AlP
CONFERENCE
PROCEEDINGS 293

ULTRAFAST REACTION
- DYNAMICS AND
SOLVENT EFFECTS

ROYAUMONT, FRANCE 1993

- EDITORS:

> YANN GAUDUEL
ECOLE POLYTECHNIQUE-ENSTA

PETER J. ROSSKY
UNIVERSITY OF TEXAS AT AUSTIN

AlP
PRESS

American Institute of Physics New York



NMR STUDIES OF ELEMENTARY STEPS OF HYDROGEN TRANSFER
IN CONDENSED PHASES

H.H.Limbad, G.Scherer L.Meschede, F. Aguil ar-Parrill a
B.Wehrle, J.Braun, Ch.Hoelger, H.Benedict, G.Buntkowsky
W.P.Fehlhammer
Fadbereich Chemie, Freie Universitat Berlin, W-1000Berlin 33,
F.R.G.

J.Elguero
Instituto de QuimicaMedicaCSIC, E-28006Madrid, Spain

J.A.S.Smith
King's Coll ege, Dept. of Chemistry, Strand, LondonWC2R 2L S, England

B.Chaudret
Laboratoire dc Chimie de Coordination duCNRS,
F-31077Tououse-Cedex, France

ABSTRACT
In this paper recant developments and results of dynamic high resolution
NMR spedroscopy in the study of elementary steps of proton transfers in liquids
and solids are reviewed.

INTRODUCTION

During the past decale, NMR spedroscopy has developed into a powerful
kinetic tod in the study of hydrogen and deuterium transfers in liquids."** This
method is based on the moduation o isotropic chemicd shifts and scdar
couping constants occurring during these processes. The latter may also modu
late other nuclea interadions, a phenomenon which has been used to study
rlapid proton and deuteron transfers in solids.'**®> The development of high
resolution solid state NMR spedroscopy of spin /2 nwclel under the condtions
of magic angle spinning (MAS), *H deocouping and *H cross pdarization (CP)*
has made it also pasdgble to monitor solid state chemica shift moduations. Using
this method, a variety of hydrogen transfers in solids has been deteded.***
Advantages of solid state NMR methods are the wider dynamic range &
compared to liquid state NMR and the passhility of studying models for readive
hydrogen transfer complexes in a timescde of slow moleaular motions, a goal
which is difficult to achieve by liquid state NMR.

The purpose of this paper is to review these recent developments in
dynanic high resolution NMR spedroscopy. The first sedion deds with NMR
studies of multiple kinetic hydrogen/deuterium isotope dfeds and the following
sedions with solid state dfeds on proton transfers in ordered and dsordered
solids. In particular, hydrogen transfers between nitrogen atoms are nsidered
which can conveniently be monitored by N CPMAS NMR of the °N labeled
compound. In addition, an extension d the method into the nano-second
timescde is described. The posshility of studying proton motions in strong ionic
hydrogen bond by N NMR is then discussed and a scenario of hydrogen
transfer in condensed phases is described. Finally, the problem of coherent
versus incoherent hydrogen tunneling in pdyatomic moleaules is discussd. This
phenomenon pays a role in hydrogen exchange in transition metal hydrides,*>*
monitored by liquid state NMR.
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226 NMR Studies of Elementary Steps

NMR STUDIES OF MULTIPLE KINETIC HYDROGEN/DEUTERIUM
ISOTOPE EFFECTS

The NMR methods for measuring rate @nstants of hydrogen transfer
including their kinetic isotope dfeds have been reviewed recently." Therefore,
only some of the typica results obtained by this method are described here. As
an example of an intramoleaular doulde proton transfer system let us discussthe
oxal amidine tautomerism which was discovered some yeas ago.’ Fig.1 shows the
Arrhenius curves of the HH-, HD-, and DD-readions of the bicyclic oxalamidine
OA7 dsolved in methylcyclohexane (MCY) and acdonitrile (AN). At 298, a
5.4 fold increase of the rate mnstants is observed when repladng MCY by AN.
Thisresult indicaes ahighly polar transition state of the readion, which is only
in agreament with the stepwise readion pathway but not with the ncerted
pathway shown in Fig. 1. The observed kinetic isotope dfeds point in the same
diredion. The HH/HD isotope dfeds are much larger than 1 becaise asingle
proton is in flight in the rate limiting step; the seand mobile proton is dill
boundand contributes only a very small secondary isotope dfed. The HD/DD
isotope dfed mainly arises from a symmetry fador present in the HH- and DD-
but absent in the HD readion. These results represent a strong deviation from the
so-cdl ed rule of the geometric mean (RGM) which asumes that the HH/HD- and
the HD/DD isotope dfeds are much alike. Similarly, a number of different
degenerate and quesi-degenerate intra- and intermoleaular doulde proton transfer
reations were dso studied."**

