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Interpretation of the Kinetics of General-base-catalysed Smiles Rearrangement
of 2-(p-Nitrophenoxy)ethylamine into 2-(p-Nitroanilino)ethanol; Rate-limiting
Deprotonation of a Spiro-Meisenheimer Intermediate’

Anthony C. Knipe,* Joseph Lound-Keast, and Narayan Sridhar
School of Physical Sciences, The New University of Ulster, Coleraine, Northern Ireland

The intramolecular rearrangement of 2- (p-nitrophenoxy)ethylamine to 2-(p-nitroanilino)ethanol occurs
by a general-base-catalysed process in aqueous alkali; the attainment of a base-independent rate limit at
high base concentration can be attributed to rate-determining formation of a spiro-Meisenheimer
intermediate. The reaction kinetics can be interpreted in terms of the specific-base—general-acid-
catalysed mechanism or by invoking rate-determining deprotonation of the spiro-Meisenheimer
intermediate; the latter interpretation provides the best explanation of the coefficient p = 0.20—0.35 and
curvilinear form of the Brensted correlation and is consistent with the kinetics of reactions of analogous

polynitro systems reported by Bernasconi.

The role of Meisenheimer intermediates in SyAr reactions has
been established largely through kinetic investigation of
reactions of primary and secondary amine nucleophiles with
activated aromatic systems.2~* The Meisenheimer intermediate
formed upon nucleophilic addition of an amine to an aryl halide
must undergo net dehydrohalogenation in order to form the
substitution product, whereas addition of an anionic
nucleophile is followed by ejection of halide ion alone. Thus, it
was by demonstration that decomposition of the intermediate
of the former reaction was subject to general-base catalysis that
Meisenheimer intermediates found more general acceptance.

The influence of base catalysis on the observed rate constant
(kouy) is generally of the form k., = kK + k”[B], where k’ is the
rate constant for the uncatalysed process and k” is that for
reaction catalysed by base B. Two broad categories of base
catalysis have been discerned: 2 thus, where the conjugate acid of
the leaving group has pK, < 3 attack of the amine on the aryl
ring is believed to be assisted by hydrogen bonding, which is
relatively insensitive (k”/k’ < 50l mol™') to the base strength of
the catalyst; in contrast, where k” is more sensitive to base
strength (k”/k’ > 50 1 mol™") the catalysis is generally ascribed
to decomposition of a Meisenheimer intermediate. The latter
behaviour has been reported only for relatively poor leaving
groups (pK, > 3) for which the approach of k, to a rate limit,
at high catalyst concentration, is a further distinctive feature.

Studies of general-base catalysis of intermolecular displace-
ment reactions between amine nucleophiles and activated
aromatic systems have often been complicated by onset of
competing SyAr reactions of the catalysts; consequently, few
studies ** have unambiguously demonstrated both general-base
catalysis and attainment of the expected rate limit at high
catalyst concentration. In this regard it is advantageous to study
the catalytic dependence of an analogous intramolecular
reaction (Smiles rearrangement); we have established that, by
virtue of the favourable neighbouring group effect, the amino
function of 2-(p-nitrophenoxy)ethylamine is the most effective
nucleophile for SyAr substitution of this activated aryl ether
even when the reaction is conducted in 1.0M aqueous sodium
hydroxide.

A detailed investigation of the general-base dependence of the
intramolecular (SyAri) reaction of 2-(p-nitrophenoxy)ethyl-
amine (SH) in aqueous solution at 60 °C is the topic of this
paper. At low base concentrations the rate depends upon
general-base-catalysed decomposition of a spiro-Meisenheimer
intermediate (MH); a base-independent rate limit (for
nucleophilic addition to the activated arene) is approached at

high base concentrations. The mechanism of decomposition of
MH is of considerable interest =7 since Bernasconi has
established unequivocally that proton transfer from MH to a
base catalyst is rate determining for intramolecular SyAr
reactions of NN’-dimethyl-N-(2,4-dinitrophenyl)ethylene-
diamine * and NN’-dimethyl- N-picrylethylenediamine;® he has
consequently challenged the generality of the commonly
accepted specific-base—general-acid-catalysed (SB-GA) mech-
anism of base catalysis in aromatic substitution by amine
nucleophiles.**’

We have interpreted our results with reference to several
alternative reaction schemes which are the subject of the
following discussion. Alternative rate expressions have been
presented at length since this analysis is intended to form a
foundation for subsequent papers in which the solvent- and
base-dependent behaviour of N-alkyl and N-aryl derivatives of
SH will be discussed.

