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Abstract: The widely studied cyclodextrin-mediated reactions of esters but not those of alkyl nitrites, together
with the marked differences between the chemistry of esters and alkyl nitrites, prompted us to investigate the
influence of3-cyclodextrin (3-CD) on the reactions of alkyl nitrites. Due to the particular characteristics of
alkyl nitrite reactions, the systepcyclodextrin—alkyl nitrites allows us to explore cyclodextrin’s behavior
under several experimental conditions, contrary to the case of esters. Therefore, genetzdseidatalyzed
hydrolysis and nitrosation of amines by alkyl nitrites are studied. Alkyl nitrites of a particular structure have
been chosen to clearly evidence the mimicry of enzyme catalygis@iy. Addition of 5-CD strongly inhibits

the acid hydrolysis of alkyl nitrites (a very fast reaction in water), except in the case of ethoxyethyl nitrite,
where no effect is detected. The retardation of the reaction is attributed to a separation of the r¢agdnts:

and alkyl nitrites form hostguest 1:1 inclusion complexes, but simple cations, suchs@s" kh the present

case, did not prove to include into tifeCD cavity. In fact, at constant-CD concentrations, addition of
dodecyltrimethylammonium bromide monomers (DTABTr), which strongly compete with alkyl nitrites for the
hydrophobic3-CD cavity and, thus, expel the alkyl nitrites, catalyzes the reaction. On the contrary, in alkaline
medium, when a secondary hydroxy groupE€D is ionized, addition of3-CD to the reaction medium
strongly catalyzes the basic hydrolysis of alkyl nitrites (an extremely slow reaction in water). The degree of
catalysis depends on the alkyl nitrite structure, varying from a factor higher than 100 in the case of 3-phenyl-
1-propyl nitrite, to O (no reaction is observed) in the case of 2-phenyl-2-propyl nitrite. The effective molarities
calculated for the catalysis evidence a base-catalyzed mechanism for the reaction. The strong catalysis observed
with 1-phenyl-1-propyl nitrite upon the addition of DTABr is indicative of an example of allosteric activation.
Finally, the nitrosation of pyrrolidine, piperidine, and cyclohexylamine by ethoxyethyl nitrite is slightly catalyzed
by the presence ¢f-cyclodextrin. The degree of the observed catalysis depends on both the amine concentration
and the structure.

Introduction chain length of the ester, the CD, and the position of the
E f . by bringing th . substituent on the phenyl group. The mechanism typically
hzymes promote very fast reactions by bringing the reacting ;,,q\yes nucleophilic attack by the ionized secondary hydroxy

groups together under t_h‘? special cond|t|ons of the enzyme groups of CD, but in other cases, general base catalysis competes
substrate complex, but it is clear that a major part of the very with nucleophile catalysis

large rate enhancements observed are simply due to the way

th.e functlonal groups.mvolved are brpught togeth&nzyme study of the acidic and basic hydrolyses of alkyl nitrites-(R

mimics catalyze reactions by mechanisms that are demonstrably, —N=0) (the case of general acithase-catalyzed reactions)

en_zyme-llke. G?”.era' conclu_sp_ns fr_om_ wo_rk on mpdels are that and of the nitrosation reaction of amines by RONO (nucleophilic

efficient catalysis involve an initial binding interaction between reactions) carried out in the presencefistyclodextrin, with

th?‘ substrat(_e a_nd the catal?étConsequen_tIy, the e_asiest Way  three main objectives in mind: first, to see theCD e’ﬁects

to improve binding, and for that the catalytic effect, is to modify under conditions of neutral and ionizgdCD in two typical

the substrate_. . mechanistic reactions; second, to understand how the substrate
Cyclodextrins (CDs) have proved to be the most enduringly siyycture conditions the results; and third, to examine the

popular enzyme mimics, .cataly.zmg various reacﬂ’bﬂéhg RONO-CD interactions. Therefore, we studied the acid hy-

cleavage of esters in basic medium, mediated by QDS, is thedrolysis of ethoxyethyl (EEN), 1-phenyl-1-propyl (LPhPN),

system most studiet® In some cases, _such as that witleta 2-phenyl-2-propyl (2PhPN), and 3-phenyl-1-propyl (3PhPN)

substituted phenyl acetates, cleavage is strongly accelerated; ORitrites in acetic acid-acetate buffer; the basic hydrolyses of

the contrary, the reaction gfara-substituted isomers is ac-  hoge alkyl nitrites and also ofbutyl (BuN) andn-pentyl (PeN)
celerated only modestly. The observed effects depend on theyjrites in alkaline medium; and the nitrosation of pyrrolidine,

The present work reports the results obtained in the kinetic
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The chemistry of esters and alkyl nitrites shows marked
differences. The acid-catalyzed hydrolysis of alkyl nitrites is
quite fast/ 500-fold faster than the reaction of estérby
contrast, the basic hydrolysis of esters is a very fast reagtion,
whereas the basic hydrolysis of alkyl nitrites is an extremely
slow process;finally, the reaction of alkyl nitrites with amines
is relatively fast.9-12 The fact that nitrogen is more electro-

Iglesias

guantitative yield in basic media by reaction with the anion of
pB-cyclodextrin.

Experimental Section

Alkyl nitrites were synthesized by treating the corresponding alcohol
with sodium nitrite in aqueous sulfuric aci®ipurified by fractional
distillation, and stored at low temperature over 3-A molecular sieves
to prevent their hydrolysigi-CD was purchased from Aldrich Co. and
was used without further purification. All other reagents were supplied
by Merck and were used as received. Sodium hydroxide was standard-
ized against primary standard potassium acid phthalate. All solutions
were prepared with doubly distilled water obtained from a permanganate
solution.

Kinetic experiments were monitored by using a Kontron-Uvikon
(model 941) U\V+-vis double-beam spectrophotometer, provided with
a multiple-cell-carrier thermostated by circulating water. In either the
acid or basic hydrolysis, the consumption of alky! nitrites was followed
by recording the decreasing absorbance in the-28D-nm region.

negative than carbon and has a lone pair probably explains theThe kinetics of the nitrosation reaction of amines were studied by

significant differences between the chemistry of alkyl nitrites
and that of carboxylic esters: carboxyl chemistry is dominated
by the formation of tetrahedral intermediates, whereas it is
assumed that alkyl nitrites transfer the=l® group intact. That

is, if the acid- and base-catalyzed hydrolyses of alkyl nitrites

recording the increase in absorbance due to the formatioiN-of
nitrosoamine. All the experiments were performed at°€5 unless
otherwise indicated.

Stock solutions of the alkyl nitrites were prepared in dioxane.
Reactions were initiated with the addition of 2Q of a solution of
alkyl nitrite in dioxane to the rest of the reaction mixture. The

take place through a concerted mechanism (Scheme 1), in thepercentage of dioxane in the final reaction mixture was less than 1 vol

case of esters the reactions proceed via an addigmination
pathway, either A-1 or A-2 in the acid-catalyzed hydrolysis, or
through the well-known Bc? mechanism in the nucleophilic
attack by OH .13

Finally, it is convenient to indicate that, apart from the mere

mechanistic interest of the present study, a biochemical impor-

%. The concentration of alkyl nitrite used was-4) x 104 M. Kinetic
experiments were carried out under pseudo-first-order conditions, with
the acid (or base) concentration at least 50 times greater than of the
alkyl nitrite. In each case, the integrated method was followed, fitting
the experimental absorbanegme data to the first-order integrated
equation and obtaining satisfactory correlation coefficierts.999)

and residuals. In what follows, denotes the observed pseudo-first-

tance must be indubitably attributed to the present results. Onorder rate constant, whose value was usually reproducible to within

one hand, CDs are human foods, either in the form of orally

2%.

administered pharmaceuticals or as food additives, in both Caseﬁ?esults and Discussion

being present as free cyclodextrins or as their inclusion
complexes, containing a drug, flavorer, or other guest sub-
stance* On the other hand, alkyl nitrites have pharmaceutical
applications in the control of blood pressure due to their well-
known properties as vasodilators. Alkyl nitrites cause muscle
relaxation by releasing NO, through their reaction with thiols
to afford unstable nitrosothiols that release the vasodilatory
NO.15-17 Alkyl nitrites typically lose their NO group by
transferring it to amines, carbanions, thiols, etc., and as we
describe in this work, alkyl nitrites may generate NO in

(7) Iglesias, E.; GaferRio, L.; Leis, J. R.; Pen M. E.; Williams, D. L.
H. J. Chem. Soc., Perkin Trans.1®92 1673.