As an example of an intermoleaular doulde proton transfer, let us consider
the ceae of di-(p-fluorphenyl)-formarnidine (DFFA) dissolved in tetrahydro-
furan.? In spite of difficulties arising from rapid hydrogen bondequili bria, it was
possble to determine the rate cnstants of the doulde proton transfer in the gyclic
dimer. The Arrhenius diagram obtained is hown in Fig 2a. In contrast

i - OQ OQ C@

d DD HD HH b DD HD HH

| methylcyclohexane 1 acetonitrile

2 2.5 WOTOO/Kq 3 35 2 2.5 WO$O/K43 3.5

Fig.1. Arrhenius diagrams of the tautomerism of OA7 in methylcyclohexane
(a) and aceonitrile (b). Concerted (c) and stepwise (d) proton transfer
pathways. Reproduced from Ref. 7
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Fig.2. a Arrhenius diagram of the doulle proton transfer in cyclic dimers of di-
(p-fluorphenyl)formamidine  disolved in  tetrahydrofuran.
Convergence of the stepwise and the mncerted readion pethways by
hydrogen bondcompresson. Adapted from Ref. 9.

to the intramoleaular case now both the HH/HD and HD/DD isotope dfeds are
large, athough there is a deviation from the RGM. In terms of conventional
transition state theory, this finding would indicate that the zero pant energy of all
mobhile protons is reduced in the transition state & expeded for a wncerted
readion pathway or for a stepwise pathway where the vibrational frequencies of
the bound poton are strongly reduced. This reduction may be caused by
hydrogen bondcompresdgon in the transition state & ill ustrated in Fig.2b. In the
strong hydrogen bondcompresson limit, the difference between the mncerted
and stepwise readion mechanism eventually disappeas. At lower temperatures,
tunreling of the protons through the barrier may become important. According to
Bell*! this phenomenon leads to pasitive deviations from a linea Arrhenius law,
as indicaed by the solid lines in Fig.2a, cdculated in terms of a modified Bell
tunreling model. Unfortunately, measurements of rate constants in a larger
temperature range will be necessary in arder to confirm the proposed deviations
andthe cntribution o tunneling.

This goal was adiieved in the cae of solid pyrazoles where some
derivatives form cyclic dimers, trimers or tetramers in the aystaline state
acording to Fig.3a. In these complexes degenerate multiple hydrogen transfer
processes could be deteded by solid state ‘N CPMAS NMR spedrascopy of the
!N labeled solids.?>*? Problems with hydrogen bondequili bria ae now absent.
For solid 3,5dimethylpyrazole, it was posdble to olktain the HHH
/HHD/HDD/DDD isotope dfeds as sxown in Fig.3b. Asin the cae of DFFA at
high temperatures almost equal HHH/HHD-, and HDD/DDD isotope dfeds are
observed. However, low-temperature “magnetization transfer' experiments'’ at
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Fig.3. Tautomerism of pyrazoles in the solid state. Arrhenius diagram of the
degenerate triple proton transfer in crystalli ne 3,5dimethylpyrazole.”

low temperature indicaed a nonArrhenius behavior of the HHH readion and a
similar readion pathway asin the cae of DFFA. Further studies are underway in
order to oltain information onthe dependence of the kinetic isotope dfeds on
the on the number of protons transferred.

In the future, it would be desirable to cdculate Arrhenius curves of the
type shown in Figs. 1-3 “ab initio“, including both the dasdcd over-barrier and
the low temperature tunreling regime. This task represents a mgjor goal in
theoreticd chemistry. Several approaches have been proposed whose discusson
is, however, beyondthe scope of this paper. As examples we refer to Refs. 12, 31,
and 32.Wewill returnto this problem in the final sedions.

