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The mechanism of the NEts-catalyzed intramolecular aminolysis of Z-1 in acetonitrile or aqueous
acetonitrile solutions is suggested to involve rate-determining collapse of T * through simultaneous
H-abstraction and ethoxide expulsion of E2 process. The evidence for that includes the primary isotope
effect of kuy/kp = 1.66 in acetonitrile, general-base catalysis in aqueous buffer solutions, salt effect, and
the proposed water-stabilized rate-determining transition states (TS1 and TS2) in the water-titration

experiments.

Introduction

Modification of nucleosides or their organic bases sometimes
shows useful biological activities due to inhibition of nucleic
acid metabolism.! For instance, cancer cells can be killed by
5-fluorouracil,” which can be prepared from 5-cyanouracil.* We
prepared analogues of 5-cyanouracil by a multicomponent
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2nd ed.; Oxford University Press: Oxford, 1996.
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reaction (MCR),* where we found that an amine as a base helps
the intramolecular aminolysis of Z-1, forming 5-cyanouracils
(Scheme 1). Hence, in this paper we try to explore the
mechanism of this reaction by means of kinetic studies in
acetonitrile with various water concentrations (water-titration
experiments), investigation of base catalysis, kinetic isotope
effect, and salt effect.

(4) (a) Zhuang, B.-R.; Hsu, G.-J.; Sung, K. Bioorg. Med. Chem. 2006, 14,
3399. (b) Sung, K.; Lin, M.-C.; Huang, P.-M.; Zhuang, B.-R.; Sung, R.; Wu,
R.-R. ARKIVOC 2005, xiii, 131. (c) Sung, K.; Lin, M.-C.; Huang, P.-M.; Zhuang,
B.-R.; Sung, R.; Wu, R.-R. J. Phys. Org. Chem. 2005, 18, 1183. (d) Sung, K.;
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There are two important issues on the mechanisms of acyl-
transfer reactions.” One is whether a tetrahedral addition
intermediate (T* or T7) is involved and the other is whether
the rate-determining step involves formation of the tetrahedral
addition intermediate or its collapse if the tetrahedral addition
intermediate is involved.

For the aminolysis of carbamates, the Elcg mechanism®
involving an isocyanate intermediate was proposed but it was
questioned with an alternative stepwise mechanism involving
the tetrahedral addition intermediate T+.”* The stepwise mech-
anism for the aminolysis of carbamates’ was usually confirmed
by a change of the rate-determining step, implying that the
tetrahedral addition intermediate T+ is involved, and so were
the stepwise mechanisms for the aminolysis of esters® and
carbonates.” However, the aminolysis of carbamates, carbonates
and their thio-analogues may be switched from a stepwise
mechanism to a concerted mechanism,”*'® provided that the
amine nucleophiles have high expulsive rates from T* and the
substrates have a very good leaving group and m-donating
nonleaving group.

In this paper, the substrate Z-1 provides a good opportunity
to study the mechanism for the NEt;-catalyzed intramolecular
aminolysis of carbamate. Since the mechanism for the ami-
nolysis of carbamates in aprotic solvents was proposed to
involve the rate-determining collapse of the tetrahedral addition
intermediate T+,7*® the NEt;-catalyzed intramolecular aminoly-
sis of Z-1 would be checked to see if it follows the similar
mechanism in acetonitrile or aqueous acetonitrile solutions.
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Results

It has been confirmed by '"H NMR spectroscopy that NEt;3-
catalyzed intramolecular aminolysis of carbamate Z-1 com-
pletely produces 2 without any detectable byproduct,** so a UV
spectrophotometer was used to obtain the following data for
kinetic studies of the aminolysis reaction. The intramolecular
aminolysis of Z-1 (5 x 107> M) in 0.1 M NEt; of acetonitrile
solution was monitored by UV spectrophotometry for 21 h until
Z-1 was completely converted into 2 (Figure 1). The Z-1 has a
maximum UV absorption at 294 nm with molar absorptivity
(€) of 21380 M~! cm™!. The UV absorption at 294 nm kept
decreasing as the intramolecular aminolysis was going. When
the intramolecular aminolysis was complete, molar absorptivity
(e) of 2 at 294 nm was measured to be 6000 M~! cm™!, which
is much smaller than that of Z-1. Hence, kinetic studies for the
intramolecular aminolysis of Z-1 were carried out in dried and
excess NEt; of acetonitrile solution at 298 K by following the
decreasing UV absorption at 294 nm with UV spectrophotom-
eter. All of the kinetic curves showed first-order exponential
decays, and the observed rate constants (kqbs) are shown in Table
1. According to eq 1, the second-order rate constant of kng
was calculated to be 1.79 x 1073 M~! s~! by correlation of the
observed rate constants (kops) With [NEts].