(8) Lorry, T. H.; Richardson, K. SMlechanism and Theory in Organic
Chemistry 3rd ed.; Harper & Row: New York, 1987. Isaacs, NPBysical
Organic Chemistry Longman Scientific & Technical: Essex, England,
1987; pp 462-477.

(9) Oae, S.; Asai, N.; Fujimore, K. Chem. Soc., Perkin Trans1878
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315.
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Acid Hydrolysis. Alkyl nitrites (RONO) hydrolyze in acid
medium to yield the corresponding alcohol and nitrous acid.
The reaction is general acid catalyzed; the protonation of the
alcoholic-O atom, being simultaneous with the breaking of the
O—N bond in a concerted mechanism, is the rate-limiting step
of the reaction. The catalytic constant for the hydrogen kgn (
~ 500-1000 M1 s71) catalysis is much more important than
the catalytic constant for the undissociated form of a weak acid
(HA),” e.g., acetic acidkya < 0.20 M1 s71,

The acid hydrolyses of EEN, 1PhPN, 2PhPN, and 3PhPN
were studied in aqueous acetic acatetate buffer of pH 4.89
in the absence and presencefetyclodextrin. Figure 1 shows
typical results of the variation d§, as a function of total buffer
concentration for the cases of 2PhP and 3PhP nitrites. As
expected, the rate constant increases moderately with [buffer],
describing a straight line, in accordance with eq 1, wheye
represents the acidity constant of acetic acid,(#.76)1° The

kualH ']
Kot [H']

a

k, =k [H] + [buffer] 1)

experimental data also show a strong inhibition of the reaction

by the presence ¢f-CD. Least-squares fitting of the data to eq

1 gave the results reported in Table 1; we can note that the

degree of catalysis depends on the structure of RONO.
Subsequently, we studied the influence @-CD] at a

constant buffer concentration (0.62.04 M), i.e., in conditions

(18) Noyes, W. AOrganic Synthese&Viley: New York, 1943; Collect.
Vol. II.

(19) Perrin, D. D.; Dempsey, B.; Serjeant, E. K, Predictions for
Organic Acids and Base€haman and Hall: London, 1981.
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Figure 1. Influence of the concentration of acetic aeigcetate buffer
of pH 4.89 in the acid hydrolysis of (a) 3-phenyl-1-propy! nitri#)(
in the absence g8-CD and @) in the presence of 4.4 mM ¢f-CD,

and of (b) 2-phenyl-2-propyl nitrite®) in the absence gf-CD and
(a) in the presence of 5.5 mM ¢f-CD.

Table 1. Intercept and Slope Values of the Linear Plotskef/s
[buffer]; Obtained in the Acid Hydrolysis of 3-Phenyl-1-propyl and
2-Phenyl-2-propyl Nitrites Performed at pH 4.89 (Acetic
Acid—Acetate Buffer) in the Absence and Presence of
[-Cyclodextrin at 25°C

RONO [B-CDYM Intercept/s’ slope/M's™! ky/M s ky/M's!
oo 00 (6.05:0.07)x10° (3.30£0.06)x107 469 0.078
Ohremmovo 44%10° 280£0.08)x10° (L790.08)<10% 2179 0,042

GHs 0.0 (15.3+0.1)x10°  (10.2£0.1)x10% 1163 0.243
O o

CH;

i 55x10°  (3.87£0.05)x10% (1.43£0.05)x102 3009  0.0349@

aValue of (ky + kyKN[B-CD])/(1 + KN[B-CD].  Value of kua +
kna®KN[B-CD))/(1 + KN[B-CD]. ¢ Value ofka/(1 + KNB-CD]. 9 Value
of kua/(1 + KN[B-CD].
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Figure 2. Influence of p-CD] in the acid hydrolysis (acetic acid
acetate buffer of pH 4.89) of (a) 2-phenyl-2-propyl nitri@y(3-phenyl-
1-propyl nitrite at 31°C (a); ethoxyethyl nitrite &), and 1-phenyl-1-
propyl nitrite at ) [buffer]; = 20 mM and @) [buffer]; = 40 mM;
solid lines fit to eq 2. (b) Reciprocal plot ¢ (1/k,) against p-CD];
solid lines fit the linear regression.

Scheme 2

— = 3PhPOH +HNO,
‘@:469 M's! @ =0.077M's™!
H+

H+

+ +

K N
3PhPONO + B-CD : 3PhPONO-B-CD

+ +

HA HA

=534M's! =0.019M's"!
3PhPOH + HNO,

The kinetic results obtained in the presence of CDs are often

where the major part of the hydrolysis reaction proceeds via interpreted on the basis of the similarity between the special

specific catalysis (or Hion). In the case of 3PhPN, the kinetic

CD behavior and enzyme catalysis. Assuming the formation of

study was performed at six temperatures ranging between 10a 1:1 inclusion complex between CD and RONO, from Scheme
and 37°C. Representative results are displayed in Figure 2. As 2, put forward for the case of 3PhP nitrite, one easily arrives at

can be seen, the increase fRCD] has nearly no effect on the

eq 2, which relates the variation kfwith the host concentration

reaction of EEN, whereas the observed rate constant for the([3-CD]).

cases of 1PhP and 2PhP nitrites strongly decreasg$@B]

increases, dropping to saturation kinetics, and the reciprocal plotk, =

of ko (see Figure 2b) varies proportionally with-LCDJ; finally,

the observed rate constant for the hydrolysis of 3PhPN also

decreases withgFCD] increase, but kj values do not vary
linearly with 3-CD concentration.

(Ka[H T + kyaHA]) + (kg TH'T + kga THAT) K N[B-CD]
1+ K ]V[p-CD]

)
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Table 2. Experimental Conditions, Rate Constarks'(k,°), and Stability ConstantK{Y) of the Complex RON@CD, Obtained in the
Kinetic Study of the Influence gB-Cyclodextrin Concentration in the Acid Hydrolysis of Alkyl Nitrites in Acetic Aeiécetate Buffer of pH
4.89 (Experimental Kinetic Results Were Fitted to Eq 2)

RONO t/°C [buffer)/M effect 10ko"/s™t 10%k%/s KN/M~1
EEN 25 0.020 no change 125
1PhPN 25 0.020 inhibition 8.21 ncr 54313 556
1PhPN 25 0.040 inhibition 8.53 ncr 64321 606
2PhPN 25 0.030 inhibition 18.5 ncr 58911 562
3PhPN 104 0.040 inhibition 1.96 0.1350.03 401+ 20
3PhPN 15.0 0.040 inhibition 2.80 0.360.03 358+ 74
3PhPN 20.0 0.040 inhibition 4.91 0.590.08 343+ 17
3PhPN 25.0 0.040 inhibition 7.58 1.350.09 354.5+ 14
3PhPN 31.0 0.040 inhibition 14.2 2.250.20 407+ 19
3PhPN 37.1 0.040 inhibition 23.4 5.250.18 400+ 13

Ink =A— B(L/T), B= —(8.14 0.2) x 10°K % In k= A — B(L/T), B= —(11.9+ 0.2) x 1K !

aFrom the linear regression analysis ok.l¥s [5-CD]. EEN, ethoxyethyl nitrite; 1PhPN, 1-phenyl-1-propylnitrite; 2PhPN, 2-phenyl-2-propyl
nitrite; 3PhPN, 3-phenyl-1-propyl nitrite. ncr means “no complex reaction”.