SOLID STATE EBFECTS ON DEGENERATE HYDROGEN TRANSHER
REACTIONSIN CRYSTALLINE SOLIDS

In order to discussthe posshiliti es of high resolution solid state NMR for
the study of solid state dfeds on hydrogen transfer readions, we mnsider the
tautomerism of N labeled tetraphenylporphyrin (TPP). This compoundwas the
first moleaule for which an intramoleaular hydrogen transfer has been deteaed by
NMR, bah in the liquid and in the solid state.*® In Fig.4 the superposed
experimental and caculated spedra of *°N labeled TPPin the tetragonal and the
triclinic phase ae mmpared.” Tetragonal TPPwas prepared by co-crystalli zation
with 10% w/w nonlabeled Ni-TPP. At low temperatures, two sharp >N signals
are observed indicating the presence of two dfferent types of nitrogen atoms. The
high field line stems from the protonated nitrogen atoms, the low field line from
the nonprotonated nitrogen atoms. As the temperature is increased line
broadening is observed and coalescence into ore single sharp center line occurs.
Thus, at high temperatures, only one type of nitrogen atoms with an average
proton density of 1/2 is observed. In ather words, the eguili brium constant of the
tautomerismis 1. By cortrast, when the site symmetry of the moleaule is reduced
as in triclinic TPR, two lines are observed in the fast exchange regime which
move towards ead aher as the temperature is further increased. This observation
indicates the presence of two types of nitrogen atoms also at higher temperatures,
one with a higher and the other with alower average temperature dependent
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Fig.4. Superposed experimental and theoreticd N CPMAS NMR spedra of
TPPin the solid state. a tetragonal TPP. b: triclinic TPP. Reproduced with
permisson from Ref (5)

proton density. The euilibrium constants of tautomerism and the eergy
diff erence between the tautomers could be obtained from the linc splitti ngs.®

The rate mnstants of the tautomerism in tetragonal TPP are dmost the
same & for TPPdislved in organic liquids.” In ather words, the main solid state
effed on the tautomerism of TPPis the lifting of the degeneracy of the tautomers
asill ustrated schematicaly in Fig.4b.

INCREASE OF THE DYNAMIC RANGE OF HIGH RESOLUTION SOLID
STATENMR

As can be inferred from Fig.4 N CPMAS NMR line shape analysis is a
valuable tod only for the milli second to microseand time scde. By analysis of
longitudinal *H - or “H- relaxation times T, of solid hydrogen transfer systems,
the dynamic range of NMR can he extended if the equili brium constants of the
tautomerism are known from independent measurements.*®*? Up to now, this goal
has only been achieved in studies of single aystals.'>*? Here, we show that it is
also passble to extend the method to crystalline powders by employing MAS
condtions.

The system studied in N enriched dmethyltetraaza]14]annuene (DTAA,
Fig.5) which is subjed to the solid state tautomerism shown in Fig. 5% The °N
CPMAS NMR spedra’ (Fig.5a) exhibit similar feaures to those of triclinic TPP,
In particular, the deaease of the line splitting at room temperature with
increasing temperature is well pronourced, arising from the increase of the
equili brium constant of tautomerism between the two tautomers. The latter are
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Fig.5. a Superposed experimental and theoreticd >N CPMAS NMR spedra
of crystalline DTAA. b: N -T; analysis. ¢: Arrhenius diagram.?®

nondegenerate in the aystaline state. The maximum rate constant which could
be determined by lineshape analysis was approx. 10 s*. The longitudinal **N T,
relaxation times were measured in the usual way under MAS condtions and
plotted in Fig. 5b as a function d the inverse temperature, at two dfferent
magnetic field strengths B,. The source of the relaxation lies in the dipdar
interadion between °N nuclei probed and the mohile protons moduated by the
proton transfer. A T, - minimum occurs when the inverse correlationtime t of the
proton motion is of the order of the *°N Larmor-frequency. Sincet deaeases with
temperature, the minimum appeas at higher temperatures when B, is increased.
From the value of T; in de minimum, the NH-distance is obtained. With the
knowledge of the euili brium constants from the line positions it was possble to
convert the T, values into forward rate constants ki, of proton transfer as hown
in Fig.5c. The rate cnstants obtained in this way are now in the nanosecnd
range and agree well with those obtained at low temperature by lineshape
analysis. This result represents a onsiderable increase of the timescde of high
resolution solid state NMR. The datain Fig. 5¢c indicae adlight deviation from an
Arrhenius behavior which could arise from tunneling. In principle, it shodd be
posshle to read the picosecond timescde when studying systems with lower
energy of adivation d protontransfer in the future.
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SOLID STATE EFFECTS ON DEGENERATE HYDROGEN TRANSHER
REACTIONS IN DISORDERED SOLIDS

So far, we have onsidered crystas where the different moleaules
experience the same forward and badkward rate constants, and, therefore dso the
same auili brium constants of tautomerism. What however will happen to the
proton transfer systems when they are dislved in a glass or a liquid which
provides abroad distribution d diff erent moleaular environments?

