric inhibition of ring opening. Similarly, the-hydroxy
derivative of nitrosomorpholing, was claimed to have been
isolated after 21 h (8C) of aqueous nitrosation of 3-hydroxy-

Cl
e
N~ TOH N“ OH
NO NO
4 5

morpholine!* The solid compoun& was reportedly stable for

pounds is recommended prior to treatment as the pure materials may
react violently with this mixture.

Materials. Organic solvents were dried and purified by distillation
before use. The chemicals for synthesis and kinetics were ACS grade
or better. Water was distilled in glass.

Methods. Kinetics. Kinetics of decay were generally monitored at
230 nm using a Hewlett-Packard 8452A diode array spectrophotometer
or an Applied Photophysics DX17MV stopped-flow spectrophotometer.
Both instruments were thermostated a2y circulating water baths.
Reaction media were maintained at ionic strengtis 1.0 M, unless
otherwise noted, using NaClOValues of pH were obtained using an
Orion model 720 pH meter with attached combination electrode. Two
point calibrations were done before recording pH values at the end of
reactions. Calibrations were carried out using commercially available
standards, or standards prescribed byNterck Index 8th edition!®

Product Quantitation. Products were quantitated in some cases as
2,4-dinitrophenylhydrazones after separation by HPLC using Waters

weeks but was CharaCterized only by field desorption Mass pumps and UVivis detector, a Wisp-Ultra injector, Axxiom pump
spectrometry. It might therefore be presumed on the basis of controller/data system, and a C18 column (WateBondapac or

the extant literature that cyclic structure either inherently, or in

Keystone Beta-sil). Standard curves were generated from authentic

concert with other structural features, imbues a stability on the standards. The 2,4-dinitrophenylhydrazones were synthesized from

o-hydroxynitrosamine.

commercially available materials. The hydrazones were stable to the

In view of these uncertainties, we have undertaken a kinetic reaction conditions as indicated by injection of the reaction products

study of the cyclica-acetoxypyrrolidineé and a-acetoxypip-
eridine 7. In addition, we have generated and studied the
correspondinga-hydroxy derivatives,8 and 9, and a third
o-hydroxy compound10, which is the first methinylo-hy-
droxynitrosamine to be kinetically characterized.

Q\OAC (NIj\OAc Q\O H
NO NO NO

(] z 8

Q\OH Q(OH
NO NO
9 10

In summary,6 and 7 decompose via the formation of
N-nitrosiminum ions at physiological pH, as in the mechanism
of eq 2, but with surprisingly different reactivities. Further, the

(9) Hecht, S. S.; Young-Sciame, R.; Chung, F.&hem. Res. Toxicol.
1992 5, 706. Young-Sciame, R.; Wang, M.; Chung, F.-L., Hecht, S. S.
Chem. Res. Toxicol995 8, 607. Wang, M.; Young-Sciame, R.; Chung,
F.-L.; Hecht, S. SChem. Res. Toxicol995 8, 617.

(10) Mochizuki, M.; Anjo, T.; Okada, MTetrahedron Lett198Q 21,
3693.

(11) Okada, M.; Mochizuki, M.; Anjo, T.; Sone, T.; Wakabayashi, Y.;
Suzuki, E.IARC Scientific Publication No. 3198Q 71. Mochizuki, M.;
Anjo, T.; Takeda, K.; Suzuki, E.; Sekiguchi, N.; Huang, G. F.; Okada, M.
IARC Scientific Publication No. 41982 553.

(12) Mesic M.; Revis, C.; Fishbein, J. Q. Am. Chem. Sod996 118
7412.

(13) Bichi, G.; Lee, G. C. M.; Yang, D.; Tannenbaum, S. R.Am.
Chem. Soc1986 108 4115.

(14) Jarman, M.; Manson, OCarcinogenisisl986 7, 559.

after 10 and 20 half-lives of reaction which indicated a change in the
amount of hydrazone of less than 5%.

Synthesis.The a-acetoxyN-nitrosopyrrolidineé ando-acetoxyN-
nitrosopiperidine7 were synthesized as described by Saav&déa.
'H NMR (CDClg) 7.19 (1 H, t), 3.60 (2H, m), 2.16 (2H, m), 2.10 (3H,
s), 2.05 (2H, m);**C NMR (CDCk) 6 169.43, 83.81, 44.78, 31.00,
20.91, 19.54 ppm7: *H NMR (CDCl) 7.3 (1 H, t), 4.80 (1H, q), 2.68
(1H, m), 2.22 (1H, m), 2.1 (3H, s), 1.89 (5H, m).

o-Phenoxy-a-methyl-N-nitrosopyrrolidine, 11. A mixture of phe-
nol (6.03 mmol) and dry triethylamine (6.03 mmol) in 5 mL of dry
methylene chloride was added with stirring to a solution of 3,4-dihydro-
5-methyl-H-pyrrole!” (0.5 g, 6.03 mmol) in 10 mL of methylene
chloride, maintained at10 °C. NOBF,; (1.1 equiv) was added with a
spatula slowly. The brown solution was stirred for 10 min and then
washed 3 times with equal volumes of cold water. The organic layer
was dried over MgS@and filtered, and the methylene chloride was
evaporated off under a stream of argon. The product was purified by
preparative TLC on silica gel using methylene chloride as the mobile
phase:*H NMR (CDCl;) 7.3 (5 H, Ph), 3.75 (2H, m), 2.70 (1H, m),
2.14 (3H, m), 2.15 (3H, s) ppntC NMR (CDCk) ¢ 139.34, 134.68,
132.51, 126.65, 101.64 (C2), 48.11 (C5), 39.06 (C3), 24.77 (C4), 20.85
(CHz) ppm.