The shape ok, vs [3-CD] profiles depends on the structure observed, and only for large organic dyéspng-chain surfac-
of the alkyl nitrite and can be explained by considering the tants?4 and metal ions with organic ligand3ln contrast, the
formation of a nonreactive or reactive complex, which is a binding of simple cations appears to be relatively unfavorable;
consequence of the possible conformation adopted by the-host for example, piperidinium ion binds only weakly and much less
guest complex. Nonlinear regression analysis of the experimentalthan neutral piperiding Therefore, we might conclude that the
datak, — [$-CD] to eq 2 yielded the results collected in Table main effect of the presence gfCD in the acid hydrolysis of
2. The following observations can be drawn: either EEN does alkyl nitrites is a separation of the reagents.
not form an inclusion complex with-CD, or the reaction rate Further arguments corroborating this point can be acquired
of the complex is the same as that with the uncomplexed EEN, from the analysis of the results obtained in the study of the
since no effect oB-CD is observed; the branched alkyl nitrites, influence of dodecyltrimethylammonium bromide (DTABT).
2PhP and 1PhP, form a nonreactive complex \§HG8D, and Figure 3 shows the variation ¢ as a function of [DTABI]
the complex shows the same stability in both cases; and finally, for the representative cases of 3PhP and 1PhP nitrites studied
3PhPN forms a reactive 1:1 complex wiCD, but the at acetic acie-acetate buffer concentration of 0.040 M and pH
complex is less stable than the previous alkyl nitrites (compare 4.89 and in the presence of a fixed amounjBe€D.
values ofKc"). ) ) Addition of DTABF to the reaction medium at concentrations
The noninfluence of3-CD on the acid hydrolysis of EEN  pejow thecritical micelle concentratiofcme® = 1.2 x 1073
might pe understooq on the basis of a possible interaction of \y determined in water at [HCE= 0.014 M by following the
EEN with 3-CD, forming hydrogerrbonds between the ether-O  method of benzoylacetone solubilizatidncauses an increase
atom of EEN and the secondary hydroxy groupg-&D. This of the reaction rate constant. THe vs [DTABr] profile
geometry of the complex will leave theONO group quite  gescribes a sigmoidal curve, typical of an effect modifying an
outside the3-CD cavity; i.e. the nucleophilic center toward H equilibrium process. In this sense, in the absengg-6D, the
(alcoholic-O atom) is immersed in aqueous medium, and 4qgition of DTABr at concentrations below the ciritas no
therefore no changes in the reactivity are expected. effect on the reactio?® but in the presence @CD, due to the
The results obtained from the study of the influence of ¢t that the binding constant of DTABr #-CD (Ks = 3000
tempera.tu.re on the aqid-ca}talyzed hydrolysis of 3-phenyl-1- M~1)29 is higher than that of alkyl nitrites (see Table 2), an
propy! nitrite at an acetic acidacetate buffer concentration of  gficient competition for the CD cavity between both substrates
0.040 M and pH 4:89 |nd|ca}te that the |ncIuS|on_eqU|I|br!um emerges. Then, an increase in [DTABI] increases the [RONO]
constant KN remains practically unchanged with varying water, i.e., not forming inclusion complexes, and the reaction

temperature. Th_is fact means that the positi(_)n of e_rquilibrium iS rate consequently increases until reaching again the valke of
determined mainly by the entropy of the inclusion process.

Bearing in mind the structures of both 2PhP and 1PhP nitrites, (20) Rohrbach, R. P.; Roguez, L. J.; Eyring, E. M.; Wojcik, J. R.
only hydrophobic interactions with th&CD interior could arise; ~ Phys. Chem1977 81, 944.

thus, steric effects hinder the approach of both the hydfe&p 505:2&295???1%88953 azzi, M.; Hoeven; J. J.; Gasosy, TJAAm. Chem.

groups and the-O—NO group of the alkyl nitrite in forming (22) Inoue, Y.; Hakushi, T.; Liu, Y.; Tong, L.-H.; Shen, B.-J.; Jin, O.-S.
hydrogen bonds. J. Am. Chem. S0d.993 115 475. Park, H.-R.; Mayer, B.; Wolscham, P.;

; ; Koéhler, G.J. Phys. Chem1994 98, 6158.
The Arrhenius plot corresponding to the rate constagits (23) Haskard, C. A May, B. L Kurucsev, T.: Lincoln, S. F.: Easton,

(=ku[H']) and ko (=k4[HT]), for the case of the acid ¢ .3 chem. Soc., Faraday Trar997 93, 279.
hydrolysis of 3PhP nitrite, describes good straight lines in both ~ (24) GonZtez-Gaitano, G.; Crespo, A.; Compostizo, A.; Tardajos]G.
i ivati hys. Chem1994 98, 6158.

ggSSeSk\\]/\/lhOSIef Slct)ﬁes ylelt(.j a(i[tt:vatlou ter?ergy Valu?s OLGS'C?Nan: (25) Godnez, L. A.; Patel, S.; Criss, G. M.; Kaifer, A. B. Phys. Chem.
: mol tor ! € reaction throug € uncomp exe' 1995 99, 17449. Johnson, M. D.; Reinsborough, V.X Solution Chem.

and for the reaction of the complex RON{2CD, respectively. 1994 23, 185. _

Both figures are in agreement with the characteristics of the 52(%%)03&"61, M.; de Rossi, R. H.; de Vargas, E.B.Org. Chem1987,

reaction and also. point to the fprmatlon of a complex that is ’(27) |g]esias, EJ. Phys. Chem1996 100, 12592. Dorfguez, A.;

less reactive. This lower reactivity, or nonreactivity, of the Ferimdez, A.; Gonzlez, N.; Iglesias, E.; Montenegro, 1. Chem. Educ.

complex could be attributed to the restricted access of the 1997 74, 1227. _ , _

reagent HO" to the CD cavity. In fact, whereas the binding of 522%)366‘@"?'0’ L.. Iglesias, E.; Leis, J. R.; P&M. E.Langmuir1993

anions of many types by CDs has been observed, and it can be” (29) Lin, J.; Djedéni-Pilard, F.; Guenot, P.: Perly, Bupramol. Chem.

quite strong?®2? the binding of cations has rarely been 1986 7, 175.
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10%B-CD}/mol-am™3 At [DTABr] > cme, a value which increases slightly in the
o1 03 05 o7 presence of-CD, as one can realize from the results in Figure
= monomers s micelles 3, micelles of DTABr are also formed. The presence of cationic

micelles strongly inhibits the acid hydrolysis of alkyl nitrites:
alkyl nitrites solubilize into micelles, but His excluded from

. the micellar interface (where the reaction takes place) due to
‘e ' electrostatic repulsion, and consequently a separation of the
reagents occurs,

Basic Hydrolysis. The basic hydrolysis of alkyl nitrites is a
very slow process, contrary to what occurs with the correspond-
ing esters. The nucleophilic catalysis of Ok the hydrolysis
of carboxylic esters is remarkably greater than that for alkyl
L) nitrites; but other marked differences also appear, such as the
absence of concurrent oxygen exchange between the nitroso

. . ; . T T : oxygen of the alkyl nitrite and OHduring the reaction, or the
00 03 06 09 12 15 18 21 24 importance of steric requirements in the ester hydrolysis,
10°(DTABr)/mol-dm™> whereas polar effects of substituents on the leaving alkoxide

10%,/s™"

10%B-CD}/mol-dm”? group are greater for alkyl nitrites than for esters. These

2 4 6 8 . . . .
101 : : . : differences are often rationalized by saying that carboxyl
monomers +—— — micelles ®) chemistry is dominated by the formation of tetrahedral inter-

mediates! whereas in alkyl nitrite reactions the2O group is

transferred intact!12 The relatively high electronegativity of

3 the N-atom and the presence of a lone pair on the nitrogen

. ensure that alkyl nitrites are soft electrophiles and their
nucleophilic reactions are orbital-controlled proces3eson-

. sequently, as OHis the hardest nucleophile, in accordance with

e Pearson’s principle of hard and soft acids and basdkse
reaction of RONO with OH is a slow process, in which polar

effects of substituents on the leaving alkoxide group accelerate

the reaction; e.g., bromoethylnitrite hydrolyzes faster than

10%,/s7"

) i . ethylnitrite 2
00 05 10 12 15 20 2’5 The basic hydrolysis of RONO in water is catalyzed by QOH
104(DT ABr)/mol-dm™3 the observed rate constant increases proportional to JOld.,

Ko = kor[OH].34 The K, of trifluoroethanol (TFE) is 12.4°
close to that of3-CD (pKy = 12.3)1436 For comparative
purposes, the hydrolysis of some alkyl nitrites catalyzed by TFE,

