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In this paper a unified view of coherent and incoherent dihydrogen exchange in
transition metal hydrides by nuclear magnetic resonance (NMR) and inelastic neutron
scattering (INS) is presented. It is shown that both exchange processes coexist i.e. do not
transform into each other although they may dominate the spectra in different temperature
ranges. This superposition is the consequence of the incorporation of the tunnel frequency J

of the coherent process into the nuclear two—spin hamiltonian of hydrogen pairs which

allows to treat the problem using the well known density matrix theory of NMR
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line—shapes developped by Alexander and Binsch. It is shown that this theory can also be
used to predict the line-shapes of the rotational tunneling transitions observed in the INS
spectra of transition metal dihydrogen complexes and that both NMR and INS spectra
depend on similar parameters. In particular, two simple models of dihydrogen exchange
effects on the NMR and INS spectra are discussed. In the first model a single site—two—spin
system is considered involving four nuclear spin levels, characterized by the average tunnel
frequency J and t!ie rate constant k of incoherent dihydrogen exchange. Whereas J leads to
the usual NMR line-splitting the increase of kinduces line~broadening and coalescence
into a single line by averaging of the chemical shifts of the two hydrogen atoms. By
contrast, the quantum coherences between the nuclear singlet and triplet states which are
not observable by NMR but seen in INS as rotational tunneling transitions are predicted to
decay with 2k leading to an homogeneous broadening of 2k/x of the corresponding INS
bands. This result explains the disappearance of these bands when temperature is raised as
k increases monotonously with the latter. Since in practice many sites have to be taken into
account, corresponding to different molecular configurations, conformations, solvent
environments, or simply different rovibrational states, this one—site inodel is only valid in
the case of rapid interconversion of the different sites. The effects on this interconversion
without and with a combined dihydrogen permutation on the NMR and INS spectra is
studied in a two—site model, adapted to typical experimental situations encountered in
NMR and INS. The results obtained are then illustrated using experimental examples from
both spectroscopies. Finally, a physical interpretation of the loss of quantum coherence
between the triplet and singlet states by the incoherent exchange is proposed, associated to
sudden dihydrogen rotations either via incoherent tunneling or via a free over—barrier
rotation which inverts the rotational wave functions of o—H2 but not of p—H2 sta;tes. The
incoherent tunnel process can explain experimental findings by INS of a non—Arrhenius
behavior of the rate constant of the incoherent process in the case of dihydrogen complexes
exhibiting a low barrier for dihydrogen rotation. The absence of kinetic HH/HD isotope
effects found by NMR for cases with high barriers seems then to indicate a heavy atom

motion, e.g. a ligand reorientation in the rate limiting step of the incoherent rotation.




1. Introduction

For a long time, the dynamics of hydrogen exchange reactions, e.g. ammonium and
methyl group rotations in molecular solids have been studied both by inelastic neutron
scattering (INS)[1] and nuclear magnetic resonance (NMR)[2] techniques. At cryogenic
temperatures, the exchange is generally coherent, i.e. characterized by a tunnel ﬁequeﬁéy
A which is directly observable as a tunneling transition in the INS spectra. At higher
temperatures, a transition into an incoherent exchange regime occurs characterized by
typical line—shifts towards the elastic line and line—broadening, eventually leading to a
very broad inelastic line disappearing at high temperatures. On the other hand, both
coherent and incoherent group rotations also give rise to characteristic NMR spectra and
NMR relaxation [2].

Recently, it has been shown by Kubas et al. [3] that dihydrogen can be coordinated
in side—on configuration to transition metals. Moreover, it was found by INS that the
dihydrogen group in these compounds is also subject to coherent rotational tunneling. On
the other hand, in recent years several authors have observed unusually large (Hz to kHz)
non—magnetic "exchange couplings" between metal bound protons of transition metal
trihydrides [4—6] and dihydrides [7] dissolved in organic liquids which strongly increased
with temperature up to-a point where a "classical" or incoherent dihydrogen exchange sets
in. These "exchange" couplings J,, ., were identified by Zilm [5a—d] et al. and Weitekamp
[5f] with the average frequency ;t of coherent dihydrogen exchange tunneling. This
phenomenon has aroused a wide experimental and theoretical interest [5—7]. One main
consequence of these observations was the possibility to include the tunnel frequency in the
usual high—resolution nuclear two—spin hamiltonian [8], i.e. )

T=v 1 + vl +T11, - ()
where v, represent the chemical shifts, I " and Ii the usual spin operators, and J the

apparent coupling constant corresponding to the sum (5]

7= Jexeh * magn ()
Jma.gn is the usual scalar magnetic coupling constant. Since we are concerned in this paper

mainly with the case Jm:ch >> Jmagn

we will drop the subscript in Eq. (2) and set J =




Jexch throughout this paper.