o-Hydroperoxy-N-nitroso Compounds. The synthesis ofx-hy-
droperoxyN-nitrosopyrrolidinel2, o-hydroperoxyN-nitrosopiperidine
13, and o-hydroperoxye-methylN-nitrosopyrrolidine 14 was ac-
complished by the following procedure. To a solution6pf7, or 11
(0.7 mmol) in 3 mL of acetonitrile was added 3 mL of 50 wt %Qd
in water. The mixture was stirred at 4C for 2 h, washed with water
three times, and extracted with methylene chloride. The organic layer
was dried over MgS@and filtered, and the solvent was evaporated.
The products were purified by preparative TLC using 9.5/0.5 methylene

(15) The Merck Index8th ed.; Strecher, P. G., Ed., Merck & Co.:
Rahway, NJ,1968,

(16) Saavedra, J. B. Org. Chem1979 25, 4511.

(17) Hua, D. H.; Miao, S. W.; Bharathi, S. N.; Katsuhira, T., Bravo, A.
A. J. Org. Chem199Q 55, 3682.
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chloride/ether in the cases ©2 and13. The compound4was similarly
purified using methylene chloride as eluat2: *H NMR (CDsCN) &
10.00 (1H, s), 6.22 (1H, m), 3.50 (2H, m), 2.10 (4H, m) ppRC
NMR (CDsCN) ¢ 95.03, 45.18, 29.14, 20.97 ppm. Anal. Calcd: C,
36.36; H, 6.10; N, 21.20. Obsd: C, 36.56; H, 6.14; N, 2118} H
NMR (CDCk) 6 8.32 (1H, s), 6.25 (1H, t), 4.85 (1H, q), 2.75 (1H, m),
2.25 (1H, m), 1.8 (5H, m) ppmt3C NMR (CDCk) 6 91.84, 36.10,
28.15, 23.69, 18.94 ppm. Anal. Calcd: C, 41.09; H, 6.90; N, 19.17.
Obsd: C, 41.34; H, 6.85; N, 18.824: *H NMR (CDCls) 6 8.53 (1H,
b), 3.69 (2H, m), 2.46 (1H, m), 2.07 (3H, m), 1.99 (3H, s) ppiT
NMR (CDCls) 6 101.44, 47.94, 37.83, 23.39, 21.16 ppm.

o-Hydroxynitrosamines. In a NMR tube, thea-hydroperoxy
compound was converted to thehydroxy compound by addition of
triphenylphosphine in 0.7 mL of CDGLor CDsCN. Conversion
occurred within the time required to shake the tube, shim the instrument,
and record the spectrun:*H NMR (CD;CN) 6 6.10 (1H, t), 4.88
(OH, d), 3.50 (2H, m), 2.10 (4H, m) pprC NMR (CDsCN) 6 84.60,
44.89, 33.03, 20.49 ppn®: *H NMR (CDCl) 6 6.22 (1H, b), 4.75-
(1H, qg), 4.60 OH, b), 2.80 (1H, m), 2.00 (6H, m) pprC NMR
(CDCly) 6 81.62, 35.77, 31.66, 24.12, 18.23 pfl. *H NMR (CDCly)
0 3.49 (1H, 1), 2.59 (2H, m), 2.37 (1H, m), 2.16 (3H, s), 1.95 (2H, m)
ppm.

2,4-Dinitrophenyl Hydrazones 15, 16, and 178 To a solution of
0.2 g of 2,4-dinitrophenylhydrazine in 50 mL of HCI (2N) at 8G
was added 0.1 g of 2,3-dihydrofuran, 3,4-dihydité-@yran or cro-
tonaldehyde to general, 16,and17, respectively. The solution was
cooled at 0°C for 30 min and filtered. The yellow solid was washed
with HCI (2 N) and purified by recrystallization in EtOH5:*H NMR
(CDCl) 6 11.20 (1H, b), 9.10(1H, d), 8.30 (1H, q), 7.90 (1H, d), 7.60
(1H, 1), 3.80 (2H, 1), 2.60 (2H, m), 1.95 (2H, m), 1.55 (1H, b) ppm.
16. H NMR (CDCl) ¢ 11.10 (1H, b), 9.20 (1H, d), 8.30 (1H, q),
8.00 (1H, d), 7.60 (1H, t), 3.80 (2H, t), 2.55 (2H, m), 1.8 (4H, m),
1.30 (1H, t) ppm17: H NMR (CDCl;) 6 11.10 (1H, b), 9.12(1H, d),
8.33 (1H, q), 8.27 (1H, d), 7.97 (1H, d), 7.75 (1H, d), 6.31 (2H, m),
1.96 (3H, d) ppm*C NMR (CDCk) 6 150.06, 144.79, 140.81, 138.81,
129.93, 128.5, 127.83, 123.49, 116.59, 18.84 ppm.

o-Azido-N-nitrosopyrrolidine, 18. o-Acetoxy-N-nitrosopyrrolidine
(0.16 g) was added to 10 mL of water containing 0.65 g of Nahd
0.146 g of cacodyllic acid, and the reaction was gently stirred for 40

J. Am. Chem. Soc., Vol. 121, No. 22, 199683

14

pH
Figure 1. Plot of the log ofk,, the buffer independent rate constant,
against pH for the decay of cyclio-acetoxynitrosamine$ (solid
circles) andr (squares) and cyclie-hydroxynitosamines (triangles),
9 (diamonds), and 0 (inverted triangles) at 25C ionic strength 1M
(NaClGy). Open circles are fd@ derived from the decay kinetics @f
(see text).