rate = d[d—fl] = kneaINEG1[Z-1]

N-Deuterium Z-1 was prepared by treating Z-1 in dry CD3CN
with 3—4 drops of D,O (Scheme 2). The reaction was monitored
by proton NMR spectroscopy until the N—H resonance peaks
at 6 = 9.81 and 7.74 disappeared and the resonance peak of
vinyl hydrogen at 6 = 7.32 turned into a singlet from a doublet.
To remove any residual water, the resulting solution of
N-deuterium Z-1 was dried by 4 A molecular sieves. The dried
solution of N-deuterium Z-1 was used to do kinetic studies of
its intramolecular aminolysis in dried and excess NEt; of
acetonitrile solution at 298 K. The observed pseudo-first-order
rate constants (kops) and the second-order rate constants (kngg)
for the NEt3-catalyzed intramolecular aminolysis of N-deuterium
Z-1 were obtained and are shown in Table 1. The kinetic isotope
effect'! (ku/kp) for the NEts-catalyzed intramolecular aminolysis
of Z-1 was calculated to be 1.66.

The base-catalyzed intramolecular aminolysis of Z-1 was
also measured in aqueous NEts/NEt;+HCI buffer solutions
at 298 K with constant buffer ratio [NEt3]/[NEt;+ HCI] of 1
and various total buffer concentrations of [NEts;] and
[NEt;+HCI] (Figure 2). All of the buffer solutions have the
same pH value of 11.0,'** and their ionic strength was kept
as 0.01 with NaCl. The observed pseudo-first-order rate
constants (kops) were obtained and are shown in Table 2. The
observed pseudo-first-order rate constant (kops) for the acid-
catalyzed intramolecular aminolysis of Z-1 in 2 M HCI
aqueous solution at 298 K is 4.0 x 107% s™!, so the second-
order rate constant of ky* is around 2.0 x 107¢ M~! s7I,
which is very small in comparison with base catalysis.
Therefore, kngis-uci[NEt;*HCl] and kg™[H*] can be neglected
from eq 2 for the intramolecular aminolysis of Z-1 in aqueous
NEt;/NEt; - HCI buffer solutions. According to eq 2, the linear

=k, J[Z-1] (1)

(11) (a) Carey, F. A.; Sundberg, R. J. Advanced Organic Chemistry, Part
A: Structure and Mechanism, 2nd ed. Plenum Press: New York, 1984. (b) Isaacs,
N. Physical Organic Chemistry, 2nd ed.; Longman Scientific & Technical: Essex,
1995. (¢) Lowry, T. H.; Richardson, K. S. Mechanism and Theory in Organic
Chemistry, 3rd ed.; Harper & Row: 1987; p 701.
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FIGURE 1. UV absorption spectra for the intramolecular aminolysis of Z-1 (5 x 1073 M, € = 21380 M~! cm™! at 294 nm) in 0.1 M NEt; of
acetonitrile solution obtained at 5, 60, 120, 180, 240, 300, 420, 660, and 1260 min with decreasing absorption at 294 nm until 2 (¢ = 6000 M~!

cm~! at 294 nm) was formed completely.