In order to study these questions "N CPMAS NMR experiments have been
performed on various N laheled dyes embedded in glassy solids or in
amorphous environments.'® We omit a detail ed description o the spedral results
obtained bu discuss only the model which was used in arder to simulate the
experimental "N NMR lineshapes. This model isill ustrated in Fig 6. A moleaule
which forms two degenerate tautomers in the gasphase where the anversion can
be described in terms of a symmetric doulde minimum paotential is considered. As
shown in the precealing sedion the degeneracy will be lifted in an ordered solid
as down in Fig. 6a As long as intermoleaular interadions are small all
moleaules will experience the same dlightly asymmetric potential of the proton
motion. By contrast in a disordered solid like a glass there will be a broad
distribution o different environments charaderized by different rate and
equili brium constants of proton transfer. Exchange between dfferent sitesis very
slow in the NMR timescde. The stuation can be described as a static
superpasition d locd potential curves. At the glasstransition, moleaular motions
caused by solvent reorientation and relaxation becomes important leading to site
exchange or in ather words to a time-dependent fluctuation d the potential. This
rnotional averaging process restores the symmetry of the dfedive doulde
minimun, in the timescae of NMR. However, the adual proton transfer steps are
independent of the solvent relaxation. In the examples gudied'® the NMR spedra
were compatible with a gaussan dstribution d energy differences between the
tautomers. Such a distribution hes been pcstulated recently on theoretica
grouncs.*

-
gas phase \/\/

crystal glass glass transition

Fig 6. Model for the dependence of the proton transfer potential on the
environment arising from experimental observations.™®

SOLID STATE EFFECTS ON STRONG HYDROGEN BONDS IN ORGANIC
SOLIDS

In the previous sdions only neutral hydrogen transfer systems involving
relatively large transfer barriers were considered. The problem of charge transfer
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asciated usually with proton transfer was therefore diminated. Becaise of this
complicdion, proton transfersin liquids are generally very complex as ill ustrated
schematicdly in Fig.7afor the simple degenerate proton transfer between an add
AH and its conjugate base A". The solvent is more ordered aroundA” than around
AH becaise of strong ion-dipde interadions. Two situations can arise if the
encourter complex isformed. In the cae where the complex is charaderized by a
week hydrogen bond, poton transfer is charaderized by a barrier. As inferred
from tlie previous dion the barrier parameters are moduated in dfferent
solvation sites. Proton transfer mostly takes placein environments charaderized
by asymmetric doude minimum potentials. Solvent relaxation restores the
optimum solute solvent interadion. Both processes are statisticaly independent.
The average perturbation d the doulde minimum patentials can be much larger as
compared to the neutral systems of the preceding sedions. By contrast if a very
strong hydrogen bondis formed in the encourter complex, the proton transfer
potential may be barrierlessi.e. charaderized by a more or lessasymmetric single
minimum potential. Depending on the solvent moleaules, the proton is locaed
somewhere in the hydrogen bond.The transfer of the proton is now strongly
couped to solvent relaxation. In ather words, solvent reorientation induces the
proton transfer. Proton transfer systems of this type generally exhibit strong
continua in the IR spedra® from which interesting information concerning the
proton dynamics can be derived. Here, we show that high resolution solid state
NMR can contribute interesting information concerning the proton pcsition in
extremely strong hydrogen bond.

