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Dynamic NMR Study of the Kinetic HH/HD/DD Isotope Effects on the Double Proton
Transfer in Cyclic Bis(p -fluorophenyl)formamidine Dimers'

Ludger Meschede’ and Hans-Heinrich Limbach*¢

Institut fur Physikalische Chemie der Universitat Freiburg i.Br., Albertstrasse 21, D-7800 Freiburg, Germany
(Received: March 8, 1991)

The 'H and 'F NMR spectra of ’N,}*N’-bis(p-flucrophenyl)formamidine (DFFA) dissolved in tetrahydrofuran (THF)
were measured and analyzed as a function of temperature, concentration, and deuterium fraction in the mobile proton sites.
DFFA exists in THF as an s-trans conformer A and an s-cis conformer B. At low concentrations both conformers are present
as monomers A, and B;, which are hydrogen bonded to the solvent. At higher concentrations, A forms cyclic dimers A,.
In these dimers, a double proton transfer takes place characterized by kinetic HH/HD/DD isotope effects. The following
thermodynamic and kinetic quantities were obtained by NMR line- shape analysis and magnetization transfer experiments
in the rotating frame. The equilibrium constant of the isomerization is given by Kpa, = exp[(—2 + 1 J mol™t K™!)/R] exp[(1.0
+ 0.2 kJ mol™')/RT], 176 K < T <271 K. The rate constant of the interconversion is given by kj p, = 10143%10 exp[(-62.5
+ 1.0 kJ mol™')/RT] s7!, 237 K < T < 302 K. The equilibrium constant of the formation of Az from A, is given by

Ka, = exp[(-29 £ 1 J mol™t K™')/R] exp[(5.7 £ 0.3 kJ mol™)/RT] L mol™, 170 K < T < 254 K

For the tautomerism in the cyclic dimer the following isotopic rate constants were obtained: k,,HH = 10%9%03 exp[(-18.9
£ 0.3 kJ mol™)/RT] s7%; ky HD = 10107%03 exp[(~26.7 + 0.3 kJ mol™')/RT] s7!; k, PP = 10!!5+03 exp[(—33 4 = 0.3 kJ mol™)/RT]
s, 164.2 K < T < 260.9 K; with the kinetic isotope effects of k JH k) HD =3 & 4, kag P ka,PP = 10 & 2, ko, HH/ky PP
= 237 %+ 20 at 189.2 K. The Arrhenius curves of all isotopic reactions Could be simulated in terms of a concerted proton
transfer that proceeds by thermally activated tunneling at low temperatures. This result is in contrast to previous findings
for intramolecular degenerate double proton transfer reactions where stepwise reaction pathways have been established. With
a three-dimensional model potential surface it is shown, however, that the difference between the concerted and the stepwise
reaction pathway disappears when the hydrogen bond length is decreased during the course of the reaction. It follows that
the observed kinetic isotope effects are in agreement with both a concerted or a stepwise reaction pathway in a compressed

hydrogen-bonded state.

Introduction

In 1969 Taylor, El-Bayoumi, and Kasha found evidence of a
photoinduced nondegenerate double proton transfer in cyclic
7-azaindole dimers.! In subsequent studies®™!! this process was
studied in more detail, especially in supercooled jet streams,®!
Thus, it was found that the phototautomerism of 7-azaindole is
characterized by kinetic HH/DD isotope effects. It has been
argued that proton tunneling must play a role in this reaction®”
and that the reaction can be promoted by excitation of the sym-
metric hydrogen-bonded stretching vibration.!%!!

To obtain further information on the mechanisms of double
proton transfer reactions, the measurement of the full kinetic
HH/HD/DD isotope effects is desirable. These effects can be
obtained for degenerate or near-degenerate reaction systems by
dynamic liquid- and solid-state NMR techniques of suitably
isotopically labeled compounds.'>? A search for symmetric
analogues of 7-azaindole exhibiting similar hydrogen bonding and
proton transfer capabilities leads to the class of amidines
RNHCH=NR. Evidence for a liquid-state tautomerism of
symmetric N,N-diarylamidines has been obtained by Borisov et
al®  We have recently studied the dynamics of N,N’-di-
phenylformamidine (DPFA) dissolved in tetrahydrofuran by 'H
NMR spectroscopy.'® For this purpose DPFA had to be labeled
with the '*N isotope to avoid '“N quadrupole effects on the NMR
spectra. Experiments were performed on the mobile 'H-*N
proton signals at different concentrations and temperatures in the
mobile proton sites. Thus, good evidence could be obtained for
the reaction network shown in Figure 1. DPFA is subject to a
conformational isomerism between an s-trans form A and an s-cis
form B. The latter is present as a monomer B,, hydrogen bonded
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to the solvent. At low concentrations the s-trans form also forms
solvated monomers A;. However, at higher concentrations A
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Figure 1. Exchange processes of N,N’-diarylamidines in THF as iden-
tified by NMR spectroscopy.!®?® DPFA: R = phenyl. DFFA: R =
p-fluorophenyl.

forms cyclic dimers A,. The kinetics of proton exchange between
DPFA molecules was followed as a function of concentration and
temperature. It was found that A but not B exchanges protons;
two molecules were involved in the exchange. 'H NMR exper-
iments at different deuterium fractions in the mobile proton sites
allowed us to determine the number of protons transferred in the
rate-limiting step to be m = 2 and to establish a kinetic HH/HD
isotope effect on the exchange. Thus, evidence was obtained that
the double proton transfer takes place in the cyclic dimer A,.
Unfortunately, only the kinetic HH/HD isotope effects could be
obtained for DPFA because of absence of a suitable spin label
sensitive to these effects.

In a recent paper®® we could, however, show that the full kinetic
HH/HD/DD isotope effects on the amidine tautomerism can be
obtained by '"F NMR spectroscopy of N,N’-bis(p-fluoro-
phenyl)formamidine (DFFA). Experiments were reported for one
concentration at 189.2 K where the kinetic HH/HD/DD isotope
effects were given by the values 233:11:1. This result constitutes
a substantial deviation from the so-called “rule of the geometric
mean” (RGM), which states that

kHD = (kHHkDD)l/Z’ i.e., kHH/kHD = kHD/kDD (l)
The RGM has been derived from a combination of transition-
state?” and Bigeleisen’s equilibrium isotope effect or isotope
fractionation theory®* for the case of a concerted double proton
transfer over the barrier. In recent years several cases were found
where deviations from the RGM were observed.!21417.18.20,21,35.36
For example, the kinetic HH/HD/DD isotope effects of proton
exchange in cyclic 1:1 complexes of acetic acid and methanol
dissolved in THF were given by the values 15:3:1 at 298 K.'* This
result could be interpreted in terms of a concerted proton motion
involving tunneling. Larger deviations were observed for intra-
molecular double proton transfer systems.!>!”!® The kinetic isotope
effects of these reactions could be described by the equation
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—=——— ——=PS, P»S=~] (2

derived by using formal kinetics for the case of a stepwise proton
transfer mechanism.'” Here, P represents the primary kinetic H/D
isotope effect of the proton in flight and S the secondary isotope
effect of the bound proton. Increasing S in eq 2 from the usual
value of 1 to P as expected for a concerted double proton transfer
leads to eq 1.

Recently, the structure of the transition state of the double
proton transfer in formamidine dimers has been studied by using
ab initio methods.>”%® It is very interesting to note that as the
level of sophistication in the calculations is increased, a switch
from a concerted to a stepwise reaction pathway is observed.

To elucidate experimentally the mechanism of the double proton
transfer in formamidine dimers, we herewith report on the results
of a systematic study of the system DFFA/THF as a function
of temperature, concentration, and deuterium fraction in the
mobile proton sites using various methods of dynamic NMR
spectroscopy. Thus, the kinetic HH/HD/DD isotope effects on
the double proton transfer in cyclic DFFA dimers could be ob-
tained in a wide temperature range. The paper is organized as
follows: After an experimental section, we review in a theoretical
part the formalism used for deriving the kinetic data from the
NMR experiments. Then the experimental results are reported.
The discussion deals with the questions as to whether tunneling
is involved, whether the reaction is concerted or stepwise, and how
compression of the hydrogen bonds may affect the two pathways.

Experimental Section

Synthesis of Isotopically Labeled DFFA. 'N-labeled DFFA
was prepared as described previously?® from '’N-labeled p-
fluoroaniline. The latter was synthesized from p-fluorobenzoic
acid and "NH,CI via the amide and subsequent Hoffmann
degradation.

Sample Preparation. The sealed DFFA NMR samples had to
be prepared very carefully on a vacuum line in order to exclude
air and moisture and any other impurities that might catalyze the
proton exchange. The procedure is similar to that described for
DPFA.!® Since the density of THF is temperature dependent,
the concentrations C(7T') at temperature T were calculated for each
sample using the following equation:*

C(T)/C(298 K) =1 +9.26 X 1074298 - T) 3)

The values of C(298 K) and of the deuterium fraction D in the
mobile proton site were checked by 'H NMR spectroscopy. A
0.25 M sample was used as a reference.