Figure 3. (®) Influence of DTABr concentration in the acid hydrolysis
of (a) 3-phenyl-1-propyl nitrite aff-CD] = 5.2 mM and (b) 1-phenyl-
1-propyl nitrite at p-CD] = 3.7 mM; acetic acie-acetate buffer of

pH 4.89 and at 0.040 M.a) Plot of the data against fre6-CD reacting as its anion, was studied in agueous solution of 0.20
concentration, calculated according to eq 3 by assuriing: 3000 M sodium hydroxide. We found a linear increasekinwith
M~1; solid lines fit eq 2; for parameters, see text. TFE concentration, i.ek, = koy[OH™] + kreg[ TFE]; then the

appropriate second-order rate constapt was determined from

measured in the absence of cyclodextrin, i.e., when all the the slope of the straight lines (see Figure 4). Valuekef
complexed RONO was pushed out of the CD cavity by the andkoy (obtained from the intercept) are collected in Table 3,
surfactant monomers. along with the values of the derived constintvide infra) for

In the same figure, a plot ¢ against free CD concentration  comparison purposes. The second-order rate constant for the
is also displayed. To calculatg-[CD]s in line with treatments  reaction with TFE anion is more than 2-fold that with OH
previously described; free 8-CD concentration was deter-  and the hydrolyses of EEN and 1PhPN are faster than those of
mined at each surfactant concentration by solving eq 3. Fitting the other studied alkyl nitrites, in accordance with the accelerat-
ing effects of electron-withdrawing substituents. Electron-

[B-CDJ* + [ﬁ-CD](i + [surfactant] — [ﬂ_CD]t) - withdrawing substituents, or substituents with resonance effects,
Ks make easy the stability of the leaving group, the alkoxide,
[3-CDJ; R-O".

=00

K The influence of [OH] at constanf3-CD concentration (fixed

between 3.5 and 5.2M) was also analyzed. Figure 5 shows

the data thus obtained to eq 2, one determig®s= (8.78 + the results corresponding to EEN, 3PhP, 1PhP, mpentyl
0.08) x 103 st andK/N = 392 + 13 M1 for the case of nitrites. A strong catalysis of the reaction can be observed in

- - itri I 31

3 %her;y'f pmpy'zg't”tf’l' .andrff’ 'd(gﬁl di |0'3.) x fl(r herv (31) Jencks, W. P.; Gilchrist). Am. Chem. Socl968 90, 2622.
andKc" = 5154+ 22 M~ in the acid hydrolysis of 1-phenyl-  gsatterthwait, A. C.; Jencks, W. B. Am. Chem. Sod.974 96, 7018.
1-propyl nitrite. These values compare quite well with the data  (32) Garéa-Santos, P.; Calle, E.; Gofiea-Mancebo, S.; Casado, J.
in Table 2. (At the lowB-CD concentration used in these Monatsh. Cheml996 127, 997.

experiments, we did not consider the reaction through the Un(i\?/’gzs'}{l;%krlg'ssﬁ'r\wv?/ fgﬁ'(s'igggaéﬁage?g?an'c Chemistgxford

complex in the fitting process in any case; i.e., we assumed (34) (a)Fernadez, A.; Iglesias, E.; GaiRio, L.; Leis, J. RLangmuir

thatk.® = ky[H™] + kua’[HA] was negligible.) 1995 11, 1917. (b) Iglesias, E.; Fetndez, A.J. Chem. Soc., Perkin Trans.
21998 1691.
(30) Tee, O. S.; Bozzi, M.; Clement, N.; Gadosy, T.JA.Org. Chem. (35) Jencks, W. PJ. Am. Chem. Sod.979 101, 5774.

1995 60, 3509. (36) Li, S.; Purdy, W. CChem. Re. 1992 92, 1457.
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Figure 4. Cataly_si_s of TFE concentration in the basic hydrolysis of Figure 5. Variation of the observed rate constaky, as a function of
(2) ethoxyethyl nitrite and (b) 1-phenyl-1-prop@)(and 3-phenyl-1- [OH"]in the basic hydrolysis of (a) 3-phenyl-1-propyl nitrite A€ D]
propyl (a) nitrites at [OH] = 0.20 M. = 5.2 mM (a), ethoxyethylnitrite at §-CD] = 3.8 mM (@); (b)
1-phenyl-1-propyl nitrite atf-CD] = 4.5 mM (@), andn-pentylnitrite

Table 3. Bimolecular Rate Constants for the Reaction of RONO at [3-CD] = 3.5 mM (a).

with OH™ (kon) and with Trifluoroethoxide lonkireg) Obtained
from the Study of the Influence of [TFE] at [Ofi = 0.20 M

Scheme 3
RONO  jCH,CH,0(CH,),0NO @—E:icu,m—h @—(cugro.\lo CH,(CH,)ONO CH,(CH,),ONO RONO + CD" K. RONO-CD"
Koy /M5 (9,510 4.7x10 22104 0.99x10% 0.75x10% 0+H' K, l
ke /M |(BLIL0.T)X 10 (8.1x0.2)x10%  (5.30.1)x10%  (2.57£0.06)x10* (2.3:0.4)x10*
Ms' (029 0.18 0.76 0.10 011 Ql ko ROH +CD-NO
2k, = kK, see Table 4 for values ¢ andK.. ROH + NOy’ Products

every case. With 3PhPN, the variationkgfvith [OH] displays meaning that 1:1 inclusion complexes between RONO and CD
an ascending curve up to saturation level reached at ap-are formed. The experimental behavior observed conforms very

proximately [OH] > 0.15 M; the reaction of-pentylnitrite wgll to regction between RONO and Ol the medium, along
does not depend on hydroxide ion concentration (between 0.03With reaction through a complex RONOD. Scheme 3 can be
and 1.1 M, the range investigated), but a strong catalysis by Proposed, from which eq 4 may be obtained to relate the
the presence of 3.5 mMB-CD can be detected; thus, the ~Variation ofk, with the concentration of-CD.

observed rate constant at [OH= 0.10 M in the absence of _

B-CD is 0.99x 1075 st (see Table 3). Finally, the plot df, _ kor[OH 1+ kK A-CD]

vs [OH] in the hydrolysis of EEN and 1PhPN becomes a 1+ KJ[B-CD]
straight line at [OH] higher than approximately 0.15 M.

Subsequently, we studied the influencegeED concentration The catalysis observed can be qualitatively explained if CD
at fixed [OH™] (0.10 or 0.20 M). In the case of 3PhPN, the set participates directly in the reaction; in other words, the complex
of kinetic experiments varying thg{CD] at [OH] = 0.20 M RONOC-CD is more reactive than the reaction of RONO not
was performed at six different temperatures (in the range 10 complexed. As the k9, of -CD is 12.3, at the above
37 °C). Representative results are shown in Figure 6; some of experimental conditions, a secondary hydroxy group in the wider
the results obtained in the case of 3PhPN are shown in Figurerim of 8-CD is ionized. Then, by comparison with TFE anion,
6b, and it can be seen that the experimental data sets obtainedhe reaction of the complex involves the=® transfer to an

(4)

at 25°C and 0.10 or 0.20 M of [OH] do not differ. Pseudo-
first-order rate constant, obtained over a range of{Q®) x

ionized secondary hydroxy group®fCD, resulting in the direct
formation of the nitrosocyclodextrin, but a big difference
1073 M B-CD, gave rise to saturation kinetics in every case, emerges:the nucleophilic catalysis of the bimolecular process
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Table 4. Experimental Conditions and Parameters Obtained in the Study of the Influee€EDfConcentration on the Basic Hydrolysis of
Alkyl Nitrites by Fitting the Experimental Data to Eq 4, Wheg’ = kop[OH]

RONO t°C [OH 1M ko¥/s™t kst KJ/M™1 EM?2
EEN 25.0 0.10 9.5¢ 1075 (3.8+£0.1)x 1072 645+ 24

EEN 25.0 0.20 1.8 104 (4.524+0.04)x 103 65.4+ 0.7 1.42
n-BuN 25.0 0.20 ~2.0x 1075 (2.0+0.2)x 10°° 51.5+ 6.7 8.7
n-PeN 25.0 0.20 ~15x 10°° (21+0.2)x 103 50.5+ 8.0 8.2
1PhPN 25.0 0.10 3.8 10° (5.6+0.1)x 104 279+ 13

1PhPN 25.0 0.20 7.5 10° (7.1+£0.2) x 104 253+ 20 0.88/2.45
2PhPN 25.0 0.20 reaction too slow; not good first-order reactions

3PhPN 25.0 0.10 2.8 10° (2.34+0.02) x 10°3¢ 360+ 10

3PhPN 25.0 0.20 3.510° (2.53+ 0.07)x 1078¢ 301+ 19 4.8
3PhPN 10.4 0.20 ~0 (0.76+ 0.02) x 10°3¢ 336+ 22

3PhPN 15.0 0.20 ~0 (1.13+0.03) x 10°3¢ 324+ 23

3PhPN 20.1 0.20 ~0.5x 10°° (1.79+ 0.05) x 10°3¢ 278+ 18

3PhPN 31.0 0.20 52 10° (4.54+0.1) x 10°3¢ 287+ 21

3PhPN 37.1 0.20 1.8 10* (7.34+ 0.09) x 10°3¢ 281+ 10

2 Effective molarity Ekd/kree). P By taking the maximum value df; on the analysis of the influence of [DTABHIn k. = A — B(UT), B =
—(7.53+ 0.18) x 10° K™%, A=19.4+ 0.6.

