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Abstract

In this paper, we explore the mechanisms of degenerate base-catalyzed intra- and intermolecular proton transfer using dynamic
liquid state NMR. For this purpose, the model compound 1,3-bis(4-fluorophenyl)[1,3-"*N,triazene (1) was studied with and with-
out the presence of dimethylamine (2), trimethylamine (3) and water, using tetrahydrofuran-dg and methylethylether-dg as solvents,
down to 130 K. Compound 1 represents an analog of carboxylic acids and of diarylamidines forming cyclic dimers in which a fast
double proton transfer takes place. By contrast, the structure of 1 was chosen in such a way that this double proton transfer is sup-
pressed, thus revealing the base catalyzed transfer by dynamic 'H and 'F NMR. Surprisingly, both 2 and 3 can pick up the mobile
proton of 1 at one nitrogen atom and carry it to the other nitrogen atom of 1, resulting in an intramolecular transfer process cat-
alyzed each time by a different base molecule. Even more surprising is that the intramolecular transfer catalyzed by 2 is faster than
the superimposed intermolecular double proton transfer. In the absence of added bases, a 1 is subject to a slow proton exchange with
2-amino-5,4'-difluoro-diphenyl-diazene (4) which is formed in small quantities from 1 in the presence of acid impurities. This process
can be minimized by a proper sample preparation technique.

The kinetic H/D isotope effects are small, especially in the catalysis by 2, indicating a major heavy atom rearrangement and
absence of tunneling. Semi-empirical PM3 and ab initio DFT calculations indicate a reaction pathway via a hydrogen bond switch
of the protonated amine representing the transition state. The Arrhenius curves of all processes exhibit strong convex curvatures.
This phenomenon is explained in terms of the hydrogen bond association of 1 with the added bases, preceding the proton transfer.
At low temperatures, all catalysts are in a hydrogen bonded reactive complex with 1, and the rate constants observed equal to those
of the reacting complex. However, at high temperatures, dissociation of the complex occurs, and the temperature dependence of the
observed rate constants is affected also by the enthalpy of the hydrogen bond association. Finally, implications of this study for the
mechanisms of enzyme proton transfers are discussed.
© 2005 Published by Elsevier B.V.

1. Introduction

Functional groups of amino acid side chains such as
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COOH-groups, histidine or lysine groups of proteins are
often involved in various types of acid-base catalyzed
reactions by assisting the transfer of protons from one
molecular site to another [1-3]. In order to understand
these often very complex reaction pathways, chemical
reaction models have been studied where a bifunctional
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catalyst can take up a proton from one site of a sub-
strate and release another proton to a second site [4,5].
The mechanisms of double and multiple proton and
deuteron transfer reactions alone have also been studied
in cyclic dimers of carboxylic acids (Scheme 1a) [6], be-
tween acetic acid and methanol [7], pyrazoles [8], and
N,N-diarylamidines (Scheme 1b) [9], which are the nitro-
gen analogs of carboxylic acids. Bifunctional basic ami-
dines have been studied by Ahlberg and others [5] as
catalysts for 1,3-proton shifts of the type R—-CH,—
X=CR,; - R-CH=X-CHR,, where in particular the
problem of a concerted vs. a stepwise proton transfer
was addressed. In nature, the key step of transaminase
reactions involves a similar reaction with X =N, and
the lysine terminal amino group as base catalyst
[2,4¢,4f,5d].

The goal of this study was to explore the pathways of
bifunctional base-catalyzed proton transfer by dynamic
NMR spectroscopy in further detail. Since the latter
method requires degenerate or at least quasi-degenerate

reactions, we have been looking for model compounds
exhibiting two chemically equivalent proton binding
sites, but which are not able to form cyclic hydrogen
bonded intermediates exhibiting very fast double proton
transfer which masks the base catalyzed transfer pro-
cesses. This is, for example, the case in carboxylic acids
[6] and amidines [9] (Scheme 1).

In order to find the desired chemical model we started
from our previous work on 1,3-bis(4-fluorophenyl)ami-
dine-'°N, (Scheme 1b). The fluorine and '°N labels had
made it possible to measure the full kinetic HH/HD/
DD-isotope effects by dynamic NMR using tetrahydro-
furan-dg as solvent. As found by X-ray crystallography
and solid state NMR [9d], due to a steric interaction be-
tween the aromatic protons and the amidine CH-proton,
the aryl rings are not coplanar with the amidine unit.
When the aryl twist angles are unfavorable, the symme-
try of the double proton transfer potential is lifted
(Scheme 1b) [9d]. This finding incited us to study the
analogous 1,3-bis(4-fluorophenyl)[1,3-"*N,]triazene (1),
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where the formyl CH-unit is replaced by a third nitrogen
atom (Scheme I¢). We anticipated that the steric interac-
tion between the aromatic proton and the central nitro-
gen atom is small so that the aryl groups are coplanar.
This feature, however, should prevent the formation of
cyclic dimers due to steric intermolecular interactions be-
tween the aromatic protons and hence suppress the dou-
ble proton transfer as illustrated in Scheme lc, opening
the possibility to study the effects of added bases on the
proton tautomerism of 1. Indeed, in the solid state diaryl-
triazenes exhibit aryl groups which are coplanar with the
triazene moieties, however, the molecules form linear
hydrogen bonded chains in which intermolecular steric
interactions are minimized [10].

The tautomerism of triazenes was first described by
Nesmeyanov et al. [11]. A dynamic NMR study of
Lunazzi et al. [12] revealed that the rate laws of the pro-
ton self-exchange processes of diaryltriazenes are either
first order or second order with respect to the concentra-
tion of the triazene studied. This finding was associated
to a reaction mechanism according to Scheme 2a, where
in the first case the cyclic dimer and in the second the
monomer is dominating.

Unfortunately, in the previous studies it was not rec-
ognized that diaryltriazenes such as 1 are subject to an
acid catalyzed irreversible rearrangement to 2-amino-
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diaryl-diazenes such as 4 (Scheme 2) [13,14] which cata-
lyzes the diaryltriazene proton exchange. In a first stage
of this study of 1 in tetrahydrofuran-dg, we found that
indeed the apparent proton self-exchange of 1 can be
substantially reduced by an improved sample prepara-
tion. We also could reproduce situations where this cat-
alyzed exchange leads either to first- or to second-order
reaction kinetics. Thus, we found that the mechanism of
Scheme 2a is doubtful.

However, the positive side of this finding was that it
opened also up the possibility to explore novel proton
transfer pathways depicted in Scheme 2b and c, using
added bases such as dimethylamine 2 and trimethyla-
mine 3. Using the latter, as the result of the N labeling,
we found evidence for the intramolecular proton trans-
fer mechanism of Scheme 2b [15], where B carries the
mobile proton of 1 from one binding site to the other,
probably via a zwitterionic transition state. We antici-
pate that such a process also takes place with carboxylic
acids or amidines, where it is, however, experimentally
masked by the fast self-exchange. Normally, for a cata-
lyst B containing a mobile proton one expects a transfer
according Scheme 2c¢, consisting of the transfer of two
protons in a stepwise or concerted fashion, without the
requirement of major heavy atom motions. Pye et al.
[16] have calculated the proton exchange of the parent
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compound triazene with water using high-level ab initio
calculations, and obtained evidence for a stepwise dou-
ble proton mechanism where water protonates the tria-
zene leading to a metastable intermediate [16]. On the
other hand, for stronger bases one can conceive the con-
trary. Therefore, the question arises which pathway is
preferred by a base such as 2 which requires major heavy
atom rearrangements, in other words whether bifunc-
tional catalysis is more efficient than monofunctional
catalysis.

Because of this model character of the triazene-base
tautomerism we have studied the exchange characteris-
tics of 1 in the presence of water, 2 and 3 in more detail.
The results of these experiments are reported in this pa-
per. Whereas for the reaction with water tetrahydrofu-
ran-dg could be employed, the reaction with the two
latter bases required experiments at lower temperatures
as can be achieved with this solvent. Therefore, we syn-
thesized and employed here methylethylether-dg, which
is chemically close to tetrahydrofuran but which also al-
lows measurements down to 130 K. During the experi-
ments an interesting problem came up, leading to a
temperature-dependent change of the rate law of the ex-
change: at low temperatures, the reacting complex dom-
inates but dissociates at high temperatures into its
components. This phenomenon leads to interesting con-
vex Arrhenius curves. The occurrence of such curves has
been found and discussed recently in the case of hydro-
gen transfer reactions in enzymes [17].

This paper is organized as follows. After an experi-
mental part we describe in a theoretical section the influ-
ence of hydrogen bond complex formation on the
proton exchange kinetics. Then, the results of the dy-
namic NMR spectroscopic experiments performed on
1 without and with water in tetrahydrofuran-dg, and
on 1 with 2 and 3 in methylethylether-dg are described,
including kinetic H/D isotope effects. Some preliminary
semi-empirical calculations of the intramolecular proton
exchange of 1 catalyzed by 3 are presented. Finally, the
results are discussed.

2. Experimental
2.1. Compounds

Compound 1 labeled in the N1, N3 positions with
SN was prepared as follows. In a first step, p-F-substi-
tuted '*N-benzamide was synthesized as reported previ-
ously [9¢] from '"NH,CI (95% '°N, Chemotrade) and
p-F-benzoyl chloride according to the method of Axen-
rod et al. [18]. The benzamide was then converted into
p-F-aniline-'>N via Hofman degradation [9¢c,19]. The
aniline was purified by vacuum transfer and converted
into the hydrochloride by dissolving the reactant in
dry ether and adding HCI gas. The product was recrys-

tallized from n-hexane/ethanol (1:4). The triazene 1 was
synthesized according to the procedure published for the
non-labeled compound [20]. In order to minimize the
formation of 4 (Scheme 2) [13] the synthesis of 1 was
carried out under dry argon. In addition, all glassware
which could come in contact with 1 was treated with a
5% solution of 1,4-dichloro-octamethyl-tetrasiloxane in
hexane in order to remove surface OH-groups. Finally,
the product was purified three times by chromatography
under argon (aluminium oxide, toluene) followed by re-
peated recrystallisation from toluene (Fp. 118 °C).

Deuterated methylethylether C,DsOCD; as NMR
solvent was prepared in an atmosphere of nitrogen as
follows. 4.3 g (187 mmol) sodium was suspended in
40 ml (46.2 g, 696 mmol) ethanol-ds. After the H, evolu-
tion was complete, 25 g (172 mmol) iodomethane-d; in
ethanol-ds was added dropwise leading to the evolution
of gaseous C,Ds;OCD; which was passed over solid
KOH and condensed as a liquid using dry ice/acetone.
Finally, the product (10.5 g, 90% yield) was condensed
by vacuum transfer into a thick-wall glass container
equipped with a needle valve and stored over anthra-
cene-sodium—potassium alloy for removal of residual
water and oxygen. The same procedure was used to pur-
ify THF-dg (Fluka).