NMR Measurements. The 300-MHz 'H NMR spectra were
recorded with a Bruker MSL 300 pulse FT NMR spectrometer,
the 84.7-MHz '*F NMR spectra with a Bruker CXP 100 pulse
FT NMR spectrometer working at 90.02 MHz for 'H, During
the 'F NMR experiments the protons were decoupled by using
the continuous-wave homodecoupling technique, with the irra-
diating frequency being centered on the aromatic protons. For
temperature control a Bruker B VT 100 unit was employed. The
sample temperatures were checked before and after each exper-
iment with a Pt 100 resistance thermometer (Degussa) imbedded
in an NMR tube; they are estimated to be accurate to about 0.5
°C. The temperature stability during the measurements was,
however, better than 0.2 °C. The spectra were transferred from
the Bruker minicomputers Aspect 3000/2000 to a personal com-
puter and then to the Univac 1108 computer of the Rechen-
zentrum der Universitdt Freiburg. Kinetic and thermodynamic
parameters were obtained by simulation of the spectra, as described
below. Various experimental data were fitted to theoretical curves
by using a nonlinear least-squares fit program.
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Theoretical Section

Evaluation of Kinetic Data from the NMR Spectra of DFFA.
(a) Definition of the Kinetic Quantities. Let us first recall the
kinetic and thermodynamic quantities that determine the ex-
change-broadened NMR spectra in the presence of a simple
molecular interconversion:

=] @
characterized by the equilibrium constant
Ky=ky/ki=C/C (%)

C, is the concentration of species / and k;; the pseudo-first-order
rate constant of the interconversion from / to j. NMR experiments
are generally performed under equilibrium conditions. The NMR
line shapes depend on the inverse lifetimes:

Tij_l = k,j = _C,'—l dC,_.I/dt (6)

dC,_.;/dt is the number of moles per liter of species / reacting per
second to j.
Here we consider the molecules AL, AM*, where L, M* = H,
D represent mobile protons and deuterons subject to the following
isotopic exchange reactions:
-1 -1

AH 7, AH*  AH -2, AD, -
T o [d -

AD =2, AH, AD —2Z . AD*,
T ! TADAYD

AH 222, A*H, AD ——— A*D (8)

In eqs 7 and 8 asterisks are introduced to characterize physically
different but chemically identical particles. 743 4;+7!, with LL*
= HH, HD, DD, represents the pseudo-first-order exchange rate
constant of group A between the environments AL and AL*, i.e.,

the inverse correlation time of group A with spin L before the-

latter is replaced by spin L*. 7,4+ "' represents the inverse
lifetime of the isotope L before the transfer from A to environment
A* takes place. These lifetimes are obtained from eq 6 as follows:

Tatars” = —(1/CaL) dCap—ar+/dt,
LL = HH, HD, DH, DD

tanas | = Tag !t = —(1/Cay) dCag—aen/dt 9
7apasp = Tap” = —(1/Cap) dCap—asp/dt

It is evident that 751 5. "! can be determined only by line-shape
analysis of the remote A-spin spectra. By contrast, 741417 is
obtained by NMR spectroscopy of the L spins. The different
inverse lifetimes in eq 9 can, however, be obtained only if the
hydrogen-exchange process to be studied modulates the spin
hamiltonian of the A and/or of the mobile isotopes L. As shown
in the following, information on the kinetic hydrogen/deuterium
isotope effects can be obtained by monitoring the dependence of
the correlation times as a function of the deuterium fraction of
the sample.

To be more specific, let us consider now the following isotopic
double hydrogen transfer reaction set:

k HH

AH + A*H* — AH* + A*H (10)
k,HD

AH + A*D — AD + A*H (11)
k DD

AD + A*D* — AD* + A*D (12)

where k,'L is the second-order rate constant of the LL reaction.
We are interested in a relation between the inverse lifetimes and
the koLl values. Let

Ca=Cant+ Cap (13)

be the total concentration of A. Using conventional kinetics, we
obtain

Tanans! = kKHHCy = (1 - D)K,HHC, = (1 - D)KHH (14)
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Tanap " = k2PCay = Dk,HPC,, = DKHP (15)
Tapan” = kMPCay = (1 - DYKHPC, = (1 - D)kHP (16)
Tapap+ = ksPPCuy = Dk,PPC, = DKPP 17

Tanar” = Tan = BMHCaut kHPCyp =
((1 = DYk™ + Dk,HP)C, = (1 - D)KHH + DEHD (18)
Tapasp” = 7ap” = KHPCuyt k,PPCop =

((1 = D)kHP + DK,PP)C, = (1 - D)KHP + DKPP (19)

All quantities are linearly dependent on the deuterium fraction
D. Tt is convenient to combine the total concentration C, with
the constants k,"" to the pseudo-first-order rate constants k'L,

(b) NMR Line-Shape Theory. NMR line shapes are determined
by the time evolution of the transverse elements of the density
matrix p* during the acquisition time. In the absence of high-order
spin—spin coupling, the elements of p' are equal to the expectation
values G of the complex transverse magnetization. In the Liouville
space the time evolution of p' is given by the master equation

dpt/dt = M'p! (20)

For t — = the elements of p' vanish, i.e., p'(«) = 0. If the elements
of p* at ¢ = 0 and WM are known, eq 20 can be solved and the line
shapes calculated by using known procedures.***! The matrix !
depends on whether experiments are performed on the mobile
hydrogen isotopes L = H, D or on remote spins in the remaining
group A. In the case of DFFA the chemical shift of the ex-
changing proton is not modulated during the exchange. Therefore,
the line shapes of the latter are sensitive to the exchange only if
the scalar spin—spin interaction to spins in A is modulated. This
is the case when the nitrogen atoms in DFFA are labeled with
the I°N isotope. The line-shape theory for this case has been
described.!®?!  Basically, from the line-shape analysis of the labile
proton the quantity Toyxy™! = Tau~! can be derived which, for
a double proton transfer, depends on the pseudo-first-order rate
constants kHH and kHP according to eq 18.

Within the context of this study, NMR experiments have been
performed mainly on the remote °F spins in the remaining group
A. In this case, both species AH and AD contribute to the line
shape of A. Let us consider here the simplest case, where high-
order scalar spin—spin coupling between A spins and L spins can
be neglected and where the chemical shift of A is modulated by
the exchange. Then, eq 20 can be replaced by a similar equation
of the complex transverse magnetizations G. Let v, be the
chemical shift of A before and v, the chemical shift after the
exchange. The time dependence of the elements of G that de-
termine the line shape can then be described by eq 21, Chart I,
where for one-pulse experiments p'(0) is given by the population
vector

P = [pan:Pan:PapiPap),  With 7apap™ /Tapan™ = Pap/Pan
(22)

T, = 1/(xW,) is the effective transverse relaxation time, and W,
the line width in the absence of exchange. For the case of a double
proton transfer eq 23 (Chart II) follows from eq 14-19, 21, and
22. When the data are collected in one-pulse experiments, the
magnetizations at ¢ = 0 are equal to the elements of the population
vector, i.e., given by

PaH=Pau=1-D, pap=pap=D (24)

(c) Magnetization Transfer in the Rotating Frame, In the
slow-exchange range NMR line-shape analysis is not precise
enough in order to measure the kinetic quantities. The latter can,
however, be obtained in this range by following the time evolution
of the magnetizations G in the rotating frame under spin locking
conditions.2!#243 The time dependence of G is obtained from eq

(40) Binsch, G. J. Am. Chem. Soc. 1969, 91, 1304,

(41) Ernst, R. R.; Bodenhausen, G.; Wokaun, A. Principles of Nuclear
Magnetic Resonance in One and Two Dimensions, Clarendon Press: Oxford,
1987.

(42) Hennig, J.; Limbach, H. H. J. Magn. Reson. 1982, 49, 322.
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CHART1
_G 1 [ - twws™  Taane
AH - YT, + 2miv,y
G TaAHAH®* TaHAH* "' = TAHAD™
I Rl I - YT, + 2mivyy
dt T -
G ADAH
TaHAD
Gap
CHART II
G -1 -D™ _ pk™® (1 - p™
AR ~UT, + 2miv,y
G 1 - D™ -1 - D - piP
94 A = =1/T, + 2R/ivyy
dt HD
Cup Dk
DK®
Gap

21 or 23 by setting all chemical shifts »; = 0 and replacing the
transverse relaxation time T, by the longitudinal relaxation time
in the rotating frame, T),. The resulting equations can be solved
numerically. In the case treated here the symmetry of the ex-
change matrix can be used in order to reduce the dimensionality
of the exchange problem. Thus, we obtain

d [Gay+Gam | _
dt |Gap+Gap |~
—1”19 - 'TAHAD-I TADAH-I GAH + GArH (25)
'TAHA.D—l _llTlp - 'TADAH_l GAD + GA’D
9 Gau - Gam | _
dt |Gap - Gap
=1T), - 2tagane™! - Tanap | Tapan %
Tamap ™' -UTy, ~ 2tapaps " = Tapan™
GAH - GA'H
Guo - Gao| #¥
These equations are of the type
d |, Apdn || h
— = 27
dt | L Ayhp {2 @n
whose solutions are given by
Lo _ |1, I_ 8
[lz(t)] = [12* ] exp(Af) + 12_] exp(AD) (28)
with
As = (A + Ap) £ KAy — Ap)*+ 44,452 (29)
fie | _ |[#A120) £ Ay — ADLONA, - A) 30)
I [#A010) £ (A = ADLON/IA, - A)