This incorporation of coherent tunneling into the nuclear spin hamiltonian has some
consequences which have not yet been fully recognized to our knowledge. The main
consequence is that the transition from the coherent to the incoherent dihydrogen exchange
regime does not mean that one phenomenon excludes the other but that both coexist in the
whole temperature range; the apparent transition is only a consequence of the different
temperature dependence of the parameters describing both phenomena. This conclusion
immediately follows from the well established NMR line—shape theory devised by
Alexander and Binsch [9] which has been very often used in order to describe the NMR
line—shapes of J ~ coupled spin systems in the presence of incoherent or "chemical”
exchange processes. Here we use this theory to describe the NMR spectra of superposed
coherent and incoherent dihydrogen exchange of transition metal hydrides which reveals
insight into the physical meaning of the superposition of both processes.

Another consequence of Eq. (1) is also addressed in this paper, namely to show that
the Alexander—Binsch theory does not only give a consistent description of the NMR but
also of the INS line—shapes of transition metal hydrides which are‘not yet well understood
up to date. Thus, it becomes possible to discuss the results of both methods within a
common theoretical framework in terms of a simple phenomenological exchange model.

In the following theoretical section we will shortly review the Alexander—Binsch
theory and then discuss the example of a one-site—four—level system of dihydrogen
exchange. This model will then be expanded to a two-site-eight-le#el gystem but it will be
shown that the latter and even a multi—site system reduces, under certain circumstances,
to the one—site system. These models will then be applied to discuss experimental NMR
and INS spectra of some transition metal hydrides subject to coherent and incoherent

dihydrogen exchange.




2. Theoretical Section
2.1. The Alexander—Binsch formalism

Within the framework of the Alexander—Binsch formalism, the NMR spectra of
exchanging spin systems in sites r, s, ... are calculated by solving the equation of motion of

the complex density matrix p of an ensemble of nuclear spins of interest in composite

Liouville space [9b]
%@ = (-L+2+%)p, p . =<m|p[n>. (3)

All quantities in Eq. (3) are well-known. The diagonal elements of p correspond to

=
populations and the off—-diagonal elements g x) = Py tO quantum coherences. £ is the
Liouville operator depending only on the nuclear spin Hamiltonian 7, i.e.

£”'I”I’~8A8 = 5rs(1pn6/\u—1,\u6un)' . 4)
0 represents the Kronecker symbol, b, €tc. the nuclear spin functions of the environment r;
generally, the usual product spin functions are used as basis. The subscripts r are employed
only when necessary; since £ has a block—diagonal structure for each spin system, they can
be omitted on the right side of Eq. (4). 2 is the Redfield relaxation operator describing the
interaction with the bath; in order to evaluate 2 a specific relaxation mechanism must be
chosen, e.g. a dipole—dipole relaxation mechanism. However, in usual NMR line-shape
calculations 2 is generally assumed to be diagonal, and all diagonal elements are given by
—1/Ty = —7W,, where T, is the effective transverse relaxation time and W the
corresponding line—width in the absence of exchange. X represents the operator describing
all chemical exchange processes. For intramolecular exchange processes between different

sites the elements of X are given in composite Liouville space of the exchanging by [9b,9c¢]
Xﬂrvr,nsAs = 6urnr6vrkr[ 5rst§tkrt + (-0, )k . ‘ (5)

krs is the rate constant of the interconversion between r and s. For intramolecular mutual

exchange processes between two nuclei i and j within a given'subspa.ce r involving the rate

constant k’;-li_ the elements of X are given by [9b,9¢]

X =-3 3B &, +#ip) P (6)
ffr”r’“r’\r i<j T AR ”r’\r It b Y, r’\r .
P is the permutation operator exchanging i and j, and its elements PJ, =1ifu and v,

Fely
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differ only by the permutation of the spins i and j, otherwise it is zero. We note that Eq.
(5) is independent of the basis, but Eq. (6) is formulated in the product spin basis and has
to be transformed when another basis is used.
The NMR spectra can easily be calculated from the expectation values of the usual

lowering or raising operators according to the equation .
<I'>=1I )
formulated in Liouville-space, where only single quantum coherences are important. After
Fourier transformation, they immediatedly give the contribution of the particular
transition to the NMR spectrum. Therefore, for line—shape calculations Eq. (3) must be set
up and solved only for the the single quantum coherences, if they are created in a
one—pulse NMR experiment. We note that all parameters contained in Eqs. (3 — 6) are
phenomenological and obtained by comparison of experimental and numerically calculated
line—shapes.

~ As will be proposed below, the formalism may also be used in order to calculate the
INS rotational tunneling transitions for proton pairs, where attention has to be paid to the

different selection rules in this kind of spectroscopy.

22. A one-site—four-level tunneling model of dibydrogen exchange

In the first step we consider the simplest dihydrogen exchange tunneling model
involving a single proton pair in a single site leading to four nuclear spin levels. The
nuclear spin hamiltonian is given by Eq. (1), i.e. characterized by two chemical shifts 2
and v, and a single tunnel splitting J corresponding to a single pair of coherent tunnel
states outside the magnetic field. In addition, we consider an incoherent mutual exchange
between the two protons characterized by the rate constant k& In the product spiil basis the
four nuclear spin functions are given by 1 = aa, 2 = of, 3 = fa and 4 = 4. As sh-own in the
Appendix, these functions are in agreement with the Pauli exclusion principle. Neglecting

relaxation, it follows from the previous section that the time evolution of the populations