Experimental

2-(p-Nitrophenoxy)ethylamine (SH) was prepared®® by
reaction of p-chloronitrobenzene with sodium 2-aminoethoxide
in dimethyl sulphoxide.

Kinetics of Rearrangement of SH 1o 2-(p-Nitroanilino)ethanol
(PH)—The kinetics of rearrangement of SH (A, 315 nm) to
PH (A,... 410 nm) at 60 °C in aqueous alkaline solutions were
followed spectrophotometrically. Reactions were initiated by
addition of a solution (10 pl) of SH (0.015M, in acetonitrile) to
the aqueous base solution (3 cm?®) which had been
thermostatted within the cell compartment of a Unicam
spectrophotometer, model 1700; the increase in absorbance
which occurred at 410 nm was monitored for more than seven
half-lives of the rearrangement whereupon a computer (ICL
1903A) was used to determine the pseudo-first-order rate
constant k, by a least-squares analysis. Reactions were
repeated in triplicate and the results in Tables 1 and 2 are
average values of runs for which the correlation coefficient
exceeded 0.998. In each case more than 50 data points were
collected and the rate constants were reproducible to within
+19,. A calibrated thermistor was used to monitor the
temperature of the reaction medium.

We have determined the dependence of k, on (i) hydroxide
ion (NaOH) concentration in the absence of other bases (Table
1), (i1) concentration of individual bases B, in the presence of
sufficient hydroxide ion (0.001M) to ensure (ie. pH > pK,SH:
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Table 1. Rate constants (k,) for Smiles rearrangement of 2-(p-nitrophenoxy)ethylamine (SH) in aqueous base solutions at 60 °C (4 1.0; KNO,;)

Base (Base]/m! 10%k ,/s7! 1002k, /s

NaOH 1.0 95.6 10.5
0.5 89.9 11.1

025 84.4 119

0.10 78.7 12.7

0.010 57.6 174

0.005 444 225

0.0025 282 355

0.0010 16.2 61.7

Ethanolamine 1.0 83.0 12.1
(+0.01M-NaOH) 0.5 83.0 12.1
0.25 83.0 12.1

0.1 83.0 12.1

0.01 74.0 13.5

0.001 69.0 14.5

Morpholine 1.0 83.0 12.1
(+0.01M-NaOH) 05 83.0 12.1
0.25 82.0 12.2

0.1 76.0 13.2

001 69.0 14.5

0.001 67.0 150

Morpholine 1.0 76.6 13.1
(+0.001M-NaOH) 0.5 71.0 14.1
0.25 66.0 15.2

0.1 619 16.2

0.01 40.5 247

NaOAc 1.0 53.0 189
(+0.001M-NaOH) 0.5 408 245
0.25 31.8 314

0.1 233 429

0.01 158 63.3

y =
1/{(ky/ka) — 1} Correlations ®

238 d=51+002molsl!
24 e=12204+2s

1.18 ky=(82+2) x 1055}
0.524

0.246 k,%%/k | = 239 + 101 mol!

14.2 !=k,®k_, =13 £ 31 mol’
6.45

4.13 m=09+ 05

3.08

0.98 ka/k_, = 0.66 + 0.5

1.82 I'=k,®k, = 1.60 £+ 0.2 1 mol™!
099

0.633 m =023 + 003

0.397

0239 ki/k, = 00 + 004

* See Table 3; 4, ¢, /, and m have been interpreted with respect to reaction condition Aa. See also Figures 2 and 3.