Using the initial values
Gau(0) = Gon(0) =1 -D, Gup(0) = Gop(0) =D 31)

(43) Limbach, H. H.; Wehrle, B.; Schlabach, M.; Kendrick, R. D.; Yan-
noni, C. S. J. Magn. Reson. 1988, 77, 84.
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_] = ]
T
ADAH GAH
TaHAD "
Gan
~Tapan ™~ Tapap*”'  TapAD* ™ G @n
- 1T, + 2miv,p AD
Tapap*”! ~TapaH " — Tapap* G
~UT, + 2miv,p AD
e ][]
(1 -D)
(1 - DWP
GA’H
(23)
-(1 - D) - piPP  piPP G
1T, + 2mivyy, AD
DIPP -(1 - D} - piPP G
1T, + 2mivap AD

it can easily be shown that the time evolution of the sums G,y
+ Gay and Gap + Gap are simple exponentials governed by the
relaxation time 7',

Gan + Ga = 2(1 - D) exp(-t/T\,),
GAD + GA’D =2D exp(—t/T“,) (32)

By contrast, the differences G,y — Gop and Gap — Gap are double
exponentials. Of special importance are experiments in which

Gan(0) = ~Gou(0) =1 -D, Gap(0) = -Gop(0) =D (33)

In the case of large kinetic hydrogen/deuterium isotope effects
where

TAHAH* ' > TAHAD '» TADAH '» TADAD® ' (34)
we again obtain expressions that are single exponentials:
Gan = Gan =
2(1 - D) exp[-#(1/ T, + 27apan+" + Tanap )] (35)

Gap — Gap = 2D exp[~1(1 /T, + 27apap*" + Tapan)]
(36)

These equations also follow directly from eq 26 by neglecting the
off-diagonal elements. For a double proton transfer reaction it
follows with eqs 14-19 that

G- Gan =
2(1 - D) exp[-t(1 /Ty, + 2(1 - DYKMH + DEHDY] (37)

Gap - Gap = 2D exp[-1(1/T,, + 2Dk + (1 - D)kHP)]
(38)

Equation 38 will be used in the analysis of the deuteron transfer
rates of DFFA in the results section.

(d) Effect of Rotational Isomerism on the NMR Line Shapes
of DFFA. As shown below, DFFA exists in two conformational
states, AL and BL, L = H, D. Only AL is subject to proton
transfer. Since no equilibrium and kinetic isotope effects on the
conformational isomerism were observed, the rate and equilibrium
constants of the latter process are given by

Kas = kap/kpa (39)

To describe the exchange-broadened NMR line shapes in the
presence of rotational isomerism, eq 21 has to be expanded.
Actually, a second diagonal block of dimension 4 has to be added
for BL where all proton and deuteron transfer rates are set to zero.
The upper (lower) nondiagonal block of the matrix J# contains
in its diagonal part the elements k55 (kgs). The latter quantities
are substracted from the diagonal elements in such a way that
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the sum of all elements in each column vanishes.

Evaluation of Concentration-Dependent Kinetic and Thermo-
dynamic Quantities of the DFFA Network. In this section relations
between quantities defined in the previous section, obtainable by
NMR and the kinetic quantities characterizing the full reaction
network of Figure 1, are derived.

(a) Concentration Dependence of the s-cis/s-trans Isomerism.
The total concentration C of DFFA is the sum of the concen-
trations of the conformers A and B:

C=Cy+ Gy (40)

Let ¢, and cp, the concentrations of the monomers, c,, the
concentration of the cyclic dimer of A. Then

Ca =ca, + 24, Cg=cg (41)

Experimentally, the intensity ratio / of both conformers is ac-

cessible by signal integration. [ is equal to the effective equilibrium
constant K, of the isomerism:

I'=Cn/Cs = kpa/kan = Kpa (42)
I, k,p, and kg, are obtained by line-shape analysis as mentioned
in previous section. In Figure 1 it is assumed that the intercon-
version of A and B takes place only in the quasi-monomeric state.

Therefore, Kag, kag, and kg, are not true constants in contrast
to the quantities defined as follows:

Iy = I(C—0) = cp,/cp, = Kpa, = kpa,/kap, (43)
kap, =-1/ca,(dca,-p,/d0) (44)
It follows that
kap = —1/Ca(dCs_p/dt) = —1/Cy(dcp,—p,/dt) =
(ca,/C)kam, (45)

By combination of eqs 40 and 42 it follows with ¢z, = Cy that

Cy=CI/I+1) (46)
and that

ca, =Clo/UI+ 1) (47)
With eq 45 it follows then that

kap = kap,(lo/D (48)

For C— 0, i.e., I = I, it follows that kzp = ku 5,, For C— =,
CA > CB, I— = and kAB =0.

Let us now introduce the equilibrium constant K, of the di-
merization of A:

KAZ = CAZ/CAlz (49)
By combination of eqs 40, 41, 43, and 49 it follows that
C= CB + CA = CAI(l + 1/10) + ZKAZCA,Z (50)
I = l/2[10 - 1 + [(1 + 10)2 + 8KA2C102]1/2] (51)
C = AU+ DU - 1) /K1) (52)

Thus, by measuring [ as a function of C, one can obtain the
equilibrium constant K, of the dimerization of A.

(b) Concentration Dependence of Chemical Shifts. Information
about K, can also be obtained from the analysis of the chemical
shifts of A. Since the quasimonomers and the dimers are in fast
exchange, the average chemical shift of any nucleus in A is given
by

Vo = VA,CAl/CA + 2VA2cA2/CA (53)
By simple arithmetic using egs 41, 49, and 53 it follows that'®
1
= + - 1 — ———[(8K,,Cs + DV2 =1
VA VA, (VAZ VA,)[ 4KA2CA[( A“A ) ]

(54)

For CA - 0, Vo = l’A] and for CA T ©, Pp T VAZ'

(c¢) Concentration Dependence of the Proton Exchange Rates.
The rate law of proton exchange between the s-trans conformers
of DFFA dissolved in THF is complicated by the dimerization
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step in Figure 1, which precedes the proton exchange. The fol-
lowing expression for the concentration dependence of the pseu-
do-first-order rate constants k has been derived:!®!

4Ka,Ca - (BKa,Ca + 112+ 1
A24Ks,Ca + (8KA,Ca + 1)1/2 = 1

(55)

Thus, k is a nonlinear function of C,. For small values of Cj it
follows from eq 55 that k = K, k,,Ch, i.€., a second-order rate
law because all molecules are present as monomers. For large
values of C, all molecules are present as cyclic dimers in which
the exchange takes place. Then, k = k,,, i.e., k is independent
of concentration. In other words, the rate law is of first order.
For the special case of the network in Figure 1 the following
expression can be derived:'

k=ky(I-I)U+ 1) =
[(1 + Ip)* + 8K,,C+ [1]V2 - Iy - 1

M1+ I)? + 8K, C + 1212 + 3~ 1

(56)

Thus, & is a linear function of the experimental quantity (I — I,)({
+ Ip). From the slope the rate constant k,, can be obtained.

In the absence of equilibrium isotope effects on the dimerization
step (I - I,)(I + Iy) is independent of the deuterium fraction in
the mobile proton sites. Then, the kinetic isotope effects on k,,
and on k are the same. For this case the simple equation has been
derived:!?

Tan (C—©,D) /7oy (C—=,D=0) =
1- (1 - kAzHD/kAzﬂH)D (57)

Results

In this section we first describe the 'H and 'F NMR exper-
iments performed on DFFA dissolved in tetrahydrofuran as a
function of concentration, the deuterium fraction in the mobile
proton sites, and temperature. Then kinetic and thermodynamic
parameters are derived either by line-shape analysis from the
spectra or from separate magnetization transfer experiments in
the rotating frame. The kinetic data are then analyzed in terms
of the reaction network of Figure 1. Thus, equilibrium and rate
constants of the s-cis/s-trans isomerism of DFFA, the equilibrium
constants of the formation of the cyclic s-trans dimer, the rate
law of proton exchange in the dimer including the number of
protons transferred, and the double proton transfer rates in the
dimer including the kinetic HH/HD/DD isotope effects as a
function of temperature are obtained. All numerical data obtained
are assembled in Tables 1 to 6, available as supplementary material
(see paragraph at end of paper).