TABLE 1. Observed Pseudo-First-Order and Second-Order Rate Constants of the NEt;-Catalyzed Intramolecular Aminolysis of Z-1 and
N-Deuterium Z-1 in Acetonitrile at 298 K“
substrate Z-1
base NEt;3
base concn, M 0.500 0.350 0.204 0.183 0.163 0.143 0.100 0.050
10%gps, 57! 8.95 +0.23 6.25 +0.15 3.69 £0.10 3.32 £ 0.06 2.94 + 0.09 2.59 £0.10 1.76 £+ 0.04 0.850 £+ 0.03
103 kngig, M~ 1s™! 1.79 £0.03
substrate N-deuterium Z-1
base NEt3
base concn, M 0.500 0.350 0.204 0.183 0.163 0.143 0.100 0.050
10%ops, s7! 544 +0.15 3.75 £ 0.09 2.19 +£0.08 1.96 £ 0.05 1.75 £ 0.03 1.53 £ 0.05 1.10 £ 0.03 0.577 £+ 0.020
103 kngs, M1 s™! 1.08 £+ 0.02
“ kn/kp was calculated to be 1.66 + 0.04.
SCHEME 2 0.14
0 0
N N, 0.12 4
X )J\ x /“\
| N op  CDCN ’ N OFt
0.10 4
3~4 drops of D,O
H b Eon
N g 2
[ . 0.08 -
S
n-Bu n-Bu '@
Z-1 N-deuterium Z-1 0.06
0.04 -
plot of kops versus [NEt3] was drawn and the second-order
rate constant of kngi was calculated to be 177 M~! s7 1. 0.02 , . . . .
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% = {ky + [H"] + kypana[NEGHCI] +

kop-[OH ] + kyps[NEG1HZ-1] = {koy-[OH ]+
kneaINEGIHZ-1] = ko, [Z-1] (2)

To study the salt effect, ionic strength («) for one of the buffer
solutions was varied from 0.01 to 0.40 with NaCl. The observed

rate =

1 (ionic strength)

FIGURE 2. Salt effect for the base-catalyzed intramolecular aminolysis
of Z-1 in aqueous NEt;/NEt;+HCI buffer solutions at 298 K.

pseudo-first-order rate constants (kons) Were obtained and are
shown in Table 3. Correlation of the observed pseudo-first-order
rate constants (kobs) With u is linear (Figure 3) with r2 = 0.998
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TABLE 2. Rate Constants for the Base-Catalyzed Intramolecular 2 - -
Aminolysis of Z-1 in Aqueous NEt3/NEt;- HCI Buffer Solutions at ~§ © - =4 =
298 K” = L = o 2 = =
= = | L H I H
[NEt;]  [NEt-HCI] Kobs g x S 4 S =
entry ™M) ™) u (ionic strength) (s7h g n A X e X — X 2
Q [l o — [\ e [g\ e
1 2x107% 2x10™* 0.01 (3.96 4 0.05) x 1072 5
2 4x107% 4x10™* 0.01 (7.41 £ 0.08) x 1072 = _ _
3 S5x107% 5x10™* 0.01 (9.09 4 0.08) x 1072 -2 o ~ = =
4 6x107* 6x107* 0.01 (1.11 £ 0.04) x 107! z - g - g - S - S
2 L L L H L H
. PR = H H S S
“ pH of all the buffer solutions = 11.0; kxgiz = 177 £ 4 M1 57! = S 4 - - =
> |3 X X X< X
5 § v <t v on O O
TABLE 3. Salt Effect for the Base-Catalyzed Intramolecular = R
Aminolysis of Z-1 in Aqueous NEt3/NEt;- HCI Buffer Solutions at @ i o -
298 K* g o = o 3 3
= - — =) =]
[NEt]  [NEt-HCI] 2 |1 TS S T
entry M) M) u (ionic strength) kobs (s71) ﬁ = =] i = j = = S =
= @/ X 8} X ™~ X © X ~
1 2x107% 2x107* 0.40 (1.27 £ 0.03) x 107! £ |g—° -3 -3 -3
2 2x1074 2x 1074 0.30 (1.08 £ 0.03) x 107! s |=
3 2x10% 2x 107 0.20 (8.45 £ 0.23) x 1072 g (2 S i m L«
4 2x10% 2x107* 0.09 (5.84 £0.15) x 1072 i LS 353 2LS =Lt&S
5 2x107% 2x10™* 0.03 (433 +£0.12) x 1072 o= — 4 ¥y c T H Z = H
4 4 iy - X v X & x Z X
6 2 x 10 2 x 10 0.01 (3.96 £ 0.05) x 10 N "?% ;mg gm% §m%
G —— — o —— —
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2 a n .
Z - o - g 3 3
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catalyzed intramolecular aminolysis of Z-1 in aqueous acetonitrile 2 ° T o TN - T T~
- = — X = X & X X N X 5
solutions at 298 K. =] NI - S BON -z BRI
5 | &
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from u = 0.01 to 4 = 0.4. The correlation equation (eq 3) has g é 2w 2. - -
a positive slope of 0.23. 3 L8 -3 ;; S L& \E; =
g H o8 H ETH STH O OJILH
kops =(0.23 £0.01)u £ (0.038 +0.001) (r2 =0.998) (3) ;:3 n 2 oi X a : ng B Fg "]
) = —a o 8= L=l > =
Since the second-order rate constant of kngg for the NEt3- g ﬁ % 2 < & §
catalyzed intramolecular aminolysis of Z-1 in water is 5 orders _a; - & WTE g9 = 0 8 ;' =
of magnitude larger than that in acetonitrile, it is necessary to = ST gf SSwy SSTe ST S H
vesti : : < cHlscHHgsHHTs S e
investigate the influence of water concentration on the second- 2 —lo¥R = s = c— o o= T+
~ ~ £ x2E A0 X 8RE x22E xR
order rate constant of kngg. Thus, the reaction was titrated by = B RN Rt I P S I S SN AR
aqueous acetonitrile solutions with various water concentra- -§
tions,'? and the corresponding kinetics was analyzed. The E = = = _ =
observed pseudo-first-order rate constants (kobs) and the corre- = | * E E £ <

