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to calculate maximum and minimum measurements of an enriched
abundance, i.e., (M + 2) normalized against 100% abundance for M and
corrected for the natural abundance of (M + 2) in the mixture. Thus,
for each conversion we had eventually 2 maximum and minimum mea-
sure of the enrichment in a sample. Maximum and minimum KIE were
calculated from these data and are expressed as an average with its error
for each run in the tables.

Acknowledgment. We thank Dr. Frank W. Crow, Midwest
Center for Mass Spectrometry (an NSF Regional Facility),
Department of Chemistry, University of Nebraska, Lincoln, NE,
for mass spectrometric analyses of the isotope abundances in the
commercial acetone and the synthesized, labeled 2,2’-dimeth-
oxyazobenzenes prior to their use in the rearrangements.

Registry No. 1, 787-77-9; 2, 119-90-4; 2 (bis(trifluoroacetyl) deriva-

tive), 92241-72-0; 2-1°N,, 92241-73-1; 3-15N,, 92241-77-5; 3-13C,,
92241-86-6; trans-3-2H,, 92241-92-4; cis-3-2H,, 92241-93-5; 4, 85167-
01-7; 5, 92241-78-6; 6, 92241-82-2; 7, 92241-83-3; 8, 92269-47-1; 8
(unlabeled), 37856-18-1; 9, 5081-36-7; 9 (acid chloride), 67579-92-4; 10,
92241-87-7; 11, 16292-88-9; 12, 92241-89-9; 13, 92241-90-2; 14,
92241-91-3; 1N, 14390-96-6; 1°C, 14762-74-4; D,, 7782-39-0; AgClO,,
7783-93-9; PhOCOCI, 1885-14-9; Ag!NO,, 92241-74-2; o-
HOCH,NO,, 92241-75-3; 0-CH,OC4H,!"NO,, 92241-76-4; o-
CH;0C¢H,SNH,, 63792-03-0; (CH,),*CO, 3881-06-9; O,NC~(CHO),,
34460-99-6; p-HO[4-3C]C4H,NO,, 3881-07-0; p-HO[4-3C]CH,NH,,
3881-08-1; [4-1°C]C¢HsNH,, 55147-71-2; [4-2C]C,H,OH, 70211-36-8;
0-CH,;0[4-3C]C¢H,NH,Cl, 92241-84-4; 0-CH,0[4-13C]C(H,NH,,
92241-85-5; KI°NO;, 57654-83-8; 2-[4-13C] phenyl-5-nitrobenzophenone,
92241-79-7; 2-([4-13C]-0-hydroxyphenyl)-5-nitrobenzophenone, 92241-
80-0; 2-([4-1*C]-o-methoxyphenyl)-5-nitrobenzophenone, 92241-81-1;
4-chloro-2-phenylquinazoline, 6484-25-9,

Rates and Equilibria of the Reaction of
2,4,6-Triphenylthiopyrylium Ion with Piperidine and
Morpholine in Me,SO. An Unusual Proton Transfer to a

Nitrogen Base

Giancarlo Doddi* and Gianfranco Ercolani*

Contribution from the Centro C.N.R. di Studio sui Meccanismi di Reazione, c/o Dipartimento di
Chimica, Universitd di Roma “La Sapienza”, P.le Aldo Moro, 2-1-00185 Roma, Italy.
Received April 5, 1984. Revised Manuscript Received June 21, 1984

Abstract: The complete set of kinetic and equilibrium constants of the reaction of 2,4,6-triphenylthiopyrylium ion (1) with
piperidine and morpholine has been obtained in Me,SO at 25 °C. The reaction involves the formation of both the corresponding
2H- and 4H-thiopyrans, which equilibrate to form only the more stable 2H adduct. The kinetic data are consistent with a
two-step process wherein the proton transfer from the protonated 2H- and 4H-thiopyran intermediates to the amine is the
rate-controlling step. The thermodynamically favored proton transfer to the neutral adducts by the solvated proton shows
a rate below the diffusion limit, whereas the observed Bronsted coefficient would indicate a diffusion-controlled process. This
behavior is discussed in terms of the Eigen mechanism. The factors affecting the nucleophilic addition are discussed, and
a comparison is made with the previously reported reaction of 1 with primary amines.

The reaction between nucleophiles and organic cations to yield
the corresponding attachment products is a fundamental process
in organic chemistry, but in spite of its apparent simplicity the
affecting factors are not yet fully understood.!