Description of the 'H NMR Experiments. The results of the
'H NMR experiments are similar to those described previously
for DPFA. In the following we will refer to the atom numbering
shown in Figure 2. Let us first discuss the 300.13-MHz 'H NMR
spectra of DFFA as a function of the deuterium fraction D in the
mobile proton sites. The spectra recorded at a temperature of
189.2 K and a total DFFA concentration of Cyggx = 0.02 mol L™!
are shown in Figure 3. As DFFA was labeled with !°N, the
signals of the labile protons should be split into 'H-'N doublets
in the absence of intermolecular proton exchange, characterized
by the coupling constant J,,. Each doublet line should further
be split by coupling with the C—H proton ¢ and the second SN
atom d. Figure 3 shows that this case is realized for signal B,
of the mobile proton a in the s-cis form BH. Since J,. & J,4 each
doublet line exhibits an effective triplet splitting. By contrast,
fast proton exchange should modulate the Larmor frequencies of
the mobile proton, which eventually leads to a collapse of the
multiplet into a singlet. This is what is observed for signal A,
arising from the mobile proton in the s-trans form AH. Thus,
conformer B is not able to exchange protons, in contrast to con-
former A. The 'H-1°N signal of the latter evolves from an ex-
change broadened singlet at D = 0 to an exchange-broadened
doublet at D = 0.9. This observation signifies that the proton
exchange between A molecules is already fast at D = 0 but slows
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Figure 2. Atom numbering of DFFA in the s-cis and the s-trans forms.
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Figure 3. Superposed experimental and calculated 300.13-MHz '‘H-"*N
signals of a 0.02 M solution of DFFA at 189.2 K as a function of the
deuterium fraction D in the '"H-'*N position. The 'H-'>N signals of the
s-trans form A are labeled as A, and of the s-cis form B as B, in ac-
cordance with Figure 2. 7,47! = 7onay+"' is the inverse proton lifetimes
in A. Reproduced with permission from ref 20.

down when the deuterium fraction is increased. Therefore, the
lifetime Toyasy = Tay Of @ proton in a given molecule AH before
the jump to a chemical equivalent but physically different group
A* depends on whether the surrounding molecules in the sample
that participate in the exchange are protonated or deuterated. This
is the first indication that AH is involved in a multiple proton
transfer process and that there is a kinetic HH/HD isotope effect
on the reaction. The fact that the signal positions in Figure 3 are
constant within the margin of error indicates that both temperature
and concentration constancy has been achieved in the set of spectra
in Figure 3.

The values of 7,,;7' were obtained by line-shape analysis of
signal A, as described in the Theoretical Section. The line widths
W, in the absence of exchange were obtained by simulation of
signal B,.

The effect of concentration on the spectra of DFFA is shown
in Figure 4, for a temperature of 194.5 K. We observe again the
same splitting pattern for signal B, as in Figure 3. The position
of B, is almost independent on concentration. Signal A, of the
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Figure 4. Superposed experimental and calculated 90.02-MHz 'H NMR
spectra of DFFA dissolved in THF as a function of the total concentra-

tion Cat 194.5 K. A,, B,: '"H-'*N signals of the conformers A and B.
A, CH signal of A.

CH protons appears on the high-field side. It does not show any
significant changes with concentration. At low concentrations,
signal A, is split into an exchange-broadened doublet. As con-
centration increases, the components of signal A, rapidly coalesce
into a sharp singlet whereas the components of B, remain sharp.
Signal A, shifts strongly to low field as concentration is increased
by contrast to signal B,. This is because AH forms cyclic dimers
at higher concentrations by contrast to BH. At low concentrations
both molecules are quasi-monomers forming a hydrogen bond to
the solvent. There is also a small amount of true monomers that
induces a shift of A, and B, to high field as the temperature is
increased. Note that the A-to-B ratio I strongly increases as
concentration increases. This effect is also a consequence of the
dimerization of AH but not of BH. Note also that the values of
Tan ! > 2000 s are affected by a large systematic error.
Description of the '°F NMR Experiments. (a) °F NMR Spectra
as a Function of Temperature. Let us first discuss the effect of
temperature on the proton-decoupled 84.7-MHz '°F NMR spectra
of a 0.35 M sample of DFFA in THF with a deuterium fraction
of D = 0.99 in the mobile proton sites (Figure 5). The spectrum
at 164.3 K shows between 2 and 3.3 ppm four singlets. The s-cis
form B contributes the singlets B, = BD, and B; = BD; to the
spectrum, the s-trans form A signals AD, and AD;. The subscripts
¢ and f refer to the atom numbering in A and B according to
Figure 2. B, and B are of equal intensity. The same is true for
A, and A;. The s-cis/s-trans ratio I is obtained by line-shape
analysis of the signals. Signals AD, and AD; are slightly
broadened as compared to B, and B;. As the temperature is
increased, the latter show extensive line broadening due to deuteron
exchange between AD molecules in the cyclic dimer. Above 240
K B, and B; also show line broadening due to exchange with A,
and A; via rotational isomerism. At room temperature only one
singlet survives due to fast isomerism and deuteron exchange.
The spectra in Figure 5 were calculated as described in the
theoretical section. By line-shape analysis one obtains the pseu-
do-first-order rate constants k,p of the rotational isomerism and
the inverse lifetimes T5paps' of the deuteron transfer between
the s-trans isomers. Below 240 K the line widths W in the absence
of exchange were taken from the signals of the s-cis form B. For
the simulations at higher temperatures the W, values were ex-
trapolated from low temperature. Below coalescence points,
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Figure 5. Superposed experimental and calculated 84.7-MHz *F{'H}
NMR spectra of a 0.35 M sample of DFFA in THF at a deuterium
fraction D = 0.99 in the mobile proton sites as a function of temperature.
B, = BD,, B;= BD;: signals of the s-cis conformer B. AD,, AD;: signals
of the s-trans conformer A. k5. pseudo-first-order rate constant of the
hindered rotation between the two conformers. Topaps™': inverse average
lifetime of AD before D is replaced by another D.

chemical shift differences between exchanging lines were directly
obtained from the spectra; above the coalescence points these
quantities were extrapolated from the low temperature spectra.
At low temperature the Topaps ' values were obtained via
magnetization transfer experiments as described below.

{b) °F NMR Spectra as a Function of the Deuterium Fraction
and Concentration. To obtain full kinetic HH/HD/DD isotope
effects of the DFFA proton exchange, '°F NMR experiments were
obtained as a function of the deuterium fraction D in the mobile
proton sites and of concentration C. Some typical results are
shown in Figure 6 for a temperature of 189.2 K. The major
difference between the 'H and the '°F NMR spectra is that in
the former only the protonated A and B molecules AH and BH
are observed, whereas both A = {AH,AD} and B = {BH,BD}
contribute to the ’F NMR spectra. Let us first discuss the spectra
at C = 0.02 mol L™!. The signals B, and B; are not affected by
changing the deuterium fraction D in the mobile proton sites. By
contrast, the signals of the fluorine atoms of A strongly depend
on D. At D = 0.99 the signals AD. and AD; are sharp, which
indicates that the deuteron exchange between the fully deuterated
molecules AD is slow. By contrast, at D = 0 one broadened
coalesced fluorine signal AE,, AH; is observed, indicating that
a fast proton transfer takes place between the protonated AH
molecules. Now, a very interesting phenomenon is observed at
intermediate deuterium fractions: the fluorine atoms of the
protonated AH and the deuterated AD molecules can be separated,
giving rise to a line trio. Whereas the outer two singlets of the
trio stem from the AD, and ADy, the inner broad line stems from
the AH., AH; fluorine atoms. As D is increased, the latter signal
becomes broader indicating longer lifetimes of the mobile proton
in AH. By contrast, the deuteron lifetime in the deuterated AD
molecules shortens as D decreases, leading to a broadening of the
outer two singlets. Note that the line intensities AH, and AH;
are proportional to (1 — D)/2, whereas the line intensities AD,
and ADx are given by D/2.

Let us discuss now the effect of increasing concentration on
the 'F NMR line shapes of DFFA. As Cis increased, the signals
AD, and AD; at D = 0.99 broaden but do not coalesce. At D
= 0 the coalesced AH,./AH; signal sharpens. At 0.35 mol L!
and D = 0 the latter becomes sharp because the proton exchange
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Figure 6. The 84.7-MHz !°F{'H} NMR spectra of DFFA'in THF as a
function of the deuterium fraction D in the mobile proton sites for dif-
ferent total concentrations C at 189.2 K. B, B; = non-exchange-broad-
ened signals of the s-cis form. AL, AL;, L = H, D: signals of the s-trans
form A. For further description see text.

is very fast within the NMR time scale. At D =0.5and C=
0.02 mol L' both the coalesced broad signal AH, ;as well as the
slightly broadened separate signals AD, and AD; are observable.
As C is increased, first AH,; sharpens whereas AD, and AD;
broaden; eventually, all signals coalesce.

The spectra in Figure 6 could easily be simulated by using eq
23 where the dynamic parameters are the pseudo-first-order rate
constants kMH, kHD, and kPP and by setting vs; = var, and vag

= VaLe

(c) "SF NMR Magnetization Transfer in the Rotating Frame.
Since the signals AD, and AD; do not show significant line-
broadening, magnetization transfer experiments in the rotating
frame were performed on the latter. Two typical sets of exper-
iments carried out at T = 164.3 K at deuterium fractions of D
= 0.99 and D = 0.5 are shown in Figure 7. In each case two
types of experiments were performed. The data analysis is shown
in Figure 8. In experiment i the magnetizations of the lines AD,
and ADq are parallel, and in experiment ii antiparallel. The decay
of AD, and ADy in experiment i depends only on the longitudinal
relaxation times in the rotating frame, 7),. In experiment ii the
decay of these magnetizations also depends on the deuteron
transfer rates TADAH-l and TADAD‘—I' Since TADAH_I > TADAD‘—I
the magnetizations in experiment ii decay faster when the deu-
terium fraction is increased. Further magnetization transfer
experiments were performed at different temperatures and con-
centrations.