20 work. When all-CD molecules are ionized (which occurs at
R approximately [OH] > 0.15 M), the excess of OHcatalyzes
(@ the reaction via step 1 (see Scheme 3). In those alkyl nitrites
154 wherev; = koy[OH™] is much slower than, = k. (the cases

of 3PhPN andh-PeN), the excess of OHdoes not influence
the reaction; by contrast, when ~ v,, the excess of [OH]

ﬁ, 1ol increases thé, values proportionally to the degree kafy (the
5 cases of EEN and 1PhPN), see Figure 5.
£ In the same way, the experiments carried out at [DH
05 0.20 M displayed in Figure 6 correspond to conditions where
. all 3-CD molecules are ionized, and then an increasg-i@D]
) also increases the concentration of productive complexes. Solid
00 ‘ ‘ . ‘ ' lines fit to eq 4, and the experimental conditions, along with
0.0 0.2 0.4 0.6 0.8 1.0 the values determined for the constaktandKc, are reported
1028-CD)/mol-dm-3 in Table 4. A detailed inspection of the results suggests the
following.
2.0 Values ofky, the second-order rate constant for the reaction
©) AL 4 of RONO + CD — products determined a&; = kK¢ in M~1
A s, are reported in Table 3. This derived constant measures
1.5 & the reactivity of CD toward the alkyl nitrite and indicates the

ability of CD to select between different RONO under nonsat-
Y urating conditions. As we can see, the valu&aforresponding

2 1.0 fa < to 3PhPN is the highest, also observing the highest degree of
S catalysis. On the other hank; values for the different alkyl
nitrites exhibit a range of catalytic ability of CD anion, showing

in all cases to be a better catalyst than TFE anion. This fact

0 J rules out the possible action B¢CD anion as simple general
base catalyst; on the contrary, a significant inclusion of the alkyl
00 . . . . ‘ nitrite in the CD cavity in the transition state must take place.
o 2 4 6 8 10 In comparison with the results in Table 2, the stability
10%8-CD)/mol-dm™3 constants of RONO formed with neutf2lCD are shown to be

Figure 6. Catalysis of3-CD in the basic hydrolysis of (a) ethoxyethyl ~ higher than those formed with ionizgdCD™. In some cases,
nitrite at [OH] = (@) 0.10 and 4) 0.20 M, and of (b) 3-phenyl-1- such as that with 1PhPN, the difference is very importaaf!
propylnitrite at [OH] = (@) 0.10 M and 25°C, (a) 0.20 M and 25 ~ 2K In total contrast, EEN forms inclusion complexes with
°C, and §) 0.20 M and 20°C. Solid lines fit to eq 4; for parameters,  ionized3-CD, but it appears to not form inclusion complexes
see Table 4. In plot (b), both data se®,£) obtained at equal  with neutral3-CD. Finally, in the case of 3PhPN, the stability
temperature are fitted together. constants formed with either neutral or ioniz&<CD no longer

) o ) differ from each other (compare valueskf¥ in Table 2 and
(or the intermolecular catalysis) in the case of TFE ion becomes iy Table 4); in addition, as foK<", there is no influence of

an intramolecular catalysis in the reaction of the complex temperature oK.
RONOCD™.487

As a productive complex requires ioniz8eCD, increasing
[OH™] also increases the ioniz¢gdCD concentration; i.e3-CD
+ OH™ = 3-CD~ + H,0, whose equilibrium constant is equal
to K = Ky/Ky =~ 40 M1 at the experimental conditions of this

Another important fact is the difference in reactivity of both
processes, steps 1 and 2. The reaction rate of the complex,
is more than 30 times faster than the rate of the bimolecular
processyi, which in some cases cannot be detected. From the
analysis of the influence of temperature for the case of 3PhPN,
(37) Kirby, A. J.Adv. Phys. Org. Cheml98Q 17, 65. we can estimate a value of 89 kJ/mol for the activation energy
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corresponding to thé&on process, i.e., for the bimolecular
reaction, whereas the Arrhenius plot corresponding to the rate
constantk. (Table 4) gives a value of 62.8 kJ/mol for the
activation energy of the hydrolysis mediated by the ionized
pB-cyclodextrin. These results indicate an important stabilization
of the transition state of the reaction through the complexed
3PhPN with respect to the reaction via QHn this sense,
making use of the approach developed by Réffor estimating

the stabilization of a transition state by a catalyst, we define
Krs = [TS:CDJ{[TS][CD]} = kKdJ/k,", i.e., the apparent
stability constant of formation of the transition state of the CD-
mediated reaction, symbolized by ‘CD, from the transition
state of the normal reaction (TS) and the CD. This quantity
takes values of 1642, 2395, 5200, 7000, and 21 758,M
corresponding to EEN, 1PhPM;BuN, n-PeN, and 3PhPN,
respectively. This variation dkrs with alkyl nitrite structure

is an additional proof of the transition-state binding of CD.

Along the same line, the efficiency oihtramolecular
catalysis like the complex reaction, is conveniently measured
in terms of theeffectve molarity(EM) of the catalytic groug?”

The EM is the ratio of the first-order rate constant for the
intramolecular reactionk. in our case, and the second-order
rate constant for thentermolecularreaction that proceeds by
the same mechanism under the same conditionski.since

the K, of TFE is quite similar to that off-CD. The EM is
formally the concentration of the catalytic group(R™~ in this
study) required to make the intermolecular reaction proceed at
the observed rate of the intramolecular process.

The values of EM £ kJ/kreg) appear in Table 4 (entry 7).
Since these values are less than 80 M, the mechanighCai-
mediated base hydrolysis of alkyl nitrites is considergeéeral
base catalysig’ Surprisingly, the highest EM is observed with
those alkyl nitrites forming the least stable complexes. We must
find the reason for this in the structure of RONO, which
obviously determines the way of including into {BeCD cavity,
and then the efficiency of CDcatalysis. The simple systems’
tighter binding to CD increases the EM, and thus makes the
desired net increase in transition-state binding possible. Mo-
lecular mechanics calculations were carried out to obtain the
dimensions and optimal geometries of guest molecules from
MOPAC calculations (PM3) for comparison purposes with the
host molecule cavity:3° The energy-minimized structures are
shown in Chart 1.

(38) Kurz, J. L.J. Am. Chem. Sod.963 85, 987.
(39) Ramamurthy, V. IrPhotochemistry in Organized & Constrained
Medig VCH Publishers: New York, 1991; p 319.

Chart 2
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In line with this, 2-phenyl-2-propyl nitrite binds “perched”
to f-CD~, and thus the NO group cannot come near the ionized
—O~ group of 5-CD, as a consequence making the reaction
impossible; the same applies to 1-phenyl-1-propyl nitrite, but
to a lesser extent, as the branching effects do not completely
surround the reaction center-O) (perching the RONO
molecule in the CD cavity in only one side). Contrarily,
n-pentyl- andn-butyl nitrites can sit “loosely” in the3-CD
cavity, so both molecules can adjust the deepness in order to
closely approach the reacting groups; consequently, the EM is
the greatest observed. In an intermediate position is 3-phenyl-
1-propyl nitrite, which has no steric hindrance, but it sits inside
the 8-CD snugly and, as the length of the molecule slightly
exceeds the deepness of the CD cavity, the reaction between
the functional groups is forced (see Chart 2).