Dimethylamine 2 and trimethylamine 3 were pur-
chased from Merck (Darmstadt) and purified by distilla-
tion. Then they were placed in glass vessels and dried
over freshly regenerated molecular sieve (4 A, Merck).

2.2. Sample preparation

For the NMR experiments we used tubes equipped
with teflon needle valves (Wilmad, Buena). Surface
SiOH-groups in the inner glass walls of the NMR tubes
were again removed before use by reaction with 1,4-di-
chloro-octamethyl-tetrasiloxane in hexane. Weighed
amounts of 1 in toluene were placed under argon into
an NMR tube which was then attached to a vacuum
line, and the solvent removed in vacuo (12 h). The vac-
uum line was equipped with various calibrated tubes for
the measurement of the volume of liquids in the pl to the
ml range as described previously [21]. Desired amounts
of dimethylamine 2 or trimethylamine 3 and about
0.5ml of C,DsOCD5; were transferred in vacuo from
their corresponding container into the calibration tubes
and then into the NMR tubes. The relative concentra-
tions were later checked by '"H NMR.

The deuterated samples were prepared as follows.
Acid free CH3;0D (99%. Merck) was prepared by stor-
age in different glass vessels over methanolate and then
over molecular sieve (3 A, Merck), which had been pre-
viously deuterated twice with D,O and regenerated at
360 °C. The transfer of the solvent from one vessel to
the other was performed in vacuo. Subsequently,
0.3 ml of CH;0D were transferred into the NMR tube
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filled with solid 1 and then removed. This procedure was
carried out three times. Only then the bases and the sol-
vent were added. In view of the small quantities of dim-
ethylamine added, this compound was not deuterated
before use.

2.3. NMR experiments

The NMR spectra were recorded on a Bruker AMX
500 operating at 500.13 MHz for 'H and at 470.54 MHz
for 'F. The 'H and "F chemical shifts were measured
using the solvent peaks as internal references and then
converted into the usual scales corresponding to TMS
and CFCl;. The NMR line shapes were simulated using
a home-made computer programme described previ-
ously for the related >N, N’-bis(p-fluorophenyl)form-
amidine (DFFA) [9¢,21].

3. Theoretical section

According to Eigen [22], proton transfer between an
acid and a base consists of the formation of the reactive
complex and the proton transfer within the complex, i.e.

k
AH{BSAH-- BEA...HBsA+HB. ()

In Eq. (1) electrical charges are omitted. K represents the
equilibrium constant of the complex formation and kap
the intrinsic rate constant. In this study, we deal with a
related reaction where a base catalyzes the intramolecu-
lar proton transfer between two degenerate forms of the
donor, i.e.

kaB

A“H4+B&A H...Bs[A' - HB|s[A - HB|s
'A-H---Bs'AH+B. 2)

Their interconversion may also be referred to as “proton
tautomerism”’. If the base contains also a mobile proton,
a base-catalyzed double proton transfer is competing
with Eq. (2)

AH+BH' S A-H-- BH & AH' ... B-HSAH' + HB,
(3)
Usually, for aqueous solutions, or for hydrogen abstrac-
tions from carbon, the concentration of the reactive
complex A-H- - -B is very small and the pre-equilibrium
does not need be treated explicitly. However, in organic
solvents and also in enzymes the situation may be differ-
ent. If the concentration of the reactive complex is sub-
stantial, it can lead to important changes of the reaction
orders which have to be recognized for a proper inter-
pretation of kinetic data obtained.
The formal kinetic treatment of the above reaction
schemes is the same. Therefore, they have to be distin-
guished either by specific spectroscopic features or by

the measurement of kinetic hydrogen/deuterium isotope
effects. In the following, we present such a kinetic treat-
ment, with particular emphasis to dynamic NMR.
Firstly, we deal with the presence of a single reaction
mechanism, and then with a superposition of several
reaction mechanisms.

3.1. Formal kinetics of catalyzed proton transfer

In the above reaction schemes kp represents the rate
constant of the central forward single or multiple proton
transfer step within the reactive complex. This step is as-
sumed to be rate limiting, and the pre-equilibrium as-
sumed to be very fast. K represents the pre-equilibrium
constant of the formation of the reactive complex
AB = AHB from the reactants,

K — CAB (4)

b
CACB

where ca and cp represent the concentrations of the
reactants AH and B, and cap the concentration of the
reactive complex AHB.

As we assume that proton transfer represents the rate
limiting step, the reaction rate of the proton donor be-
tween two exchange processes catalyzed by B is given by

dCA dCB . dCAB

v de de dr ABCAB) ()
where Cp = ca + cap and Cg = cg + cap represent the
total concentrations of A and of B. kap is the intrinsic
rate constant in the reactive complex. By NMR one
measures the average inverse life times of A or of B be-
tween two exchange events given by [21]

o Ldon 146 gl G o
A Cy dt ’ B Cp dt ’ ’L'Xl Csg ’
which are the same as the pseudo-first-order rate con-
stants of A and of B. One can then easily show that[9a,21]

1
CAB = 3 |:_\/(CA - CB)2 + K2+ 2K71(CA + Cp)
+Ca + Cs +K‘1} (7)

and it follows that

-1
1 )] _ Ty CB

A T Ca Ca

k
+Ca +Cp + K‘l} : (8)

Eq. (8) predicts changes of the apparent reaction order
as a function of C, and Cp as illustrated in Fig. 1.
Important limiting cases are also assembled in Table 1.

Firstly, we consider the case where K is large. Then,
at low concentrations of B, it is totally complexed by



74 H.-H. Limbach et al. | Chemical Physics 319 (2005) 69-92

D

0 AH-B+B
1I

K =100 mol I

0.8
A-H-B

0.61 + AH
0.4 111

0.2 C,=1mol I

IKag

K=1mol I

-1
TaB

0.0 0.5 1.0 1.5 2.0
Cg/mol I

o

K =100 mol I

11
081\ A-H-—B +B

IKpg

0.6

-1
TaB

Cz =1 mol I
0.4

0.2
Cy = 0.1 mol I

0.0 0.5 10 15 2.0

(¢}

1.0
IV > | k=10 mol I
0.8

Cp=Cg
06l HI

K

A-H--B

1
TaB

0.4
A-H+B A-H---B + AH
0.2 C=02C,

0.0
0.0 0.5 1.0 1.5 2.0

C,/ mol I

Fig. 1. Inverse life times t,! = t,;} according to Eq. (8) of a proton

donor A - between two proton exchange events catalyzed by a base B —
as a function of the total concentrations C, and Cg and of the
equilibrium constant K of the formation of the reactive complex AB.
For further explanation see text.

Table 1

The limiting cases of Eq. (8)

Case K CAB Ta' = Tap
| Ch> Cp Large Cy kas %

11 Ca<Cg Large Ca kagp

I CA > CB, CA < CB Small KCB kABKCB
v Cp =rCalarge Large r rkagp

A, whereas the latter is only partially complexed. There-
fore, 7! increases linearly with Cp if Cy is kept constant
as long as Cp < Cx (case I, upper curve in Fig. 1(a)) or
decreases when Cj, is increased and Cg kept constant
(case I, Fig. 1(b)). On the other hand, when Cg> Cy
(case II), A is entirely complexed, and 7' is constant
as indicated in Figs. 1(a) and (D).

By contrast, when K is small, and the total concentra-
tions not too large, ca = Cy, cg = Cg and cap is negligi-
ble. If follows then that t,! =k,gKCp for small
concentrations (case III) as is illustrated in the lower
curve of Fig. 1(a).

Finally, we consider in Fig. 1(c) the case where the ra-
tio r= Cg/Ca is constant. At low concentrations,

75! = rkapKCp, but at high concentrations and large
values of K Eq. (8) predicts that 7' = rkag. In both
cases, only if r is known from an independent measure-
ment, kap can be obtained at high concentrations. r is,
for example, unity in the case where both A and B are
part of a large molecule. In the case where B represents
a conformational isomer of A, r corresponds to the equi-
librium constant of the conformational isomerism. In
the context of this study, r represents the amount of a
structural isomer of the proton donor, formed very
slowly in the presence of catalytic impurities in an irre-
versible way. During the time of a typical experiment,
r is constant. Then, at least the energy of activation of
the process is measurable, as r is independent of temper-
ature, by contrast to a conformational isomerism.

In certain cases the accessible concentration range
may be limited, but temperature may be changed more
easily. In this case, Eq. (8) may be used in connection
with a van’t Hoff law for the equilibrium constant of
the formation of the reactive complex, and — in the ab-
sence of tunneling, by a simple Arrhenius law,

K =exp(—AH/RT + AS/R), 9)
kap = Aexp(—E,/RT), (10)

where the symbols have the usual meanings. As we will
show later, the combination of Egs. (8)—(10) can lead to
convex Arrhenius curves.

3.2. Superimposed proton transfer mechanisms

We consider now the more general case of a superpo-
sition of different reaction mechanisms in which the pro-
ton donor A may be involved. Let us assume the
presence of different species B or X which catalyze the
proton exchange of the donor A. Let us also include
the possibility that another donor molecule takes the
role of the base. The total inverse life times or the donor
are then given by

T = Tk + Tap + Tax = kaacaa + kapcas + kaxcax.
(11)

Depending on the type of sample prepared and the
type of NMR experiment performed, either ;' or the
individual components 1,4, t4}, Tax Or given combina-
tions of the latter are measured as a function of the con-
centration, from which the true rate constants of the
reactive complexes kaa, kap, kax may be obtained. To
determine which quantity is measured, is part of the ki-
netic assignment process. If the method employed mea-
sures 7,', this quantity is used in an early stage of the
analysis, but later replaced by the individual compo-
nents giving rise to this term.

A special situation arises if the base B can catalyze
the tautomerism of A both according to an intramolec-
ular single and an intermolecular double proton transfer
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pathway depicted in Egs. (2) and (3). The total inverse
life times of A and of B are then given by the sum

7y = (tap)" + (ap) " (12)
where the first term refers to the single and the second to
the double proton transfer case. In favorable cases, both
components may be measured individually by NMR as
the intramolecular process does not remove scalar cou-
pling of the mobile proton with other nuclear spins in
A such as '°N, in contrast to the intermolecular process.

The nomenclature of Eq. (12) is also suitable to in-

clude kinetic isotope effects, e.g. the pseudo-first-order
rate constants of the isotopic processes can be written as

(ta)" = (150)"Cp/Ca  with L=H,D and
(tab)™ = (t50)""Cp/Ca  with LL = HH, HD, DD
(13)
In a similar way, k& and k5 represent the corre-
sponding intrinsic rate constants in the reactive com-
plexes. For example, K\, represents the rate constant

of the process where in the reactive complex H of the
proton donor A is replaced by D of the base B.