The heteroaromatic cations pyridinium, pyrylium, and thio-
pyrylium are well suited to obtain insights into these processes.
In fact, these ions can be substituted on the two reactive positions,
namely the Ca and Cy carbon atoms, with several substituents
having different electronic and steric requirements; moreover, a
large number of nucleophiles can react with these substrates
making possible the study of the factors affecting both the re-
activity and the positional selectivity.

Our interest for these reactions has prompted us to report on
a detailed kinetic study of the reaction of 2,4,6-triphenylthio-
pyrylium ion (1) in Me,SO at 25 °C to yield the corresponding
2H- and 4H-thiopyrans with piperidine and morpholine, which
have different nucleophilicities and identical steric requirements.
The aim is to compare this reaction with the corresponding one
of the butylamine and cyclohexylamine,? in order to study the
effect of the structure of the amine on the addition reaction of
such a reactive cation.

(1) (a) Ritchie, C. D. Pure Appl. Chem. 1978, 50, 1281. (b) Ritchie, C.
D. J. Am. Chem. Soc. 1983, 105, 7313.
(2) Doddi, G.; Ercolani, G. J. Org. Chem. 1984, 49, 1806.

Scheme I

& ,
= |
Ph 5+ Ph K.‘p Ph ‘ Ph
X=CH,,0 4 4H
Results

The kinetic study of the reaction of 1 with piperidine/piperi-
dinium and morpholine/morpholinium buffers, carried out at 410
nm, where only 1 absorbs, and at 355 nm, where both 1 and the
2H adduct absorb (Figure 1), showed the presence of two re-
laxation processes, whose separation increased on increasing the
amine/ammonium ratio. Whenever the condition 7,7 > 7,7" was
fulfilled (7, and 7, are the relaxation times of the first and the
second process, respectively), the substrate completely disappeared
when the first process was over. Similarly to the primary amine
reactions,? monitoring the process at 355 nm, an initial decrease

0002-7863/84/1506-7082301.50/0 © 1984 American Chemical Society
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Figure 1. UV-vis spectra of 1 (---) and the corresponding 24 adducts
with piperidine (—) and morpholine (-+-) in Me,SO.
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Figure 2. Plot of ;7! vs. [piperidine] at [piperidinium] = 0.1 M.

of absorbance followed by a slower increase up to a constant value
was observed. This feature, combined with the NMR evidence,?
indicates the complete formation of the 2H adduct.

This pattern can be rationalized by Scheme I, in which the first
process is the formation of both 4H- and 2H-thiopyrans and the
second one is equilibration to the more stable 2H adduct. The
k, and k_, terms refer to proton transfer and are defined as k,
=k + k™[am] and k_, = k_sH{sH] + k_?™H[amH], in which
k,* and k*™ are the rate constants for the deprotonation of the
charged adducts by solvent and amine, respectively, and k_H and
k_2™H are the rate constants for the protonation of neutral adducts
by the solvated proton and the ammonium ion, respectively.

Taking into account that the equilibrium is completely shifted
toward the 2H adduct, the application of the steady-state ap-
proximation with respect to 44" and 2H™ to Scheme I, gives the
following relationships:*

- kZ[am]kZp ky[am]k,, k sk 4 0
T T =
! 2 ko4 kyy ket ki kgt ke
ko[am)ky, Kk_gk-
et = e @

koy + Ky Koy + Ko

Piperidine. Study of the Two Relaxation Processes. As men-
tioned above, when the reaction is carried out with buffers having
[am] ~ 1073-10"2 M and [amH] = 0.1 M, the substrate fully

(3) Cordischi, V. C.; Doddi, G.; Stegel, F. J. Org. Chem. 1982, 47, 3496.
(4) For an exhaustive treatment of the relaxation processes, see: Ber-
nasconi, C. F. “Relaxation Kinetics”; Academic Press: New York, 1976.

J. Am. Chem. Soc., Vol. 106, No. 23, 1984 7083

1

2
T2 .S X10

I | [ -
] ol 0.2 03 0.4

{Piperidine], M
Figure 3. Plot of 7,71 vs. [piperidine] at [piperidinium] = 0.1 M.

disappears and the condition 7, > 7,7! is fulfilled (Table S1,
A, B; Figures 2 and 3).
Under these conditions an approximate expression of 7, holds:

Ao e + Kikep [ 3)
L W N I am]

Introducing eq 3 into eq 2 affords:

-1 —

Koy k_sk kiky - kksy “

A plot (not shown) of 7,7!/[am] vs. [am] is linear at the lower
amine concentrations, with an intercept that is negligible within
the experimental errors, whereas at the higher ones a downward
curvature is observed. This behavior indicates that at the higher
amine concentrations one of the following relationships, at least,
is fulfilled—k_, ~ ky,, k_4 = ks;—whereas at the lower ones eq
5 holds:

T2

ko, » kypand k_y > ky, (5)
Moreover, since the intercept is negligible:
kyp?™ [am] > kyp® and kg™ [am] > kg (6)
and eq 3 becomes:
koky 2 ksk g™

= + [am]? @)
ko, + ky™lam] k4 + kgt™[am]

that at the lower amine concentrations reduces to:

o kzkzpam . k4k4pam
L k.

[am]? (8)

Two sets of experiments carried out at two different amine con-
centrations with buffers having lower [am]/[amH] ratios than
the previous ones, i.e., under conditions in which the third term
of eq 1 cannot be neglected, give two parallel straight lines in the
(r,"' + 757" vs. [amH] plot (Table S1 C, D; Figure 4). This
feature indicates that:

k_gyp™H[amH] » k_4,*H[sH] &)

and since at these amine concentrations both eq 5 and eq 6 hold,
eq 1 becomes

k2k2pam . k4k4pam
ko k_g

i+l = [am]? + k_g,*™H [amH]

(10)
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Figure 4. Plot of (7, + r;7!) vs. [piperidinium] at [piperidine] = 3.51
X 10* M (®) and [piperidine] = 6.15 X 107* M (O).

k_42™H being the slope of the plots of Figure 4.
A semplified expression of eq 4 can be written by taking account
of eq 6 and 9:

kzkzpam k-4k_4pamH[amH]
k-2 + kzpam[am] k-4 + k4p“m[am]
kzkzpam k, k4pam
ko, + kp*™[am] k4 + k4™ [am]

(11

The ky, kg, ky?™ k_,, and k2™ /k_, terms are evaluated by the
7,7V and 7,7! data by using an iterative method (see Appendix).
We were compelled to use this method because of the need to have
7,7 data at amine concentrations in which the reaction is too fast
for the stopped flow method.

In Figures 2 and 3 are reported both the experimental values
of ;7! and 7,7 and the curves calculated by eq 7 and 11.

The k_,,™H term can be determined by the relationship k_,*™H
= kyky,*™/k_,K,r, in which Koy is the equilibrium constant for
the 2H adduct formation from 1 (see Experimental Section). By
the relationship K x = keky?™/k_y k_4*™H, K,z can also be
evaluated.

The k_, and k_, terms are experimentally inaccessible, but their
estimation can be obtained by the relationships k_, = k,K,*™ /Kyt
and k_y = kK™ /Kr, where K™ = k,2™ /k_, 2™ is the equi-
librium constant for the proton transfer reaction between the 2H*
adduct and the amine and K™ = k,*™/k_i,*™H is the corre-
sponding one for the 4H* adduct. K,*™ and K,*™ could be esti-
mated by assuming an additive effect of the thiopyranyl group
on the acidity of the ammonium moiety of the charged adducts,
ie., Ko = KPP and K, = KPP (K,* and K, are referred
to the butylamine reaction and were determined in our previous
work),2 but probably the assumption that K,P?/K,*™ and
K® /K, coincide with KPP/KPt (1.65) reported for the de-
protonation of 3,6-bis(dimethylamino)xanthylium adduct (2) in
Me,SO? is a better one. The equilibrium constants for the for-
mation of 2H* and 4H* adducts, K, = k,/k_,, and K, = ky/k_,
can now be evaluated.

w W
|

Me,N o NMe;
2

pH-Jump Experiments. When a solution of the 2H adduct ~
1075 M is subjected to a pH-jump by mixing it with a Me,SO

(5) Ritchie, C. D. J. Am. Chem. Soc. 1983, 105, 3573.
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Figure 5. Plot of kgpsaz (@) and kypes (O) vs. {p-toluenesulfonic acid].

solution of p-toluenesulfonic acid,® the complete formation of 1
is observed. Considering that the equilibrium is completely shifted
toward 1 owing to the protonation of the forming amine, the
reaction scheme becomes:

kgt ka sH
2H + sH <———T’ 2H* — 1 + amine — ammonium
»

As shown in Figure 5, the kg, is linearly related to the strong
acid concentration (Table S2) with 0 intercept. The rate law is
consistent with 2H* as a steady-state intermediate: kqpqp =
k_yk M [sH]/(k-, + ko). Since k_, » k', as inferred from
relationship 5, the equation reduces to kpsay = kg™ [SH], i.€.,
the protonation of the 2H-thiopyran by the solvated proton is the
rate-determining step. Therefore k_,,*H concides with the slope
of kobst plOt.