Potential Inhibitors (PI). To shed light on the hostguest
interaction process, we studied finally the effect of the addition
of DTABFr to the reaction medium. Typical results obtained at
[OH™] = 0.20 M in the presence of a constafitCD] (fixed
in the range of 2.53.7 mM) are plotted in Figure 7. Normally,
addition to the reaction mixture of an inert species, i.e., a
potential inhibitor here (PI), that forms a complex with CD
reduces the concentration of free CD, so that lessSRTINO
complex is formed andl, is decreased.

Surprisingly, the addition of DTABr at concentrations lower
than the cmgcauses a slight increaselqfin the hydrolysis of
3PhPN but a 3-fold increase in the case of 1IPhPN. We must
also note that, contrary to the case of acid hydrolykjsys
[DTABTr] profiles do not describe a sigmoidal course typical of
a modification of an equilibrium step; instedd,increases with
[DTABI]. As expected, at [DTABr]>cmc®, an inhibition is
observed. This is because once micelles are formed, alkyl nitrites
also solubilize in the micellar pseudophase with the concomitant
decrease in the productive complex concentration. Although,
contrary to the case of the reaction by ,Hationic micelles
increase the [OF] at the micellar interface (also due to
electrostatic effects); but, as the intermolecular catalysis by OH
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Table 5. Maximum Degree of Catalysis, Measuredia®/k,",
104 e with k" Being the Pseudo-First-Order Rate Constant at the
(@) e Pe Maxium [3-CD] Used ¢0.01 M) andk," the Pseudo-First-Order
91 . Rate Constant Observed for Each Amine at the Concentration Given
8 .,-‘ in the Absence of5-CD
- : . . [amine]
SN o ' 17x10°M 32x10°M 6.4x10°M 7.8x 10°M
£ 6 - ermc® PyR 1.8 1.4 1.2
- b : e PIP 4.3 2.6
51 o MCH 4.1 2.8
44 ; ‘.
: monomers #—: —% micelles .
® : surrounding of the hostguest complex by the DTABr mono-
3 : mers, displacing the hydration water molecules of the reacting
00 05 1012 15 2.0 25 groups. (Note that the hydration shell decreases the natural
102D TABr)/mol-dm™3 nucleophilicity of a nucleophile.) Similar catalysis by potential
”s inhibitors has been found in the cleavage mhitrophenyl
‘ eme® alkanoates by the addition of alcohols and alkanoate or sulfonate
® e ey anions3%4%In any event, there is no doubt that the present results
20{ Lo . L e provide an example of allosteric activatibtthat is, substances
"_,.«" P which are not substrate analogues attach to some site of the
_— 5 e B-CD-RONO complex (in this case) with a resulting effect on
C aa A the catalytic reactivity.
"Ef U _ ‘ ' Nitrosation of Amines. The nitrosation reaction of pyrroli-
~ 1.01 o dine (PyR), piperidine (_P_IP), anul-methylcyclohexylam_lne _
Co e (MCH) by ethoxyethyl nitrite (EEN) has also been studied in
051 a, T e the presence of-CD. Reactions between alkyl nitrites and
' a.. secondary amines produce N-nitrosamines in quantitative yield.
: The reaction in water is of first order with respect to the amine,
0.0 — — T T T i.e. ko" = k"[amine], withk," being the observed rate constant.
0.0 05 10 12 15 2.0 25

. " It has been postulated that alkyl nitrites transfer their nitroso
10°(DTABr)/mol-dm group to amines through a concerted mechanism with a four-
Figure 7. Influence of [DTABY] in the basic hydrolysis of (a) 1-phenyl-  center transition state, although the possibility of a six-membered
1-propy! nitrite at [OH] = 0.20 M and B-CD] = 3.7 mM, and of (b) ring, which includes a water molecule, was also considérdéc12
sr;&hzzyél-;-)pgospﬁ]&tnte at [OH] = 0.20 M and p-CD] = (@) 5.2 The inclusion equilibrium constant&¢*) of PyR, PIP, and
' ' MCH with 3-CD are reported in the literature a8%502% and
550 M~1,%2 respectively. These hesguest inclusion constants
are for the neutral form of the amine, since the corresponding
It should be emphasized here that the normal expected @MMONIUM 10NS have proved to not include into D
behavior through the entire [DTABI] range was an inhibition CaVvity~ .
of the reaction. As in the previous section, due to the competition I this study, we worked with [OH = 0.10 M, where all
between DTABr monomers and RONO, addition of DTABr the amine is in its unprotonated form. The nitrosation reaction
should expel the included RONO, with the consequent retarda-Py EEN of the aforementioned amines is catalyzed by the
tion of the reaction due to the lower reactivity of the noncom- Presence of-CD. The degree of catalysis, measured as the ratio
plexed RONO. The key difference, which it is important to note  Of ko™7ky" (ko™ being the maximum value of the observed
here, is that, in alkaline medium, the complex between RONO rate constant measured at the high@CD] used ¢-0.01 M),
and ionized-CD is the transition stateof the hydrolysis andky" the observed rate constant determined in the absence

reaction, i.e., a true compound in which the functional groups Of 5-CD at the same experimental conditions), first decreases
are covalently bound. as the amine concentration increases, and second depends
The high catalysis degree observed with 1PhPN by DTABr Strongly on the amine, giving the highest catalysis with MCH
addition is better viewed as being the reaction between the @nd the lowest catalysis with PyR, see Table 5. To perform a
PI-CD complex and 1PhPN; or, more exactly, due to the fact clear exposition of the results, we will comment on the results

is much lower than the intramolecular catalysis by C(3ee
Table 4), an inhibition of the reaction is also observed.

that saturation kinetics is obtained at [DTABH cmc, this of PyR separately for the other two cases.
implicates the formation of ternary complexes:(ED-RONO) _Nitrosation of Pyrrolidine. The |nf|uenqe ofs-CD on the
that are more reactive than the binary complex-RONO. nitrosation of PyR by EEN has been studied at two pH values:

Quantitative analysis of the results is complicated because it (i) in pyrrolidine—pyrrolidinium chloride buffer of pH 11.15,
contains two concentration variables, [P1] and [CD]; however, i.e., under conditions where the major par{3e€D molecules
as the most plausible cause for a qualitative reason for theare not ionized (Ka 12.30), and (ii) in the presence of [OH
observed facts, we believe that DTABr monomers could - — .

protrude through the narrow rim @ECD, pushing out 1PhPN 1952025389‘?5’(%. S.; Bozzi, M.; Clement, N.; Gadosy, T.J.Org. Chem.
molecules, thus acquiring a close proximity between the reacting  (41) Laidler, K. J.: Bunting, P. SThe Chemical Kinetics of Enzyme

groups. The EM calculated using the maximum value observedAction, 2nd ed.; Claredon Press: Oxford, U. K., 1973; p 370. Engel, P. C.

here kM= 9.98 x 104slat [3-CD] = 3.69 mM; using eq In Thg Chemistry of Enzyme ActidPage, M. |., Ed.; Elsevier: Amsterdam,
I i max — 3 1\ ; 1984; Chapter 3.
4 and data in Table 4 givdg™ = 2.0 x 107 ™) increases (42) Tee, O. S.; Gadosy, T. A.; Giorgi, J. Ban. J. Chem1996 74,

to 2.45 M. Another possibility could be found in a particular 736.
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Table 6. Pseudo-First-Order Rate Constants Obtained in the Nitrosation of Pyrrolidine by Ethoxyethyl Nitrite in Pyrrefgimalidinium
Chloride Buffer of pH 11.15 and Total Buffer Concentration of 0.020 M as a Functigh@b Concentration

10%[5-CDI/'M 0.0 0.383 0.575 0.767 1.15 1.53 2.30 3.07 4.60 6.13 7.28 9.20 11.1
10Pko/st 1.30 1.27 1.25 1.26 1.27 1.30 121 1.19 1.15 1.13 1.10 114 1.09

Table 7. Experimental Conditions Used in the Nitrosation of Pyrrolidine, Piperidine,NvMiethylcyclohexylamine in Basic Medium
([OH"] = 0.10 M) by Ethoxyethyl Nitrite Performed in the PresencefefDe