. . . L < S &) S
sponding second-order rate constants (kngi) for these titration 2= & & & &

. . . 5] [} o ] [} ]
experiments were obtained and are shown in Table 4. The 2 g g g g g
logkngs was correlated with log[H»O] and that showed a linear o - T D T - -
relationship with a slope of 1.7 & 0.5 (Figure 3). Since aqueous < % S e % = gm S e % Sy % Sy
acetonitrile solutions are deviated from an ideal solution, activity, R R SR el Rl I

. . . . o ! Sl m 2 !
ampo, is supposed to replace [H,O] in the correlation with 2 a §‘£% Z 5%”@ 2 5%% 2 g%"ﬁ g 5%?’: g
. . . . . .. | FESLY RO LS RO ROS RO L

logknggs, and their relation is shown in eq 4, in which activity ==
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FIGURE 4. Correlation of activity coefficients, fino, with mole fraction
of water, xmo, in aqueous acetonitrile solutions at 298 K.

34

log kNEt3

slope = 2.0+ 0.2

log 50

FIGURE 5. Correlation of logkngs with logamo for the NEt;-catalyzed
intramolecular aminolysis of Z-1 in aqueous acetonitrile solutions at
298 K.

coefficients, fino, were obtained from the literature,'* correlated
with xmpo and depicted in Figure 4. When log kngis was plotted
against log amo, two linear correlation lines were obtained. One
has a slope of 2.0 &£ 0.2 in the range of 0% < xp20 < 19%, and
the other has a slope of 3.9 4 0.4 in the range of 19% < xm0
=< 100% (Figure 5).

ay,0 = fu,0[H,0] “)

Discussion

According to the current accepted mechanisms,” the reversible
addition of enamine moiety to carbamate of Z-1, forming the
transient T, is supposed to be thermodynamically favorable

(12) (a) Smith, R. M.; Hansen, D. E. J. Am. Chem. Soc. 1998, 120, 8910.
(b) Lu, H.; Chen, X.; Zhan, C.-G. J. Phys. Chem. B 2007, 111, 10599. (c) Carey,
A.R. E; Eustace, S.; O’Ferrall, R. A. M.; Murray, B. A. J. Chem. Soc., Perkin
Trans. 2 1993, 2285. (d) Bordwell, F. G. Acc. Chem. Res. 1988, 21, 456. (e)
Mujika, J. I.; Mercero, J. M.; Lopez, X. J. Phys. Chem. A 2003, 107, 6099. (f)
Fu, Y.; Li, R.-Q.; Liu, R.; Guo, Q.-X. J. Am. Chem. Soc. 2004, 126, 814. (g)
Liptak, M. D.; Gross, K. C.; Seybold, P. G.; Feldgus, S.; Shields, G. C. J. Am.
Chem. Soc. 2002, 124, 6421.