The example studied is a solid salt of the type AHAK", its dructure is
shown in Fig.7b. The hydrogen boxd proton is locaed somewhere in between
two “°N atoms which are only 2.54 A apart.?* At the top, the *°N CPMAS NMR
spedra of the separate solid readants AH and A'K" are shown. AH exhibits a
signal at 150 ppn and A" asigna at ~ 290 ppn. When the readants are dlowed
to cocrystallize to AHA'K® a single line & ~ 210 ppn is obtained when K* =
AsPh,, indicaing a single type of nitrogen atom. The position d K" is sich that
the hydrogen bond poton either jumps rapidly between two pdential wells of
equal energy or that it moves in a symmetric single well potential where the
minimum is located midway between the two ritrogen atoms. By contrast, in the
case of K = NPr,", two lines are observed at 190 and 220 pm indicating that
the hydrogen bond poton is displacal from the center position. In contrast to
triclinic TPPand DTAA, the line splitting is amost independent of temperature
as expeded for an asymmetric single minimum potential. Therefore, the results
shown in Fig.7bindicae the presence of an asymmetric single minimum potential
or of an asymmetric doulde minimum potential with an extremely small barrier,
posshbly small er than the vibrational groundstate. Further studies are underway in
order to charaderize the proton pgitions, the patential of the proton motion and
the vibrational wave functions, by studying the dipdar interaction o N with
attached hydrogen isotopes. Note that information d this type can na easily be
obtained by vibrational spedroscopy or by diffradion techniques. In summary,
solid state NMR will be a1 interesting method for charaderizing intermediate
states of ionic proton transfer readionsin the future.
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COHERENT HYDROGEN TUNNELING IN POLYATOMIC MOLECULES
IN CONDENSED PHASES

At this gage, it is interesting to discuss the mnsequences of the results
obtained in the precaling sedions for the details of hydrogen transfer in
condensed matter. Let us dart with the simplest models proposed to acammodate
degenerate hydrogen transfer processes, i.e. the theory of the one-dimensional
symmetric doude minimum potential.3* As illustrated in Fig.8a, this model
predicts delocdi zed vibrational hydrogen states which are given in approximation
as the positive and the negative linea combinations of harmonic oscill ator states.
The energy splitting is hd, where J can be interpreted as frequency of coherent
hydrogen tunreling.®* With the exception d some smal moleaules in the gas
phase, this model could na be verified in the caes discussed above where the
hydrogen transfer processs are stochastic i.e. charaderized by a rate constant.
The transition ketween the two regimes is one of the major problems in
theoreticd chemistry of readion dynamicsin pdyatomic moleaules embedded in
condensed matter.*? Here, we restrict ourselves to a qualitative explanation o
these phenomena, based onexperimental observations.

For the cae where the gas phase symmetry of the doulde minimum
potential is lifted in a aystal - as observed in the preceeling sedions - one-
dimensional doube oscill ator theory predicts locdized proton wave functions as
illustrated in Fig.8b. In order to arrive & arate process more dimensions have to
be taken into ac@urt.*?*? The simplest process one can conceive is vibrational
relaxation (VR) occurring in pdyatomic moleaules.®® VR leals to a stochastie
interchange between the locdized states of Fig. 8b. However, VR is also present
in the gasphase. When the rate constant of VR is of the order of J, the aherence
of tunrelng is destroyed and hydrogen transfer becomes an incoherent tunneling
process at low temperatures and a dasscd over-barrier process at high
temperatures. In tbe liquid state, the dfedive symmetry of the
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potential is restored by solvent relaxation and a smaller tunrel splitting could
survive (Fig. 8c). However, VR leads again to a stochastic transfer process

As illustrated in Fig.8d-e, there ae, however, systems where @herent
tunreling can survive VR and intermoleaular interadions, e.g. the exchange of a
pair of two hydrogen atomsin space The potential curve of this processis down
in Fig. 8d for the gasphase. The nuclea spins - charaderized by arrows - play
now a dedsive role. The lower tunnel state is ymmetric with resped to a
permutation H-H, - Hp — Ha and the upper state antisymmetric. Since hydrogen
has a nuclea spin 1/2 the lower state has to be couped with the antisymmetric
nuclea spin function # (antiparallel spin) in order to fulfill the Pauli exclusion
principle. By contrast, the upper tunrel state is antisymmetric and has to be
combined with the symmetric nuclea spin states 't (parall el spins), asin the cae
of o-H, and pH,. Thus, interconversion d the delocdized dhydrogen states
involves also a nuclea spin conversion which is much slower than VR. Thus, the
tunrel splittings hJ can survive eren in larger moleaules, even in the NMR
timescde. In the aystalline solid the barrier of interchange and the value of J
may be dtered bu not the inherent symmetry of the process (Fig. 8e). When
plaang the moleaule in a multitude of different exchanging environments, i.e. in
aliquid (Fig. 8f) solvent relaxation will | ead to an average temperature dependent
tunrel splitti ng aslong as nuclea spin conversionis dow.