[amine]l/M ko"/s™1 10Pa/s 12 10Pa/s71P KAM~L kMt st ko/s™t kM-t st
Pyrrolidine
1.7x 1073 2.45x 1073 7.77+0.08 7.9+0.1 6 1.45 452 108 1.93
3.2x 103 4.67x 1073 9.51+ 0.06 9.7+ 0.1 6 1.46 452 1073 1.59
6.4x 1073 9.45x 1073 13.7+ 0.2 13.5+ 0.3 6 1.48 452 108 1.29
[amine]l/M ko"/s™1 ylstM~t Olst M2 KAM~L k¥IM~1 st koK + kOKAIsTT M2 kfIM~1st
Piperidine
1.7x 10°% 0.57x 1073 0.332+ 0.005 23.5£0.8 50 0.34 50.9 2.0
1.7x 10 0.57x 1073 0.328+ 0.009 24.0+1.2 50 0.34 47.3 2.1
3.2x 10°% 1.05x 1073 0.387+ 0.005 25.9£ 0.8 50 0.32 42.4 1.3
3.2x 103 1.05x 103 0.388+ 0.004 25.+ 0.6 50 0.32 43.9 1.28
Methylcyclohexylamine
3.8x 10°% 0.67x 1073 1.224+0.02 205+ 4 550 0.176 251 0.51
3.8x 1073 0.67x 1073 1.184+0.02 214+ 35 550 0.176 245 0.57
7.7x 10°% 1.25x 103 2.10+ 0.02 263t 9 550 0.164 252 0.46
7.7x 1073 1.25x 1073 2.20+ 0.02 279+ 8 550 0.164 254 0.52

aExperimental data fitted to eq BLeast-squares fit ok,(1 + KJCD]) vs [3-CD]. ¢ Experimental data fitted to eq 8 Analysis ofk,~°" as a
function of free p-CD]. ¢ Observed rate constants,”, measured in the absence ®{CD, and determined values for the rate constant of the
nitrosation processes. To obtdit, k-°, andk,*, we have used the values kf= 3.8 x 102 s™* andK. = 65 M, previously determined.

= 0.10 M, in which case a great part of secondary hydroxy " a
groups of-CD are ionized. (@

Kinetic results obtained at pH 11.15 and total pyrrolidine  _ 191 [
buffer concentration ([PyR]of 0.020 M as a function ofj-CD] g gl Lg
are collected in Table 6. As one can see, there is no change in ’é -
rate except for a very slight decrease. The average vallg of & 84 -— 8 <
is 1.13x 10721 At this pH value, the concentration of neutral 8 &
pyrrolidine is determined as [PyR¥ [PYyRIKJ/(Kq + [HT]), i o7 A
with K, being the acidity constant of pyrrolidinium ionKp= %?

11.30)* Then, the bimolecular rate constant for the reaction ~— 6 6
between neutral PyR and EEN is calculatedas 1.36 Mt -

sL This value is in perfect accordance with those reported in 5] _ B
Table 7 (vide infra) and with that obtained from the study in 0 5 2 P A 10

aqueous alkaline medium of the influence of [PyR] (see Figure
8b): ko varies linearly with [PyR], with the straight line passing
through the origin and whose slope value is equal to 148
0.01 M1 s71 j.e., theky value for the reaction in water.

Kinetic results obtained at [OH = 0.10 M and [PyR]=
3.2 x 1072 M are displayed in Figure 8a. Pseudo-first-order
rate constants increase witl$-CD], giving rise to simple
saturation kinetics. Remembering that the stability constant of
the inclusion complex formed between PyR #@D has been
estimated aK* = 6 M1, working at [PyR]= 1.6 x 1073,
3.2 x 1073, or 6.4 x 103 M, the amount of amine forming
inclusion complexes will be insignificant. On the contrary, EEN

10%B-CD)/mol-dm™3

10% {k,", a}

binds to ionizeg3-CD, with K. = 65 M~1 being the equilibrium 21

constant of complex formation, and in the presence of OH 0

the basic hydrolysis reaction via both free and complexed EEN 0 2 4 6
occurs (see previous section). But, on the other hand, the reaction 10%[PyR])/mol-dm™3

Eiatsi(?L;r:jerorI];/tsrizs'?g?gcrt)rSV(;eefS(?ulr?(bTuihg r;%(higg?\?,tp gtlof the Figure 8_. _(a) (@) Influence ofﬁ_-C_ZD concentration in the nitrosation

’ ’ . L o ’ of pyrrolidine by ethoxyethyl nitrite at [OH = 0.10 M and [PyR}=
whereas from the study of the nitrosation reaction in the absences 55 13 M: (a) linearization of the data according to eq 5. (b) Plot
of 3-CD, we foundk” = 1.48 Mt s™™. Therefore, as astarting  of ky ando. (= k. + kPyR]) against [PyR].
hypothesis, we can consider that the nitrosation of PyR could
take place through both free EEN and the EER~ complex. The rate of disappearance of EEN is the sum of the rate of

On the basis of these considerations, Scheme 4 can be proposede four reactive steps; nevertheless, in the experimental
conditions of this worky; << v,. In fact, plottingk,” against

(43) Andraos, J.; Kresge, A. J. Am. Chem. S0d.992 114, 5643. [PyR], the straight line goes through the origin (Figure 8b).
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Scheme 4 35 o
a .
EE-OH + PyR-NO EE-OH +PYR-NO, CD' “
‘ k=148 M's! ‘ k=132 M5!
—_— K=osM' A o
[ EEN + PyR + CD ] EENCD + PyR
;H’ l k=4.5x10° 51
ko= 9.5x107 M5! EE-OH + CD-NO
EE-OH +NO, NOy '+ CDF
Considering, then, the following mass-balance equations, [EEN] 0‘50 ‘ 2 2 A 8 0
= [EEN]_ + [E_EN-CD], [PYR} = [PyR], and [CD] = [CD], 103%8-CDY/mol-dm-3
one easily arrives at eq 5. 20 20

(b)

k" + akJp-CD]

k,= 11 Kp-CD] with o = k. + k,“[PyR] (5)

-
(9]
s

Experimental values ok, — [5-CD] were fitted to this
equation by means of nonlinear regression analysis, kth
andK; being input parameters. Table 7 contains the obtained
parameters along with the experimental conditions. Values of
o have been plotted against [PyR]; as expected, a good straight
line is described (Figure 8b) with interceptk. = (5.3 4+ 0.2)

x 1078 s71) and slope £k,* =1.324 0.06 M1 s7%) statistically
significant values; in other words, the complexed EEN reacts
via transferring the-NO group both to the ionized hydroxy
group of 3-CD and to pyrrolidine, and alsk. compares quite 10%B-CDlyyge/mol-dm™3

\A/rv)ell with the value obtained in the absence of PyR (see Table Figure 95 (a)h Influet?cle off-CD Concgnf(‘?t'\i/(lmfin. thgd_nitrosation

. . . . reaction ethoxyet nitrite at = 0. of piperidine @,0

Further support for eq 5 is obtained from the linear plot of 5 [Plp]:yl_67 % )g_chyM and of l\[lgnﬂethylcyclohexslgmine(,Z) a)t
the data in the form ok,(1 + K[$-CD]) against p-CD] with [MCH] = 7.7 x 10-3M. Open points refer to tota3iCD], and solid
Kc = 65 M. The plot corresponding to [PyR} 3.2 x 1073 points refer to free-CD]; solid lines fit to eq 6, for parameters, see
M is also shown in Figure 8a, and, as expected, a good straightTable 7. (b) Plots ok®" { = ky(1 + K[B-CD])(1 + KA[B-CD])} (®@,4)
line was described; this was also the case with the other PyRand ofk, (4,0) against free §-CD] obtained in the nitrosation by
concentrations (plots not shown). Valueskgf, k;, andk.¢ are ethoxyethylnitrite, of piperidine (triangles) at [PIF] 3.3 x 10° M
collected in Table 7. The comparison kf* and k:* values (Kc = 65 M"* andKA = 50 M™), and ofN-methylcyclohexylamine
indicates that both free and complexed EEN reacts practically (¢ircles) at [MCH] = 3'80"X_10;V3 M (K. = 65 M a”d2K°A = 550
at the same rate with PyR. This means that the observed catalysi%’I ) Solid lines fit tok™!" = k" + y{f-CD] + o[-CDJ*, according
. . 0 eq 6; for parameters, see Table 7.
is due only to the comparable rates of steps 3 and 4; but,
increasing [PyR], the rate of step 3 is being increased, while Scheme 5
that of step 4 remains unchanged. Consequently, the degree of