Absorbance

o-|1|||AA11|1||1111|||||||||||l||x 1

0 100 200 300 400 500 600 700 800
Seconds
Figure 2. Plot of absorbance at 230 nm versus time for the decay of

h at room temperature. The reaction was extracted into ether and dried7 at pH 5.2, 0.02 M acetate buffer 2&, ionic strengt 1 M (NaClQy).

with NaSQOs. Final purification was carried out by column chroma-
tography using silica gel and GHI, as eluant. Yield: 30%'H NMR
(CDCls): E(87%) 6.25 (b, 1H); 3:43.8 (d of m, 2H); 1.952.2 (m,
4H). Z(13%) 5.71 (b,1H); 4.35 (m, 2H); 1.92.2 (m). Anal. Calcd:
C, 34.04; H, 5.00; N, 49.62. Obsd: C, 34.32; H, 5.00; N, 49.36.
o-Azido-N-nitrosopiperidine, 19. This was isolated using a prod-
cedure analogous to that above for the pyrrolidine compound from 0.035
g of the correspondingt-acetoxy compound. The purified material
(preparative TLC) migrated as a single spot on TLC and w8%%
pure on HPLC analysis monitoring at 230 ntH.NMR (CDCk): 6.45
(s, 1H), 2.93 (t of d, 2H), 2.05 (m, 2H); 1.70.90 (M, 4H).

Results

a-Acetoxynitrosamines.In the case oft-acetoxynitrosopy-
rrolidine, 6, at all values of pH, and-acetoxynitrosopyrrolidine,
7, above pH= 6, the kinetics of decay of the ANO
chromophore exhibited good first-order behavior fers3half-
lives of reaction. The values t§nsqvaried only slightly with

Solid line is a best fit to eq 14.

cation). The value okgpsqin 0.15 M buffer solution increased
104% abovék,. The change ik, as a function of pH is indicated
in Figure 1.

In the case ofr-acetoxynitrosopiperidine, below pH 6, the
kinetics of decay were not first order, as typified by the
absorbance versus time plot in Figure 2. Such behavior was
reminiscent of our earlier observation that some acyloxydialky-
Initrosamines have a reactivity comparable with the product
o-hydroxydialkylnitrosamine so that the latter is formed as a
non-steady-state intermedidte Treatment of these data is
explained in the Discussion section.

Activation parameters for the decay of the cydlieacetox-
ynitrosaminest and 7 were obtained from measurements of
Kobsd in 0.05 M cacodylic acid buffers containing 50% buffer
base form. The decay curves in all cases exhibited clean first-
order behavior over 5 half-times of reaction. At Z5, plots of

buffer concentration at constant b_uffer ratio, typ_ically changing kebsd @gainst buffer concentration showed increasekyigy of
less than 10% over a change in concentration that ranged|ass than 3% at 0.2 M buffer above the valuéofEyring plots

between 0.03 and 0.3 M. Plots kjysqversus buffer concentra-
tion, usually containing three points, were extrapolated to zero

of In(h(kobsdksT)) against 1T are linear for6 and 7 (six data
points eachy? = 0.999 and 0.998, respectively). The values of

buffer concentration and the corresponding rate constant wasipq slopes permit calculation @fH = 21.8+ 3.4 and 17.8+

taken ask,, the buffer-independent rate constant. The largest
effect of buffer concentration was observed with the reaction
a-acetoxynitrosopyrrolidine in hydrazine buffer (80% mono-

(18) Paul, R.; Fluchaire, M.; Collardeau, 8ull. Soc. Chim. Fr195Q
55, 668.

0.8 kcal/mol and the values of the intercepts permit calculation
of AS' = —4.84+ 1.1 and—8.2 & 1.2 cal/deg mol.

The effect of acetate concentration on the valuek.gf/k,
is indicated in Figure 3. The experiments were carried out in
0.05 M cacodylic acid buffers containing 50% buffer base form.
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Figure 3. Plot of kopsdko against acetate ion (squares and circles) or
trifluroacetate ion (diamonds) concentration in 0.05 M cacodylic acid
buffer pH 6.53, 4M ionic strength (NaClpfor the decay ob (circles)
and7 (squares and diamonds).
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Figure 4. Fractional yield of azide ion adducfs3 (circles) and19
(squares) from6 and 7, respectively at 25C, ionic strength 1 M
(NaClQy).

The effect, “common ion inhibition”, was relatively weak so
that high concentrations of sodium acetate were used to
demonstrate this effect. lonic strength was maintained at 4 M
with NaClQy in these experiments. The effect of exchange of
salt-type orkopsqwas investigated using sodium trifluoroacetate
ando-acetoxynitrosopiperidine. The results of this experiment
are also included in Figure 3.