Data Analysis. From the experiments described above a wealth
of thermodynamic and kinetic parameters arise that are analyzed
in this section in terms of the reaction network of Figure 1. We
first analyzed the thermodynamic and then the kinetic data.

(a) s-Trans/s-Cis Isomerism and Self-Association of DFFA in
THF. The equilibrium constants Kp ,, of the s-trans/s-cis isom-
erism between the quasi-monomers A; = AH-S and B, = BH--S,
where S is the solvent (Figure 1) were determined from samples
with a total concentration of C(298 K) = 0.02 mol L1, In this
range both the A and the B conformer exist as quasi-monomers
and the self-association of A can be neglected. In this case the
s-trans/s-cis ratio I = Iy = Kp 4, according to eq 43. No
equilibrium isotope effects on the isomerism could be observed.
The data are assembled in Table 3 of the supplementary material.
We obtain a reaction entropy and a reaction enthalpy of

ASp5, =-2%1Jmol" K, AH,p= 10 0.2 kJ mol"!
(58)
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Figure 7. (a) '°F magnetization transfer experiments in the rotating
frame performed on a 0.35 M solution of DFFA in THF at 164.3 K and
a deuterium fraction D = 0.99 in the mobile proton sites. The carrier
frequency was set to the position of the AD; line. Upper curves: ex-
periment i corresponding to a usual T, experiments. Lower curves:
experiment ii with a delay r = 1/(2Ar) = 4.2 ms between the first 90°
pulse and the spin locking pulse. Ay is the frequency difference between
the signals AD, and AD;. B,, B;: nonexchanging, AD,, AD;: exchanging
magnetizations. Repetition time 3.8 s, 4.2 us 90° pulses, strength of the
spin locking field 7,300 = 165 us. (b) Experiments performed under the
same conditions as in Figure 7a on a sample with D = 0.5,
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Figure 8. Nonlinear least-squares fit of the data of Figure 7. Upper
curve: experiment i at D = 0.99; the results at D = 0.5 are reproduced
by the same curve. Middle curve: experiment ii at D = 0.99. Lower
curve: experiment ii at D = 0.5. The upper curve was analyzed in terms
of eq 32, the two lower curves using eq 36.

The equilibrium constants K, of the formation of the cyclic
dimer A, (Figure 1) association were determined in two inde-
pendent ways. First, the experimental ratios / = C,/Cy were
analyzed as a function of the total concentration C. The de-
pendence I = f{C) could be described in terms of eq 51. The value
of I and C — 0 is equal to the equilibrium constant I, = K 4,
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Figure 9. '"H NMR proton inventory plot of the data in Figure 3. In
accordance with eq 57, a linear dependence 7,,;™ = (D) is expected for
a double proton transfer process. The ratio 7,7 (D=0)/7,y7 (D=1)
represents the kinetic HH/HD isotope effect of the exchange.

defined in Figure 1 and eq 43; the nonlinearity of the curves J
= f(C) is determined by K, By nonlinear least-squares fitting,
we find ; tl‘)45Kava1ueofKA = 1.02 L mol™ and I, = 1.327.
As previous'ly in the case of DPFA'® we find an excellent
agreemcrt between the calculated and experimental values. This
agreemert gives evidence for the reaction network of Figure 1;
in particular it indicates that DFFA does not form linear dimers
or higher associates to an observable extent within the concen-
tration and temperature range covered.

The values of K, could also be determined from the analysis
of the chemical shifts of »,_ of the mobile protons as well as of
the fluorine atoms »,_,, of the s-trans form as a function of the
s-trans concentration C,. The latter was calculated from the total
concentration C and the value of I by using eq 46. The values
of K, were obtained by least-squares fitting of the experimental
data to eq 54. At 194.5 K we obtained K, = 1.04 L mol™!, from
the '°F data (not shown) the value K,, = 0.98 L mol™. Thus,
the values of K, obtained by the different methods comc1de within
the margin of error. No detectable dependence of X, on the
deuterium fraction D in the mobile proton sites could be detected
within the error limits.

The temperature dependence of K, was determined exclusively
by the analysis of the proton chemical shifts v, . From the van’t
Hoff plot we obtained the reaction entropy and enthalpy

AS,,=-29 % 1 Jmol' K7,
AH,, =57 %03kImoll, 170K < T <254 K (59)

(b) Kinetics of the s-Trans/s-Cis Isomerism. The pseudo-
first-order rate constants k,p of the s-trans/s-cis isomerism were
determined by '°F line-shape analysis in the high-temperature
region as shown in Figure 5. In particular, samples with C = 0.02
mol L™ and 0.35 mol L' were analyzed. No kinetic H/D isotope
effect on the rate constants could be determined. According to
eq 48, using the known values of I/], the k,p values could be
converted into the first-order rate constants k,,5,. The data are
described by the equation

knp, = 10"3%! exp[(~62.5 £ 1 kJ mol™)/RT] 57},
237 K < T < 302K (60)

(c) 'H NMR Proton Inventory of DFFA in THF. The result
of the measurements shown in Figure 3 are analyzed in Figure
9, where we have plotted the ratio of the inverse proton lifetimes
in A== AH, 7ayaen” (D)/Tanasy (D=0) = 7oy ' (D) /7au™' (D
=0) as a function of D. We observe a linear decrease, as predicted
by eq 57 for a double proton transfer process with m = 2. The
inverse lifetimes 7,7 (D=0) and 7,4, '(D=1) can then be iden-
tified as the pseudo-first-order rate constants k" and kHP defined
in eqs 14-19. By linear regression analysis we obtained kHH =
700 £ 205! and kHP = 37 £ 557, i.e., a kinetic HH/HD isotope
effect of kHH/kHD = 19 & 3. The relatively large error of the
latter quantity is explained by the fact that we were not able to
measure 7oy values at D > 0.9 in this study by 'H NMR spec-
troscopy.

(d) Rate Law of the Proton Exchange and the Kinetic HH/
HD/DD Isotope Effects. Once the pseudo-first-order rate con-
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Figure 10. Nonlinear least-squares fit of the kinetic data obtained in the
experiments shown in Figure 6 at 189.2 K at different values of D. For
the calculations a fixed value of K, = 1.12 L mol™' was used.

stants k'Y, LL = HH, HD, DD, were determined either by
lineshape or by magnetization transfer experiments, the true rate
constants k' of the double hydrogen transfer in the cyclic dimers
were determined as shown previously for DPFA.' Either the kBH
values were plotted as a function of (1 - I)/(I + 1), which gave
linear relations as predicted by eq 56. From the slope of these
curves the rate constants k,,HH of exchange in the dimer could
be obtained. Another way was to plot the kHH values as a function
of C4. At low C, values the curves obtained are linear in Cy;
at higher concentrations k" levels off and becomes independent
of C, as predicted by eq 55. Using the known values of K, , we
obtained the k,, values. Both methods were found to be in good
agreement.

In the next stage we checked that the rate law does not depend
on the deuterium fraction D. This is the case as shown in Figure
10 where the data of Figure 6 have been analyzed. The solid
curves in Figure 10 were obtained by nonlinear least-squares fitting
using the same known value of K, at 189.2 K. Thus, within the
margin of error there are no equilibrium isotope effects on the
dimerization process. From the analysis in Figure 10 we obtained
the rate constants k, HH = 42000s7!, k.70 = 1990 57!, and £, PP
= 190 s of the exchange in the cyclic dimers. All the results
are assembled in Table 6 (supplementary material). The corre-
sponding Arrhenius diagram is shown in Figure 11. The data
can be represented by

ko HH = 1099%03 exp[(-18.9 £ 0.3 kJ mol™") /RT) 57! (61)
koD = 10107403 exp[(-26.7 & 0.3 kJ mol”) /RT] s (62)

2
10115403 exp[(-33.4 £ 0.3 kJ mol™!) /RT] s7!  (63)

kPP
1642 K < T <2609 K
with the isotope effects at 189.2 K of

kAzHH/kAzHD =23 £ 4, kAzHD/kAzDD =102,
ka,FH 7k o HD = 237 £ 20 (64)

The error limits are of purely statistical origin and do not include
possible systematic errors.
Discussion

From the results presented in the previous section it can be
concluded that diarylamidines such as DPFA and DFFA are
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Figure 11. Arrhenius diagram of the HH, HD, and the DD transfers in
cyclic s-trans dimers of DFFA dissolved in THF. The filled symbols were
derived from sets of samples with different concentrations, the open
symbols from single samples.

subject in tetrahydrofuran to the reaction network of Figure 1.
This network could be characterized in a quantitative way. Es-
pecially the kinetic HH/HD/DD isotope effects were measured
in a wide temperature range. The main part of this discussion
is devoted to the mechanism of the double proton transfer emerging
from these results.