4. Results

In this section, we describe the results of our dynamic
NMR measurements performed on 1 in the absence
and the presence of added bases which catalyze the tau-

tomerism of this compound. Pseudo-first-order rate
constants are assembled in Tables 2-6, whereas
Table 7 contains activation parameters resulting from
the data.

4.1. Proton exchange and cisls-trans isomerism of
1,3-bis(4-fluorophenyl) [1,3-"° N, Jtriazene (1) in
tetrahydrofuran-ds in the absence of an added base

4.1.1. NMR spectroscopy

As mentioned in Section 1, in the first stage of this
study we looked for a proton self exchange of 1 accord-
ing to Scheme 2a. As a solvent, THF-ds was used which
stabilizes the monomer by hydrogen bonding.

In Fig. 2, some typical NMR spectra of two highly
purified sealed samples of 1 dissolved at concentrations
of 0.5mol 17! in THF-dg, with deuterium fractions of
xp = 0 and 0.98 in the mobile proton site are depicted.
At xp =0 at 298 K, the 'H signal of the latter consists
of a doublet around 11.4 ppm (Fig. 2(a)), arising from
scalar coupling with 5N, where 'Jyy = —93.5 Hz. The
signal position is almost independent of concentration.
The signal exhibits some exchange broadening arising
from an intermolecular proton exchange process. The
latter eventually leads to a coalescence of the doublet
signal components.

The "F spectra in Figs. 2(b) and (c) exhibit two sig-
nals around —109 and —117 ppm, indicating the pres-
ence of two chemically inequivalent fluorine atoms. No
attempts were made to assign the two lines to the two

Table 2
Pseudo-first-order rate constants ks t,'/s™! of proton exchange of 1 dissolved in THF-ds
# Method T/K Ca XD ka Kin. ass. # Method T/K Ca XD ka Kin. ass.

1 YE-MT 298 0.1 0 75 ()™ 11 PE-MT 298 0.7 0 150 (gh)™

2 YE-MT 298 0.1 0 85 ()™ 12 'H-LS 298 0.1 0.98 52 ()™

2a “F-MT 298 0.1 0 240 (rl)™H 13 'H-LS 298 0.15 098 54 ()P

3 YE-MT 298 005 0 70 ()™ 14  'H-LS 298 0.2 0.98 50 ()P

4 YEMT 298 015 0 155 (k)™ 15 'H-LS 298 0.3 0.98 80 (1)

5 PEMT 298 02 0 70 (o)™ 16 'HLS 298 04 098 93 (ci)fP

6 PE-MT 298 0.2 0 145 (g, L)fH 17 'H-LS 298 0.5 098 107 AP

7 PE-MT 298 025 0 80 (r)™ 12 PF-MT 298 0.1 0.98 34 (10)PP

8 YEMT 298 0.3 0 170 (i) 13 YF-MT 298 0.15 098 31 (10)PP

9 PE.MT 298 0.5 0 240 (rl)M 14 “F-MT 298 0.2 0.98 29 (k)PP

92  "“FLS 320 0.5 0 1040 (gl)™ 15 Y“F-MT 298 0.3 0.98 34 (1,0)PP

92  YF-LS 298 0.5 0 630 (ryl)™ 16  F-MT 298 0.4 0.98 60 (k)PP

92  “F-MT 275 0.5 0 360 (t)™ 17 “F-MT 298 0.5 0.98 68 (txh)PP

92  “F-MT 228 0.5 0 90 (ryl)H 18 'F-LS 329 0.5 0 880 (tih)™ 4 (rxi )
10 YF.LS 330 0.5 0 40 ()™ 18  YF-LS 319 0.5 0 810 (tab)™ 4 (mai)™H
10 PE-MT 315 0.5 0 320 (i)™ 18 F-LS 314 0.5 0 730 (t)™ 4 ()P
10 YE.MT 298 0.5 0 230 (rh)™ 18 F-LS 309 0.5 0 870 (t)™ 4 (r)™H
10 YE.MT 280 0.5 0 145 () 18 'F-LS 298 0.5 0 640 (th)™ 4 (rl )T
10 YEMT 260 0.5 0 85  (ry)™ 18 F-LS 287 0.5 0 555 ()™ 4 ()T
10 YEMT 250 0.5 0 65 ()™ 18  YF-LS 278 0.5 0 370 (t)™ 4 ()P
10 BE.MT 240 0.5 0 55 ()™ 18 F-LS 258 0.5 0 185 (tal)™ 4 (eh)HH
10 PE-MT 230 0.5 0 35 ()™ 18 F-LS 238 0.5 0 70 ()™ 4 ()T

#, sample number; MT, magnetization transfer experiments; LS, line shape analysis; t

-1
AX>

inverse life times of fluorine atoms of A =1 between two

intermolecular exchange processes catalyzed by the structural isomer X = 4 (Scheme 2); Kin. ass., kinetic assignment of 3% to specific processes
LL = HH, HD, DD. C, in mol I"%. (r;{V)HH inverse life time of fluorine atoms of A =1 part arising from exchange with added water in sample #18
where Ciypo=0.5mol 1L,
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Table 3
Static and dynamic NMR parameters of solutions of 1,3-bis(4-ﬂu0r0phenyl)[1,3-15N2]triazene (1 =A) with dimethylamine (2 = B) in methylethyl-
ether-dg
T/K '"H

5 Wo (tap)" (zap)™ 5/ppm Av Wo (tap)" + (ap)™ (tap)"
Ca=0.1mol 17!, Cg=0.028 mol 1!, xp =0
298 10.80 5 - 400 —113.43 2770 5 2500 2100
198 11.47 6 - 280 —112.82 2874 6 1850 1570
168 11.72 6 900 160 —112.46 2916 6 1050 890
158 11.77 6 580 105 —112.38 2924 6 700 600
148 11.81 6 290 ~70 —112.33 2928 6 350 280
138 11.84 8 160 ~40 —112.23 2934 8 190 150

4 Wo (tap)" (tap)"™” Av Wo (tap)” + (ta)"" (tap)™
Ca=0.1mol 17!, Cg=0.041 mol ™!, xp = 0.98
298 10.78 5 - 450 —113.38 2770 5 3200 2900
198 11.56 6 - 245 —112.80 2880 6 2650 2490
178 11.70 6 - 160 —112.67 2950 6 1750 1640
168 11.76 6 1500 135 —112.54 2928 6 1250 1160
158 11.82 6 900 90 —112.43 2934 6 800 740
148 11.87 6 520 ~65 —112.34 2930 6 460 420
138 11.91 8 240 ~50 —112.23 2936 8 230 200

T, temperature; 3, chemical shift in ppm of the NH signal of 1 or average chemical shift of the two fluorine nuclei of 1; 'H, analysis of the ’N-'H
signal of 1; g analysis of the fluorine signals of 1; Av, chemical shift difference of the two fluorine signals in Hz at 470.54 MHz; W, residual line
width in Hz; Ca, total concentration of 1; Cg, total concentration of 2; xp, deuterium fraction in the mobile proton sites; (r;}g)]‘, L=H, D,
contribution in s~' of the intramolecular catalyzed proton transfer to the total exchange rate; (T ;;,)LL, LL = HH, HD, DD, contributions in s~ of
the intermolecular catalyzed proton transfer. For further explanation see Table 2 and text.

* Extrapolated assuming Eq. (16), and in particular the rule of the geometric mean, (15}4)PP = (t34)P/1.5.

fluorine positions of 1. At 238 K, the signals of the deu-
terated species are very sharp, whereas the signals of the
non-deuterated samples are somewhat broadened by a
slow exchange. The expanded spectra of Figs. 2(d) and
(e) indicate two additional very weak lines at —110.3
and —111.8 ppm with equal intensities. We assign these
signals to a s-cis form of 1 as illustrated in Fig. 2. By
integration with the 'C satellite signals we estimate a
cis—trans ratio of about 1:300. We note that an s-cis/s-
trans isomerization has not been observed before for
diaryltriazenes by NMR spectroscopy, in contrast to
other techniques such as flash photolysis [23]. At
298 K the s-cis/s-trans isomerism is fast, and coalesced
signals are obtained. At xp = 0.98, the high-field signal
is broader than the low-field signal, arising from residual
exchange broadening: the isomerism is not fast enough
and the chemical shift difference between s-cis and s-
trans forms are larger for the nuclei resonating at high
field. The differential line width does not appear at
xp = 0 because the line widths are here larger, arising
from intermolecular proton transfer. This process is
slower in the deuterated sample because of a kinetic iso-
tope effect.

In order to obtain values of the pseudo-first-order
proton exchange rates 7' of 1, we performed '°F mag-
netization transfer experiments in the rotating frame
[24]. Both the total concentration C of 1 and the deu-
terium fraction xp in the mobile proton site were varied.

An example of these measurements is depicted in Fig.
3. The decay of the signals in the “parallel” experiment

(Fig. 3(a)) is governed by the longitudinal relaxation
time in the rotating frame, 7', which was of the order
of seconds. In the “antiparallel” experiment (Fig. 3(b))
an exponential decay of the absolute sum of the two sig-
nal intensities is observed, governed by the chemical ex-
change according to [24]

1(t) = 1(0) exp[— (27" + 1/T),)1]. (14)

By non-linear least squares fit a value of 7' = 68 s™!

was determined for this sample as indicated in Fig. 3(c).

4.1.2. Kinetic analysis

The kinetic data obtained for DFTA in the absence
of an added base are assembled in Table 2. We measured
the inverse proton lifetimes 7,' as a function of the total
concentration Cn of 1 at xp =0 and 0.98 as depicted in
Fig. 4. Unfortunately, in the absence of an added base,
we could not obtain reproducible values as is illustrated
in Fig. 4(a). When we optimized the sample preparation,
the values of 7! were substantially reduced. Within a gi-
ven series of samples, the values were located on one of
the curved solid lines, exhibiting little dependence on
concentration.