The formation ofa-azido adducts18 and 19, of the two
cyclic nitrosamines during the decomposition of the parent
o-acetoxynitrosamines was quantitated as a function of azide
ion concentration. The data are summarized in Figure 4. In the
case of the pyrrolidine derivative the azide produd, was

v (X

N”"Nj
NO NO
18 19

quantified after one half-time of reaction. The amount of
unreactedx-acetoxyN-nitrosopyrrolidine was also determined
and varied in a given run from the mean value for all runs by
less thant2%. Direct measurements kfpsq for the decay of
the a-acetoxyN-nitrosopiperidine indicated an increasekipsq

of less than 5% over the entire range of azide ion concentration.
Determination of the yield ofi-azidoN-nitrosopiperidine 19,
after 10 and 20 half-times gave yields that were the same within
+2% in two cases in which it was checked. In the case of the
a-azidoN-nitrosopyrrolidine 18, the stability of the product was
indicated by the following control. A solution af-azidoN-

Chahoua et al.

nitrosopyrrolidine standard, which was used to generate standard
curves, was incubated under identical reaction conditions for
the decay of thex-acetoxyN-nitrosopyrrolidine. The amount

of a-azido-nitrosopyrrolidine determined after one and two half-
lives of decay of the correspondingacetoxy compound was
the same within 3%.

o-Hydroxydialkylnitrosamines. These compounds were
generated following the method first employed by Okada and
co-workerdl12involving triphenylphosphine reduction of the
hydroperoxy compounds. The compounds studied here are
considerably less stable but NMR characterization was obtain-
able. However, even in deuterated acetonitrile solutions dried
by distillation from CaH, the a-hydroxycompounds slowly
decompose. Certain distinguishing spectroscopic changes indi-
cate the formation of the-hydroxydialkylnitrosamines. In the
IH NMR spectrum, the hydroxyl protons of the hydroperoxides
are sharp singlets in the region of-80 ppm, whereas those of
the a-hydroxy compounds are shifted upfield considerably, at
4-5 ppm and are broadened or clearly coupled in the case of
the pyrrolidine derivative. The C2 atom experiences the expected
upfield shift, ~11 ppm, in thel3C NMR spectrum upon
reduction of the peroxide in the case of both the pyrrolidB)je (
and piperidine §) derivatives. Thax-methyl-o-hydroxynitros-
opyrrolidine (L0) was too unstable to obtain #C NMR
spectrum.

The products of decay &and9 were partially characterized.
In the case o, 25 volumes of 0.04 M HCI@were mixed
with one volume of an acetonitrile solution containing the
hydroperoxy precursorl@) that had been treated with 1 equiv
of tributylphosphine. Subsequent derivatization with dinitro-
phenylhydrazine gave 47%/35% ratio of yields of the hydra-

H
O~ ynHDNP HO A~~~ NNHDNP

1 16

\
< XSNNHDNP
17

zones1517. A similar analysis for the piperidine derivative
gave a 45% yield of the hydrazori®. The hydrazones were
stable to the reaction and analysis conditions as indicated by
the fact that doubling the reaction time changed the yield by
less than 1%. Other products were evident in the chromatograms
in both analyses, as might be expected from the published work
on the decay of the solvolyses of the correspondiraretoxy

compounds;® but a complete analysis was not attempted.

The kinetics of decay of thei-hydroxynitrosamines were
monitored at 230 nm using stopped-flow methods by mixing
one volume of an acetonitrile solution containing the hydrop-
eroxy compound, which had been treated with a 20% excess of
tributylphosphine, with 25 volumes of aqueous solution. The
absorbance decay exhibited good first-order behavior over five
half-lives of reaction in all cases. In buffer dilution experiments
analogous to those described above for thacetoxy com-
pounds, variable extents of increaseskipsg with increasing
buffer concentration were observed. Plot&gfqagainst buffer
concentration, typically containing three points were linear and
extrapolation to zero buffer concentration yielded the buffer-
independent rate constaig. The largest increase ikopsd
occurred with phosphate buffers (160% at 0.3 M 80% dianion
with 8), all other buffers gave appreciably smaller effects. Values
of k, are plotted as a function of pH in Figure 1 for the three
cyclic a-hydroxynitrosamines studied.
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Discussion Table 1. Rate Constants for the Decay of Cyclic
. . . a-Acetoxynitrosamines and-Hydroxynitrosamines, 28C, lonic
a-Acetoxynitrosamines.In the case ofi-acetoxynitrosopy- Strengh 1 M (NaClQy)?

rrolidine (6), at all values of pH studied, and in the case of
a-acetoxynitrosopiperidine7), above pH 5.8, the kinetics of k., 107 x k; koy.
the decay of absorbance at 230 nm exhibited good first-order
behavior. The values of the buffer-independent rate constant, Mgt s! M1t
ko, were accurately obtained from buffer dilution plots which
showed only small changes knsqg Over the range of buffer (SE)® (SE)® (SE)®
examined. The values of Idg are plotted against pH in Figure
1.

In the case of-acetoxynitrosopiperidine7f, below pH 6,
the decay of absorbance was distinctly non-first order (Figure
2), consistent with the formation of a non-steady-state inter-
mediate. We have encountered examples of this behavior
previously and assumed that the non-steady-state intermediate

OAc 0.0153 0.0064 0.74
(0.0007)  (0.0002) (0.05)

.

Zz-z Y o

might be theo-hydroxynitrosaminé® Indeed the data give a OAc 0.290 0.78 0.87
good fit (solid line, Figure 2) to the model in eq 4 using the 0.029
appropriate eq 5 with the assumption that the extinction o) (0.029) (0.03) (0.11)
coefficient of the ester and the-hydroxy compound are [_)\
8
Q ) O\ . N oH 3.7 6.4 1.08 x 10
X N 0.5
NO ,Iqo
] e { X |
AbS:Aoe kXt+AO[kX/(ky_ kx)][e ket e kyt] + Coo (5) r:‘ OH 220 16 22x10
N
i 12 2
identical. The smaller rate constant was taken as that for the 0 (12) @) (0.2 x 10°)
decay ofa-acetoxypiperidinel in eqs 4 and 5). The larger
rate constant was taken as that for thydroxypiperidine l§, Q 0.59 6
in egs 4 and 5). Values for the buffer independent constants, E OH ' 1.35 7.3x10

ko, for these reactions were obtained from buffer dilution plots, (0.05) (0.08) s
as described earlier (Results). These values are plotted in Figure (0.5x 107
1 as solid squares below pH 6 for the estéy ¢nd as open a Reactions with a-hydroxy compounds contained 4% acetonitrile

circles for the a-hydroxy c_ompound 9. _The ot—f’_lydrox_y by volume, parameters obtained by best fits of the data in Figure 1 to
compounds are discussed in a later section, but it suffices toeq 6.P Standard error in parentheses.