and of the zero quantum coherences is given by the following equations




dp dp

u_%u_, 8)
dt  dt
Y9 . —ixdp prinTon o 9
PO B~ M VA < ' (9)
d—p2—3— —iTJpo o+ [~k+27H Ve ~V; )| pga +K000+iTJ]
PR 9~V Pagtkogo+itlogs, (10)
%33 _ kDo + $8Tpey =it Jpy—kp 1
T Pagtirlegymintegy gy (11)
of the single quantum coherences by
P13 _ (il i, +7/2)]p, + [hin] (12
Pramiel B bt ek et P13 , | )
d—pl—?i— [- L r2xi(v, +J/2)]p; o + [kinJ] 13
P k=, 1 P13 71019 (13)
iif?}- =[- 1 +27i(v,—J[2)]|po + [k+inJ] 14
PP k—p, 1 Poy Pag (14)
E-p3—4 = [~ 1 +274(Vg—J[2)]po, + [k+ixJ] (15)
P k—p, 2 P34 Poy:

and of the double quantum coherences by

dpyy

it = [_%2"'47"-”2]P14: (16)

It is helpful to transform the above equations into the basis of the symmetrized spin
functions, i.e. the nuclear triplet states and the singlet state
1=aa=T,2=T,=( J%(aﬂwa), 4=T_ =fB3=S= J%(aﬁ-aa). (17)

The density matrix ¢ in this basis can easily be evaluated and we obtain

doyy _ doy _ dogq _ doy, — 0 ) (18)
dt dt  dt dt ’

do.

doyq ] ]

. = iy +vy)05 + iV, —V5)0 3, » (20)
d013 . - ‘ . :

a—— = ‘Jl':(ul-—uz)a'12 + [—2k+1rz(v1+l/2)+21l1-f]013, (21)



[al

da'2 4
™ m(vl+u2)a'24 + m(u V2)03 4 (22)
dog, ) ) )

Outside the magnetic field all Larmorfrequencies are zero and one obtains

d”ll _ d022 _ d0'33 _ da44 _ dcr12 _ da'24

= = = = = = 0, ' (24)
dt dt dt dt dt dt
d023 do,
= [2k+2ind)0,,, —= = [-2k+2in]] 0, (25)
dt dt
dcrl3 d
T = [-2k+27id]0; 4, —— dt = [-2k+27id]o; 4 (26)

Let us now discuss Eq. (18 — 23) in more detail. The situation where k» 0 is
illustrated schematically in Flg 1.IJI<< Iul— 2] and v the spectrometer frequency,
the energy level diagram of Fig. 1a results. The potential functxons for the dihydrogen
exchange are included schematically, where the barrier height is in reality much larger than
indicated. The states aa and §f are delocalized and associated with the upper tunneling

~ state via the Pauli exclusion principle. The states 2 = aff and 3 = fa are localized pocket

states of different energy because of the condition J << I"l"”2 |. Therefore, the observable
transitions Vaq and V4o indicated in Fig. 1a are split by the total coupling constant J as
usual. The same is true for the observable transitions v,, and v,,.

In the case where the exchange coupling constant J >> |u1—u2| but J << y, the
level diagram of Fig. 1b is obtained. In NMR, only the transitions within the triplet states
are allowed but not between the singlet and the triplet states. Therefore, only a single line
is observed by NMR at (v,+v,)/2 as indicated at the bottom of Fig. 1b. In the absence of
a magnetic field ub = 0 and the diagram of Fig. 1c results. All triplet states are degenerate
for the hamiltonian of Eq. (1) and coincide into the state T where the subscripts are now
omitted. Under these conditions NMR cannot be observed; however, the transitions
between singlet and triplet states are allowed in INS; the transition Vgp = —J appears on
the energy loss side of the elastic line situated at the origin and the transition vpg = +J

on the energy gain side as indicated schematically in Fig. 1c.
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The influence of an increase of the rate constant k of incoherent exchange on the
NMR spectra calculated from Eqgs. (20 — 23) is illustrated in Fig. 2 using arbitrary
parameters. In the cases of Fig. 2a (J = 0) and 2b (J << |V1— 2[) the increase of k firstly
~ leads to line—-broadening given by k/=, then coalescence into a single peak which then
sharpens. The incoherent exchange can be visualized as interconversion between the well
defined pocket states af and fa in Fig.1a, or more exactly as the interconversion between
the single quantum coherences connected with the states af and fa. This incoherent
exchange renders, therefore, the two protons magnetically equivalent i.e. averages their
chemical shifts and possible magnetic couplings to other nuclei, in contrast to the coherent
quantum exchange. In Fig. 2c J = |V1—V2| leads to the well-known decrease of the signal
intensity of the outer transitions Va1 and v,,. Now, increasing k still leads to some spectral
changes and line—coalescence. By contrast, no line—shape changes occur any more when J
>> vV, a3 depicted in Fig. 2d; in other words, the transitions within the triplet sublevels
of Fig. 1b are no longer affected by k. Since all states are now delocalized by coherent
tunneling, what is then the meaning of k in this regime realized always in the absence of a
magnetic field?