The k4 term was determined by performing the pH-jump
immediately after the solution of 1 and amine was prepared, before
any significant equilibration between the two adducts had occurred.
Only one relaxation process was detected, indicating that the
decompositions of the two adducts to yield 1 occur at similar rates.
As already reported,? kq,.q4 can be obtained by the following
equation:

AOD - AOD,® exp(-k_,,H[sH]7)
exp(—kqpsaal) = AOD,° (12)
Where AOD,° and AOD,° are the amplitudes related to the
decomposition of the 2H and 4H adducts and are given by the
following relationships:

AOD,° = AOD® [ koo / Kok ™ | Mk
P P ks
) (13)
AOD,® = AOD® [ kb / kb | Kok -
ks P k.
) 14

AOD?® being the amplitude of the entire process.

As shown in Figure 5 and Table S2, also k,p.q4 Shows a linear
dependence on the concentration of the acid, and therefore k_y, "
can be obtained by the corresponding slope.

The k,,* and k4 terms can now be evaluated by the relation-
ShipS kzps/k-ZPSH = KZa = KaKzam and k4ps/k_4psH = K4a = K3K4am,
where K, and K, are the acid dissociation constants of 2H and
4H adducts, respectively, and K, is the acid dissociation constant
of the conjugated acid of the amine.

(6) p-Toluenesulfonic acid is completely ionized in Me,SO over the con-
centration range from 107 to 102 M: Ritchie, C. D.; Uschold, R. E. J. Am.
Chem. Soc. 1967, 89, 1721.
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Table I. Kinetic and Equilibrium Constants for the Reaction of 1 with Piperidine, Morpholine, Butylamine, and Cyclohexylamine in Me,SO at

25 °C
piperidine morpholine butylamine® cyclohexylamine®
(K, = 2.2 X 10711 M)? (K, = 1.13 X 107 M) (K, = 1.3 x 107" M) (K. = 1.3 X 1071 M)
k4 st M 4.1 % 10 9.0 X 103/ 3.7 X 10° 7.0 X 10%
ko, 57! 1.7 X 10%¢ 1.7 X 10%¢ 5.4 x 10? >7 x 102
Ky, M1 2.5¢ 5.2 % 1072¢ 7.0
Ky, 57t M 7.2 X 10%¢ 5.8 X 1042
ko™, st M 1.9 X 10°2 1.0 X 107
K 3.8 x 106¢ 5.8 X 106¢ 2.3 X 106
ks, 57! 4.1¢ 3.4 X 1022
ko, st M1 4.9 % 10* 5.2 % 10
Ky M 8.4 X 107°¢ 6.6 X 107%¢ 3.0 % 107
Ky, M 9.5 x 106 3.0 x 10° 1.6 X 107 4.8 x 108
kg s M 1.1 X 10 2.5 x 104/ 1.4 X 104 2.7 X 10?
kg 57! 2.9 X 104¢ 7.0 X 102 6.5 X 10? >7 x 10
K, M 4.0¢ 3.6 X 10728 22
k4pﬂm,}§-l rlvrl 1 5.0 X 10%¢ 5.0 x 10%2
kg™, 571 M- 10 6.9
Km 4.8 X 10%¢ 7.2 X 10 2.9 x 10¢
kyt, 57! 0.1° 6.82
kgt st M1 9.5 % 10* 8.1 x 10
Ko M 1.1 X 1076¢ 8.3 X 107%¢ 4 x 1077
Ky, M1 1.9 x 10° 2.6 X 103 6 % 10° 2.5 x 10*

@y = 0.1 M. ®From ref 25. “From ref 2. ¢Uncorrected for the statistical factor. ¢Estimated by the assumption K{P?/K;"™ = 1.65, as described
in the text. /Estimated by the assumption (ky/k¢)mor = (ks/kg)pip- £Estimated by the assumption Ki™7/K™ = 2.50, as described in the text.

In Table I are collected the kinetic and equilibrium constants
evaluated or estimated for the piperidine reaction, together with
the corresponding data for the morpholine reaction. For a com-
parison in this table are reported also the data for the butylamine
and cyclohexylamine reaction.?