(13) Mucsi, Z.; Szabo, A.; Hermecz, 1.; Kucsman, A.; Csizmadia, 1. G. J. Am.
Chem. Soc. 2005, 127, 7615.

(14) French, H. T. J. Chem. Thermodyn. 1987, 19, 1155.
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SCHEME 3. Z-1 in Water or Acetonitrile
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(Scheme 3). However, Z-1 does not undergo any intramolecular
aminolysis in water or acetonitrile in the absence of acids or
bases. This is probably due to a high barrier of H-abstraction
from the transient T*. The H-abstraction from the transient T
by acetonitrile or water solvent should be thermodynamically
unfavorable because the protonated enamine moiety (its pK, in
water = pK, of N,N-diethylanilinium'?® in water = ca. 6.6) of
the transient T+ is much less acidic than the conjugated acid of
acetonitrile or water (pK, of H3O" = ca. —1.74)."* Thus, a
base like NEt; is needed in carrying out the intramolecular
aminolysis of Z-1. On the other hand, is it possible that proton
on the protonated enamine moiety of T is transferred to oxygen
anion or amide nitrogen moiety? Since pK, values of alcohol'**
and protonated amide'*® in water are ca. 15.5 and 5.3,
respectively, proton transfer from the protonated enamine moiety
to the oxygen anion moiety is thermodynamically favorable,
but proton transfer from the protonated enamine moiety to the
amide moiety is not thermodynamically favorable, resulting in
formation of the tetrahedral addition intermediate T (Scheme
3). Because enamine (its pK, in DMSO = pK, of aniline'**! in
DMSO = ca. 30.6) is less acidic than ethanol (its pK, in DMSO
= pK, of methanol'**' in DMSO = ca. 29.0), expulsive rate of
ethoxide from T is faster than that of enamine anion, leading
to formation of 2. If any of the intermediate T were formed, it
would be very hard to return back to T* but would go further
to 2, because protonated enamine moiety is much acidic than
hydroxyl moiety. However, Z-1 is stable for a long time (many
months) in water or acetonitrile in the absence of acids or bases,
and in the meantime, no tetrahedral intermediate T can be
detected in the solutions. Hence, the rate for the reverse of
addition (k.;) is supposed to be much greater than the proton
transfer rate of T+ (k3), i.e., k.; > k.

According to the current accepted mechanisms for the
aminolysis of carbamates,”*? the NEt;-catalyzed intramolecular
aminolysis of Z-1 is assumed to follow a stepwise mechanism,
instead of a concerted mechanism, because ethoxide is not a
very good leaving group.'®® The next issue is whether the rate-
determining step involves the formation of the tetrahedral
addition intermediate or its collapse.

In aqueous NEt/NEt;+HCI buffer solutions, the NEts-
catalyzed intramolecular aminolysis of Z-1 is subjected to
general-base catalysis (Table 2), which is also found in the

J. Org. Chem. Vol. 73, No. 11, 2008 4031
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aminolysis of some esters.'>'® In other words, its rate-
determining step in protic aqueous solution involves proton
transfer. Conversely, the ring closure of phenyl N-(2-
hydroxyphenyl)carbamate'”® in aqueous solutions is subjected
to specific-base catalysis, probably because its phenol moiety
(pK, = ca. 10.0 in water'*¢ and 18.0 in DMSO"*%f) is much
more acidic than enamine moiety (its pK, in DMSO = pK, of
aniline'**" in DMSO = ca. 30.6) of Z-1.