This question can easily be answered by a look at the density matrix elements
corresponding to the quantum coherences between the S— and T—states given by Eqs. (20 —
26) in the symmetrized spin basis set. These coherences decay — even in the absence of a
magnetic field with the rate constant 2k, leading to a linewidth of 2k/x of the transitions
Vg and Vps- The calculated line—shapes of the latter which should be observable in INS
are depicted in Fig. le. Since kincreases monotonously with temperature this simple
model, therefore, predicts the INS transitons to broaden monotonously with temperature

until they disappear.

2.3. A two—site—eight—level tunneling model of dihydrogen exchange
The above exchange model does not explicitely take into account the inter-
conversion between a a multitude of thermally accessible state pairs, populated according

to a Boltzmann distribution, and characterized by different nuclear spin hamiltonians,
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especially different tunnel splittings. In order to obtain further insight into the way how
this interconversion affects the NMR and INS line—shapes we consider in this section a
dihydrogen exchange model consisting of two interconverting sites A and B, consisting each
of a four—level two—spin system characterized by different exchange coupling constants and
chemical shifts. The reaction network considered is illustrated in Fig. 3. The sites may be
identified either with different chemical species such as a dihydride configuration and a
dihydrogen configuration as indicated, but could also represent different solvent
configurations, conformations or simply the rovibrational groundstate and an excited state.

A and B are characterized by the populations x A and xg and interconvert with the
forward and backward rate constants k AB and kB A’ where the equilibrium constant is
given by K = zB/xA = kAB/kBA' The exchange couplings are .l‘A and /5. In order to
describe the incoherent dihydrogen exchange the states A’ and B’ have to be included in
Fig.3. The corresponding rate constants are ky and kpp, where we assume in the
following that & AA << kBB Figs. 3a and 3b differ in the probability p of a dihydrogen
permutation associated to the A = B interconversion. In Fig.3a p = 0 and in Fig. 3bp =
1/2. Both networks can, therefore, be combined into a single network.

For this model we obtain the following set of coupled equations for the single

quantum coherences

—k,n—ky ,—1/T2 k
AB "AA AA
A kn, (1-p) . ? A
P12 +2n'(ué +JA/2) —ris . _ 50 | P12 (27)
k ~kyn—k,-1/T2
A AA AB "AA A
p ? kg, (1-9) p
% e - —rish +21'i(u% +JA/2) "B L i
A = .
B S S B
pl132 kAB(l_p) kABp T 1/ kpp P19
s2ri(h +J8/2) —risP |
k —kB —kpp—1/T2
B BB A “BB B
k kyn(1- p
f13 AP AB( ?) il +2l’i(ll? +JB/2) 13
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—k, oKy —1/T2 k
AB TAA AA
A kn, (1-p) kn.p A
Paa| |+2ri(vh -14/2) rish BA BA Pa4
k —kyqky 1-1/T3
A AA AB TAA A
p kP 1-p
¥ It sari(uh -Jty2)[ B Faln) |1p3q
s | Fyp(1-p) kypp —k“.kgrl/ T kBBB P54
+21i(u2 —JB/2) riJ (28)
k gy y—ken—1/T
B BB kpa~Fpp~1/Ts || g
kynp kyn(1-p
P34 aE 1p(1-7) rift +2ri(v2 —JB/2) P34
In the symmetrized basis for form B we obtain
—kynky s=1/T2 k |
AB "AA AA
A ko) /2 1-2p)kp, /V2 A
P12 +21i(vé +JA/2) —risA BA/ ( Yo P12
k —ky k), -1/Ts
A AA AB AL kB /2 A
p A ~(1-2p)ky, /¥2 ||p
Y s2ri(h +7h2) (1-29) kg =
B kg —1/T5 B
v BA .. B B 4
12 kyn/v2 kyn/v2 1i(vy V) 12
AB/ AB/ fi(Vg +ug) 2 1 (29)
kg ~2kgp1/T2
B .«B B BA B B
4 —(1-29) k4 n/v2 |-(1-29)ks0/v2 | 7i(vg —v v
13| [T(1-2P)kyp/v2 |-(1-2p)Fyp/ (vg 1) wri(B B 2|13
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=k, o=k, \—7¥ k
AB AL "o AA
A kni/42 1-2p)kp, /2 A
Paa| |s2ri(uh -1H/2) eridh BA (1-2p)kpy/ Pa4
k —k,n=k, —TH
A AA AB AL "o kny /42 A
p BA ~(1-2p) ky, /42
d 34 _ +ri.lA +21i(v{ —JA/2) (1-2¢) BA/ P34
dt -
B -k -tF B
o BA ..B B
-k —2kB -
B ., A2 A2 BA B "o B
v —(1-2p)k,n/V2 |-(1-20) K, 0/V2 | ri(v ~vq o
34 (1-2p) AB/ ( ) AB/ ( 2 ) +1i(v¥ Wg _a]) 34

There are two cases where this two—site model reduces to the simpler one—site
model discussed in the previous section. In case (i) the population of B is so small that B
can be considered as an intermediate for which the well-known steady state approximation
applies. In this case the formal kinetic theory of chemical reactions leads to the following
expression for the rate of incoherent exchange
k=Fky 5 + kpplkgp+2p(1-7)kp,l/(2kgp g y)- (31)
When p = 0 or 1 it follows in the case of a fast interconversion between A and Bi.e. if kg,
>> 2kBB that

k=1kyp + Kypkpp, Kpp = kap/kgp = "B/"A - (32)
In the case where 2”BB >> kB A Ve obtain

Now, every other interconversion between A and B leads to an incoherent dihydrogen
exchange. On the other hand, if p = 0.5 in Eq. (30) we obtain exactly the same result of
Eq. (32) indicating that kpp i8 no longer important. .