Reaction Network of Diarylamidines in THF. (a) s-Trans/s-Cis
Isomerism. At low concentrations both DFFA conformers A and
B are present as quasi-monomers A, and B, (Figure 1). Free
monomers are present only in a very small concentration. A, has
approximatively the same free energy as B, in the whole tem-
perature range as found previously already for the related DPFA.!?
The rate constants k, g, (eq 60) are relatively small, the energy
of activation being 62.5 kJ mol™! for DFFA and 59.7 kJ mol™!
for DPFA.!"® The frequency factors (10'“3 and 10'3¢ s71) are
typical values for unimolecular reactions. No dependence of the
isomerism on the deuterium fraction in the mobile proton sites
could be observed.

(b) Self-Association of the s-Trans Conformer. Since hydrogen
bond exchange between different hydrogen-bonded species is,
generally, extremely fast on the NMR time scale, association
phenomena of proton donors can be monitored by observing their
chemical shift changes as a function of concentration. In the case
of DFFA only the line positions of the s-trans form A of DPFA
shift to lower field when concentration is increased but not of the
s-cis form. This observation signifies that only the s-trans con-
former A dimerizes to an observable extent in THF. From the
analysis of the chemical shifts and the s-trans/s-cis ratio the
equilibrium constants K, of the formation of the A, dimer could
be obtained in a wide temperature range. For DPFA a reaction
enthalpy of -4.8 kJ/mol and for DFFA of ~5.7 kJ/mol was found.
The entropy decrease upon dimerization is -=21.6 J/mol K for
DFFA and -29 J/mol K for DPFA. No dependence of the
isomerism on the deuterium fraction in the mobile proton sites
could be observed.

The finding that only the s-trans form A dimerizes in THF to
an observable extent but not the s-cis form B is plausible in view
of the chemical structure of both conformers. By contrast to B,
A can easily form a cyclic dimer with two cooperative hydrogen
bonds. A consequence of the different association behavior is that
the s-trans form is favored over the s-cis form when concentration
is increased.

This interpretation is supported by the results of a recent
crystallographic study of DPFA in the solid state.** In that study
it was shown that DPFA forms cyclic dimers in the solid state

(44) Anulewicz, R.; Krygowski, T. M.; Pniewska, B. J. Cryst. Spect. Res.
1987, 17, 661.
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with an intermolecular nitrogen—nitrogen distance of 2.98 A. It
is interesting to note that the four phenyl rings of each dimer are
not equivalent. In the first molecule of the dimer the angles
between the phenyl rings and the amidine plane are 59.3° and
9.7°; in the second molecule the angles are 30.7° and 37.7°. The
angle between the two amidine planes is 40.6°. Note that the
tendency to form cyclic dimers is much stronger for diarylamidines
as compared for example to acetic acid. For the latter only
evidence for linear solvated dimers in THF were obtained pre-
viously.*

(c) Double Proton Transfer in the Cyclic s-Trans Dimers. The
fast proton transfer in the cyclic dimers is manifest in the spectral
changes described in the previous section. As is demonstrated
in Figures 3, 5, and 10 the proton exchange rates increase upon
an increase of concentration. This enabled us to establish the rate
law of the proton exchange (Figure 10). At low concentrations
the pseudo-first-order constants increase linearly with concen-
tration as expected for a second-order rate law involving two s-trans
molecules of DFFA. At higher concentrations a nonlinear increase
is observed as expected if the exchange takes place in the cyclic
dimer. The nonlinear curve can be reproduced with the theory
described in the Theoretical Section, which contains the equi-
librium constant of the cyclic dimer formation K,, as parameter.
Thus, the true exchange rates k,, in the cyclic dimer could be
obtained, which is important when one wants to compare the
kinetic results of the DFFA tautomerism with those of intramo-
lecular double proton transfer reaction systems.

The number of protons transferred could be obtained inde-
pendently by performing a proton inventory, i.e., by measuring
the pseudo-first-order rate constants as a function of the deuterium
fraction D in the mobile proton sites. We observed a linear
decrease with D as expected for two protons transferred (eq 57,
Figure 9). From these measurements we also obtained the kinetic
HH/HD isotope effects of the exchange. To obtain the complete
HH/HD/DD isotope effects, we performed '°F NMR experiments
on DFFA. In the °F spectra we observed the protonated and the
deuterated molecules separately. Because of large kinetic isotope
effects the DD rates were so small that they had to be determined
by magnetization transfer experiments. These results show that
the exchange in the cyclic dimer is the rate-limiting step of the
reaction,

The experimental kinetic HH/HD/DD isotope effects on the
double proton transfer in the cyclic dimer of DFFA, k,,'t, LL
= HH, HD, DD, are given by eqs 61-64. The data are shown
in the Arrhenius diagram of Figure 11. At room temperature,
the exchange in the cyclic A, dimers is about 4 times faster for
DFFA as compared to DPFA.!° The energies of activation of the
exchange are similar, i.e., E,HH(DFFA) = 18.9 kJ mol™! and
E,HH(DPFA) = 17.2 kJ mol"\." The energies of activation of
the HD reaction are E,HP(DPFA) = 21 kJ mol™ and E,HD.
(DFFA) = 26.7 kJ mol™! which show a larger difference.
E,PP(DPFA) could not be obtained in the previous study.!” By
contrast, E,PP(DFFA) could be determined via °F NMR to be
of the order of 33.4 kJ mol™'.

The rate constants k4 ' of the tautomerism of DFFA dimers
can directly be compared with those found for intramolecular
reaction systems such as oxalamidines,'s'® azophenine,'* or
porphyrins (Figure 12).!2 The tautomerism of the latter molecules
is much slower as compared to DFFA dimers; this is mainly due
to the fact that DFFA can form fairly linear hydrogen bonds,
whereas the hydrogen bonds in the systems mentioned are bent
bonds arising from constraints of the molecular backbone.

Kinetic HH/HD/DD Isotope Effects of Double Proton Transfer
in Cyclic Diarylamidine Dimers. In this section we will discuss
the size of the experimental kinetic HH/HD/DD isotope effects
on the double proton transfer in the cyclic DFFA dimer and the
mechanism which is consistent with these effects.

(a) Qualitative Discussion of the Kinetic HH/HD/DD Isotope
Effects. As expressed by eq 63 we obtained the kinetic isotope
effects ka,MH/kp P =~ 23, ky HP /Ky PP ~ 11, ky HH /K, PP =~ 237

(45) Gerritzen, D.; Limbach, H. H. J. Phys. Chem. 1980, 84, 799.
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Figure 12. Kinetic HH/HD/DD isotope effects of some degenerate to
intra- and intermolecular double proton transfer systems.

at 189.2 K. Clearly, these results signify that both hydrogen atoms
are in flight in the rate-limiting step of the reaction. The same
conclusion was reached previously for the double proton transfer
in mixed 1:1 dimers of acetic acid and methanol dissolved in THF'?
where values of kHH/kHD ~ 5 jHD /kDD ~ 3 and kHH /DD ~ 15
were found at 298 K (Figure 12d). Although the overall isotope
effects are different, in part because of the differing temperature,
one can conclude that both processes (Figure 12d,e) are char-
acterized by two primary isotope effects.
Rewriting eq 2 in the form

= o s = PP (65)

where P, and P, are now the kinetic isotope effects of the first
and the second proton transferred, we calculated for the DFFA
tautomerism using egs 63 and 65 the values P, = 37.3 and P, =
6.4 at 189.2 K.

By contrast, as indicated in Figure 12, differing behavior was
observed in the case of several degenerate intramolecular double
proton transfer reactions. In these cases the kinetic HH/HD
isotope effects were larger than 4 at 298 K, whereas the HD/DD
isotope effects were in the order of 1-2. These results could be
interpreted in terms of a stepwise double proton transfer involving
a metastable intermediate where P, >> 1 is a primary and P, ~
S ~ 1 a secondary isotope effect. In the case of DFFA P, is too
large to be interpreted in terms of a secondary kinetic H/D isotope
effect. Therefore, an explanation of the observed kinetic isotope
effects for DFFA in terms of a simple stepwise proton transfer
mechanism with fixed hydrogen bond distances as in the intra-
molecular cases seems to be unlikely.

(b) Calculation of the Arrhenius Curves in Terms of a Concerted
Proton Motion. The calculation of the Arrhenius curves should,
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in principle, be done on the basis of a realistic ab initio surface
using a theory of chemical reaction rates that takes multidi-
mensional tunneling of protons into account. Such a calculation
is difficult and beyond the scope of this study. Therefore, we apply
here the one-dimensional Bell model* of proton tunneling that
uses adjustable parameters. This model has, after a small mod-
ification, successfully been applied to the case of double proton
transfer between acetic acid and methanol.'>!* It has been shown
that deviations from the rule of the geometric mean (RGM) can
arise even in the case of a concerted double proton transfer if
tunneling is involved.'>!* As the Bell model, it uses an inverted
parabola as an effective barrier. Effects of a distribution of
different environments characterized by different microscopic
potential energy surfaces*’*® are ignored. By contrast to the Bell
model, a minimum energy AF necessary for tunneling to occur
is introduced.