In aprotic acetonitrile, the kinetic isotope effect of kny/kp =
1.66 shown in Table 1 for the NEts-catalyzed intramolecular
aminolysis of Z-1, and N-deuterium Z-1 in dry CH3CN is similar
to that found for the aminolysis of ester (kw/kp = 1.57),'¢
carbamates (ku/kp = 1.62~1.82),”" and thiocarbamates (ku/kp
= 1.48~1.74),'"” indicating that the kinetic isotope effect is a
primary kinetic isotope effect (PKIE)."" It implies that the rate-
determining step involves cleavage of the N—H bond of Z-1
by general bases such as NEt;. It was reported that imide
N—H(D) of p-nitrophenyl N-phenylcarbamate displayed very
little isotope effect in its aminolysis,”® so the isotope effect of
imide N—H(D) of Z-1 may be neglected. In addition, the Elcg
mechanism® involving an isocyanate intermediate for the
aminolysis of carbamates was suggested to work only in a very
strong base condition with a very good leaving group,'” which
cannot be found in the NEt;-catalyzed intramolecular aminolysis
of Z-1. Hence, the rate-determining proton transfer for the NEt3-
catalyzed intramolecular aminolysis of Z-1 in aprotic acetonitrile
is suggested to involve cleavage of enamine N—H(D) in Z-1.

The water concentration on the NEt;-catalyzed intramolecular
aminolysis of Z-1 is quite significant with kxgs = 177 M~ 57!
in HyO and kngs = 1.79 x 1073 M~! s~ in dry CH3CN. The
former is 5 orders of magnitude larger than the latter. When
the reaction was titrated with water in aqueous acetonitrile
solutions, the plot of log kng against log amo showed two
linear correlation lines. According to the literature,'® the plot
of log kngs vs log amo may indicate the number of water
molecules involved in the rate-determining step. One correlation
line with a slope of 2.0 in the region of 0% < xmo < 19%
indicates that two water molecules are involved in the rate-
determining step. The other with a slope of 3.9 in the region of
19% < xmo =< 100% implies that the rate-determining step
involves four water molecules. Since the mechanism for the
aminolysis of carbamates in aprotic solvents is known to involve
the rate-determining collapse of the tetrahedral addition inter-
mediate T%,7*" the NEt;-catalyzed intramolecular aminolysis
of Z-1 is assumed to follow the same mechanism, and the rate-
determining transition-state structures in the regions of 0% <
xmo < 19% and 19% < xmo =< 100% are proposed as TS1
and TS2, respectively. Stabilization of the developing charge
on ethoxy oxygen through hydrogen bonding with water is a
plausible explanation for the water-assisted NEtz-catalyzed
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Publications: New York, 1987; p 534. (b) Bruice, T. C.; Donzel, A.; Huffman,
R. W.; Butler, A. R. J. Am. Chem. Soc. 1967, 89, 2106. (c) Kirsch, J. F.; Kline,
A. J. Am. Chem. Soc. 1969, 91, 1841. (d) Jencks, W. P.; Carriuolo, J. J. Am.
Chem. Soc. 1960, 82, 675. (e) Bruice, T. C.; Mayahi, M. F. J. Am. Chem. Soc.
1960, 82, 3067.

(16) (a) Menger, F. M.; Smith, J. H. J. Am. Chem. Soc. 1972, 94, 3824. (b)
Satterthwait, A. C.; Jencks, W. P. J. Am. Chem. Soc. 1974, 96, 7018. (c) Jencks,
W. P.; Gilchrist, M. J. Am. Chem. Soc. 1966, 88, 104. (d) Bunnett, J. F.; Davis,
G. T J. Am. Chem. Soc. 1960, 82, 665.