note here that the latter values give reasonable agreement with

those measured directly for the-hydroxynitrosopiperidine —50 cal deg! mol~! that typify reactions involving hydrolysis

generated by reduction of the hydroperoxide. by carbonyl attack of esters and related compodf&sgmilarly
The pH rate profiles for decay of theacetoxynitrosamines  small negative and positive values AS' have been reported

in Figure 1 are consistent with a three-term rate law for the for classical {1 solvolysis of halides and sulfonatésnd for

buffer-independent decomposition reaction, as in eq 6, including the reactions of acyclia-acyloxynitrosamines that decompose

hydrogen ion dependenki{:), hydroxide ion dependenkd- by formation of nitrosiminium ion&2

), and pH independenk{) terms. Values for the rate constants (2) Common lon Inhibition. The cyclic a-acetoxynitro-

in eq 6 were determined by fitting to the data in Figure 1. The samines decompose in a manner that can be inhibited by added
_ gt - - acetate ion, presumably through capture of a free nitrosiminium
Kopsa™ Ky k' TH ] + ko [OH] ©) ion intermediate. Figure 3 shows that the valuek,gf;divided

values are summarized in Table 1 and the fits are represente?y the acetate independent rate constentdecrease with
by the solid lines in Figure 1. As with a number of acyclic Increasing acetate concentration at constant ionic strength for

oa-acetoxynitrosamineithe dominant mechanism at physiologi- Poth6 and7, circles and squares, respectively. High concentra-

cal pH is that of the pH-independent terka, tions of acetate ion are required for substantial inhibition so
Three pieces of evidence are consistent with the mechanismthe experiments in Figure 3 were carried otiiaM constant

of the pH-independent reaction involving the rate-limiting ionic strength, maintained with NaClOControl experiments

(@)

formation of nitrosiminium ions, as in eq 7. for the medium effect of exchanging a high concentration of
NaClQ, for acetate salt were carried out by measuring the effect
Q ke O Koo Q of increa_sin_g concentrations of s_odium trifluoroacetate at
N — NS —— e O constant ionic strength (Figure 3, diamonds). The data for the
i OAc s # 1 OH * reaction of the piperidine derivative are shown. This indicates
NO NO NO
that the medium effect is negligible compared to the effect
(1) Entropy of Activation. Values of ASf = —8.2 (1.5) exerted by the common ion acetate in the other two experiments.
and —4.8 @1.1) cal deg! mol~! were determined at ph=
6.30 for the a-acetoxypiperidine andr-acetoxypyrrolidine, (19) Jencks, W. P.; Carrioulo, J. Am. Chem. Sod961, 83, 1743.

. . . Johnson, S. LAdv. Phys. Org. ChemGold, V., Ed.1967 236.
respectively from Eyring plots (Results). Such small negative "~ (20 Maskill, H. The Physical Basis of Organic Chemisti@xford

values are not consistent with the values ranging fre80 to University Press: New York, NY; 1985, Chapter 6.
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Table 2. Experimentally Determined Rate Constant Ratios for Reaction of CeNtrosiminium lons With Azide and Acetate lons and

Water
Cation Azide Ton Reactions ? Acetate Ton Reactions °
Kaz/Ktoo ke K1/ ke/Kroo
(M) (M) (M7)
Z />
+ ’]J 7.9 £0.4 0.37 £0.03 0.79 £0.05 0.31 £ 0.05
i
(0]
+ ?;/ 101 £ 3 0.87 £0.02 3.12+0.06 0.61 £0.03
(0]

aRate constant for processes in eq 10. lonic stiedg¥l with NaClQ,. ® Rate constants for processes in eq 8. lonic streddil with NaClQ,.

Inspection of Figure 3 indicates that the effect of increasing of the observed pH independent rate constantof@cetoxy-
acetate ion concentration appears to reach a limit beyond whichpyrrolidine, is more than 2 orders of magnitude larger than that
the rate constant ratio shows no further decrease; and, this isobserved for other acetate esters with alkyl alcohol leaving
interpreted as being due to a competitive reaction of the groups!® In addition, the carbonyl attack mechanism for such
nitrosiminium ion with acetate ion to give products. A kinetic compounds is dominated by a hydroxide ion term abovespH

scheme for such a mechanism is described in eq 8kgls&ep
that is competitive with return to starting materiadsy, could

6 and this again is inconsistent with the pH rate profiles in Figure
1. Finally, the linear Eyring plots give no evidence of curvature

represent a general base-catalyzed addition of water to give thethat would signify the existence of more than one mechanism

o G, -
/IOH

Heo H
Q2 Q%
7 8
".‘ OAc ",‘ + ®
NO kilAcO]  NO  —
ke[AcO] N” "OH + AcOH
NO

with a single rate-controlling step. We cannot rule out that
acetate reacts at the nitroso nitrogen, but there is evidence
against this in related systertts.