Table 2. Rate constants * (k,) for Smiles rearrangement of 2-(p-nitrophenoxy)ethylamine (SH) in aqueous buffer solutions ((BH*] = [B]) at 60 °C

(» 1.0; KNO,)

Base B (B}l mol!  10%,/s 102k ,"Y/s
Ethanolamine 1.0 61.8 16.2
pK,% 85761 0.5 60.3 16.6

0.25 57.6 17.35
0.1 53.0 18.85
0.01 202 495
Morpholine 1.0 250 40.0
pK,® 7735 ¢ 0.5 23.5 425
0.25 21.0 476
0.1 17.3 57.8
001 6.8 147

K afst ky/k o yt Correlations §
80.3 1.022 45.5
784 1.047 21.3 I=KkPlk_, =425+ 2
749 1.095 105 1 mol™!
68.8 1.190 5.26 m= <20
26.3 312 047
76.6 1.07 143
721 1.136 7.35 I=kPlk_, =143 + 0.5
644 1.272 3.68 1 mol~!
530 1.545 1.84 m=02+02
20.8 394 0.34

* By extrapolation of a plot of 1/k, against 1/[B] the value of 1/k,™** is obtained. For reactions in ethanolamine and morpholine buffer solutions
Kkoax. values (63.1 x 10°% and 26.8 x 1075 57!, res&gctively) are 22.8 and 67.4% less than k, = 82.0 x 1073 s7!; this has been attributed to partial

protonation of SH,, for which the estimates pK,

= 8.056 and 8.055 are correspondingly obtained. Rate constants k’,, which are obtained by

multiplying k, by 1.30(ethanolamine) or 3.06 (morpholine) are those for reaction of the unprotonated substrate. t y = 1/{(k,/k’,) — 1}.1 Obtained by
extrapolating results of 0—50 °C. § See Table 3; / and m have been interpreted with respect to reaction condition Aa. See also Figure 3.

+ 1) that the substrate SH remains unprotonated (Table 1),
and (iii) the concentration of buffers [B; + B;H*] at constant
pH = pK,BH" (Table 2); in each case the ionic strength was
adjusted to p = 1.00 by addition of potassium nitrate.

Synthesis of PH by Rearrangement of SH—A solution of the
amino-ether SH (0.3 g) in acetonitrile (1.0 cm?®) was added to a
vigorously stirred solution of aqueous sodium hydroxide (100
cm3; 0.5M) thermostatted at 60 °C. The reaction mixture was
stirred for 3 h, saturated with sodium chloride, cooled, and
shaken with ethyl acetate. The extract was dried (MgSO,) and
evaporated to give a near quantitative yield of PH, m.p. 109 °C;

©(CD,COCD,) 1.98 (2 H, d, J9 Hz, o- to the NO, group), 3.3 (2
H, d, J 9 Hz, o- to the SO,R group), and 6.1—6.8 (4 H, m,
CH,CH,).

Discussion

Derivation of Alternative Kinetic Expressions for Rearrange-
ment of SH to PH.—The following scheme depicts the manifold
routes for conversion of the substrate amino-ether SH into the
product hydroxyaniline PH. Individual steps have been indexed
n = 1—7 and terms (n) and () represent composite rate
constants for foward and reverse steps, respectively, as defined
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below. Component rate constants of the terms (n) and (),
respectively, bear subscripts n and —n; the nature of the
corresponding base catalyst (OH™, B,) is indicated by an
appropriate superscript (OH, B,) except when a solvent
molecule is involved. Thus, the rate of conversion of SH into
M~ by reaction (6) is given by the expression:

Rate g, -, = (6)[SH]
= (ke + k¢®"[OH] + ZkP[B))[SH]

The rate of the reverse reaction is given by the expression:

Rate,,. . = (6)[M~]
™ [HTT + k (O + Bk SBH)M"]

It is reasonable * to treat MH, M ™, and S~ as steady-state
intermediates between SH and PH; thus, the kinetic
expression t for the rate of formation of PH may be derived as
follows:

d[PH)/dr = (3)[M~]

1887
B) [B) + (D) + D3] <|< (3); thus, the rate of

conversion of M~ into PH does not greatly exceed the rate of
return of M~ to SH, and k,[SH] is given by the full expression
(1). The expression can, however, be considerably simplified if
only route SH—MH—M ~—PH is considered; thus:

ka = {(DQVID + QBB + DN/ + 9]}

= (N3 + QD) + (DDA @

The following limiting cases are of interest.