We will assume here a concerted reaction pathway. Then, the
RGM holds in the high-temperature region where the reaction
proceeds over the barrier. Because of the concerted proton motion
the tunneling masses are assumed to be m = 2, 3, and 4 for the
HH, HD, and DD reaction.

Within the framework of this model the rate constant is given
by

k = AU:G exp[-E /RT] dE]/U:ZE exp[-E /RT] dE| =
(v/RT) exp[-AE /RT] j; "G exp[-E/kT] dE (66)

A is the frequency with which the particle hits the barrier; it is
assumed to be the same for all isotopic reactions. R is the gas
constant; E the energy. E = 0 corresponds to the base of the
energy barrier. G is the probability of the particle to pass the
barrier of height E; at the energy E. G is given by*

G=1/(1+D) (67)

where D is the transmission coefficient for a parabolic barrier of
the width 2a and the height E;:

23/27'.2
D=exp[—[ p (Ed—E)a(m/Ed)'/z] (68)

E4 and a depend on the isotopic reaction studied and on the
mechanism of the reaction. Let us first consider the barrier of
the reaction. Defining Aell as the difference of the vibrational
zero-point energies in the initial state and the transition state of
the LL reaction, the effective barrier of the LL reaction is given
by

EdLL = Ed + AGLL (69)
For a concerted double proton transfer reaction the barrier for

the HD reaction is assumed to be in approximation equal to the
arithmetic means of the barrier for the HH and the DD reaction:

EMP = Yy (EMH — E;PP) (70)
Thus, we can write
EPP = EHH + Ae = EJHD + Ae/2
Ae = AePD ~ AHH

The barrier width also depends on the isotopic reaction. For the
parabolic barrier we obtained

agtl = aHH(EdLL/EdHH)l/Z (72)

(71

To perform the tunnel calculations, a computer program was
written in which the rate constants of all isotopic reactions could
be fitted simultaneously to eq 66. As shown in Figure 13 we

(46) Bell, R. P. The Tunnel Effect in Chemistry; Chapman and Hall:
London, 1980.

(47) Wehrle, B.; Zimmermann, H.; Limbach, H. H. J. 4m. Chem. Soc.
1988, 110, 7014.

(48) Wehrle, B.; Limbach, H. H. Chem. Phys. 1989, 136, 223.
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Figure 13. Comparison of the experimental rate constants of the HH,
HD, and the DD transfers in cyclic s-trans dimers of DFFA in THF with
those calculated in terms of the tunnel model described in the text.

obtained a good fit using the following parameters: AE = 5.43
kJ mol™!, E§HH = 26.2 kJ mol™!, 2a = 0.64 A, A = 10!255™! and
Ae = 5.89 kJ mol™!. These calculations postulate a strong cur-
vature of the Arrhenius curves in a wide temperature range, barely
perceptible in the temperature range covered.

In terms of this tunneling model it is interesting to extrapolate
the kinetic isotope effects to 298 K. We obtained the values 14.3,
4.1, and 3.5 for the HH/DD, the HH/HD, and the HD/DD
isotope effects. Because of the postulated curvature of the Ar-
rhenius curves these effects are different from the values 8.2, 3.9,
and 2.1, which we obtained by linear extrapolation from eqs 61-63
at T =298 K. It is also interesting to calculate the classical kinetic
HH/HD/DD isotope effects at 298 K for the reaction over the
barrier from the relation

kHH /gHD = HD /§DD = exn(~Ac/2RT) (73)

We obtained the values 11, 3.3, and 3.3 for the HH/DD, the
HH/HD, and the HD/DD isotope effects. These values may be
compared with those calculated by Ahlberg et al.>” from a pre-
liminary ab initio surface for the concerted double proton transfer
in the unsubstituted formamidine dimers within the framework
of transition state theory. These authors found the values 7.79,
2.76, and 2.82 for the HH/DD, HH/HD, and HD/DD isotope
effects, which is consistent with a value of Ae = 5.1 kJ mol™! and
eq 73. In view of all approximations that have to be made and
the fact that we have studied a formamidine derivative, the good
agreement is surprising. At least, the magnitude of Ae ~ 6 kJ
mol™! found here by simulation of the Arrhenius curves seems to
be in the right range.

The frequency factor of 4HH ~ 4HP ~ 4PD =~ 10'25 5°! em-
ployed in the calculations of Figure 13 is also a good value for
a unimolecular reaction. The sum of the minimum energy for
tunneling to occur and the energy barrier AE + E,HH =~ 32 kJ
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Figure 14. Reaction pathways of an intermolecular degenerate double
proton transfer reaction.

mol™' determines the slope of the HH-Arrhenius curve at high
temperatures. This value also corresponds well with the value
of 38 kJ mol™! calculated by Ahlberg et al.’’

What is the significance of the value of the minimum energy
AE =~ 5 kJ mol™! necessary for tunneling to occur? A priori we
would have expected AE to be close to zero because the rate
constants k,, measured refer to the double proton transfer in the
cyclic dimer. Thus, these values should not contain terms arising
from the preequilibrium 2A, = A,, by contrast to the previous
study of proton exchange between acetic acid and methanol.’* A
possible source for AFE is that the actual potential curves along
which the protons are transferred are not symmetric as in the gas
phase but slightly asymmetric on average because of intermole-
cular interactions, in a time scale of slow molecular motion. AE
corresponds then to an effective energy difference of the two stable
potential wells. Such perturbations of potential energy curves of
proton transfers have been recently observed by solid-state NMR
for proton transfer systems in disordered solid environments.*"4
Other sources for AE might be the processes of equalizing the
two CN bond lengths and the reorientation of the aryl groups in
DFFA. If the proton motion is stepwise as discussed in the next
section, AE might also arise from the formation of the metastable
intermediate during the course of the reaction. Minimum energy
is necessary to reach this intermediate. Finally, AE might arise
from the fact that the model assumed is too simple in order to
describe a very complex process.

The remaining quantity to discuss is the value of the barrier
width 2a = 0.64 A. How does this value relate to the geometry
of DFFA? Since a crystal structure analysis of DFFA has not
yet been made to our knowledge, let us refer to the structure of
DPFA,* where an NH distance of R°yy ~ 1.1 A and an NN
distance of R°N...n = 3 A was found. Thus, the experimental
proton transport distance should be 2 = Ry,,.x = 2R\y =~
0.8 A, which reproduces surprisingly well the value obtained from
Figure 13.

Simplified Model of Degenerate Intermolecular Double Proton
Transfer. The evidence for the concerted reaction pathway of
double proton transfer in cyclic DFFA dimers is, in contrast to
the previous evidence, that degenerate intramolecular double
proton transfer reactions between nitrogen atoms (Figure 12) are
stepwise. Such a change of mechanisms is, however, not the main
difference one expects a priori for intra- and intermolecular double
proton transfer systems. The expected difference is the following.
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Figure 15. Model potential energy surface for a degenerate intermole-
cular double proton transfer, with E,q = 0, Egg = 10, Egy = 4, EC = 6,
Ry =272 ry, r, are the coordinates of the two protons, R is the coor-
dinate of the heavy-atom motion as defined in the text. r, r,, and r,, are
represented by dotted lines. 7, r,, and 7,, represent the coordinates of
the transfer A~E—~D,B—E—~C,andA—=B—+DorA—-C—
D. Left-hand side: bottom, E,;, = 0.1, maximum contour line E,,, =
9.1, energy difference between two lines AE = 1; middle, E;, = 2.58,
E o =958, AE = 1 top, Epip = 1.6, Epppx = 9.6, AE = 1.

In contrast to intramolecular proton transfer systems intermole-
cular proton transfer systems are characterized by a low-frequency
(~100 ecm™) hydrogen bond stretching vibration.® Due to
anharmonic coupling, compression of the hydrogen bond should
strongly reduce the barrier for proton transfer.!*# There is
experimental evidence in the case of 7-azaindole that excitation
of the symmetric hydrogen bond stretch promotes the proton
tautomerism in this compound.!! The different structures that
may lie on the reaction pathway are shown in Figure 14. The
bottom reaction network corresponds to the ground-state geometry
with equilibrium hydrogen bond lengths. Depending on the
basicity of the heavy atoms to which the protons are bound, the
proton transfer pathway in this configuration is either concerted
or stepwise. The intramolecular systems of Figure 12 indicate
that in many NH-N proton transfer systems the siepwise route
is realized. Upon compression of the hydrogen bonds the reactants
may become so close that eventually the barrier for proton transfer
vanishes, i.e., the proton moves in a single-minimum potential.
The following question then arises: Can the compression of the
hydrogen bond lead to a switch from a stepwise reaction mech-
anism to a mechanism where both protons are in flight?