Morpholine. The morpholine reaction behaves similarly to the
piperidine one. At variance with this reaction the proton transfer
step is rate controlling also at the higher accessible amine con-
centrations, as indicated from both the linear dependence of
7,7!/[am] vs. [am] (with a negligible intercept within the ex-
perimental errors) and the independence of 7,! on the amine
concentration, (Table S3A). Under these conditions eq 11 is
reduced to:

kzkzpam
ko

kq k4pam
k4

(15)

According to eq 8 the slope of the plot of 7,7!/[am] vs. [am]
coincides with ([k,ky,™/k_,] + [kskey™/k_4]). Introducing into
eq 15 this term and k_,,*™H as obtained as previously reported
for the piperidine reaction (Table S3 B, C), k,k,,"™/k_, and hence
ksky™/k_4 can be evaluated.

The k, and k, terms were evaluated by experiments carried out
in the presence of acetate buffers, in order to make the depro-
tonation step fast with respect to the nucleophilic attack. Plots
of 7,71 vs. [am] are linear with slopes that are independent of the
concentrations of the acetate ion (Table S4). Under these con-
ditions the slopes coincide with (k, + k,). With the assumption
that the k,/k, ratio coincides with that observed for the piperidine
reaction, k, and k, can now be evaluated.’

The equilibrium constants K,™ and K, were obtained as
previously indicated for piperidine, by the ratio K™or/KPt = 2,55

The remaining kinetic and equilibrium constants reported in
Table I are obtained as previously indicated for the piperidine
reaction (Table S5).

Discussion

Nucleophilic Attack Step. The order of reactivity for the attack
on the « and # positions, piperidine > morpholine 2 butylamine
> cyclohexylamine (Table I), is closely related to the one observed
in many attachment reactions of amines to organic cations,>®
activated alkenes and benzenes,® and in nucleophilic aromatic

k2k2 am
L

k_g™H[amH] P

(7) The corresponding ratio for the reaction of butylamine and cyclo-
hexylamine is independent of the different reactivity of the amines.?

substitutions of heteroaromatic cations or neutral activated com-
pounds.!® The higher reactivity of secondary amines with respect
to the less hindered primary ones indicates that severe steric strain
to the approach of the nucleophile is not involved.!! However,
the lower reactivity of cyclohexylamine with respect to butylamine
indicates that this effect is not quite negligible.

Two-point Brensted plots of log K; (i = 2, 4) vs. pK, of the
conjugated acid of the amines yield B.;;. Both G, (0.98) and Sy
(1.2) indicate that the difference of carbon basicity between
piperidine and morpholine is comparable to their difference of
proton basicity.

The Boyea” (0.4) and Boue4™ (0.32), obtained by the slopes of log
k; vs. log K; plots, indicate that in the transition state leading to
2H* and 4H* adducts, about 30-40% of the positive charge is
localized on the attacking amino group and hence the forming
C-N bond is less than half complete.

A comparison of k4/k, ratio (2.8) with that observed for the
less reactive primary amines (3.8)2 and for the more reactive
methoxide ion in methanol (1.4)12 shows that the decrease of
selectivity with the increase of reactivity (~100X) is quite neg-
ligible, as observed for nucleophilic reactions of organic cations.!?

A comparison of the k_; terms of the primary and secondary
amines (Table I) indicates that in consequence of the greater steric
strain of the secondary amine moieties, the latter are better leaving
groups that the former. Moreover the nucleofugicity of morpholine
is enhanced by the electronic effects responsible of its lower
basicity.

The most important feature that distinguishes the secondary
amine reaction from that of primary amines is the different
rate-controlling step. In the latter reaction the rate-determining

(8) (a) Bunton, C. F.; Huang, S. K. J. Am. Chem. Soc. 1974, 96, 515. (b)
Doddi, G.; Illuminati, G.; Mecozzi, M.; Nunziante, P. J. Org. Chem. 1983,
48, 5268.

(9) (a) Bernasconi, C. F.; Carré, D. J. J. Am. Chem. Soc. 1979, 101, 2698.
(b) Bernasconi, C. F.; Murray, C. J.; Carrg, D. J. Ibid. 1983, 105, 4349. (c)
Buncel, E.; Crampton, M. R.; Strauss, M. J.; Terrier, F. “Electron Deficient
Aromatic- and Heteroaromatic-Base Interactions”; Elsevier: Amsterdam,
1984. (d) Buncel, E.; Eggimann, W. J. Am. Chem. Soc. 1977, 99, 5958. (e)
Bernasconi, C. F.; Miiller, M. C.; Schmid, P. J. Org. Chem. 1979, 44, 3189.
(f) Crampton, M. R.; Gibson, B. J. Chem. Soc., Perkin Trans. 2 1981, 533.