1 Olkcorr/s—l

>Le ] ‘ NO, + CD’
catalysis is reduced on increasing [PyR]. BE-OH + NOy

Nlltrosauon of Plpend!ne ano! Methylcyclohexylamlne. EE-OH* CD-NO
Typical results obtained in the nitrosation of PIP and MCH by D ko= 050100115
EEN at [OH] = 0.10 M in the presence @-CD are shown in OfF k=385107 57

Figure 9a. These amines are less reactive than PyR and more

PR ili - K,=65 M e
hydrophobic, in the sense that the stability constants of the =63
corresponding inclusion complexes withCD are much higher —

than those of PyR. Therefore, with PIP and MCH, the amount R Kessons!

of complexed amine is not negligible. Thus, we suggest that = ‘

our kinetic scheme of reaction may be represented as in Scheme k=051 s’

5, put forward for the case of MCH, where, besides the basic EE-OH+MCHNO

hydrolysis reaction via either OH(step 1) or ionizeg-CD

(step 2), the possibility of nitrosation reactions of free EEN with K @]
free amine (step 3), the complexed amine (MCB) with the MC-NO+EE-OH,CD"  ~—

free EEN (step 4), or its kinetically equivalent reaction of the

free amine with the complexed EEN (step 6), and the complexed [CD]; = [CD] + [MCH-CD], from the expressions df. and
EEN and complexed amine (step 5), are represented. The ratek” given in Scheme 5, one arrives easily to eq 6, where

of the reaction is the sum of the six reaction steps, but as with {kKe + (k°Ke + kKA)MCH]} and 6 = {kKKA +
PyR, the rate of step 1 may be ignored. Then, taking into accountk,*K.KA[MCH]} (or [PIP]) and B-CD] represents free cyclo-
that the concentrations of the species are given by [EEN] dextrin concentration, which has been determined by solving
[EEN] + [EEN-CD], [MCH]; = [MCH] + [MCH-CD], and the equation [CC¥]+ [CD]{ [amine} — [CD]; + 1/KA} — [CD]¢/
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Chart 3
1.0 MNT @
PYR @ .
0.0 A Trans-nitrosation reaction
PIP °
% ~10 1 MCH L4
o
Hydrolysis reaction
—2.01 g-CD"
cio” °
J TFE™ OH™
-3.0 °
KA = 0, with KA = 550 M for the case of MCH, an&” 8 10 12 14 16
= 50 M1 for the association of PIP to CD. oK
W - - 2 Figure 10. Bregnsted plot of the reactivities of EEN toward oxygen
k,” + y[-CD] + 6[5-CD]
k,= (6) anions,3-CD anion, carbanion of malonitrile (MN), and amines.

(1+ KJB-CDD(L + K [B-CD])
. o malononitrile anion (MN),*> with EEN (log k) are plotted
Sinceko" and the equilibrium constants are known, we could  against their [, in Figure 10. Bimolecular reactions of EEN
calculatey and o values by nonlinear regression analysis of \yith oxygen nucleophiles OH TFE-, CIO—, and CD" display
the experimental date — [-CD] fitted eithertoeq 6 orto its 4 good Brgnsted plot with a slope = —0.12 + 0.03;
modification in the form ofk,®" = ko(1 + KA-CD])(1 + meanwhile, the reactivities with amines or the carbanion of MN
A[B-CD]) vs [B-CD]. Solid lines in Figure 9a and b correspond 4o not show any clear trend. In accordance with the values of
to the fit of the experimental data in the two alternatives, gn . the mechanism of the reaction of EEN with oxygen
respectively. Values of ando determined from both procedures  nycleophiles is a general base-catalyzed reaction, while amines
are collected in Table 7, along with the experimental conditions ang MN- behave as intrinsic nucleophiles; then, their reactivities
and the input parameters used in the fitting process. with alkyl nitrites are better correlated with Ritchie’s:N
Values ofy, together withk: andK. values reported in Table  parametef$ as our group has demostrated previoddly seems
7, afford the sumko®K. + kKA. In the case of piperidine,  that N, measures some property of the nucleophiles that strongly
values ofK. andK¢* are similar, and they are also similar to  jhfluences reactivity of reactions and, in particular, those of NO-
the observed value of the aforementioned sum. If we assumeyransfer. Since Nis determined kinetically, it seems that it must
thatk;® = ko” = y/(Kc + K¢*), a value of 0.40 M st can be  ¢onain information on transformations that take place in the
obtained for these rate constants. Obviously, other combinationsnudeoph”e during the course of the chemical reaction.
are also possible, but there is no reason for a big difference in
the values of the rate constants for the reaction between thecgnclusions
complex EENCD (or PIPCD) and free PIP (or free EEN). In
the same manner, a value of 0.4 M1 can be obtained for Acid hydrolysis of 1PhP, 2PhP, and 3PhP nitrites is inhibited
ke = koo in the case oN-methylcyclohexylamine; or since by the presence gf-CD. These RONO form 1:1 inclusion
with this amineKA > K, considering the sum must be equated complexes with-CD, but O™, a simple cation, does not bind

to ko® KA unlessk,t > k¢, then we could estimate® = 0.46 to CD. The energy of activation of CD-mediated acid hydrolysis
M~1s71 That is, both possibilities could work. is much higher than that of the reaction between free substrates.
On the other hand, from values, one determindscc, that The acid hydrolysis of EEN is not influenced by the presence

is the rate constant for the reaction between the complexesof -CD, which has been attributed to the special way EEN
EEN-CD and amineCD. As we can see, this rate constant is interacts with neutral CD.

more than 3-fold the rate constant between free substrates. In  On the contrary, the basic hydrolysis of ethoxyetmybutyl,
other words, there is an important decrease in free energy whem-pentyl, 1-phenyl-1-propyl, and 3-phenyl-1-propyl nitrites is
the complexed substrates react together. This may be due tcstrongly catalyzed by the presence of ioniz8d€CD. The
the possibility of formation of channel-like structures which, catalysis is due to the formation of productive 1:1 inclusion
besides serving to fix the reacting species in close proximity, complexes between RONO and ionizgeCD; that is, the
might intervene in the formation of the transition state, possibly complex is the transition state of the reaction in which the
in the way shown in Chart 3. reactive groups;-NO and the ionized hydroxy group of CD,

In fact, the nitrosation of amines by alkyl nitrites goes through are brought together. The stability constant of the transition state
highly ordered transition states, based chiefly on the solvent for the CD-mediated reaction depends on the structure of
isotope effects observed that are greater than unity that evidenceRONO, being higher for the alkyl nitrites with linear hydro-

a rate-controlling step involving a proton transfer, and on the carbon chains. This characteristic explains the nonobserved
large negative entropies of activation determined for these catalysis in the case of 2PhPN, in which steric hindrance of
reactions'!2b Similar effects of CDs have been found in the methyl groups at both sides of the NO-group prevent reactant
nuclophilic aromatic substitution reactions of 1-chloro-2,4- groups from approaching each other. Addition of potential
dinitrobenzene and 1-fluoro-2,4-dinitrobenzene with amfies. inhibitors, such as DTABr, catalyzes the reaction, contrary to

Mechanism Characteristics. The measured reactivities of ~ what is expected. The effect is quite strong in the case of 1PhPN

the substrates studied here, as well as that with-G¢@** and

(45) Iglesias, EJ. Chem. Res. ()995 98.
(44) Leis, J. R.; P&m M. E.; Rios, A. M.J. Chem. Soc., Perkin Trans. (46) Ritchie, C. D.Can. J. Chem1986 64, 2239. Ritchie, C. DAcc.
2 1995 587. Chem. Resl972 5, 348.
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and can be viewed as an example of allosteric activation; that between amine (or EEN) complex and free EEN (or amine),
is, DTABr monomers induce conformational changes in the with the reaction rate through both complexes being nearly
transition state. 3-fold that of free EEN and MCH.

Nitrosation of amines by ethoxyethyl nitrite in alkaline
medium is enhanced by the presencefe¢€D. PyR does not
form inclusion complex with3-CD, and free and complexed
EEN react with PyR at practically the same reaction rates. PIP
and MCH form inclusion complexes wiftCD. The nitrosation
can occur via either free substrates or complexed substrates, 0dA9827696
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