(Ba). When () <(2) [or (3) (2] and the rate of
deprotonation of MH is correspondingly fast relative to its
return to SH we obtain:

ka = (DB + (DND)]
DDV + /()]
= {(DSKMIE* M) + G)KMY[H*]}
_ ku{kaKM™ 4 k,OMKH[OH ] + kP KMBY/K, )
Tk 1 + {k3K.MH + k3O"K,OH[OH ] + k3BKMH[B;] /K-B'H}

dM"]=0=(J[MH] + O[SH] + OS] - [ + O+ B + DI M"]
d[MH]/dr = 0 = (D[SH] + AIM "] - [(2) + (DIMH]
- [MH] = {(O[SH] + QM T}/I(D) + (2]
d[S7)/dt = 0 = (4)[SH] + O)M "] - [(9) + NI[S"]
2 [87] = {(4[SH] + G)IM /[P + ()]
L d[M7)/de = 0 = (Q{(DISH] + DM~ T/I(D + (2] + (O[SH] +

S.d[PH])/dt = H)[M™] =

3
{GYISH] + YDHM B@ + D] = [ + D) + (6) + AIM"]
{(DIID) + ] + (6) + OS@ + )I})SH] _
(@) + )+ @6 + ] = @A/D + 2] = G)SIED) + (5]
D) + ] + 6 + OB)H + OBA)ISH] _ K.SH] (1)

3 + 6 + (DA + ] + BHOD + 9]

It is convenient to consider the following simplifying
extremes: (4) [(6) + (N2) + (@(3)] < (3); thus, return of M~
to SH is much slower than is its conversion into product PH and
we obtain:

ka = {(6) + (NI + (] + @O)@) + O}

Thus the rate of formation of PH becomes dependent upon
the rate of formation of M~ by three routes, ie. from SH by
intramolecular nucleophilic addition either concentrated with
proton loss, followed by proton loss (via MH) or preceded by
proton loss (via S7). This expression can be simplifed further,
thus: (4a). Consider the formation of PH via MH only:

Soka = (DD + (2]

The reaction is subject to general-base catalysis but approaches
a rate limit (k ,—k,) at high base concentrations [(2) > (D)].

(Ab) Consider the formation of PH to occur other than via
MH:

Soka = (6) + (DO)I@ + (9]
The first and second terms correspond to general- and specific-

base-catalysed routes respectively; no rate limit is to be expected
as pH—ca. 14.

® We have been unable to detect MH, M ™, or S~ during spectroscopic
investigation of the Smiles rearrangement of 2-(p-nitrophenoxy)ethyl-
amine.

t For mathematical convenience, route (7) has been omitted from this
derivation; this will be given separate consideration.

In equation (3) KMM = [M~][H*]/[MH] and K,°Y =
ky%%/k ;%" = [M~J/[MH][OH"] = K,"/K,.

Thus, the reaction is subject to general-base catalysis but
approaches a rate limit (k ,—k ) at high base concentrations; at
low base concentrations (/) <|< (2) and, since (3) may become
<(DO)I(D + (2)], equation (2) approaches equation (4) to
give equation (4) condition (Bb). Conditions (Bb) is that where

ka = [(DQNDIB) @

the rate of return of M~ to SH greatly exceeds the rate of
conversion of M~ into PH, such that (/}(2) » (3), and a pre-
equilibrium condition pertains: k, = (3)K,K,M"/[H*], where
K, = ky/k_,and KMY[H*] = K,°H[OH"].

kg = koK, KMH 4+ kOHK K,OH[OH ] +
(k3™ K, KM/ K BH](B)

An identical result would, of course, be obtained for (Bb)
upon inclusion of (4), (4), (5), 3), (6), and (6) as alternative
routes for equilibration of SHand M ™.

We have demonstrated experimentally that Smiles rearrange-
ment of 2-(p-nitrophenoxy)ethylamine in aqueous alkali is
subject to general-base catalysis (Table 1) and that the rate limit
(see Figure 1) approached at high base concentration is
common to the range of bases employed (Table 4). This
behaviour is consistent with conditions 4a and Ba for which it is
convenient to inspect the following correlations.
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/ N\
(o] NH, +l
. Oi iNH2
NO, (SH) NO, (MH)
| | HO NH
0 NH
NOz (M7) NO; (PH)
SH
H S

M~ ——>PH

(5)

(’) = k1
(2) = ky+kOR [OH™ 1+ Sk, B (B))

(3) = k3 [H*)+ k30N, 4,y Bi[B HY)
(4) = ky+ kO [OH™ 1+ Tk, BiB;)
(5) = kg

(6) = kg+ kg*MOH™1+T kg Bi 1B,

(7) = kg + kgOH{OH™)+3 k,Bi (B, ]

(N = &,

(2) = ky H* )+ k. ,OM 4 Tk, BB HY]
(D) =k, H*) +hOH + T4 BiBHY)
(5) = & g

(B) = k ( (H* )+ k O+ Th_Birg, ")

Scheme.