(10) (a) Aveta, R.; Doddi, G.; Illuminati, G. J. Am. Chem. Soc. 1983, 105,
5661. (b) Miller, J. “Aromatic Nucleophilic Substitution”; Elsevier: Am-
sterdam, 1968.

(11) The amine addition to the hindered 1,1-dinitro-2,2-diphenylethylene
shows the reverse order primary > secondary: Bernasconi, C. F.; Carrg, D.
J.; Fox, J. P. In “Techniques and Applications of Fast Reactions in Solution”;
Getting, W. J., Wyn-Jones, E., Eds.; Reidel: Dordrecht, Holland, 1979; p 453.

(12) Doddi, G.; Illuminati, G.; Insam, N.; Stegel, F. J. Org. Chem. 1979,
44, 4496.
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step is the nucleophilic attack to yield the 2H* and 4H* adducts,
whereas in the former the rate-controlling step is the deprotonation
of the charged adducts to yield the neutral ones, even though with
piperidine the rates of the two steps become comparable at the
higher amine concentrations. This different behavior depends both
on the increase of k_; and mainly on a decrease of the k,,*™ terms
for the secondary amine reaction (Table I). In fact, since for the
primary amine reaction k*™[am] > 10k_,? we can estimate that
ki,™ > 108 M™' 571, i.e., more than 10X that observed for the
secondary amines, in spite of the comparable K™,

In the following section we account for the factors that can
affect such proton transfer processes.

Rate-Limiting Proton Transfer. A very significant result is the
finding that the strongly favored deprotonation of the charged
adducts by amines (X*™) and the protonation of neutral adducts
by the solvated proton (1/K,) are activated rather than encounter
controlled (k;*™, k_sH).

It is well-known that proton transfer between nitrogen atoms
in water is diffusion controlled, provided that the reaction is
thermodynamically favored by 2 or more pK, units.!> Moreover,
Bianchin and Delpuech reported a rate constant for proton transfer
between NH,* and NH; in Me,SO (1.17 X 10° M s71) that
coincides with that observed in aqueous solution (1.21 X 10° M~
s71).1 This result shows that a fast proton transfer can also occur
in an aprotic solvent. However, recent reports on thermody-
namically favored proton transfer between bases and charged
amine adducts of 1,3,5-trinitrobenzene,f!% 3,6-bis(dimethyl-
amino)xanthylium ion,’ and activated alkenes,?® and acid such
as 1-cis-2-cis-6-trimethylpiperidinium ion,'¢ in Me,SO or 50%
aqueous Me,SO solutions, indicate that the rates of these processes
are below the diffusion limit. This behavior was attributed to steric
interactions hindering the approach of the base to the crowded
adduct, and actually an increasing of bulkiness of base can depress
the rates of these processes without any relationship with its
basicity.”

The importance of the steric effects is also shown by the reaction
of 2 with morpholine in Me,SO, in which the steric hindrance
on the ammonium nitrogen should be lower than the 4 H*-thio-
pyran, having a rate 3X higher than k™, in spite of a three order
of magnitude lower acidity.’ Similar conclusions are drawn from
the comparison between k,,*™ and k,*™ showing that the more
acidic 2H* adduct (=~100X) is deprotonated by the amine more
slowly than the 4H* isomer. Moreover our finding ky,™" =~ k,,P?
and k™" = k, P? clearly shows that if the steric situation between
the acid and the base is unchanged, the rate of the proton transfer
is not affected.

Steric effects seem to be operating also in the protonation of
the 2H and 4H adducts by the solvated proton. A Brensted plot
of log k_;*H vs. log K, is linear with 8 ~ 0, whereas the ther-
modynamically unfavored reverse reaction has & ~ 1. Bronsted
slope is commonly interpreted as indicating the degree of proton
transfer in the transition state.'” It follows that in the transition
state the proton is released to a very small extent to the neutral
adducts. This behavior resembles that shown by diffusion-con-
trolled reactions of “normal” acids,'® whereas the k-,;” terms are
largely below the diffusion limit.