These observations are not in agreement with the
proton self-exchange mechanism according to Scheme
2a, where the partner is a second molecule of 1. As the
observed exchange leads to a loss of the '’ NH-coupling,
this exchange process must arise from a replacement of
the mobile proton of 1 by a mobile proton of an impu-
rity X present in the samples in different amounts
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Table 4

Static and dynamic NMR parameters of solutions of 1,3-bis(4-ﬂuoropheny1)[1,3-15N2]triazene (1 =A) with trimethylamine (3 = B) in methyl-

ethylether-dg

T/K 'H F

5 W, (ta)™ (tak 5 Av W, ()™
Ca=0.1moll™!, Cg=0.02mol I%, xp =0
298 10.96 5 >1400 200 —110.90 2790 5 3300
279 11.10 5 >1400 140 —~110.76 2810 5 2750
259 11.24 5 >1400 80 —110.65 2830 5 2100
249 11.30 5 >1400 60 —~110.62 2840 5 1800
239 11.37 5 >1500 40 —110.57 2850 5 1500
229 11.43 5 1200 30 —~110.50 2860 5 1300
219 11.50 5 970 20 —110.42 2870 5 1000
208 11.57 5 740 - —~110.37 2880 5 800
198 11.64 5 570 - —110.30 2890 5 600
188 11.72 5 440 - —~110.24 2895 5 450
178 11.80 5 320 - —~110.16 2899 5 320
167 11.88 5 220 - —110.08 2903 5 210
157 11.97 6 130 - —109.99 2907 6 -
147 12.07 6 80 - —~109.90 2911 6 -
137 12.17 8 40 - —109.80 2914 8 -

B W, ()™ (tak s Av Wo (txL)D
Ca=0.1mol ™!, Cg =0.02 mol I"!, xp =0.98
298 10.96 5 >1500 150 —~110.96 2770 5 3200
279 11.10 5 >1500 90 —110.78 2810 5 2600
259 11.24 5 >1500 50 —~110.66 2830 5 2050
249 11.30 5 >1500 40 —110.61 2840 5 1800
239 11.37 5 >1500 30 —110.55 2850 5 1500
229 11.43 5 1200 - —110.49 2860 5 1250
219 11.50 5 970 - —110.43 2870 5 1000
208 11.58 5 740 - —110.39 2880 5 800
198 11.64 5 570 - —110.32 2890 5 620
188 11.72 5 420 - —~110.25 2895 5 450
178 11.80 5 300 - —~110.15 2899 5 320
167 11.89 5 205 - —~110.10 2903 5 210
157 11.96 6 130 - —110.01 2907 6 130
147 12.07 6 70 - —~109.91 2911 6 -
137 12.18 8 40 - —109.82 2914 8 -

For explanation of symbols see Tables 2, 3 and text.

depending on the sample history. The rate constants
measured can then be specified as

T = () (15)

as indicated in Table 2. A priori, X could be either (i) a
solvent impurity or an impurity introduced by another
way into the sample, for example from the inner glass
surface of the NMR tube, or (ii) a species whose concen-
tration is directly related to the presence of 1, for exam-
ple compound 4 (Scheme 2). For (i) we expect that
Cx =~ constant in a given series of samples prepared
from the same substance and solvent lots, whereas for
(i1) the concentration of the impurity should be propor-
tional to the concentration of 1, i.e. Cx =rCa. Case (i)
was addressed in the previous section and leads to
graphs of the type which were depicted in Fig. 1(b),
i.e. to a decrease of the pseudo-first-order rate constants
7' with increasing concentration Cs. By contrast,
graphs of the kind depicted in Fig. 1(c) are expected

for case (ii). The results of Fig. 4(a) indicate that case
(i1) is realized here. This means that within a given sam-
ple series, at low concentrations a second-order rate low
is observed where 7! increases linearly with Ca, and at
high concentrations a first-order rate law is observed
where t,! = rkax remains constant. This is because at
high concentrations X is totally hydrogen bonded to
the proton donor 1. If r were the same in all series of
samples, only a single curve should be observed for a gi-
ven temperature. This case would be realized if, for
example, a second molecule of 1, possibly also in the
cis-form, would catalyze the exchange. However, this
is apparently not the case. Therefore, we assign r the
residual exchange of 1 to catalysis by the structural iso-
mer 4, which is generated by acidic impurities, even
hydrophilic glass surfaces. Unfortunately, as the ratio
r = Cx/Cx is unknown in a given series of samples, we
cannot determine the rate constant k in the reactive
complex. Note that the equilibrium constant of the asso-
ciation of X with 1 was set to the value of
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Table 5

Pseudo-first-order rate constants of the intra- and the intermolecular proton exchange of 1,3-bis(4-ﬂuorophenyl)[1,3-15N2]triazene (1) (1=A)in

methylethylether-dg catalyzed by dimethylamine (2 = B)

7K (Gh)" @)Y @D G @)Y D @)Y @)™ @D )™ ()™
138 150% 530° - - - - - -
138 160% 560% - - - - - - - -
138 240° 590° - - 200° 490? 1.20 - - -
148 280% 980* - - - - - - - -
148 290* 1020° - - - - - - -
148 520° 1270° - - 420° 1030° 1.24 - - -
158 580° 2040° 1052 375% - - - 1.7
158 600* 2110° - - - - - - - -
158 900° 2200° - - 740° 1810° 1.21 90° 220 1.7
168 890* 31207 160? 570% - - - - - 1.7
168 900? 3160% - - - - - - -

168 1500° 3660° - - 1160° 2830° 1.29 135° 330 1.7
178 - - - - 1640° 4000° 160° 390 -
198 1570% 55107 280% 1000* - - - - - 1.7
198 - - - - 2490° 6080° 245° 600 1.7
298 2100% 7370% 400* 1430% - - - - 13
298 - - - - 2900° 7080° 450° 1100 1.3

Inverse life time or pseudo-first-order rate constant in s~! of the proton exchange catalyzed by B. Intramolecular exchange: (r;}';)]“ = (13 }\)L Cp/Ca,
L =H, D, intermolecular exchange (rg}g)LL = (‘CE/]\)LLCB/CA, LL = HH, HD. C5 = 0.1 mol 17! of A in all samples.

4 Cp=0.0028 mol 1"
> Cp=0.0041 mol I".

Table 6

Pscudo-first-order rate constants of the intramolecular proton exchange of 1,3-bis(4-fluorophenyl)[1,3-'*N,]triazene (1) (1 = A) in methylethylether-

dg catalyzed by trimethylamine (3 = B)

/K (tap)" (5" (tah)” (t5A)" (r5A)"/(150)°
157 130 650 130 650 1.00
167 220 1100 —
167 210 1050 - - -
167 205 1025 210 1050 0.98
178 320 1600 - -
178 300 1500 320 1600 0.94
188 440 2200 - -

188 450 2250 — —

188 420 2100 450 2250 0.93
198 600 3000 — - —
198 570 2850 620 3100 0.92
208 800 4000 — —

208 740 3700 800 4000 0.93
219 970 4850 1000 5000 0.97
219 1000 5000 - - -
219 970 4850 — - —
229 1300 6500 — — —
229 1200 6000 1250 6250 0.96
239 - - 1500 7500 -
249 — — 1800 1800 —
259 — — 2050 2050 —
279 — - 2600 2600 —
298 - - 3200 3200 -

For the explanation of symbols see Table 5. C, = 0.1 mol1~!, Cg = 0.02 mol 1! in all cases.

Table 7
Activation parameters of the base catalyzed intra- and intermolecular proton transfer of 1

Solvent AH“  AS™ EM™ log(4"/s™) EP  log (4P/s7)) AH'-  AS™-

EHH - og(A™H/s71)

END og(A"Pfs™h

1+2 MEE 18 -95 19 11 193 11 —185 —100
1+3 MEE  —154 -95 232 115 232 115 - -
1+H,0 THF - - - - - - - -

1+X THF - - - - - - - -

21.1 109

19 -
17 -

219 115

18 -

AH and E, in kJmol™', ASin JK "mol™!, 4 in s~'. MEE: methylethylether-dg, THF: tetrahydrofuran-ds.
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Fig. 2. NMR signals of highly purified samples of 1 dissolved at a
concentration of C, =0.5mol 1! in THF-dg, at deuterium fractions
of xp =0 and 0.98 in the mobile proton site. (a) 'H signal of the NH
proton (500.13 MHz). (b)~(e) Corresponding {'H}'’F signals
(470.54 MHz). For further explanation see text.

K=21.41mol™" for all curves in Fig. 4 which repro-
duces well the kinetic data.

As r can be regarded as independent of temperature,
we measured for two selected samples, both with
Ca=0.5mol 17}, rgl as a function of temperature.
The results are included in Table 2 (samples #9a and
#10). We found the same energy of activation of
16.2kJ mol~" for both samples, although the inverse
lifetimes at 298 K were different, i.e. 630 and 230 s™!
for sample #9a and #10.

In Fig 4(b) are symbolized the corresponding values
of 7' = (1,4)°" obtained by "’F NMR at a deuterium
fraction of xp = 0.98 by full squares. On average, deu-
teration lowers the exchange rates due to a kinetic iso-
tope effect. However, as the different samples contain
different amounts of 4, it is not possible to obtain kinetic
isotope effects from samples with different deuterium
fractions. However, this problem could be partially cir-
cumvented by analyzing the line widths of the '"H-"°N
doublets by "H NMR (see Fig. 2(a)) for each of the sam-
ples with xp = 0.98, from which we obtained the values

JLLLLLLLLL

0.0005 0.002 0.004 0.009 0.019
a t/'s
b
C,=0.5mol I
0.8 X, =0.98
2 o =685
= 0.6 fax
c
)
£ 041
0.2

0.0
0.000 0.005 0.010 0.015 0.020 0.025
c tls

Fig. 3. '°F magnetization transfer experiments in the rotating frame
according to [24] performed on 1 dissolved in THF-ds. Experimental
conditions: 299 K, Cx = 0.5 mol 17!, xp = 0.98, '°F Larmor frequency
282.37 MHz, initial 90,° pulse 8.8 us, spin locking pulse strength
10 kHz in y-direction, length ¢ in s. (a) Parallel experiment with no
delay between initial 90,° pulse and spin locking pulse, (b) antiparallel
experiment with a delay of (2Av)™!=299.4 us, where Av is the
chemical shift difference between the two fluorine signals in Hz. (c)
Data analysis according to Eq. (14). ka corresponds to the pseudo-
first-order rate constant of the interconversion of the two fluorine
nuclei by deuteron transfer. In the later analysis, we assign k5 to kax,
where X represents an unidentified impurity. For further explanations
see text.

of (1,4)"" listed in Table 2. Now, for a given sample at
xp =0.98 we obtained the kinetic isotope effects
()" (r;k)DD >~ Y /N2, which are symbolized by
open squares in the upper part of Fig. 4(b). These effects
may not be very precise, but they are independent of the
concentration of X. Overall, a value of
(2™ /(xl )PP = 1.6 is obtained at 298 K.

Therefore, these results support strongly the interpre-
tation that the impurity X corresponds to the decompo-
sition product 4 (see Scheme 1). The latter is protonated
by 1, and either the original or one of the two other ami-
no protons are transferred back to the base. This ex-
plains the loss of the '>’N-"H splitting by this exchange
process. Because of the difficulty in making samples with
known concentrations of 4, we did not pursue this reac-
tion further.
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Fig. 4. (a) Experimental and calculated dependence of the proton
exchange rates 73k = (1;4)™" in s7! (see Table 2) of 1 dissolved in
THF-dg determined by '°F magnetization transfer as a function of the
total concentration Ca of 1. Conditions: 299 K, xp = 0. The calculated
curves were generated using Eq. (8) assuming catalysis of the proton
exchange of 1 by an unknown impurity X, with Cx = rCa. The solid
curves are defined by the same value of K=21.41 mol~! and by
varying values of the product rkf;[;', given by the values at high
concentrations Ca. (b) As (a) but xp = 0.98. The solid rectangles refer

to 7,k = (1:%)°" and the open rectangles to the kinetic isotope effect
—1\HD —1\DD —1 \HD : 1 —1\DD
(tax) /(tax) » where (%) was determined by "H and (1,y)

by YF line shape analysis. The value of K was the same as in (a).