Rectilinear Correlations for Condition Aa.—

ka = (DD + )]
= ky(k; + k;°"[OH"] + Zk,B[B])/{k_, +
(k2 + k;°"[OH7] + Zk,B[B]) (5)

Athighbaseconcentration(2)— > (I),andk, — k,;atlowbase
concentration (I) » (2) and k,—(1)(2)/(]) such that a general-
base dependence is expected:

ka = (k; + k,°"[OH Dk, /k_, + k,B[BJk,/k_,

Thus, for reaction with a single base B at constant pH, a plot
of k, against [B] should be rectilinear with slope = kk,Blk_,
and intercept = k,(k, + k,°"[OH " ])k_;; in the absence of
bases B, a plot of k, against low concentrations of hydroxide ion
should be rectilinear with slope = k,k,°"/k_; and intercept =
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k ,k,/k_,. For hydroxide concentrations in excess of ca. 0.005M
(k; < k,°"[OH ") a rectilinear plot of 1/k, versus 1/[OH™]
with slope = k_,/k,k,°" and intercept = 1/k, is to be expected
[equation (6)].

1/ks = 1/ky + k /kk,°¥[OH ] 6)

Equation (7), which can be obtained by reorganisation of
equation (5) or by simplification of equation (8), is applicable
over the full range of base concentrations and can be used to
advantage once the rate constant limit k, has been determined:

y = 1{k\/k)) — 1} =
kalk y + k°"[OH ™Yk | + k,®[B)/k , (D*

Thus, for reactions conducted in 0.001M-sodium hydroxide
containing varying amounts of general base B, a plot of y versus
[B] should have a slope = k,/k_, and intercept = (k,/k | +
k,°"[OH ~]/k_,); for reactions performed in absence of bases
B, a plot of y versus [OH ~] should have slope = k,°"/k | and
intercept = k,/k_,.

It is apparent that, by appropriate analysis of the dependence
of k, on [OH"] and [B,], the kinetic constants k,, k,°"/k_,,
ky/k_,, and k,B/k_,, and hence the relative values of the rate
constants k,, k,°%, and k,%, may be determined for reactions
governed by equation (5); it is necessary to determine k_; by
alternative means in order to evaluate the absolute rate
constants k,, k,°%, and k,B.

Rectilinear Correlations for Condition B—

ka = {(DQ/LD + QBGHG) + (DI + (21}

At high base concentration the numerator—(7/)(3), the
denominator—(3), and k,—k,. At low base concentrations the
denominator—(N)/[(D) + (2)] and the pre-equilibrium
condition Bb is achieved:

ka = [(DQIINDIB) = k3K KM +
k%K, K,°"[OH "] + [kBK,KMY/KBH][B]

Thus, for reaction of a single base B at constant pH, under pre-
equilibrium condition Bb, a plot of k, versus [B] should be
rectilinear with slope = [k;®K,K,M"/K,®"] and intercept

= (k, K, KMH + kMK, K,°“[OH"]); in the absence of bases
B; a plot of k, agamst low concentrations of hydroxide ion
should be rectilinear with slope = k;°"K,K,°" and inter-
cept = k3K, KM*. Equation (8) can be obtained from (2) and

y = Ylkyfka — 1) = Q)N + (DD]  (®)

used to correlate the base dependence of k, over the full range
of base concentrations. Thus when condition Ba prevails, i.e.
when (3) < (2), we obtain:

y = Ulkyfka = 1) = QIIND = ks KMk, +
k3HK,OM[OH™1/k_y + k3P KMM[B]/k KM

Thus, for reactions conducted in 0.001M-sodium hydroxide
containing varying amounts of a general base B a plot of y
versus [B] should be rectilinear with slope = k,BKMY/
k_,K.BH and intercept = {(k;KM"/k_,) + k;°MK,“H[OH "]/
k_,}; for reactions performed in absence of bases B, a plot of y