(17) (a) Hanusek, J.; Sedlak, M.; Jansa, P.; Sterba, V. J. Phys. Org. Chem.
2006, 79, 61. (b) Hutchins, J. E. C.; Fife, T. H. J. Am. Chem. Soc. 1973, 95,
2282.
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J. Org. Chem. 1998, 63, 6115. (b) Frasson, C. M. L.; Brandao, T. A. S.; Zucco,
C.; Nome, F. J. Phys. Org. Chem. 2006, 19, 143.
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SCHEME 4. Proposed Mechanism for NEt;-Catalyzed
Intramolecular Aminolysis of Z-1 in Acetonitrile or Aqueous
Acetonitrile Solutions
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intramolecular aminolysis of Z-1. At low water concentrations
(0% < xmo < 19%), TS1 is suggested to involve one eight-
membered water-linking ring; at high water concentrations (19%
< xmo =< 100%), TS2 is suggested to involve two eight-
membered water-linking rings. These transition-state structures
are consistent with those of other water-catalyzed reactions.'®
The advantage of this eight-membered transition state over a
six-membered transition state involving one water molecule is
that it accommodates linear hydrogen bonds as suggested by
Gandour.'® Wolfe also suggested that the linearity of hydrogen
bonds formed in the transition state balances the entropic
disadvantage of bringing these molecules together.?

H H
/ /
© 6
H 1
| |
H 1
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According to the kinetic isotope effect of ky/kp = 1.66 in
acetonitrile, the general-base catalysis in aqueous NEts/
NEt;+HCI buffer solutions, and the proposed water-stabilized
rate-determining transition states (TS1 and TS2) in the water-
titration experiments, the mechanism involving the collapse of
the tetrahedral addition intermediate T* is suggested in Scheme
4 for the NEts-catalyzed intramolecular aminolysis of Z-1 in
acetonitrile or aqueous solutions. The rate law in acetonitrile
or aqueous acetonitrile is also suggested in eq 5 or 6.

In acetonitrile,

—d[Z-1]/dt=k

obsl Z-11 = kg [NEt][Z-1] )
where
knge = kiky/ (k_y + ky) = kky/k
In aqueous acetonitrile,
—d[Z-11/dt = k, [Z-1] = kyp[NEG][Z-1] =
k(ay,0) " INEGI[Z-1] (6)

where
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k=kk,/k_jandn=2or 4

For this mechanism, the NEt;-catalyzed intramolecular ami-
nolysis of Z-1 may undergo reversible addition of the enamine
moiety to the carbamate, forming the transient T*, followed by
the rate-determining collapse of the tetrahedral intermediate T+
through H-abstraction from the protonated enamine moiety by
NEt;.” As we mentioned earlier, proton transfer from the
protonated enamine moiety of T* to the amide moiety is not
thermodynamically favorable. Even though proton transfer from
the protonated enamine moiety T to the oxygen anion moiety
is thermodynamically favorable, its rate is much less than that
for the reverse of addition. However, increasing [NEt;] may
raise proton-transfer rate of T* through proton transfer from
the protonated enamine moiety to NEt;. The protonated enamine
moiety (its pK, in water = pK, of N,N-diethylanilinium'*® in
water = ca. 6.6) is more acidic than the amide proton (pK, =
ca. 15.1 in water),"® so the former is easier to remove by NEt;
than the latter in the &, process. The protonated enamine is not
a strong acid, and NEt;3 is not a strong base, so H-abstraction
in the k process is likely to follow E2 mechanism,'! instead of
Elcp, with simultaneous ethoxide expulsion with the help of
the neighboring oxygen anion. When some water is involved
in the reaction, the ethoxide expulsion is accelerated possibly
by stabilization of the developing charge on ethoxy oxygen
through hydrogen bonding with water in the rate-determining
E2 process. The number of water molecule which is involved
in the rate-determining E2 process may depend on the water
concentration; it may be 2 at 0% < xmgpo0 < 19% or 4 at 19% <
xmo = 100%. The k3 process can be neglected because Z-1 is
very stable in H,O and CH3CN in the absence of any acid or
base.