A plausible explanation involves restructuring of the solvation
shell of the proton. Since the structure of this reagent in Me,SO
is [Me;SO--H-~Me,SO]*,! the proton cannot be transferred along
a Grotthus chain, and a molecule of the solvent must be replaced
by the sterically crowded adduct in order for the proton transfer
to take place. The Eigen scheme for this proton transfer process
is

(13) Ahrens, M.-L.; Maass, G. Angew. Chem., Int. Ed. Engl. 1968, 7, 818.

(14) Bianchin, B.; Delpuech, J.-J. Bull. Soc. Chim. Fr. 1973, 34.

(15) Crampton, M. R.; Greenhalgh, C. J. Chem. Soc., Perkin Trans. 2
1983, 1175,

(16) Delpuech, J.-J.; Bianchin, B. J. A4m. Chem. Soc. 1979, 101, 383.

(17) Kresge, A. J. In “Proton-Transfer Reactions™; Caldin, E., Gold, V.,
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Doddi and Ercolani
Add + [Me,SO-H-+Me,SO]* =
a
Add, [Me,SO--H---Me,SO]t =
b

Add-+*H-Me,SO, Me,SO = Add-H*.~-Me,SO
C d

Our findings indicate that the rate-controlling step is the conversion
of the encounter complex b into the hydrogen-bonded complex
c.

Kreevoy reported on a slow protonation of substituted tri-
benzylamines by the solvated proton in Me,SO that shows 8 =
0.59.2% Tribenzylamines should be less hindered than the 2H-
and 4H-thiopyrans, and the b—c process is expected to be favored,
making the proton transfer process c—d concurring to the overall
rate.

Even though Bronsted coefficients suggesting diffusion-con-
trolled processes are reported for proton transfer reactions of
carbon acids whose rates are below the diffusion limit,?' this is
a remarkable finding for a nitrogen base.

Experimental Section

Materials. 2,4,6-Triphenylthiopyrylium perchlorate was available
from our previous work.?

Me,SO was dried as previously described.? The amines were refluxed
over sodium for 2 h and distilled under argon.

Piperidinium and morpholinium perchlorates were prepared by the
respective amines and aqueous perchloric acid (70%) and, after removal
of the water, recrystallized twice from benzene-acetone 3:1 and 2:1,
respectively. (Warning: Organic perchlorates are potentially explosive.)

Tetramethylammonium acetate was prepared by neutralization of a
25% aqueous solution of tetramethylammonjum hydroxide (FLUKA)
with acetic acid and by crystallization from acetone after removal of the
water. All the salts were dried by warming at 80 °C under vacuum.

Spectra. The UV-vis spectra of the substrate and the corresponding
2H adducts with piperidine and morpholine (Figure 1) were recorded on
a Cary 219 spectrophotometer.

Rate Measurements. All kinetic experiments were carried out on a
Durrum 110 stopped-flow spectrophotometer at 25 °C under pseudo-
first-order conditions. The ionic strength was maintained at 0.1 M with
KCIO,. The reaction solutions were freshly prepared and handled under
argon. The two relaxation processes were monitored at 410 nm, where
only 1 absorbs ([1] = 107 M), and at 355 nm, where both 1 and the
corresponding 2H adduct absorb.?

Equilibrium Measurements. The pKX, of morpholine (8.9) in Me,SO
at 4 = 0.1 M was determined spectrophotometrically as previously de-
scribed.?

The equilibrium constant K,r, referred to the equilibrium 1 + 2amine
= 2H + ammonium (see Scheme I}, was determined spectrophotomet-
rically as previously described® (for the morpholine reaction a 1-cm
quartz cell was used).

Appendix

Assuming at first that during the first process the formation
of the 2H adduct is negligible with respect to the 4H isomer,?
eq 7 reduces to:

k4k4p3m[am] 2

L i i 16
T ke ¥ kgt™[am] (19

that rearranged gives:

k
em] 2L (17)
Tl—l k4k4pam[am] k4

The plot of [am] /7, vs. 1/[am] is linear with intercept ~ 1/k,
and slope ~ k_4/k4ky,*™, and hence k4 and ky*™/k_4 can be

(20) Kreevoy, M. M.; Wang, Y. J. Phys. Chem. 1977, 81, 1924,

(21) Hibbert, F; Long, F. A.; Walters, E. A. J. Am. Chem. Soc. 1971, 93,
2829,

(22) The molar extinction coefficients of 4H-thiopyrans are generally
negligible with respect to 2H-isomers, at wavelengths higher than 300 nm.
Suld, G.; Price, C. C. J. Am. Chem. Soc. 1962, 84, 2090.