*y = 1/{(ky/ka) — 1} = ka/(k; — k) = (2)/(J) and consequently
represents the rate of decomposition of intermediate MH in the forward
direction, relative to the reverse direction.
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Table 3. Summary of rectilinear kinetic relationships, between &, and (OH "] or [B,], expected for reactions of SH

Reaction conditions B
Assumptions used Aa Abi)° Abi)° Ab(iii)® (DA <1< D
to simplify M~ is formed only via (8 + (DD + (HNH) < 3) M~ is formed only riu
equation (1) reactions (1) and (2) M is formed only via reactions (4) and (5), or (6) reactions (/) and (2)
Rate limit® k, None None None k,
Base dependence: G G S G G
(general or specific)
(ltky, = d/fOH"] +
e)*
d k ok koM
e 1/k,
(ko =/TOH" ] + g2)¢
A jf[ J k,kzoulk . /(‘,OH kSK‘OM k‘ou [kJOHK,KZOH]: *
g"* kykaik ke 0 ks [kJKIKaM"]I‘
(ka = h[B] + 0}
h kykyByk kB 0 kB [k Bk, KMk BHY
it kytk; + k,°H[OH™)) ke + k°H[OH ™) kK °H[OH ] ks + k,°P[OH ™) [K (kKM +
k kyOHK,PM[OH-))]t "
1tk /Kp) - 1} =
JIOH™] + &
j kZOH/k . (k_‘O“KIOH/k l)§'
k* kylk (kK Mk 8"
itk lkp) — 1} =
I[B]+m
! (k;B'K,M"/
kavik KPRk ()8
mt (ky + k,°M[OH " )/k | (kKM 4

k;°HK,OH[OH ")k 1§

“ The expression k, = (6) + (4X5)/[(f) + (5)] applies to condition Ab for which three extremes may arise: (i) (6) > (4)(5)/[(9) + (5)]; (i) (4N 5)/[(4)
+ (5)] » (6) and (9) > (5); (iii) (HS)/(H) + (5)] » (6) and (9) < (5). ® At high base concentration.

*[B,] = 0. t[OH"] = constant. }{ Applicable only at low base concentration when (I) » (2). § Applicable only at moderately high base
concentration,when (/) < (2);i.e.condition Ba. * Condition Bb;(T}(2) » (3)suchthatSH === M ~isestablished.' Condition Ba;M - isformed only via

reactions (1) and (2), where (I < (2).

versus [OH "] should have slope = k,°%K,%"/k , and inter-
cept =k, KMk _ .

It is apparent that by appropriate analysis of the base
dependence of k, the kinetic constants k,, K,KM'k,,
K KMBk O K K MU B/K BH and hence the relative values
of the rate constants k5, k;°F, and k% may be determined for
reactions governed by equation (2); it is necessary to determine
k | by alternative means in order to evaluate the absolute rate
constants k5, k%%, and k8.

Useful rectilinear relationships are summarised in Table 3.

Interpreration of Kinetic Results for Reactions of SH.—
Results in Table 1 indicate that, for reactions catalysed by
sodium hydroxide alone, k, is almost linearly dependent upon
concentrations of hydroxide ion up to 0.005M™; the subsequent
curvilinear approach to a maximum value, which is expected to
occur at high base concentration, is apparently masked by a
further base-dependent process which causes a shallow increase
in k, with increase of base concentration beyond [OH ] 0.5m.
A linear plot of 1/k, versus 1/[OH ~] is, however, obtained for
the hydroxide concentration range 0.001—0.1M; the value k, =
82 x 10 % s ! has been obtained from the intercept e which is
believed to be a reliable estimate of 1/k,; k,°"/k , =239 |
mol ' has correspondingly been evaluated from the slope d (see
Figure 2).