4.1.3. The effect of added water

In order to elucidate the effect of water on the proton
exchange rates of 1 we added 0.5 mol 1™ water by vac-
uum transfer to sample #10 which contained 0.5 mol
17! of 1, resulting in sample #18, and measured the
total pseudo-first-order rate constants 73! = (1,4)" +
(t g{,V)HH by fluorine NMR as a function of temperature,
included in Table 2. The addition of such a large quan-
tity of water had not a dramatic effect on the tautomer-
ism of 1. At 298 K, 73! increased only from 230 s~ for
sample #10 to a value of 640 s~' for sample 18. The en-
ergy of activation of the water catalyzed process is about
19 kJ mol ™!, however, a detailed analysis is not possible
because of the problem of the formation of hydrogen
bonded water clusters and the reduced solubility of
water at lower temperatures.

4.2. Proton exchange of 1,3-bis(4-
fluorophenyl) [1,3-"° N, Jtriazene (1) with dimethylamine
and trimethylamine in methylethylether-dy

In order to better understand the acid-base proper-
ties of 1 we checked whether proton exchange is more
efficiently catalyzed by stronger bases as compared to

water. Therefore, we choose dimethylamine 2 as a sim-
ple base containing an exchangeable proton. In order
to characterize the effect of the latter, we also performed
studies with trimethylamine 3 for comparison. In fact,
both bases were found to be very efficient catalysts
and the proton exchange rates were much faster as com-
pared to pure 1 and 1 with water. Therefore, we changed
the solvent to methylethylether-ds instead of THF-dg
which allowed us to reach lower temperatures down to
138 K.

4.2.1. NMR spectroscopy

In Figs. 5 and 6 are depicted the superposed experi-
mental and calculated '"H and F{'H}NMR spectra
of 1 without and with deuteration of the mobile proton
site in the presence of small quantities of dimethylamine
2. Because of its small concentration, the NH-signal of 2
could not been observed. In a separate sample of 2 in
methylethylether-dg, the chemical shift of the NH-pro-
ton was found to be 2.8 ppm in the temperature range
between 140 and 200 K. At low temperatures, we ob-
serve an 'H-'°N doublet of 1 around 12 ppm as ex-
pected, characterized by a coupling constant of
!t = -93.5 Hz. The line shapes of this signal are inde-
pendent of the deuterium fraction. The doublet does not
exhibit only two sharp outer lines but also additionally a

Ar Ar
\ CH, \ CH,
NH NH g
N + N—=CH, N + N—=CH,
N\ N\
N Ny N Ny
/ = /
Ar XD_0 Ar
LA 1M
299 K
L 138 K M
L 128 K M
12 1 —-105 =115
a ppm b ppm

Fig. 5. Superimposed experimental and simulated temperature depen-
dent 'H signals (500 MHz) (a) and 'F NMR signals (b) of a solution
of 1 (0.1 mol1™!) and of dimethylamine 2 (0.0028 mol 1"!) in methy-
lethylether-dg. The deuterium fraction in the mobile proton site of 1 is
xp = 0. For further explanation see text.
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broad center part which sharpens at higher temperatures
into a triplet with 'y = 47 Hz, arising from a coupling
to both '°N atoms of 1. The observation of the triplet
proves the presence of a fast intramolecular proton
transfer according to Scheme 2b mediated by 2. Intermo-
lecular proton exchange alone would lead to a doublet—
singlet transition and broaden and eventually coalesce
all lines of the signal [21]. This phenomenon takes place
at higher temperatures. At room temperature, the signal
is broad, arising from proton exchange with the mobile
proton of 2. For the deuterated sample (Fig. 6), the 'H
signals of the residual protonated species exhibits similar
features as in Fig. 5. Again the doublet-triplet transition
has already occurred before the onset of line broadening
arising from intermolecular proton exchange with 2.
The '°F signals are sharp at low temperatures, and
broaden considerably as temperature is raised. They ex-
hibit a very remarkable feature: at 198 K the lines exhi-
bit already a large exchange broadening, but even a
temperature increase to 299 K does not lead to a coales-
cence of the two fluorine lines. This means that the pro-
ton exchange does not substantially increase with
increasing temperature, a very unusual finding which —
as explained in more detail below — arises from the fact
that on one hand the rate constants of proton transfer in
the acid-base complex increase with increasing tempera-
ture, but that on the other hand the reacting complex it-

Ar Ar
A\ CH, \ CH,
pro g po o/
N + N—CH + N—CH
N\ N\
/N Np Np
Ar Ar
=0.95

T |
12 m —105 -5
ppm b ppm

[

Fig. 6. Superimposed experimental and simulated temperature depen-
dent 'H signals (500 MHz) (a) and '’F NMR signals (b) of a solution
of 1 (0.1 mol17!) and of dimethylamine 2 (0.0041 mol 1™!) in methy-
lethylether-dg. The deuterium fraction in the mobile proton site of 1 is
xp = 0.95. For further explanation see text.

self also dissociates into the non-reactive constituents.
After deuteration, the exchange rates decrease some-
what; however, as in the deuterated sample the concen-
tration of the base was 0.0041 mol 1~ as compared to
0.0028 mol 1! for the non-deuterated sample, this de-
crease is only revealed by the kinetic analysis.

In order to confirm the intramolecular base-catalyzed
proton transfer of 1 we measured the effects of added tri-
methylamine 3. In Figs. 7 and 8 are depicted the super-
imposed experimental and calculated variable
temperature 'H and "’F NMR spectra of 1 and of its
deuterated analog (both 0.1moll™') containing
0.02 mol 1! trimethylamine 3. The '"F NMR spectra
are very similar as those in Figs. 5 and 6. Especially
the doublet-triplet transition is well pronounced be-
cause the base cannot exchange protons with 1. A small
intermolecular proton exchange with the above-men-
tioned unidentified impurity X gives rise to some line
broadening at higher temperatures.

4.2.2. Kinetic analysis

The line shape analysis of the spectra in Figs. 5-8 are
straightforward and were done using techniques and
computer programs described previously [21]. All

Ar Ar
\ CHs CH,
N—H )\l —H
N\\ + N—CHs N\\ + pN—CH;
N N Nch
/ 3
Ar

249 K

"

ml JUL
e
ﬁLW J

137 K 1

T T T T T

2 1l 105 115
a ppm ppm

Fig. 7. Superimposed experimental and simulated temperature depen-
dent 'H signals (500 MHz) (a) and '°F NMR signals (b) of a solution
of 1 (0.1 mol1™!) and of trimethylamine 3 (0.02 mol 1"!) in methyleth-
ylether-dg. The deuterium fraction in the mobile proton site of 1 is
xp = 0. For further explanation see text.

o
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Fig. 8. Superimposed experimental and simulated temperature depen-
dent "H signals (500 MHz) (a) and '’F NMR signals (b) of a solution
of 1 (0.1 mol17") and of trimethylamine 3 (0.02 mol I"!) in methyleth-
ylether-dg. The deuterium fraction in the mobile proton site of 1 is
xp = 0.96. For further explanation see text.

parameters which describe the spectra are assembled in
Tables 3 and 4, and the kinetic results in Tables 5 and
6. For the kinetic analysis we proceeded as follows.

In a first step we simulated the "H-'"N signals of the
sample with trimethylamine 3 at xp = 0. The doublet—
triplet transition observed is typical for an intramolecu-
lar single proton transfer according to Scheme 2b.
Therefore, the line shape analysis directly yields the
pseudo-ﬁrst—order rate constants or inverse proton life
times 7;' = (t54)" of 1in the presence of 3. As the outer
lines of the "H—">N signals of the triplet are not affected
by this exchange process, the line width W, in the ab-
sence of exchange could be obtained directly, which
was of the order of 5 Hz. By comparison with the sol-
vent lines, we concluded that this value is determined
mainly by the inhomogeneity of the magnetic field, as
no sample spinning was employed. Therefore, we used
for the line shape analysis of the other samples the line
widths of the solvent signals as best approach for Wj,.
In the temperature region around 230 K and higher,
we found broadening of all lines of the '"H-'°N signals
arising from the slow intermolecular proton exchange
with X =4, where the total line width W = W+
m(tak)™

In the second stage we simulated the "°F line shapes,
from which the sums 7' = (7,4)" + (t4k)"™" were ob-
tained at xp=0. However, it turned out that
(i)™ > ()™, ie. the contribution from the impu-
rity X =4 to the '"F NMR line shapes could be ne-
glected in the whole temperature range.

The simulation of the spectra of the sample with
trimethylamine and a deuterium fraction of
xp =0.96 (Fig. 8) was then straightforward. As ex-
pected, from the line shape of the residual '"H-""N sig-
nal again values (t;})" were obtained, and by '°F
NMR the corresponding values of (rg}a)D, leading to
quite precise kinetic H/D isotope effects listed in Table
6. As we worked in the regime Cp > Cp, it was more
convenient according to Table 1 to discuss the values
of (t50)" = (t3L)" Ca/Cy rather than those of (t,L)",
because the values of (zl,)" at low temperatures are
equal to the first-order rate constants kg in the reac-
tion complex. Furthermore, as C, was equal to
0.1 mol1~! and constant in all samples of Fig. 5 to
6, the values of (tz4)" of the different samples can di-
rectly be compared with each other. By division of the
values of (tz1)" and of (t5L)” obtained by 'H and
F NMR, we obtain the kinetic isotope effects which
are slightly smaller than 1 as indicated in Table 6.