In case (ii) kg o and k, p are larger than the chemical shift differences occuring in A
and B, but both species may be present in comparable concentrations. In this case we
obtain the average chemical shifts

= B ._ .
Vi—zAu‘?+;cBui,1—1, 2. (34)

In principle, one can define the average coupling constant
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J= foA-i-xBfB = (JA+KABJB)/(1+KAB) (35)
which can, however, only by observed when p=0or 1 and k AA and kBB are small as
discussed below.

In the calculated spectra of Fig. 4 the direct mutual exchange rate k A A Was set to
zero, as well as JA. In the series of spectra of Fig. 4a also kBB and p were set to zero. K AB
was set arbitrarily to a value of 0.9. From the bottom to the top the rate constant k AR W8
increased. In the slow exchange regime (bottom) three singlets are obtained at V‘:‘ and u‘%
for the A — form and a smaller one u113 C u]23 for the B form. As k A p 18 increased the lines
broaden. They do not coalesce, but give eventually rise to the typical four line two—spin
splitting pattern, characterized by the average chemical shifts v, and vy, and the average
coupling constant J given by Eqs. (34 — 35). If zg << 7, and JA % 0 it follows that 2%
u‘: and v, ® v‘; and that J» xBJB =K ABJB . Thus, for the observation of the exchange
coupling, only the quantity .k

P
Q=[x (36)
Y172
is of importance. This is a lucky situation because a large chemical shift difference for the
two coupled hydrogen spins is "borrowed" from the dihydride state A and the large
exchange coupling which is not directly observable in the dihydrogen state B is scaled by
the factor zg due to the fast interconversion between the two forms.

It is noteworthy that the fast interconversion between A where JA % 0 and B where
the frequency of coherent dihydrogen exchange is large, i.e. B> [ull3 - Vgl does not
lead a priori to an incoherent mutual exchange of the two hydrogen nuclei. This incoherent
mutual excha.hge between af and fa can, however, be switched on by increasing either the
rate constants kA AT kBB’ or by setting p = 0.5, leading to the effects depicteq.in Fig. 4b
to 4d. No effect is observed in the bottom spectra where the exchange between A and B
was suppressed and where the two protons in B can not be distinguished. As can be
inferred from Eqs. (29 — 30) the incoherent exchange in B leads to a fast decay with the
rate constant 2kgp of the forbidden § — T fra.nsitions but not of those of the allowed

transitions. However, a dramatic effect is observed in the range of the fast interconversion
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between B and A, i.e. in the case of the top spectra of Figs. 4a to 4d. As kBB is increased
the lines of the signal pattern (Fig. 4a, top) broaden and coalesce into a single line (Fig. 4d,
top). This effect corresponds to the apparent transition from the coherent to the incoherent
exchange regime, as depicted in Fig. 2b.

The reason of this transition can be inferred by inspection of Eqs. (29 — 30). From
these equations it follows that the condition for the observation of an average exchange
coupling in the spectra is the formation and the periodic time evolution of the quantum
coherences 0’?3 = crg S and ag 4= ag T-,Of the forbidden transitions between the singlet
and the triplet states of B. If these coherences are not formed because of p = 0.5 or if they
decay rapidly because of large values of 2’°BB the chemical shifts of the two nuclei are
averaged and the J — splittings are lost.

In the following we want to study the question whether the two—site—eight—level
model can also explain the INS spectra of transition metal dihydrogen complexes? Here
tunnel splittings can only be observed if the rotational barriers are very small and the
tunnel splittings large. In principle, the rotational tunnel states can be evaluated in the
simplest case of a two—fold rotation by solving the qne—dimensiond Schrddinger equation.
Of the manifold of odd and even states we only consider for simplicity the two lowest pairs
0 and 1 of singlet and triplet states, as depicted schematically in Fig. 5. The subscripts
used in the following discussion now refer to the numbering of the level pairs. As is well
known [6a,10] the lowest splitting J, = ETO_ESo > 0 and the upper one J; = ETI—ESI <
0. The incoherent 0—1 interconversion can be characterized by the two forward and
backward rate constants k01 and klO’ i.e. in principle by the exchange network of Fig. 3.
We obtain the following density matrix equation similar to the well-known asymmetric

two—site system

do
SoTo _ 1 .
= Pt folles r, + ko Ty (37)
do
STy _ 1 .
—J“"dt = [=kyg—p,~mil Sy log 1, + Fp198,7, (38)
do
ToSo _ _ 1 .
dt - [ kOl—-Tz_’n' JOI]aToSo + kIOUTlsx’ (39)
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s, L il |]om o + k10 40
dt _[_klo—Tz miv TSy 017 TSy ( )