It is apparent, from the results obtained (Table 2) for reaction
of SH, in ethanolamine and morpholine buffer solutions of
differing total buffer concentration, that the rearrangement is
general- rather than specific-base catalysed. While there is once
again a curvilinear relationship between k, and [B] (see Figure
1)themaximum value(k ,™*")obtainedisdifferentforeach buffer
system and in neither case approaches the rate constant limit

k, = 82 x 10 *s !. This is to be expected since at the values of
buffer pH employed the substrate SH would be partially
protonated such that k,™* = k;[1/(1 + ay./K,)]. On this
basis the values of k,™* for reactions in ethanolamine and
morpholine buffers have been used, in conjunction with k,
(evaulated for reactions catalysed by hydroxide ion, as
described above), to estimate the average value pK,SH: =
8.05 + 0.2 (T 60 °C) for the protonated substrate; the values
8.05 and 8.05 were obtained at 60 °C for the respective buffer
systems, it being assumed that for morpholine and ethanolamine
pK,% = 7.74 and 8.58, respectively.* The estimate pK,SH: =
8.05 at 60°C is consistent with corresponding values for
ethanolamine (8.58) and 2-methoxyethylamine (ca. 8.46) since
the p-nitrophenoxy group should be considerably more electron
withdrawing than the hydroxy or methoxy groups.t

The dependence of the reaction on general bases
(ethanolamine, morpholine, and acetate) was also investigated
at high pH, in order to ensure that the substrate remained
unprotonated. The results obtained (Table 1) for reactions
promoted by ethanolamine, morpholine, or acetate in the
presence of 0.01 or 0.00IM-sodium hydroxide display the
expected curvilinear approach to the maximum rate constant k,
at high concentration of the general base (see Figure 1).

The qualitative kinetic trends are consistent with those
expected for conditions 4a and B, as defined in Table 3; the
expected rectilinear relationships (see Figure 3) have been tested

* See footnote to Table 2.

t For HOCH,, MeOCH,, and PhOCH, the Taft o* values are 0.555,
0.520, and 0.850, respectively; the relationship log K/K, = 1.420,* has
been reported for ionisation of RCH,OH (P. Ballinger and F. A. Long,
J. Am. Chem. Soc., 1960, 82, 795).
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Figure 1. Dependence of the rate constants (see Tables 1 and 2) for
Smiles rearrangement of 2-(p-nitrophenoxy)ethylamine (SH) on the
concentration of the catalysing base [B;], in water at 60 °C (u 1.00): @
hydroxide ion; @ morpholine (in the presence of 0.001M-NaOH); A
acetateion (in the presence of0.001M-NaOH); @ ethanolamine buffer; ¥
morpholine buffer

7

10%a /s

% Z 3 3 8 0
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Figure 2. The rectilinear relationship of the form 1/k, = d/[HO™] + ¢
(see Table 1) for Smiles rearrangement of SH in water at 60 °C and p. 1.00

quantitatively and the results obtained, for corresponding
slopes and intercepts, are included in Tables 1 and 2.

Conditions 4a and Bdiffer fundamentally in that they involve
either rate-determining deprotonation of the spiro-Meisen-
heimer intermediate MH or acid-catalysed ring opening of its
conjugate base M 7, respectively. By correlation of log / (where /
is obtained from the rectilinear relationship y = /[B,] + m)
with the pK, of the base catalyst we obtained a Brensted plot for
which there are alternative interpretations. Thus, for condition
Aa the relationship log / = log (k,®/k_;) = —B log K,BH +
¢, is to be expected, whereas for condition B we obtain * log
! = log (k,® KMH/KBHEK )= (« — 1) log K,BH + c,.

® Je. if log kB = « log K_Bl" + ¢y
=(a — 1) log K,BH 4+ log K,BH + ¢,
therefore log (c,-k3B/K,BH) = (« — 1) log K,BH + ¢,
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Figure 3. Rectilinear relationships of the form y = /[B,] + m (see
Tables 2 and 3) for Smiles rearrangement of SH catalysed by bases B; in
water at 60°C and p 1.00; y = 1/(k,/k, — 1): ¥ hydroxide ion; O
morpholine (in the presence of 0.001M-NaOH); [ acetate ion (in the
presence of 0.001M-NaOH); A ethanolamine buffer; ¢ morpholine
buffer
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Figure 4. Bronsted relationships between log (k,%/k_,) and pK,®* for
Smiles rearrangement of SH catalysed by bases B, in water at 60 °C and
p 1.00; see Table 4
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The slope of a plot of log / versus log K,BH may therefore be
interpreted as —f (where B is the Brensted coefficient for
general-base-catalysed deprotonation of MH) or as « — 1
(where « is the Brensted coefficient for acid-catalysed ring
opening of M 7). The curvilinear relationship obtained (see
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Table 4. Rate constants * obtained from correlations of the rate data, as
indicated in Tables 1 and 2, it being assumed that reaction condition Aa
applies (see Table 3)