To explore this question, we used a symmetric three-dimensional
model potential surface of the type £ = E(r,r,,R) described in
the Appendix. The variables are r, and r, for the motion of the
two protons and R for the heavy atoms. The surface depends on
the parameters Ry, Eg, Eng, Ero, and Egc. Ry is the heavy-atom

(49) The Hydrogen Bond, Schuster, P., Zundel, G., Sandorfy, C., Eds.;
North Holland: Amsterdam, 1976.
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b)

Figure 16. Two-dimensional potential surfaces (a) E(R,r,) and (b)
E(R,). Epin =05, Evyy = 9.5, AE = 1.

distance in the ground-state configuration. Exq, Epg, Ego, and
Egc represent the energies of the states defined in Figure 14.
Examples with Ry = 2172, Egy = 10, Egc = 6, and E, = 4 are
shown on the left-hand side of in Figure 15, for different values
of R. Clearly, the state EO (see Figure 14) corresponds to a hilltop
rather than to a saddle point as calculated for the porphyrin®® and
the azophenine®! tautomerism. The minimum energy pathway
corresponds to the coordinate r,, of the stepwise motion via the
minima B0 and CO. When R is decreased, the energy differences
between the points A, B, and E are drastically reduced and the
protons move in a flat potential. It is interesting to discuss the
reaction energy profiles along the concerted pathway (£ = E(r,r,
= 0)) and the stepwise pathway (E = E(r,)). The coordinates
r, 1., and 7, are defined in the Appendix and are illustrated in
Figure 15 by dotted lines. The profiles were calculated as indicated
in the Appendix and are plotted on the right-hand sides of Figure
15. For R = R, the barrier energy Egg — Eaq = E*(R) for the
synchronous pathway is much larger than the corresponding energy
E*(R) for the stepwise pathway. For smaller R values the profiles
along the two pathways coincide. As R decreases, both EX(R)
and E*,(R) go through a minimum that can easily be calculated.
For the parameters used in Figure 15 we obtain the following
results. The true barrier for the stepwise motion is obtained at
R, = 0.825. The barrier has dropped from a value of about 6
at R = 22 to a value of E*,(R,,) = 1.771. The barrier for the
synchronous motion has also dropped from a value of 10 at R =
21/2 to the minimum value EY(R,,) = 2.11 at R, = 0.834. Thus,
whereas the stepwise pathway is preferred at large hydrogen bond
lengths, both pathways compete when the hydrogen bonds are
compressed.

Finally, it is interesting to discuss the surfaces £ = E(R,r,)
and E = E(R,r,,r,=0) for the stepwise and the concerted proton
motion shown in Figure 16. The minimum energy reaction
pathways are indicated by dotted lines. In the case of the stepwise
motion there is a true intermediate that corresponds to states B
and C in Figure 15. The reaction starts with a heavy atom motion
mainly along the R axis. The protons can tunnel vertically at
different R values or move over the barrier along the minimum
energy pathway.

Mechanism of the Amidine Tautomerism. Unfortunately, it is
not yet possible to calculate the kinetic HH/HD/DD isotope
effects by combining the potential surface proposed in the previous
section with the Bell model of tunneling. Qualitatively, we expect
that tunneling along both the stepwise and the synchronous
pathway might contribute to the reaction rates, which complicates
the calculation of the kinetic isotope effects. In addition, we expect
that even in the case of the stepwise motion the bound proton will
contribute substantially to the kinetic isotope effects because its

(50) Merz, K. M.; Reynolds, C. H., J. Chem. Soc., Chem. Commun. 1988,
90

.(51) Holloway, K. M.; Reynolds, C. H.; Merz, K. M. J. Am. Chem. Soc.
1989, 111, 3466.
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vibrational frequency is strongly reduced in the transition states
G, H, J, and K in Figure 14 by contrast to GO, HO, JO, and FO.
Therefore, the secondary isotope effect contributed by the bound
proton will increase and eventually become a primary kinetic
isotope effect, depending on the exact location of the true transition
state. Thus, the experimental kinetic isotope effects are in
agreement not only with a concerted proton transfer involving
tunneling but also with a stepwise pathway which first involves
the compression of the hydrogen bonds.

Conclusions

We have described the rate constants and kinetic HH/HD/DD
isotope effects of a degenerate intermolecular double proton
transfer reaction, i.e., the tautomerism of a cyclic formamidine
dimer (DFFA) has been obtained as a function of temperature
by dynamic NMR spectroscopy. Each proton contributes a
primary kinetic hydrogen/deuterium isotope effect to the reaction
rates, by contrast to several intramolecular double proton transfer
systems where the second proton only contributes a secondary
isotope effect because the reaction is stepwise involving a meta-
stable intermediate. There is evidence for a more or less concerted
reaction mechanism for the DFFA tautomerism, involving tun-
neling at low temperatures. The different behavior of the intra-
and intermolecular reaction systems is attributed to the relatively
low energy necessary to compress the hydrogen bond length in
the intermolecular reaction systems. In the highly compressed
systems the difference between the concerted and the stepwise
proton transfer mechanism disappears.

In the future, it will be desirable to study the amidine tau-
tomerism also in the solid state and to perform ab initio calcu-
lations of the isotopic rate constants.
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Appendix

Extending the usual symmetric double minimum potential to
two extensions we obtain

Eg-E,
RZ

1
E=FE;- rl+ E[(EE ~ E\)(Eg - Ep)]/2r,2 +

i%aEE—EA-EaﬁEE—En/

E
(Eg - E)]V2r2r2 + —

_EA
) (A1)

E, = Ep, Eg = E, and Eg are the energies of the states A, D,
B, C, and E defined in Figure 14. The variables r; and r, are given
by

r,= (1/21/2)(’1 +r), = (1/21/2)(’1 -r) (A2)

r, and r, are the displacements of the protons from the hydrogen
bond centers. For r, = 0, r, represents the coordinate of the
concerted proton motion along the pathway A — E — D. r,
represents the concerted proton motion along the pathway B —
E — C. When a double proton transfer occurs between states
A and D each proton travels fromr; =r,=-Rtor,=r,=R.
Thus, R characterizes the increase of the hydrogen bond length
with respect to the compressed state EC in Figure 14. Assuming
that

p3
R
EA=EEC(R—0—1) (A3)
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we obtain using eqs Al and A2 a three-dimensional surface of
the type E = E(r,,r,,R) depending on the parameters Ry, E 5,
Epy, Egy, and Egc. Equation A1-A3 are valid only for the case
where Ex > Ejp.

The reaction energy along the stepwise pathway (E = E(r,))
is given by

Ec-F Eg - F
E=E;- ERZ Aprr 2+ ( ERZ ) (rb + 212R)? +
3(2Eg - E5 - Ep) Eg - E,
—4E;_—_b2rasz(rasb + 2/2IR) + '—‘Z—Rrras“ +

EE_EB
A 1/2 p\4
o Vub + 2R

b =[{1 + [(Eg - Eg)/(Eg — EJ)]'A/Y)" (A4)

For a given R value the barrier of the stepwise motion is located
at

o= _R (8Egy — Epg ~ TERo)
; 8 2Egy— Eng— Ego '
R[ Eeo ~ Eno |'*(8Ego = TEq — Eno)

r=-= (AS)
: 8 [ Egy— Epo ] 2Egy — Epp ~ Epg

For the energy E',((R) of the saddle point along the stepwise
pathway we obtain

J. Phys. Chem. 1991, 95, 10280-10284

R R
E%(R) = Egc| -1 + E‘: Ego— Epo — 2(Ego -
0

R,
r2 r? rlr?
EA())R_02 - 2(Eg ~ EBO);\,’; + 3(2Egg = Eno ~ Ego) R +
(Ego - EAO)i + (Ego — EBO)"ﬁ] (A6)
Ry Ry*

The minimum of E*(R) is located at

T =TT -
S

E*(Ry) is the true barrier for the stepwise motion. The corre-
sponding value for the concerted proton motion EX(R,,) is obtained
by setting

a

Rm=R0 3

a
=+
2

1/3)1/3

, a= EEc/zA (A7)

a = Egc/(2(Egg — En)) (A8)
in eq A7.
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UHF and UMP3 level calculations with a 6-31+G** basis set are used to investigate the ground and first few excited electronic
states of HCCH and its deprotonated anion, HCC~. All excited states are found to adopt a bent geometry, some cis and
some trans in the case of HCCH. The deprotonation energies of these excited states do not differ much from that of the
ground state. The bending of the molecule leads to a transfer of electron density from C to H when an electron is deposited
into the lower #* virtual MO. This trend is surprisingly invariant with respect to the particular excited state.

Introduction

The transfer of a proton from one group to another underlies
all of acid/base chemistry.> Within the regime of biology, such
transfers are vital to the functioning of a number of enzymes.>~
Photon-induced proton transfers have been shown to be a viable
means of inducing lasing activity.51% The first step in the latter
process involves the electronic excitation of a molecule containing
a hydrogen bond. The properties of the H-bonding groups are
altered within the excited state such that a proton transfer occurs
rapidly and exoergically. The subsequent relaxation to the ground
state sets the stage for the reverse transfer of the proton back to
the original configuration.

A large body of work has accumulated over the years concerning
hydrogen bonding and proton transfers within the ground elec-
tronic state.'>!'2 Recent ab initio computations!>2° have outlined
the importance of such features as the relative proton affinities
of the two groups, their distance of separation, and the angular
aspects of their relative geometry. In comparison, very little is
clearly understood about the parallel transfer in the excited state.
In any case, it is certainly reasonable to expect the proton affinities

*Dedicated to Professor Michael Kasha on the occasion of his 70th
birthday.

of the various groups in their excited states to play a crucial role
in proton transfers between them in the corresponding state. For
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