For the simulation of the spectra of 1 in the pres-
ence of dimethylamine 2 depicted in Figs. 5 and 6 we
proceeded in a similar way. By the simulation of the
"H-°N signals, we obtained again values of (z;})"
of the intramolecular base-catalyzed proton transfer.
The line shapes at xp =0 depend also on the corre-
sponding pseudo-first-order rate constants (rA]‘g) of
the intermolecular exchange of 1 with the base 2,
and at xp =0.95 on the corresponding values of
(tx)"™P. The values of (t34)™ are much smaller than
those of the intramolecular process, but still much lar-
ger than those of (t;4)"" of the slow residual inter-
molecular exchange. Therefore, the latter values did
not affect the line shapes. In Table 5 are listed again
the values of (t;L)" and of (t;4)"", and in addition
those of (t54)" and of (t51)"" needed for the discus-
sion. Moreover, the kinetic isotope effects ’L'BA é
(t51)° obtained and some values of (z E’i)) IC
are included. Values of (t3))"°/(z51)"" could not
be obtained directly, as (7,5)°" did not affect the
YF line shapes in a significant way because of the
dominance of the intramolecular H transfer. There-
fore, we used the rule of the geometric mean

(tap)”" /()™ == (tap) ™/ (ap) ™ (16)

PP and hence (t54)"". In par-

an average value of (t3L)°"/(tih)™ =

(t51)°P/(130)""° =2 1.5 was employed in the whole tem-

in order to estimate (7,5)
ticular,

perature range.
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5. Discussion

In this section, we will first address the problem of
convex Arrhenius curves, and then discuss the results
obtained for the base-catalyzed intra- and intermolecu-
lar proton tautomerism of the title compound 1,3-
bis(4-fluorophenyl)[1,3-°N,triazene (1= A) dissolved
in THF-dg and in CD;0C,Ds. Some preliminary quan-
tum-mechanical calculations are presented in order to
assist the interpretation of the kinetic data. In a section
devoted to the kinetic H/D isotope effects we will discuss
the problem of the concerted vs. stepwise double proton
transfer. Finally, some general implications for kinetic
studies of proton exchange reactions by NMR will be
discussed.

5.1. The occurrence of convex Arrhenius curves

In Section 3, we have treated Eigen’s and related
schemes of proton transfer between a proton donor A
and a base B according to Eqgs. (1)~3), in the regime
where a substantial amount of the reactive complex
AB in which the proton transfer takes place is formed.
Eq. (8) provides an expression of the pseudo-first-order
rate constants or average inverse life times of A and B,
7' =v/Ca and 13! =v/Cy  between two exchange
events as a function of the following parameters: (i)
the total concentrations Ca and Cg, (ii) the equilibrium
constant K of the formation of the reactive complex AB,
and (iil) the first-order rate constant kap of proton
transfer in the reactive complex. v represents the reac-
tion rate.

Assuming a simple van’t Hoff law (Eq. (9)) and a sim-
ple Arrhenius law (Eq. (10)) for the temperature depen-
dence of K and of kap one obtains convex Arrhenius
curves of the kind depicted in Fig. 9.

The intrinsic Arrhenius curves referring to the reac-
tive complex are characterized by dashed lines, charac-
terized by the intrinsic energy of activation, Eap and
the intrinsic pre-exponential factor A5p. For intramo-
lecular H atom transfers A p is normally of the order
of 10'2-10" s™!, whereas for proton transfers exhibiting
zwitterionic intermediates or products 4,p is somewhat
reduced by one or two orders of magnitude because of
solvent reorganisation [25]. Therefore, we use a value
of Axg=10""s! for the intrinsic proton transfer in
the reactive complex. The enthalpy AH and the entropy
AS of the formation of the reactive complex are varied
in Fig. 9, leading to the solid convex Arrhenius curves.
For simplicity we set Ca to 1 mol 17"

When both AH and AS are negative, the equilibrium
constant K > 1 at low temperatures. Assuming that B is
the minor component, then all molecules of this kind are
present in the reactive complex AB. In this case, Eq. (8)
predicts that 3! = kap, and the solid and dashed curves
in Fig. 9(a) coincide.

1
B

logT
o

1
log7y
oo

10%/T[K]

Fig. 9. Inverse life times according to Egs. (8)—(10) of a proton donor
A between two proton exchange events catalyzed by a base B as a
function of temperature. Parameters of the Arrhenius curves in the
reactive complex: log;o4 = 13, and E, = 7.15 kcal mol~'. Parameters
of the formation of the active complex (a) AH = —4.78 kcal mol ™! |
AS=1673 calK 'mol™!, AH=-7.17kcalmol™!, AS=-28.67
cal K™' mol™!, AH=-9.56 kcalmol ' , AS = —40.62 cal K" mol .
(b) AH=239kcalmol™!, AS=9.56 calK 'mol™!, AH=
7.17 kcal mol !, AS=123.89 calK 'mol ™', AH=11.95kcalmol ",
AS =38.23 cal K~" mol™'. For further explanation see text.

By contrast, at high temperatures K < 1, i.e. the reac-
tive complex dissociates. In this case, Eq. (8) predicts
that

15! = kKCx exp(—AH /RT) exp(AS/R)A exp(—E,/RT)
and t,' = kKCp (17)

with the observed activation parameters

Ap = Cpadexp(AS/R) and E,p = AH + Eap. (18)

The observed slope of the Arrhenius curve will be smal-
ler than at low temperatures and may be even negative if
|AH| > Eap as illustrated in Fig. 9(a). An abnormally
small pre-exponential factor is observed, which is af-
fected by the concentration of A.

On the other hand, one can also conceive a situa-
tion where the separated states of A and B are more
stable at low temperatures, for example, because of
the formation of non-reactive complexes with the sol-
vent S, or a reduced mobility in an enzyme. The
reacting state AB may then predominate at high tem-
peratures. This case can be described by positive val-
ues of AH and AS for the formation of the reactive
complex from the reactants, leading to the abnormally
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large pre-exponential factors and energies of activation
at low temperature, as depicted in Fig. 9(b). By con-
trast, now the Arrhenius curves at high temperatures
exhibit a normal pre-exponential factors. However,
both situations lead to convex Arrhenius curves.

We note that Kohen et al. [26] have observed a con-
vex Arrhenius curve in the H-transfer reaction of a ther-
mophilic alcohol dehydrogenase (ADH) which might be
explained in terms of the situation of Fig. 9(b).

5.2. Arrhenius curves of the base-catalyzed intra- and
intermolecular tautomerism of 1

We are now prepared to discuss the Arrhenius dia-
grams of the base-catalyzed intra- and intermolecular
tautomerism of 1. In Fig. 10, we have plotted the pseu-
do-first-order rate constants or average molecular life
times of the base-catalyzed proton tautomerism of 1 ob-
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Fig. 10. (a) Arrhenius diagrams of the intramolecular proton and
deuteron transfer in 1,3-bis(4-fluorophenyl)[1,3-'°N,]triazene (1) dis-
solved at a concentration of 0.1 moll™' in methylethylether-ds,
catalyzed by the bases dimethylamine (2) (0.0028 mol1~! at xp =0
and 0.0041 mol 17! at xp = 0.95) and trimethylamine 3 (0.02 mol ™! at
xp =0 and xp =0.96). ;! and ;' represents the average inverse life
times of the proton donor A and of the base B between two exchange
events. (b) Arrhenius diagrams of the intermolecular proton and
deuteron transfer of 1,3-bis(4-fluorophenyl)[1,3-'*N,]triazene (1) cat-
alyzed by dimethylamine (2) (upper curves), catalyzed by water and the
decomposition product X (lower curves) assigned to 4 in Scheme 2.

tained in this study on a logarithmic scale as a function
of the inverse temperature. In Fig. 10(a), we plotted the
values of 73' = (t34)", L = H,D which represent the
inverse life times of the bases dimethylamine 2 and tri-
methylamine 3 (see Tables 5 and 6) between two intra-
molecular single hydron exchange events with 1. As
discussed in Fig. 9(a), these values provide at low tem-
peratures the intrinsic rate constants kjx,. In Fig.
10(b), we plotted the corresponding inverse life times
' = (150)"" of 2 between two intermolecular double hy-
dron transfer events with 1, which are identical at low
temperatures with the rate constants k5 of the double
proton transfer between 1 and 2.

In the case of the reaction with dimethylamine 2 we
observe a strong non-linear convex shape of the Arrhe-
nius curve, which could be easily reproduced in terms of
Eq. (8) although simple Arrhenius relations (Eq. (10))
for the temperature dependence of k,, and of ki as well
as van’t Hoff relations (Eq. (9)) for the equilibrium con-
stants K of the pre-equilibria in Scheme 2b and ¢ were
assumed.

In order to obtain the corresponding activation
parameters assembled in Table 7 we proceeded as fol-
lows. We first calculated the Arrhenius curve of the
intramolecular proton transfer of 1 catalyzed by 2
(upper curves in Fig. 10(a)) by non-linear least squares
fit of the data to Egs. (8)—(10). At low temperatures,
where the acid-base complex is fully formed, the energy
of activation E%, ~ 19 kJ mol™' and the pre-exponen-
tial factors A¥~ 10''s™! (L=H, D) (Table 7) were
obtained.

At high temperatures, the values of (t5))" become
temperature independent; in this regime the effective
slope of the Arrhenius diagram is governed by the differ-
ence E%, — AH as discussed above. We note that there is
a small kinetic H/D isotope effect of about 1.2 (Table 2)
on the intramolecular exchange. The Arrhenius curves
of the intermolecular exchange (upper curves in Fig.
10(b)) were now simulated assuming that the reaction
enthalpies and entropies of the formation of the reactive
complexes both processes are similar. It is interesting to
note that this intermolecular double proton transfer be-
tween 1 and 2 is slower than the “mono”-functional
intramolecular transfer (Table 2). We find a small ki-
netic HH/HD isotope effect of about 1.3 to 1.7 on the
intermolecular proton transfer of 1 with 2.

The nature of the intramolecular base-catalyzed pro-
ton transfer was studied in more detail using trimethyl-
amine 3 as a base. Here, the convex curvature of the
Arrhenius curve is less pronounced. Assuming that
the enthalpy and entropy of the association as well as
the pre-exponential factor similar as in the corresponding
reaction with 2 , i.e. about 10" s=! (Table 7) we calcu-
lated the lower solid line in Fig. 10(a). The activation en-
ergy in the reacting complex is 4 kJ mol™' larger as
compared to the reaction with 2. An inverse kinetic
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isotope effect of about 0.93-0.97 was obtained (Table 6);
as this effect is so close to unity, and the estimated
margin of error + 0.05, we do not discuss this value in
detail.

In Fig. 10(b) are included the logarithmic values of
7,! = 1,% obtained for the THF-samples #9a and #10
in the absence of added bases, assigned to the reaction
with 4 (Scheme 2). In order to include the data of both
samples on the same Arrhenius curve, those of sample
#9a were scaled by a factor of 2.7 corresponding to
the ratio of inverse lifetimes at 298 K. The graph shows
that the energy of activation of 17 kJ mol~' describes
well both samples. This factor corresponds then to the
ratio of the catalytic base 4 in both samples. The pre-
exponential factor could not be obtained as it was not
possible to detect 4 directly and to measure its concen-
tration. We estimate values of 0.01 M or smaller. The
addition of 0.5 mol~! water to a 0.5 M solution of 1 in-
creases the values of 1,' = 1,% + T4y only slightly, as
indicated in Fig. 10(b). This result indicates that small
traces of water are not responsible for the residual tau-
tomerism of 1.