Fig. 8d povides also an explanation for the observation that VR does nat
seam to be operative in the cae of malonaldehyde (Fig. 8) in the gas phase.*® For
this moleaule aground state tunrel splitti ng has been observed *® In terms of its
proton transfer feaures this moleaule would range anong the examples shown in
Fig. 8a-c; however, in the gas phase this moleaule is also of the type shown in
Fig. 8df becaise of the two hydrogen atoms H, and H,. As diown in Ref. 36,
the wave function in the gas phase can be gproximated by the product
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of the vibrational rotational and nwlea spin functions W =y .. According

to the Pauli exclusion minciple, the cwmbinations s®, sas, ass and aaa &
posshle where s = symmetric and a = antisymmetric with resped to the per-
mutation H-H, — Hp-Ha. In the gas phase bath rotational relaxation and niclea
spin relaxation is dow enabling the observation d tunrel splitti ngs. By contrast,
in condensed matter, a reduction d the moleaular symmetry occurs® and the
suppresson d the moleaular rotation leads to a spatial wave function which is
neither symmetric nor antisymmetric with resped to the &ove mentioned
permutation. As a @nsequence, symmetric and antisymmetric nuclea spin
functions can be combined with all spatial functions. Nuclea spin relaxation is
then im longer a bottlenedk for vibrational relaxation between the two lowest
vibrational states and coherent tunreling is destroyed. The same phenomenon
could arise in the gas phase dter substitution d H, by deuterium. This
substitution also reduces tunreling becaise of a reduction d the moleaular
symmetry.*®

COHERENT HYOROGEN TUNNELING IN TRANSITION METAL
HYDRIDES

Coherent hydrogen tunreling in pdyatomic moleaules embedded in liquid.
will then survive intermoleaular interadions and VR only in the caes of mutual
exchange of pairs of hydrogen atoms as sown in Fig. 8ef. In fad, this
phenomenon tas recently been olserved by NMR spedroscopy in a number of
trangition metal trihydides and dhydrides, where it has been cdled “quantum
exchange**>*® As an experimental introduction into this problem let us consider
the cae of an addwt of a Ru-trihydride with Cu®® The structure and the
superposed experimental and caculated 500 MHz *H spedra of this moleaile
disolved in acdone-ds are shown in Fig. 93° At low temperatures three signals
are observed for the threehydride goms H,, H, and H. Signals b and ¢ are split
by couging into doublets charaderized by the muging constant J,.. A fluxional
processwhich intercorverts atoms a and c. At higher temperatures an

320 K J» *
Cp H Cp
Ru< Cu >Ru
270 K /\ e Ho
IS O
Joc Joc
250K S
J

be—

230k NI
Joc

—

210 K 200 Hz

c a bJ
= Jbe
170 K M J\ W
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Fig.9. Superpased experimental and cdculated 500MHz *H NMR spedra of a
transition metal hydride disolved in aceone-ds.*
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additional classcd exchange between b and the pair a/c takes placeleading to
line broadening and coalescence of al signals. By lineshape analysis we obtain
log A = 11, E, = 15kJmol™ for the first and log A = 13, E,= 20 kJmol™ for the
se@mnd pocess

The spedra in Fig.9 are noteworthy because of the size of J,. which is
much larger than expeded for normal magnetic scdar cougdings between
hydrogen nuclei. Moreover, Ju strongly increases with temperature from 50 Hz to
more than 200Hz. Unfortunately at higher temperatures the values of J,. can no
longer be extraded from the lineshape because of the hydrogen exchange
processs. Even larger cougding constants J were observed for other transition
metal hydrides.”>*" Their origin hes been explained in terms of a quantum
exchange or coherent tunneling exchange processof hydrogen pairs acrding to
Fig. 8d?>*° where the observed couping constants (eg. J. in Fig.9) direaly
represent the average tunnel splittings of Fig.8d. Solvent interadions can be
understoodin terms of Fig.8f. The quantum exchange becomes an incoherent

T T
HY H H H
Cp ;99 Cp MHdy Cp_ ,®  Cp_ ;g Cp.  Hg Cp_ ,°
M—HR M=—Hp —Hg M=Hp M#=*Hb s M—Hq
L’ L7 L7 L7 L7 L7
o He He c . He He
A A
V| 1 ] Tt T T V(e)