(kg/k 1)/ (10%,/ PKnn“ IOS(sz/
Base B 1 mol ! s Dt (60 °C) k)
OH"~ 239 + 10° 82 + 2° 14.77¢ 2.378
Ethanolamine 42.5 + 24 83 +1 8.58¢ 1.628
Morpholine 14.3 + 0.5¢ 83+ 1 7.74¢ 1.155
(13 + 3)/
Acetate 160+ 02/ 79+5 4.81° 0.204

* The results for ethanolamine, morpholine, and acetate are larger than
those reported in our preliminary communication ! which was in error.
t By extrapolation of a plot of 1/k, versus 1/[B] to give intercept 1/k,.
“From j or d, e. ® Based on results for [OH"] < 0.Im. ‘pK,% =
13.017. *! for reaction with morpholine buffer solutions (Table 2).
* ‘Dissociation Constants of Organic Bases in Aqueous Solution:
Supplement 1972, ed. D. D. Perrin, Butterworths, London 1972. 7 / for
reaction with base in the presence of 0.001M-NaOH (Table 1).
¢ ‘Dissociation Constants of Organic Acids in Aqueous Solution,’ eds.
G. Kortum, W. Vogel, and K. Andrussow, Butterworths, London, 1961.

Figure 4, for which B = — slope = 0.20—0.35) is typical of
those for reactions which proceed at close to the diffusion-
controlled rate limit and which involve only proton transfer; !°
a value § = 0.20—0.35 would not be unexpected for condition
Aa. A value of « = 0.80—0.65 would, however, be inconsistent
with acid-catalysed ring opening of a Meisenheimer
intermediate M. Thus, it has been found“*"¢ that for acid-
catalysed cleavage of spiro-Meisenheimer complexes (1), in
water, the Brensted coefficient « decreases steadily with
decreasing electron-withdrawing power of substituent X
(« = 0.58, 0.56, 0.54, 0.51, and 0.49 when X = SO,CF,, NO,,
CF,, Cl, and H, respectively); much smaller values of « would be
expected for ring opening of less stable analogues of (1).
Furthermore, there is considerable evidence that general-acid
catalysis of alkoxide ion expulsion from such intermediates is
weak in protic solvents and generally detectable only for acids
of pK, < 6 when present in high concentration.*®*’ Such
considerations have prompted Bernasconi to argue that the
generally accepted SB-GA mechanism of nucleophilic aromatic
substitution may only become significant in aprotic media.**’

Of particular relevance to our study, it has been established
that for ring opening of (2) catalysed by BuNH;* in 60%
dioxane—40% water or by acetic acid in 609, ethanol-409, water
the ratios kAH/k*¥*™ are ca. 2.2 and 7.3. even though (pK, "™ —
pKk,A") are ca. 4 and 10, respectively.!!

The much faster ring opening to be expected of an analogous
mononitro-substituted Meisenheimer intermediate in 1009,
aqueous solution should be even less sensitive to the strength of
an acid catalyst. Furthermore, our interpretation in terms of
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rate-limiting deprotonation of MH (condition Aa) is quite
consistent with expectations based on other results for
analogous di- and tri-nitro systems; this interpretation requires
that conversion of M~ into PH is rapid relative to its
reprotonation, (3) > (2), and that (/) is able to compete with (2) at
moderate base concentrations. By analogy with Bernasconi’s
results 7>!2 for di- and tri-nitro systems it can be estimated that
k%" > 10° s ' > k ,°H and that & , should exceed 107 s '
for rearrangement of a mono-nitro substrate such as SH.

Our view that Smiles rearrangement of SH proceeds by rate-
determining proton transfer from the intermediate MH, rather
than by the SB-GA mechanism, is further supported by results
which we have obtained for N-alkyl analogues of SH;
conditions conducive to a gradual mechanistic change to an
alternative specific-base-catalysed pre-equilibrium mechanism
are also described in the following paper. Thus, we have
interpreted the results here reported for SH in terms of rate-
limiting deprotonation of MH, in order to estimate component
rate constants of equation (5). The results of this interpretation
are in Table 4.

The magnitude of the rate constants obtained will be
discussed in the following paper, in conjunction with those for
N-alkyl substrates (R = Me, Et, Pr).
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