(3) Azide lon Trapping. The conversion of appreciable
fractions of thea-acetoxy compound$ and 7 to a-azido
adductsl8 and 19, respectively, by azide ienin the absence
of a measurable acceleration of the decay of ¢hacetoxy
compounds-is consistent with trapping of the nitrosiminium
ion intermediate after the rate-limiting step of the reaction.

a-hydroxy product or an acetate-stimulated denitrosation of the Figure 4 indicates the fractional yields of the azide adducts as

cation. We have previously favored the lafteThe appropriate
expression fokopsdko as a function of acetate anion concentra-
tion is given in eq 9.
ky[ACO ]
Kio
k_; + Kk )[AcO™
(kg + ko)l ] L
Kio

KobsdKo = )

The best fit of the data to this expression is indicated by the
solid lines in Figure 3 and the values of parameters that
characterize the fits are given in Table 2. At infinite acetate ion

concentration, the limiting relative rate constakdpsdko, is

ratio for 6 and 7, respectively. Thus~80% of the cation
partitions back to starting material while20% undergoes
acetate-assisted product formation.

There are alternative interpretations for the limited ability of

calculated to be 25% and 16% of the acetate ion independentQ / K
N"TOH + H
NO

a function of azide ion concentration. This range of concentra-
tions of sodium azide increases the valuekgfq by less than

5% (Results). Thus the azide adducts must be formed by a
reaction after the rate-limiting step. The limiting yield of azide
adduct with increasing azide ion concentration is likely due to
a denitrosation reaction of azide at the nitrosiminium nitrogen
that is competitive with reaction at carbon that yields the azide
adduct, as in eq 10. Azide ion stimulated denitrosation of acyclic

ke

< (A,
NO

\EY

kN\\Q +

N3NO

NO

Q Ky O kazINg]
—_— PP —_—
'}l OAc N

| +
NO NO
H2O

(10)

acetate to inhibit the reactions but there is experimental evidencenitrosiminium ion has recently been reportédrhe limiting

that militates againsts these alternatives. The possibility has beeryield of azide adduct is not due to general base-catalyzed
suggestetthat there is a competitive carbonyl attack mechanism hydration. If such a reaction occurred, acetate ion should be a
of decay. However, even the smaller of the limiting rate more effective catalyst due to its greater basicity and should
constants required by such an explanation, using the above 20%

(22) Chahoua, L.; Fishbein, J. Can. J. Chem1999 in press.
(23) Rajamaki, M.; Vigroux, A.; Chahoua, L.; Fishbein, J. XL.0Org.
Chem.1995 60, 2324.

(21) Vigroux, A.; Kresge, A. J.; Fishbein, J. €.Am. Chem. Sod995
117, 4433.
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Table 3. Estimated Rate and Equilibrium Constants for Reactions
Involving Cyclic N-Nitrosiminium lons Based on the Azide lon
“Clock”

Cation  10%y,0b  10%,° 108, 101K, ¢
shH  tsh o otsh M)
: /:
+ 6.3 5.0 1.95 1.28
y
0
0.49 15 0.30 520

+

e
!

2Value for k, (eq 10) taken as x 10° M~ s™%. b Calculated from
the ratio in Table 2¢Rate constants as in eq 8, calculated from the
ratios in Table 2 and the value &f.c in this Table.? Refers to the
equilibrium in eq 8. Calculated from the value of 2R, in this Table
and the value ok, in Table 1.

limit the common ion inhibition at much lower concentrations
than observed in Figure 3.

The data in Figure 4 can be fit to the appropriate expression,
eq 11, which is derived for the mechanism of eqn 10:

]

Kn,0
+ —
KadN3 ]

az

11)

J. Am. Chem. Soc., Vol. 121, No. 22, 199687

ion with a nearly diffusion-limited rate constant o£210° M1

s~1 for which the value oka/ku,0 ~10002! Inspection of the
relevant values oka/ku,0 in Table 2 indicates that the ratio is
indeed small by comparison and it is concluded that the reaction
of azide ion is diffusion limited. For the cyclic nitrosiminium
ions in the present study the value o&510° M~1 s71 is taken

as a reasonable value fky. From this, and th&./kq,0 values

in Table 2, the values dfy.o, for the reaction of the cations
with water, can be closely estimated. These values are sum-
marized in Table 3. Cyclic nitrosiminium cations react with
solvent water with half-lives of nanoseconds, the pyrrolidine
derivative being more reactive toward water by a factor tp.

Rate constants for the reactions of the cations with acetate
(Table 3) can be estimated frdkn,o and the ratios summarized
in Table 2. There is some uncertainty in these absolute values
due to the fact that the rate constant for reaction with water
was obtained from experiments M ionic strength while the
rate constant ratios relevant to the acetate ion reactions were
obtained &4 M ionic strength. The calculation assumes that
the rate constant for capture of the cation by water is similar in
magnitude at the two different ionic strength conditions. This
is likely a reasonable assumption since the water reaction
involves formation of a cation (protonated alcohol) from the
cationic iminium ion and effects upon activity of the cations
due to changes in ionic strength is likely simifar.

The values of the rate constants for the acetate reactions in
Table 3 indicate that like the reactions with water, the cation
of the pyrrolidine derivative is the more reactive. The differences
are smaller but within a kilocalorie of the differences observed
for the water reaction. The smaller differences are consistent
with a Hammond effect due to the greater nucleophilicity of
acetate ion compared to water in tke, (eq 8) reaction and
the larger driving force due to the abstraction of the proton from
the attacking water molecule by acetate in the reaction proposed

Values for the parameters that gave the best fits are collected© ko (g 8) compared to the unassisted or water assisted
in Table 2, and the fits are represented by the solid lines in hydration reaction. The smaller difference in thg reaction

Figure 4. The values of these parameters are discussed in moré€d 8) could also be due to the approach, in the case of the

detail later.