There is a complete correspondence between the NMR spectra of Fig. 4 and the INS
spectra calculated using Eqs. (27 — 40), depicted in Fig. 5, where arbitrary parameters were

employed. In the slow exchange region all transitions S O—To, T o—so’ Sl—Tl, and TI—S1

appear in the calculated spectrum at Jo, -—Jo, J1 and _Jl’ weighted by the populations X,

and x,. When the rotational excitation occurs, transition § -T o €xchanges with $;~T;

and T o—-S . with Tl_sl' i.e. with transitions located on the other side of the elastic line at

zero enery. The description in terms of NMR line—shape theory is straightforward. As k01
is increased at constant populations (Fig. 5a — 5d) the lines broaden, coalesce to two new
averaged lines both shifted to the the center, characterizing the average transition S—T ’and
T-S. The average tunnel splitting in Fig. 5d is again given by Eq. (35), written here as
J=xJ,+x;. (41)
In Figs. 5e to g, fast exchange between S o—To and §,—T; was assumed, a small
value of koo and a large value of &, , of incoherent exchange in the lower and the upper
rotational state pairs. Only the population of x, was increased, leading to a further
decrease of Ji.e. shift of both lines towards the elastic line; at the same time, the average
line—width of the quasielastic line increases monotonously with
ks zokoo + 31k % Boo + 7y (42).
The line—shift occurs essentially because of the sign inversion of the tunnel splitting upon
rotational excitation, the line—broadening because of a short incoherent exchange in the
excited state. As in the case of NMR, in this regime the one—site model applies again,

taking J and & as temperature dependent thermal averages.

2.4. Inclusion of a large number of sites
The extension to a larger number of sites, i.e. configurations or rovibrational levels
characterized by different exchange couplings and rate constants of incoherent exchange is

straightforward. In the case where the interconversion between the sites is rapid the simple

model of section 2.1. applies again. The difference is that now the chemical shifts v, and
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Yoy the exchange coupling constant J and the rate constant k of incoherent excha.néé
represent averages over many states. The simulation of the NMR and the INS spectra then
only leads to these average quantities. Information about the nature of the important
states can then no longer be obtained in the stage of spectral simulations but only in a later

stage by modeling the dependence of the quantities obtained as a function of temperature.

3. Experimental Results

As experimental examples we firstly present in Fig. 6 the temperature dependent
superposed experimental and calculated lg NMR spectra of the dihydride
Cp2TaH2P(OMe)3, where Cp = cyclohexadienyl and Me=CH,, dissolved in CD,CL,
observed recently [7b]. The assignment of the lines is straightforward. The compound
consists of a mixture of the cis—form 1 and the trans form 2. Only 1 exhibits exchange
couplings, labeled as JHH, giving rise to the splittings between the two signals and befween
the signals b. Both sites are further split by scalar magnetic couplings to 31p_ Since the
sample was partially deuterated also signals from 1—d are present which do not exhibit
exchange couplings. As the temperature is increased the average exchange coupling JAH
increases, as well as k00 and kB0, There is almost no kinetic HH/HD isotope effect on the
incoherent exchange supporting that it does not involve incoherent thermal activated
tunneling, iﬁ contrast to other double proton transfer reactions [11]. If the additional
coupling to 31p i neglected the situation for 1 corresponds to the situation of Fig. 2b.

By contrast, a situation resembling Fig. 1b and Fig. 2c is realized for
Cp,TaH,P(CO), dissolved in CD,Cl, [7b] as illustrated in Fig. 7. Sites a and b in the
partially deuterated compound 3—d are not equivalent at low temperatures; the two signals
are split into triplets with a scalar coupling constant of JHD = 27.5 Hz, ind.ica.tixig the
formation of a dihydrogen pair complexed to Ta; the corresponding coupling con.sta.nt in
free HD is approximatively 300 Hz [12]. The increase of temperature leads to an increase of
the rate constant $HD describing the incoherent HD exchange, leading to a broadening and
coalescence of the a— and the b—triplets. By contrast, the signal of the c-sitesin 3is a

sharp singlet at all temperatures and does not show any decoalescence at low temperatures,
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indicating a situation as described in Fig. 2c. Since the kinetic HH/HD isotope effects are
small the absence of the decoalescence indicates the presence of a very hrge quantum coup-
ling constant J which is much larger than the chemical shift difference |v;—v,|; therefore
the value of J can no longer be detected by NMR.

In principle, this can be done by INS for the tungsten dihydrogen complex
W(PCy)4(CO)4(n-H,) 4 whose INS spectra have been described previously [3g]. Here we
simulated the line—shape associated with the two rotational tunnel transitions of 4 in terms
of the one—site model of section 2.2., by adapting J and the lorentzian line—width
W=2k/7+ W, (43)