(23) This assumption is supported by the absorbance value at 355 nm when
the first process is over, that indicates a concentration of the 2H adduct lower
than the 4H isomer.
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estimated. Rearranging eq 11 affords:
7 kakap*™[am]?/ (k_s + kg™ [am])]

[k-4k-4pamH[amH]/(k-4 + kg [am])] - 7,7
kzkzpe"n[am]2

k-2 + kzpam [am]

(18)

The left-hand term of eq 18 that for the sake of simplicity we
indicate as k,*, can be evaluated by introducing the approximate
value of k4 and k4 *™/k_4 just obtained.

Applying the same mathematical treatment of eq 16 to eq 18
affords:

[am] _ k_, 1
kZ* kzkzpam[am] k2

(19)

From the plot of [am]/k,* vs. 1/[am], approximate values of k;,
and k,,""/k_, can be obtained.

With the introduction of these terms into eq 7, better values
of [kskg"™[am]?/(k_4 + k4™[am])] are obtained, and so on, until
constant values of k,, k4, kp*™/k 5, and ky*™/k_4 are obtained.

Actually this iterative procedure was carried out with a personal
computer by using a non-linear least-squares method.?*
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Abstract: The rearrangements RCMe,CH,- — RCH,CMe, (k,) (R = Ph, Me;CC=C, Me;CC=0, and N=C) have been
studied over a range of temperatures by product analyses with use of the common competing reaction RCMe,CH,- + CCl,
— RCMe,CH,Cl + CCly (k¢)). For R = H,C=CH the rearrangement was so fast that only the rearranged chloride,
RCH,CMe,Cl, was produced. All these rearrangements occur via a 3-membered cyclic intermediate radical (or transition
state). Various considerations led to the following Arrhenius equation for chlorine abstraction: log (kg /M s7!) = (8.14
% 0.42) - (5.52 £ 0.63) /6, where 8 = 2.3RT kcal/mol, and this equation is used to calculate Arrhenius parameters for migration
of all but the H,C=CH group. Comparison of these parameters with those already available from kinetic EPR measurements
leads to a choice of preferred Arrhenius parameters for all five rearrangements. The cyano group had an unexpectedly low
mobility while the pivaloyl group underwent a surprisingly rapid 1,2-shift. Migratory aptitudes increase along the series R
= N=C < Me;CC=C < Ph < Me,CC=0 < H,C=CH, with k&, at 25 °C = 0.9, 93, 762, 1.7 X 10% and 1.0 x 107 s7!,
respectively. The preferred pre-exponential factors all lie in the range 101%9-10'29 571, while the activation energies vary from
16.4 kcal/mol for R = N=C to 5.7 kcal/mol for R = HyC=CH. These results are discussed in relation to the results of

thermochemical kinetic calculations and to earlier work on the 1,2-migration of unsaturated groups in radicals.

In free radical chemistry the 1,2-migration of an unsaturated
group has excited interest® ever since the discovery by Urry and
Kharasch? in 1944 of the neophyl rearrangement, i.e., 1a — 2a.

k. .
RCMichz' - MCZCCI'%ZR (1)
a, R = C(H;; b, R = Me;CC=C;

¢, R = CH,=CH; d, R = Me;CC=0; ¢, R = C=N

In the early 1970’s kinetic EPR spectroscopic methods were de-
veloped for measuring the rates of unimolecular radical reac-

(1) Issued as NRCC No. 23760.

(2) N.R.C.C. Research Associate 19821984,

(3) For recent reviews of radical rearrangements see: (a) Beckwith, A. L.
J.; Ingold, K. U. In “Rearrangements in Ground and Excited States”; de
Mayo, P., Ed.; Academic Press: New York, 1980; pp 161-310. (b) Beckwith,
A. L. J. Tetrahedron 1981, 37, 3073-3100. (c) Surzur, J. M. In “Reactive
Intermediates”; Abramovitch, R. A., Ed.; Plenum Press: New York, 1982;
pp 121-295.

(4) Urry, W. H.; Kharasch, M. S. J. Am. Chem. Soc. 1944, 66,
1438-1440.

tions.>® This advance was important because once the Arrhenius
parameters for a radical rearrangement have been determined the
rearrangement can serve as a “clock” to measure rate constants
for appropriate radical-molecule reactions.!® We have used the
EPR technique to measure Arrhenius parameters for the neophyl
rearrangement!! and for some related reactions;!! for a homo-
propargylic rearrangement,!? 1b — 2b; and for a homoallylic
rearrangement,!316 1¢ — 2¢. To the best of our knowledge there
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