For each of the samples #12 to #15, containing a
deuterium fraction of 0.98 in the mobile proton sites,
it was possible to measure the inverse life times
(t;0)™ by 'H NMR and the inverse life times
(1,4)°° by "F NMR. Their ratio corresponds to the ra-
tio of the intrinsic rate constants khy /kiny, as the con-
centration of the catalyst X =4 is the same for both
measurements, neglecting isotope effects on the pre-
equilibrium. The kinetic isotope effects obtained are of
the order of 1.6, consistent with a slightly larger energy

<
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4y /CHS
SN H s N4
N ——mm» ,,,%CH
A X 3
N2 CH,
A (0 kJ mol™)
B (137 kJ mol")
C (0 kd mol™)
D (207 kJ mol™)
F

of activation of about 18 kJ mol~' for the DD process as
compared to the HD process.

The observation of these isotope effects indicates that
more than a single proton is exchanged in the residual
tautomerism of 1, most probably a double proton trans-
fer. This finding is consistent with the molecular struc-
ture of 4, where the catalytic active group is the amino
group. The reaction must then take place in such a
way, that a proton of the amino group of 4 is transferred
to 1, when the mobile proton of 1 is transferred to 4.
There may be, however, a chance of up to 1/3 that the
same proton is transferred back to 1.

Unfortunately, it was not possible to study the reac-
tions of 1 with 4 and with water in more detail, however,
the present data show that the basicity of the added
bases plays a major role. As 2, 3 and 4 are expected to
be more basic than water, they catalyze the tautomerism
of 1 in a more efficient way.

5.3. Quantum-mechanical calculations

In order to corroborate these conclusions and to ex-
plore the potential reaction pathways of the intramolec-
ular proton transfer of 1 catalyzed by trimethylamine 3
in a preliminary way we have performed semi-empirical
quantum-mechanical calculations with the PM3-
MNDO method using the MOPAC package versions
6.0 and 7.0 [27]. We are well aware that the results ob-
tained by this method are only qualitative.

We assumed that the motion of the proton is re-
stricted to a plane spanned by the x- and y-axes accord-
ing to Fig. 11, where the plane contains the triazene
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Fig. 11. Potential energy surface of the intramolecular proton transfer in 1,3-bis(4-fluorophenyl)[1,3-1*N,]triazene (1) catalyzed by trimethylamine
(3), calculated using the semi-empirical PM3-MNDO method using the MOPAC package version 6.0 [27]. The proton is assumed to move within a
plane spanned by the axes x and y, containing the triazene moiety and the nitrogen atom of the base. The y-axis goes through the two terminal
nitrogen atoms, the x-axis through the center between the terminal nitrogen atoms. All atomic coordinates besides the transferred proton were
optimized for each position of the latter. A: initial and C: final state, B: transition state of the base catalyzed and D of the non-catalyzed

intramolecular proton transfer. For further explanation see text.
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moiety, the two attached carbon atoms, the mobile pro-
ton and the nitrogen atom of the base. The y-axis goes
through the two terminal nitrogen atoms N1 and N3.
The origin of the y-axis was located midway between
these two atoms. The x-axis is perpendicular to the
y-axis, i.e. indicates the distance of the mobile proton
to the N1---N3 axis. Proton positions outside the molec-
ular plane were not taken into account. The potential
energy surface of Fig. 11 was constructed using MO-
PAC version 6.0 as follows. We choose given values
for the coordinates x and y for the mobile proton, and
optimized the positions of the other protons and all
heavy atoms, keeping both terminal nitrogen atoms on
the y-axis. We note that this surface is a crude approxi-
mation, because not only the proton motion contributes
to the reaction surface but also motions of the other
atoms, in particular a rotation of trimethylamine around
its molecular symmetry axis C; with respect to 1.
Although this rotation was not analyzed in detail, and
is probably not very important, one can anticipate a hin-
dered rotation depending on the proton position. If this
rotation were not taken into account, the proton transfer
would not be degenerate. Only half of the surface was cal-
culated, the other half corresponds to the mirror image.

The energy surface obtained contained several sta-
tionary states. The dashed line on the left side of the en-
ergy surface of Fig. 11 illustrates the proton transfer
pathway, the dashed line on the right side the pathway
of the nitrogen atom N4 of trimethylamine. A and C
correspond to the stable initial and final states which
are degenerate, as we let the trimethylamine group read-
just its rotational angle. B represents the saddle point for
the base catalyzed reaction. D corresponds to a second
saddle point where the mobile proton remains in the
triazene. Both saddle points are separated by a barrier.
We note that D is also present in the absence of the base.

The energies of these stationary states are included in
Fig. 11.

As the energy of B was about 6 times larger than the
experimental energy of activation of 23 kJ mol~' (Table
7) we performed additional calculations of the station-
ary points. Firstly, we recalculated their structures using
PM3-MNDO version 7.0. The structures and energies
obtained were essentially the same as those from version
6.0. The structures of A (C) and B obtained were then
used as input parameters in order to calculate a more
realistic energies using the quantum-mechanical ab ini-
tio program package Gaussian 03 [28]. In particular,
the density functional theory method B3LYP (Becke
3-parameter Lee—Yang—Parr) was chosen using the 6-
31G* basis set. Structures A (C) were completely re-
laxed. In the case of structure B, the coordinates of
the proton in the bifurcated hydrogen bond were kept
constant, whereas all other atoms were relaxed, and
the structure optimized to the transition state. In order
to improve the geometry convergence for B, force con-
stants were evaluated at the starting geometry. The sta-
tionarity condition of all structures was verified by
calculating the respective frequencies. No imaginary fre-
quencies where observed in the case of A (C), whereas
one imaginary frequency was calculated for the transi-
tion state B. Moreover, in order to take solvent effects
into account for the discrepancy we used the polarized
continuum solvent method and the self-consistent reac-
tion field in Gaussian 03 for chloroform and for THF.
Polarizability functions were used for the hydrogen
atoms and for the heavy atoms, while diffusion functions
were added only to the heavy atoms. The structures and
energies obtained are depicted in Fig. 12.

While the fluorophenyl rings in the structures A (C)
are almost located in the molecular plane, exhibiting
only a twist angle of 0.1°, the rings are turned away in

A,C: 0 kJ mol! (DFT)

B : 48 kJ mol! (DFT, CHCl,)
44 kJ mol! (DFT, THF)

D : 260 kJ mol-' (PM3-
MNDO)

Fig. 12. Structures and energies of the stationary states of the surface of Fig. 11; A—C have been optimized using the DFT B3LYP method in
Gaussian 03 [28], and single point energies have been calculated in solution with the PCM solvation model. Structure D is taken from the semi-
empirical PM3 calculation using MOPAC 7.0 [27]. The distances are given in A. Structures were drawn using ArgusLab 4.0 (Planaria Software LLC).
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B from the plane of the triazene nitrogen atoms by —0.6°
and 0.4°. This effect probably arises from an interference
of the phenyl hydrogens with the base methyl groups
during a twist of the base upon proton transfer.

The energy difference between A and B is 48 kJ mol ™'
for chloroform and 44 kJ mol~' for THF. These values
represent still twice the experimental value of
23.2 kI mol™! and need to be further optimized in the
future. Nevertheless, we do not expect major changes
of the geometry of B when carrying out this procedure.
The proton is almost completely transferred to the nitro-
gen atom of the base, resulting in a zwitterionic state.
The NH-distance is found to be 1.07 A, which is in good
agreement with the value 1.075 A of trimethylammo-
nium chloride found by dipolar NMR [29]. B is then
characterized by a bifurcated hydrogen bond to the ter-
minal nitrogen atoms of 1 (1.89 and 1.99 A, respec-
tively), reinforced by the electrical charges. This
Coulomb interaction prevents B from dissociation into
the ions, in contrast to the initial states where only
hydrogen bond interactions between 1 and the base pre-
vail. B is substantially lower in energy than the second
saddle point D. Its structure, calculated using PM3-
MNDO MOPAC 7.0, is depicted in Fig. 11. The calcu-
lated energy of 260 kJ mol ! was found to be larger than
the value calculated with MOPAC 6.0. As this point
could not be compared with the experiment, we did
not further study the origin of this difference, nor tried
to optimize this point using the DFT method. We note
that Pye et al. [16] have calculated a value of
240 kJ mol ™! for this transition state for the unsubsti-

tuted triazene in the absence of the base. As the semi-
empirical calculations normally yield energy values
which are much larger than those obtained from ab ini-
tio methods it seems that the aryl groups stabilized state
D.

The bifunctional proton exchange of 1 with 2 proba-
bly also occurs via protonation of the amine according
to Scheme 2c, because the exchange with water is much
slower. This points into the quantum-mechanical calcu-
lations of Pye et al. [16] who found that the exchange of
water with unsubstituted triazene proceeds by proton-
ation of the latter according to Scheme 2c.

5.4. Kinetic isotope effects: single vs. double barrier case

For the intramolecular single proton transfer of 1 cat-
alyzed by trimethylamine 3 no kinetic H/D isotope effect
was observed, with a tendency of even values smaller
than unity. The corresponding reaction of 1 with 2
exhibited small effects of the order of 1.2. The kinetic
HH/HD isotope effects observed for the bifunctional
double proton transfer of 1 with 2 were found to be a
little bit larger, typically about 1.7. These values are very
small as compared to those obtained previously for
other single [30] and double proton transfers [25b,8] in
NHN-hydrogen bonded systems. The origin of kinetic
H/D isotope effects is depicted schematically in Fig.
13. They arise when the zero-point energy difference
AZPE of a given mobile proton site is decreased in the
transition state and/or when the transfer occurs by
tunneling.

1/T

1/T 1/T

Fig. 13. Expected temperature-dependent kinetic H/D isotope effects of a degenerate base-catalyzed single proton transfer. (a) Single barrier or
“concerted” case. (b) “Plateau-reaction” and (c) double barrier or stepwise case. The zero-point energies of H and D are visualized using the
harmonic approximation. Tunneling between potential wells is visualized by sinusoidal arrows. Tunneling in (b) is absent because of major heavy
atom motions implying large tunneling masses. For further explanations see text.
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For the intramolecular base catalyzed reaction one
can conceive a single-barrier case (Fig. 13(a)), a dou-
ble barrier case (Fig. 13(c)) and intermediate case
(Fig. 13(b)). In the single barrier case, the old and
the new bond of the hydron transferred are both par-
tially broken and formed. The hydrons transferred all
loose substantial ZPE in the transition state, mainly
because of a lowering of their zero-point energies
[32]. This transition state may be identified with state
D in Figs. 11 and 12. Large kinetic H/D isotope ef-
fects result for the over-barrier reaction according to
Bigeleisen theory [33], as indicated by the Arrhenius
curves included at the bottom of the figure, which
are valid at high temperatures. At low temperatures,
tunneling between the potential wells can dominate, as
visualized by sinusoidal arrows. This can lead to lar-
ger isotope effects, but requires also little heavy atom
motions which would lead to large tunneling masses
and low tunneling probabilities. The “‘stepwise’” mech-
anism involves two barriers and one intermediate,
where the proton is transferred to the base. Here, also
substantial kinetic H/D isotope effects are expected,
arising from the over-barrier reactions and from tun-
neling. The intermediate case involves a very large
barrier “plateau”, where the center corresponds to
transition state B of Figs. 11 and 12. In the plateau
regime, the hydron is bound to the base, and exhibits,
therefore, usual stretching and bending frequencies.
This means that there is almost no change of the
ZPFE between the initial states A and C and the tran-
sition state B, and hence, only small kinetic isotope ef-
fects are expected at high temperatures. As the base
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has to be displaced during the reaction, and solvent
reorganisation has to occur in the transition state,
tunneling will be unlikely to occur because of very
large tunneling masses.