W, represents the line—width for k = 0. Eq. (43) directly follows from Eq. (25). The
resulting superposed experimental and calculated spectra are depicted in Fig. 8, where for
the sake of clarity plots of the calculated line—shapes of the outer rotational tunnel
transitions of 4 without the contribution of the quasielastic center line are included. Jis
found to be practically independent on temperature, i.e. varies slightly between 0.12 meV
(29 GHz or 0.97 cm™!) at 1.5 K and 0.16 meV (38 GHz or 1.3 cm™1) at 189 K. These

values are in good agreement with the value of 0.95 cm™

reported previously for 4.9 K. At
low temperatures the tunnel transitions are fairly sharp. The experimental line—shapes
seem to be gaussian, but for simplicity we used a lorentzian line—shape which does not lead
to a large error. The lorentzian line~widths W obtained by simulation are indicated in Fig.
8. They increase with temperature because of the increase of k with teméeratnre, as
expected from Eq. (43) until they disappear. In order to calculate & from Eq. (43)
knowledge of the exact value of W, is needed. If Wo is temperature independent and
K1.5K) << W(1.5K) = W, we obtain — assuming an Arrhenius law k = Aexp(—Ea/RT) -
values of E, s 700 Jmol . (7.3 meV, 60 cm™) and 4 = 10" 67 and k (189K) 5 5.10'°
s~L. This activation energy is much smaller than the barrier height of about 8.9 kJImol?
(92 meV, 760 cm—l) calculated from the measured tunnel frequency [3g]. On the other
hand, at higher temperatures the contribution of Wo to Wis negligibly small. In this case
013 s'-l

we estimate from the above value of K(189K) using a valueof 4 =1 typical for

intramolecular proton transfers [11] an energy of activation at high temperature of E, = 8
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kJmol ™! which is of the expected order. On the other hand, one could interpret the data
also in terms of Eq. (42), predicting at low temperature a temperature independent value
of k= ko
behavior of In W« In k vs. 1/ T. The non—Arrhenius behavior of W was noted previously

and at high temperature a value of k= 2k, ,, leading to a non—Arrhenius

for 4 [3g], and also found for other dihydrogen complexes [3d], but the explanation in terms
of Eq. (42) is a result of this study. We note that the temperature independent value of koo
would correspond in the case of single proton transfers to the rate constant of incoherent

tunneling in the vibrational groundstate.

5. Discussion

In the theoretical section a unified view of coherent and incoherent dihydrogen
exchénge in transition metal hydrides by nuclear magnetic resonance (NMR) and inelastic
neutron scattering (INS) was presented. It was shown that both exchange processes do not
transform into each other but are always superimposed although each of them may
dominate the spectra in different temperature ranges. This superposition is the consequence
of the incorporation of the dihydrogen exchange coupling Jinto the nuclear spin
hamiltonian proposed by Zilm and Weitekamp [5] which enables the use of the well known
density matrix theory of exchange broadened NMR line-shapes developped by Alexander
and Binsch [9] to describe the incoherent process. This theory was used also to describe the
line—shapes of the rotational tunneling transitions observed in the INS spectra of transition
metal dihydrogen complexes. Both NMR and INS spectra depend on the same parameters
characterizing the coherent and incoherent exchange processes. In particular, two simple
models of dihydrogen exchange effects on the NMR and INS spectra were discussed. In the
first model a single site two spin system was considered involving four nuclear sp.in levels,
characterized by a single average tunnel freuquency J and a single rate constant k of
incoherent dihydrogen exchange. Whereas J leads to the usual NMR line—splitting the
increase of k induces line—broadening and coalescence into a single line by averaging of the

chemical shifts of the two hydrogen atoms. By contrast, the quantum coherences between

the nuclear singlet and triplet states which are not observable by NMR but are seen in INS
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as rotational tunneling transitions were predicted to decay with 2k leading to a
homogeneous broadening of 2k/r of the corresponding INS bands. This result explains the
disappearance of thése bands when temperature is raised as k increases monotonously with
the latter. Since in practice many sites have to be taken into account, corresponding to
different rmolecula.r configurations, conformations, solvent environments, or simply different
rovibrational states the simple one—site model is only valid in the case of rapid site
interconversion where J and k now represent averages over all sites. The process of site
interconversion with and without a combined dihydrogen permutation on the NMR an INS
spectra was studied in a two—site model, adapted to typical experimental situations
encountered in NMR and INS using the Alexander—Binsch theory. One important result of
this discussion was that it is not the short lifetimes of a rovibrational nuclear
singlét—-triplet pair which limits the contribution of this pair to the average J. The
determining factor is whether during this lifetime the quantum coherence between the two
states is either lost by a fast incoherent exchange according to Fig. 3a or because this
coherence is not created at all when the site interconversion is associated to a dihydrogen
permutation as illustrated in Fig. 3b. In the experimental section ii was shown that the
experimental findings can indeed be interpreted using the simple one—site exchange model
because the rapid site exchange fegime is realized not only in NMR but apparently also in
INS of transition metal dihydrogen complexes. The difference between the two methods is
only the timescale of J and k& whereas INS is sensitive to the meV i.e. GHz range, NMR is
sensitive to the kHz range. However, in both methods there may be other line~broadening
mechanisms which have to be discussed. Whereas these are well known in liquid state
NMR, it is more difficult in the INS case to estimate linewidth contributions which do not
arise from the incoherent dihydrogen exchange. In the case of the INS spectra of ‘the
dihydrogen complex 4 (Fig. 8) a relatively small energy of activation and a sma.li frequency
factor was observed, as usually typical for incoherent tunneling processes.