Uy - By
e S A A A
p A
S W W A A R A
Uo B
Jp>0 g° £ — N 2040

-1 0 1 q -90° 0 90 ©
up B2
9, Ay
P A
91 B4
U Bo
99 Ao
ween o, 0 . AT
Cp_ ;0 p. Ha cp. Hp Cp ,®
AN N2 N, A AN
M—Hp — M Hb . M~ Ha — —Hg
L’ 7N 7N 7N
He He c He
Ay B,
Bo ﬁ Ag Bo
Ag *
* ‘//' D«>D ‘? tt
T «— T

Fig.10. One-dimensional tunrel models® of the hydrogen exchange in metal
trihydrides, (M = Ru, Ir, Nb; Cp = cyclopentadienyl, L = Ligand)
between the degenerate forms T and T*. a The readion coordinate
corresponds to the motion o the two hydrogen atoms along their
internuclea distance vedor q. b The readion coordinate crresponcs
to arotation O d the internuclea distance vedor aroundan axis in the
MH Hy-plane. ¢: The readion takes place in two steps. firstly, a
metastable dihydrogen complex D is formed via an adivated rate
process subsequently rotational tunneling takes placein D.

rate processat higher temperatures leading to the observed lineshape danges and
prevents further study of the tunrel splitti ngs.

Little is known abou the details of the quantum tunnel process and the
transition o the quantum versus the dasdcd exchange process at higher
temperatures. Fig.10ill ustrates shematicdly different passble pathways of the
quantum exchange®® In FiglOa a hypatheticd inversion pethway along a
symmetric doude minimum patential V(qg) is $hown, where g represents the
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distance between the exchanging hydrogen atoms H, and Hy,. The states are then
split as usual by tunreling, where the tunrel splitti ngs J, increase with vibrational
energy. The different states are gerade or ungerade with resped to the inversion
at q = 0. The g-states are linked acarding to the Pauli exclusion ginciple to the
antisymmetric nuclea spin state (1) with antiparall el spins and the u-states to the
symmetric nuclea states 1t with parallel spins. Vibrational relaxation takes place
within the g- or within the u-states. Conversion d states with diff erent symmetry
is dow leaing to average temperature dependent tunnel splittings J. As
mentioned above, the latter appea as quantum cougling constantsin the ‘H NMR
spedra. The increase of the observed couing constants with temperature, e.g. of
Joc N Fig.9, arises then from an increase of the average tunnel splitti ngs with
energy asauming a Boltzmann dstribution d states. In ather words, NMR
diredaly measures the tunnel splitti ngs of the quantum exchange of hydrogen pairs
in transition metal hydrides, averaged over different vibrational states and solvent
configurations. Fig.10b shows a hypaotheticd rotational tunreling pathway
involving a rotation angle O around an axis perpendicular to de Hs-Hy axis. In
this case, the wave functions are a@ther symmetric (A) or antisymmetric (B) with
resped to the C,, operation. A has to be muped to the antisymmetric (1) and B
to the symmetric (1) nuclea spin functions lealing to a sign alternance of the
tunrel splitti ngs which in turn leads to a deaease of the arerage tunnel splitti ng
with temperature. Thisis not in agreament with the observed increase of J with
temperature. Since the inversion processof Fig.l0a is expeded to involve avery
high barrier, the pathway shown in Fig.I0c has been proposed.™ Here astochastic
process leals to a fast exchange of the trihydride state T with an intermediate
dihydrogen state D in which rotational tunreling takes place Since the
popuation d D increases with temperature J also increases, as long as only the
lowest splitti ng isimportant. Independent suppat for this medianism comes from
ab initi ggcalculations of model compound which find a metastable dihydrogen
state D.

In the future, bah additional experimental and more sophisticated theore-
ticd studies are necessry in arder to understand these interesting phenomena.

SUMMARY

It has been shown that dynamic high resolution liquid and solid state NMR
spedroscopy can give interesting information abou the dementary steps of
proton transfer readions which canna easily be obtained using other methodks.
Although NMR is nat the “fastest” kinetic methodit is cagpable — using designed
model systems— to contribute to the problem of how the environment changes
the dynamics of hydrogen transfer processes. The results obtained may be of use
for the development of theoretied readion models for condensed phases.
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