The situation for the bifunctional base-catalyzed sin-
gle barrier case is depicted in Fig. 14(a). Both protons
loose zero-point energy in the transition state, mainly
because of a lowering of their zero-point energies by
hydrogen bond compression [32]. This situation is char-
acterized at high temperatures by two large and similar
HH/HD and HD/DD isotope effects, as indicated in the
corresponding Arrhenius curves depicted below [31]. At
low temperatures, tunneling can lead to concave Arrhe-
nius curves and deviations from this “rule of the geo-
metric mean”. In Fig. 14c is depicted the double
barrier or “stepwise” case which involves also substan-
tial kinetic H/D isotope effects. Tunneling is hindered
by the large energy of the intermediate. Finally, Fig.
14b represents an intermediate case involving again a
barrier plateau. Double-proton transfer plateau reac-
tions have been studied theoretically by Rauhut et al.
[34]. However, multiple kinetic HH/HD/DD isotope ef-
fects have not yet been elucidated theoretically. How-
ever, some of us have argued some time ago that the
kinetic HH/HD/DD isotope effects should be small,
and the rule of geometric mean should be fulfilled as
illustrated in the Arrhenius diagram of Fig. 14(b) [35],
because both mobile protons will exhibit similar zero-
point energies in both the initial and the transition
states. This is indeed what is observed here for the reac-
tion of 1 with 2, which provides again evidence that the
exchange is assisted by the basicity of 2.
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Fig. 14. Expected temperature dependent kinetic HH/HD/DD isotope effects of degenerate double proton transfers. (a) Single barrier or
“concerted” case. (b) Plateau-reaction and (c) double barrier or stepwise case. For further explanations see Fig. 13 and text.



H.-H. Limbach et al. | Chemical Physics 319 (2005) 69-92 89

5.5. Catalyzed proton exchange reactions

We come back to the problem of the residual proton
exchange of 1 via the structural decomposition isomer
X =4 because of its general importance for proton ex-
change studies by NMR. This is because among the
many proton donors only very few of them exhibit the
property of forming cyclic hydrogen bonded intermedi-
ates in which a multiple proton transfer can take place.
In our laboratory, we had made great efforts in the past
decade to find this kind of molecules. Most proton do-
nors, however, exchange protons with the assistance of
catalysts, which can either be an impurity of the donor
itself or be introduced by the solvent or during the sam-
ple preparation process.

By NMR, the inverse life times or pseudo-first order
rate constants 7, of a proton donor A exchanging pro-
tons with a catalyst X according to Eq. (3) are measured.
The values of 7,5 depend on the concentrations of the
partners, the equilibrium constant K of the formation
of the reactive complex, and on the rate constant kax
of the exchange in the reactive complex. Eq. (8) and Ta-
ble 1 predict that 7} decreases when the concentration
of A is increased, and the concentration of X is constant,
as one might expect for the case of a solvent impurity
such as residual water. By contrast, when the concentra-
tion of X is related with the concentration of A, i.e. if
r = Cx/C4 is constant, a second-order rate law is ob-
tained where t,} = rkaxKCa when K is small, mimick-
ing the reaction of two molecules of the type A in a
cyclic dimer. On the other hand, when K is large,
Tox = rkax, i.e. a rate law is obtained which is first order
with respect to Ca.

With these results in mind, let us discuss the finding
of either first- or second-order rate laws reported by
Lunazzi et al. [12] for the proton self-exchange of diaryl-
triazenes. Formally, these findings are in agreement with
the mechanism of Scheme 2a, assuming a large equilib-
rium constant K of the formation of cyclic dimers in case
of the first order and a small constant in case of the sec-
ond-order processes. However, this explanation is not
satisfying because 1 and also other triazenes do not ex-
hibit the low-field chemical shifts at increasing concen-
tration found for the mobile protons of diarylamidines
in tetrahydrofuran [9c], typical for the formation of
the hydrogen bonded cyclic dimers which also prevail
in the solid state [10]. Therefore, the explanation of sec-
ond- or first-order rate laws of the triazene self-exchange
in terms of an unidentified species is more likely, catalyz-
ing the proton exchange according to Scheme 2c. Such a
species could have been a rare conformer, for example
an s-cis form, for which evidence was obtained here
for the first time in the case of 1. As indicated by the so-
lid lines in Fig. 4, the second-order regime is realized at
low concentrations or small equilibrium constants K of
the formation of the reactive complex between the tria-

zene and the catalytic species. In this case, however,
reproducible rate constants will be obtained, in contrast
to our finding for 1; therefore, the catalytic species has
to be here a decomposition product of 1, probably of
the structure 4. This can explain, why the observed
self-exchange rates of 1 vary from sample to sample.
In case where the concentration of catalytic species is
constant, arising for example from a constant solvent
impurity such as water, the pseudo-first-order rate con-
stants measured should decrease with increasing triazene
concentration. The kinetics of the reaction of 1 with the
unidentified catalytic impurity could not be followed be-
cause its concentration was unknown. Only, the energy
of activation was determined to be around 17 kJ mol!;
moreover, a kinetic HD/DD isotope effect of about 1.7
was observed, which is compatible with a double proton
transfer according to Scheme 2c.

The reason why the proton exchange in cyclic hydro-
gen bonded dimers of diaryltriazenes is largely sup-
pressed in contrast to the diarylformamidines was
already rationalized in the introduction: the aryl groups
are coplanar to the triazene unit, precluding the forma-
tion of such dimers with short N---N distances of about
3 A [9d], whereas in the diarylamidines the approach is
possible because the aryl rings are not coplanar with
the amidine unit due to steric interactions of the aro-
matic protons and the formyl proton. This interpreta-
tion shows how important small changes of the
chemical structure can be for the molecular function.

At this stage, we want to comment a result found by
one of us concerning the proton exchange of malonalde-
hydedianil (or N-[3-(phenylamino)-2-propenylidene]-
benzenamine) (5, Fig. 15) three decades ago which has
been a mystery since this time [36]. This system was
the first in a long series of dynamic NMR studies of pro-
ton transfer in our laboratory. According to Fig. 15(a),
this molecule is present in CS, solution at room temper-
ature as a cis-form characterized by an intramolecular
hydrogen bond in which a fast intramolecular proton
transfer takes place. At low temperatures, a trans-form
was found which forms cyclic trimers, exhibiting a con-
certed triple proton transfer according to Fig. 15(b)
which could be followed by dynamic NMR. The latter
process involved a normal pre-exponential factor of
the order of 10'? s™'. However, the cis-form was subject
to an intermolecular proton exchange, exhibiting a large
negative entropy of activation but a first-order rate law.
Although we have not re-studied this system here, we
can now at least offer for the first time an explication:
there had to be an unidentified species BH which cata-
lyzes the proton exchange according to Fig. 15(a). The
most likely molecule is a remaining trans-form, which
finds as hydrogen bond partner only cis-molecules.
The first-order rate law is again explained in terms of
a large equilibrium constant for the formation of the
reactive complex in which the exchange takes place.
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Fig. 15. Proton exchange of the monomeric cis-form (a) and of the trimeric trans-form (b) of malonaldehydedianil 5 studied in [36].

5.6. Hydrogen bond dynamics

As bifunctional double proton transfer has been as-
sumed to be a more efficient process in aprotic environ-
ment for exchanging protons than a monofunctional
catalysis [4,5] which generally requires the last dissoci-
ation step in Eq. (1) it was at first surprising for us that

a i N
O+H---B>
R— \ e
b o*
[ CHy -~ CHs /
\ N
/N\H\/\, . H/F
CHy [ °F-
d
,/‘_"‘\\ /CH3
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the intramolecular monofunctional proton transfer be-
tween 1 and 2 is faster than the intermolecular bifunc-
tional transfer of the same molecules. The fast
intramolecular transfer occurs, however, without disso-
ciation, involving a hydrogen bond switch of the inter-
mediate A~---H-B" according to Scheme 2b. This
switch is faster than the dissociation process or the

Scheme 3.
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intermolecular bifunctional double proton transfer.
This result is in agreement with the concept that hydro-
gen bonded complexes in aprotic environment are not
static but fluxional, especially with respect to degener-
ate hydrogen bond switches. Here, the switch is moni-
tored by the proton transfer coupled to the switch.

Some of us have obtained related fast hydrogen bond
switches proceeding without dissociation hydrogen
bonded complexes of acetate with acetic acid [37], pyri-
dine with acetic acid [38], and of collidine with HF
according to Scheme 3 [39]. In the latter case, the activa-
tion energy for the reorganization was also only about
20 kJ mol~'. This research area is still unexplored, be-
cause these degenerate hydrogen bond switches can only
be seen by NMR which needs to be done at very low
temperatures and which requires suitable nuclear spin
probes.

6. Conclusions

We have shown that N,N-diaryltriazenes are interest-
ing model compounds for the study of intramolecular
and intermolecular base-catalyzed proton transfer reac-
tions. Interesting Arrhenius curves are obtained, exhib-
iting a convex curvature, which contrasts concave
curvatures arising from tunneling. The convex curvature
arises here from the fact, that the reactive complex in
which the proton transfer takes place, dissociates at high
temperatures.

The intramolecular base catalyzed transfer proceeds
via a proton transfer to the base and an associated
hydrogen bond switch. In the transition state, the pro-
ton is bound to the base, exhibiting a usual zero-point
energy. This finding, as well as major motions of the
base along a “plateau” preclude large kinetic H/D iso-
tope effects. The process does not require dissociation
into the free cation and the anion, which would in-
volve a considerable free energy. It can, therefore,
sometimes constitute an alternative mechanism to
bifunctional intermolecular base catalysis [4,5]. This
because the usual assumption that dissociation is re-
quired in a monofunctional base catalyzed process is
not a pre-requisite in the monofunctional hydrogen-
bond switch assisted catalytic process. Our results sup-
port especially the idea of the lysine amino group in
enzymes as a proton carrier from one substrate site
to another via a proton uptake, displacement of the
ammonium group in space and subsequent proton re-
lease to another site of the substrate instead of a
bifunctional proton transfer [Sh]. Thus, in future com-
putational and experimental studies of proton transfer
pathways in functional proteins, we think it is worth
also to explore the monofunctional pathway even if
it requires major heavy atom motions.
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