In summary, both of the cyclie-acetoxynitrosamines appear,
as in other cas€s?? to decompose predominantly, if not
exclusively, through the formation oN-nitrosiminium ion
intermediates at physiological pH. They do so with markedly

cation from the pyrrolidine reaction, of an upper limit value
for capture by acetate that is due to the requirement for
desolvation of the acetate ion in the solvent separated acetate
anion—cation pairz®

Values for the rate constants for capture of the cations by

different rate constants, the piperidine derivative being greater acetate ionk-; (eq 8), permit calculation of the equilibrium

than 100 times more reactive than the pyrrolidine derivative,
as might have been deduc&#>The reason for the differences
in propensity of the two compounds to undergo solvolysis is
addressed below.

N-Nitrosiminium lons. Rate constants for the various
reactions of the nitrosiminium cations can be obtained from the
“azide clock” method of Jenck&and the ratios in Table 2 and
are summarized in Table 3. Azide ion reacts with highly unstable
carbocations with rate constants that are diffusion limited.
McClelland and Steenké&hhave confirmed by direct measure-
ments that the value of the diffusion-limited reaction of azide
varies over a fairly narrow range of (8 2) x 1I® M1 s?
with a fairly large range of cation bulkiness. The reaction of
azide ion appears to be diffusion-limited when kigk.,0 ratio
reaches a value of 3011 or less. It has been shown recently
by direct measurement that azide can react with a nitrosiminium

(24) Hecht, S. S.; Chen, C. B.; Hoffmann, Bancer Res1978 38,
215.

(25) Reference 9, Hecht et al.

(26) Richard, J. P.; Jencks, W. .Am. Chem. S0d.982 104, 4689.

(27) McClelland, R. A.; Kanagasabapathy, V. M.; Banait, N. S.; Steenken,
S.J. Am. Chem. S0d.99], 113 1009.

constant forN-nitrosiminium ion formation from the starting
acetoxy compound#1, and these are included in Table 3. The
rate constant&;, also required for the calculations, are taken
as the values for the pH independent solvolysis constinits,
Table 1. The values & in Table 3 indicate that formation of
the N-nitrosiminum ion is 3.6 kcal/mol more favorable in the
case of the six-member ring system than in the five-member
ring system. Most of this difference is due to tke00-fold
difference in rate constants for formation of the cation. The
differences in equilibrium and rate constants are inconsistent
with a claim made previously that the five-member ring cation
is more stable than the six-member ring cafibn.

High level ab initio calculations on a very similar system,
detailed in the accompanying pageare qualitatively consistent
with the experimental observations made here. In the reactions
below, calculations at the MP4(SDTQ)/6-31G*//RHF/6-31G*
level indicate that the equilibrium for the six-membered ring
system in eq 12 is favored over the five-membered ring system

(28) Richard, J. P.; Jencks, W. .Am. Chem. S0d.984 106, 1373.
(29) Glaser, RJ. Am. Chem. So&999 121, 5170-5175 (accompanying
manuscript).
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in eq 13 by 7.96 kcal/mol. This difference appears to be largely Under conditions of maximum stability, pH3, the most stable
compound studied her®, has a half-life of~50 s at 25°C.

r The hydroxide ion catalyzed reaction is the dominant pathway
(\/‘\ Q O ) for decay of the cycli@-hydroxynitrosamines at physiological
+ N7 TOH N~ OH -—_ N OH pH of ~7.4; and, foro-hydroxynitrosopyrrolidine and-hy-
N N N droxynitrosopiperidine, the mechanism of this reaction likely
-0 (o) 1 . Lo . . .
L o (12) involves the rate-limiting expulsion of the diazoate leaving group
~ from the conjugate base of tlehydroxycompound, as in eq
14 (R= H). The undetectable-to-weak catalysis by most buffers
OOH (_)\OH Z /> - OH”
*h N — N ka[OH™
rN O/,N N A'[ ] k@(
0 a QR — R (19
L (13) _R Kria - N 1
N” “oH N o. N ©
NO
accounted for by a weaker-\N double-bond character in the NO o-

o-hydroxynitrosopiperidine (eq 12) compared to thaydroxy-
nitrosopyrrolidine (eq 13), presumably due to the greater (Results) is consistent with this stepwise mechanism, and

instability of the exocyclic double bonding in the former. militates against a concerted proton abstraction and expulsion
In essence, the theoretical calculations indicate that the largerof the leaving group. A similar conclusion was reached
equilibrium constant for formation of thid-nitrosiminium ion previously in the case of acyclic dialkylnitrosamirié®lotably,

in the case of the piperidinyl system is due to greater electron though, phosphate buffers do appear to substantially stimulate
density on the amino nitrogen in the neutral species. It is decomposition of botli-hydroxynitrosopyrrolidine and.-hy-

reasonable that the same is true in the case obtaeetox- droxynitrosopiperidine, and the reason for this, and possible
ynitrosamines. Thus, this increased electron density on the aminomechanism, are the subject of current investigations.
nitrogen in the case af-acetoxyN-nitrosopiperidine engenders A second stepka- (eq 14), could be partly rate limiting in