The salt effect is significant and increases kops for the NEts-
catalyzed intramolecular aminolysis of Z-1 in aqueous NEts/
NEt;-HCI buffer solutions. (Table 3) The addition of inert NaCl
salt into water increases aqueous ionic strength and polarity,
which stabilize TS2 better than its precursor in the rate-
determining E2 process because the former has more charge
separation than the latter, resulting in rate acceleration of the
reaction. Similar E2 processes were also reported to be
accelerated by more polar solvents.>' Hence, the salt effect is
also consistent with the mechanism involving the collapse of
the tetrahedral addition intermediate T+,

Conclusion

Based on the primary kinetic isotope effect of kn/kp = 1.66
in acetonitrile, the general-base catalysis in aqueous NEts/
NEt;+HCI buffer solutions, salt effect, and the proposed water-

(19) Gandour, R. D. Tetrahedron Lett. 1974, 295.

(20) Wolfe, S.; Kim, C. K.; Yang, K.; Weinberg, N.; Shi, Z. J. Am. Chem.
Soc. 1995, 117, 4240-4260.

(21) Thibblin, A.; Sidhu, H. J. Chem. Soc., Perkin Trans. 2 1994, 1423.
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stabilized rate-determining transition states (TS1 and TS2) in
the water-titration experiments, the mechanism of the NEt;-
catalyzed intramolecular aminolysis of Z-1 in acetonitrile or
aqueous acetonitrile is suggested to involve the collapse of the
tetrahedral addition intermediate T*.

Experimental Section

General Methods. The carbamate Z-1 was prepared according
to the literature.**

Preparation of N-Deuterium Z-1. Four drops of D,O was added
to 1 mL of 0.2 M Z-1 solution in dry CD3sCN (Scheme 4). The
reaction was monitored by proton NMR spectrometry until the N—H
resonance peaks at O = 98.1 and 7.74 disappeared and the resonance
peak of vinyl hydrogen at & = 7.32 turned from doublet to singlet.
The solution was dried with 4 A molecular sieves before it was
ready for the experiment of isotope effect.

Kinetic Studies of NEt;-Catalyzed Intramolecular Aminoly-
sis of Z-1 and N-Deuterium Z-1 in Dry CH3CN. Kinetic studies
for the NEt;-catalyzed intramolecular aminolysis of Z-1 or N-
deuterium Z-1 were carried out by injecting 4 uL of approximately
0.025 M Z-1 or N-deuterium Z-1 of CH3CN solution into 1 mL of
NEt; CH;CN solutions, whose concentrations were 0.50, 0.35,
0.204, 0.183, 0.163, 0.143, 0.10, or 0.05 M, in the thermostatic
UV cell at 25 °C, and monitoring the decrease in absorption at
294 nm with Perkin-Elmer Lambda 12 spectrometer. The SigmaPlot
software was used to fit the exponential decays to get the rate
constants. All rate constants were measured at least in duplicate
with maximum deviations of + 5%.

Kinetic Studies of Intramolecular Aminolysis of Z-1 in
Aqueous NEt3;/NEt;-HCl Buffer Solutions at 298 K. Kinetic
studies for the intramolecular aminolysis of Z-1 were carried out
by injecting 1 uL of approximately 0.005 M Z-1 of CH3CN solution
into 1 mL of aqueous 1:1 NEts/NEt;+HCI buffer solutions, whose
ionic strength was 0.01—0.4 (NaCl) and concentrations were 2 x
1072, 4 x 1074, 5 x 1074, and 6 x 10™* M, in the thermostatic
UV cell at 25 °C, and monitoring the decrease in absorption at
294 nm with Perkin-Elmer Lambda 12 spectrometer. The SigmaPlot
software was used to fit the exponential decays to get the rate
constants. All rate constants were measured at least in duplicate
with maximum deviations of + 5%.

Kinetic Studies of NEt;-Catalyzed Intramolecular Aminoly-
sis of Z-1 in Aqueous CH3CN with Various Water Concentra-
tions. The kinetic studies were carried out by injecting 4 uL of
approximately 0.025 M Z-1 of CH3;CN solution into 1 mL of NEt3
of aqueous CH3CN solutions with various NEt; and H,O concentra-
tions in the thermostatic UV cell at 25 °C and monitoring the
decrease in absorption at 294 nm with Perkin-Elmer Lambda 12
spectrometer. The SigmaPlot software was used to fit the expo-
nential decays to get the rate constants. All rate constants were
measured at least in duplicate with maximum deviations of £ 5%.
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