a greater driving force for expulsion of the acetate ion leaving the case ofi-hydroxy-a-methylnitrosopyrrolidine. The second-
group ki, eq 8) and, in the reverse reaction, a greater stability order rate constant for the hydroxide ion reaction in this case
of the iminium ion from the piperidine derivative because the (k = 2.2 x 10® M~1 s71) approaches the value expected for a
product of thek—1 step (eq 8) is not so strongly stabilized by thermodynamically favorable diffusion-limited proton transfer
electron delocalization into the nitroso grotfp. (k ~ 10*° M~1 s71) 31 The proton transfer between hydroxide
a-Hydroxynitrosamines. As before'3 these compounds were  jon and theo-hydroxynitrosamine is expected to be diffusion
generated by reduction using tributylphosphine in acetonitrile limited because thely, of the latter is lower than that of water,
and were subsequently subjected to kinetic study by mixing in and is likely similar to that for a hemiacetalKp~ 1331
a stopped flow spectrophotometer with a 25-fold excess of  Thea-hydroxy-o-methylnitrosopyrrolidine is the first tertiary
aqueous solution. o-hydroxynitrosamine studied and is the most reactive of the
There are a number of observations consistent with the cyclic compounds. The greater reactivity toward hydroxide ion,
formation of the cycliax-hydroxynitrosamines by this method. by a factor of 20, of the-hydroxy-a-methylnitrosopyrrolidine
These include (a}H and**C NMR spectra (Results); (b) the compared tax-hydroxy-N-nitrosopyrrolidine is likely specifi-
concordance of rate constants observed for the decay of thecally due to an accelaration of they step (eq 14) due to the
product of reduction of the:-hydroperoxide ofN-nitrosopip- additional methyl group in the former compound. This accelera-
eridine with those of the non-steady-state intermediate in the tion is expected because of the strong stabilization, relative to
decay ofo-acetoxyN-nitrosopiperidine below pH 6; and (c) its tetrahedral precursor, of the product carbonyl group by the
formation in reasonable yields (480%) of the dinitrophenyl- methyl group compared to hydrog&®>To the extent that there
hydrazones of some aldehyde products expected for the decays carbonyl group character in the transition state, this stabilizing
of the a-hydroxynitrosamines. interaction of the methyl group will lower the energy of the
Rate constants for the decay of thehydroxynitrosamines  transition state, thus increasing the rate constant for leaving
are plotted as a function of pH in Figure 1. The shapes of the group expulsion. Stabilization of the product carbonyl group
profiles are qualitatively similar to those previously published by substitution of hydrogen by a methyl or a phenyl group has
for acyclic methylenex-hydroxynitrosamine'§ and are consis-  been noted previously as an important factor affecting the
tent with the three-term rate law in eq 6. Values for each of the stability of acyclica-hydroxynitrosamine$® For theo-hydrox-
rate constants in eq 6 were obtained from a best fit of the dataynitrosamines, the greater reactivity of the pyrrolidine compared
to eq 6 and are summarized in Table 1. The fits using the to the piperidine can be speculated upon in light of the ab initio
parameters in Table 1 are indicated by the solid lines in Figure computations presented in the accompanying p#peXs
1. The pH-independent reactidq, in the case of the-hydroxy- described earlier, these calculations indicate a larger interaction
o-methylnitrosopyrrolidine contributes to the overall rate con- between the amino nitrogen and the nitroso group in the case
stant fpr d.ecaykobsd over a very narrow range of pH but is. not (30) Eigen. M.Angew. Chem.. Int. EA964 3, 1.
negligible; a fit of the data to a two-term rate law containing (31 Funderburk, L. H.; Aldwin, L.; Jencks, W. B. Am. Chem. Soc.
only kg and ko~ underestimates the value &f,sq for the 1978 100, 5444. The K, is likely this low due to the similarity of the
smallest measured values lbsq by 61%. electron-withdrawing power of the nitrosamino group compared to an alkoxy

L P : moiety in a hemiacetal:.o; = 0.25 for RO- and g; > 0.28 has been
Most significantly, the reactivity of these cyclic compounds o221 for the nitrosamino grodh

is quite similar to that reported for the acyclic methylene  (32) Exner, O. InCorrelation Analysis in Chemistry, RecentiAtices
a-hydroxynitrosamine&? The half-lives at physiological pk Chapman, N. B., Shorter, J. Eds., Plenum: New York, 1978.

icic i (33) Wichems, D. N.; Nag, S.; Mills, J.; Fishbein, J. £.Am. Chem.
7.4 are between 1 and 400 ms. This is in sharp contrast to theSOc_1992 114 8846.

report® that a-hydroxynitrosomorpholines, could be isolated (34) Lowry, T. H. Richardson, K. Svlechanism and Theory in Organic
from aqueous acid after 21 h af€ and kept as a stable solid.  Chemistry Harper & Row: New York, 1987; Chapter 8.
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of the pyrrolidine compared to the piperidine compound. It is as discussed above. It is also very likely in the pH independent
ultimately the ability of the nitroso group to accept electron (k;) and hydrogen ion dependefit;f) reactions, both of which
density that makes the nitrosamino group a relatively good exhibit the aforementioned acceleration with methyl- or phenyl-
nucleofuge compared to the amine anion. To the extent thatfor-hydrogen substitution that is due to stabilization of the
delocalization of electron density is more advanced in the ground penultimate &0 group in the product.

state, or easier to achieve in reaching the transition state, this

will enhance reactivity. Thus, the more delocalized pyrrolidine Acknowledgment. This work was supported by grants RO1

might be expected to be more reactive, consistent with CAB52881 and KO4 CAG2124 from the National Cancer

experimental obs_ervatlon. T.h's expectation assumes there Sinstitutes. The authors wish to thank Professor Rainer Glaser
bond cleavage with the leaving group in the rate-limiting step for illuminating discussions

of each particular reactiork{, kq+, andkon~ in eq 6). This is
clearly the case in the hydroxide ion catalyzed reactiepn), JA9902975