In view of the now combined NMR and INS results we will discuss in the remainder

of this section some consequences concerning various models of dihydrogen exchange in

transition metal hydrides. Finally, we will give a qualitative explanation of the apparent
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puzzle of a coexistence of the coherent and the incoherent exchange.

There are several models of coherent dihydrogen exchange in the literature, whose
detailed discussion is beyond the scope of this paper. We only state that all models assume
a fast interconversion between all rovibrational states and nuclear configurations, leading
to avera.ged» values of the exchange cduplings J. All models propose more or less a rotation
of dihydrogen pairs around an axis between the metal and the dihydrogen center, because
in a direct translational exchange both protons would have to go through each other which
is impossible. Therefore, the Landesmann model proposed by Zilm et al. [5] implies first a
thermally assisted small angle rotation and then translational tunneling of the two protons
involving a distance A of minimal approach. This model predicts an increase of the
averaged J with increasing temperature. On the otI;er hand, the rigid rotor model
consisting of 1800 dihydrogen rotations at a fixed dihydrogen distance has been used in
order to interpret the INS spectra of transition metal dihydrogen complexes [3]. This model
is depicted schematically in Fig. 9a and b. The rotational states a.re obtained by solution of
the Mathieu equation [3,6a,10]. As discussed in the previous section, the symmetry of the
wave functions leads to the well-known alternance of the tunnel splittings of the rigid rotor
[6a]: the splitting J in the ground state is positive, because the symmetric state of
symmetry 4 (not to be confounded with the different configurations A and B of Fig. 3)
linked to the nuclear singlet state has a lower energy and the antisymmetric state of
symmetry B linked to the nuclear triplet state a higher one. However, the splitting J; in
the first excited state is negative because now the A state exhibits the higher energy.
Therefore, when the first excited state is populated J decrea.sg. It is easily shown [5a] that
excitation of higher rotational levels should lead eventually tb J = 0 at high temperature as
illustrated in Fig. 9d. A more sophisticated non-rigid rotor model exhibits simﬂ?.r features
at low temperature, although there is no strong alternance of positive and negative
rotational tunneling pairs any more [6e]. The calculations presented in [6e] which predict
an increase of J at higher temperatures need, however, to be further corroborated, because

the sign of J depends in this regime strongly on the number of rotational level pairs above

the barrier included in the calculation, leading to a problem of convergence of the J ~
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values. Experimentally, a decrease of J with increasing temperature has been frequently
observed both by INS and NMR in the related case of methyl group rotational tunneling
[1,2]. In the case of compound 4 (Fig.8) J does not significantly change with temperature,
indicating that within the rigid rotor model the high temperéture regime is not reached.
However, in the case of other dihydrogen rotations studied by INS clear shifts of J to
smaller energies have been observed [3,13] which can be interpreted in terms of the simple
model of Fig. 5. In the case of the tantal dihydrogen compound [7] shown in Fig. 7
containing also a side—on dihydrogen one would then expect that J decreases with
temperature; unfortunately, the exchange coupling whose existence was proved was so
strong that the value of J was much larger than the chemical shift difference of the two
protons involved, precluding a direct measurement of J by NMR. On the other hand, the
observations by NMR of exchange couplings Jin transition metal dihydrides and
trihydrides which increase with increasing temperature [4,5] e.g. the tantal dihydride [7] of
Fig. 6 is not consistent with a simple rigid or non-rigid rotor tunneling model. |

A model which can explain both a decrease or an increase of J with temperature was
proposed by some of us [6a] and consists of a series of different configurations illustrated in
Fig. 9. In the dihydrogen configuration of Fig. 9a the rotation barrier is large but reduced
in the side—on bound dihydrogen complex of Fig. 9b, and vanishes in the case of free
dissolved dihydrogen (Fig. 9c). If each configuration J decreases with increasing
temperature when the "vertical" rotational excitation occurs at elevated temperatures;
however, when starting in the dihydride configuration of Fig. 9a characterized by a large
barrier and a very small tunnel frequency a "lateral" thermal excitation will lead to the
dihydrogen configuration of Fig. 9b leading first to an increase of J because of thg large J,
in this site; only later the decrease is expected according to the calculation of Fig. 9e. Thus,
when lateral excitation dominates over the vertical excitation J will further increase as
indicated in Fig. 9f until free dihydrogen is formed.

Unfortunately, the J values of transition metal dihydrides are too small to be
studied by INS, and the experimental temperature range where J can be evaluated by

NMR is limited by the on—set of incoherent exchange at high temperatures characterized
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by the average rate constant k, which also leads to INS line—broadening and disappearence
(Fig. 5). In NMR it leéds to an averaging of the chemical shifts and, therefore, to a
disappearence of J from the spectra as depicted in Figs. 2 and 4, although the average J
still exists in principle. The incoherent exchange in the case of the tantal dihydride of Fig.
6 was found to exhibit a surprisingly small kinetic HH/HD isotope effect, i.e. it cannot
arise from an incoherent tunnel process which should imply much larger effects [11].
Therefore, it must correspond to a over—barrier rotation either in a dihydride configuration
(Fig. 9a), a dihydrogen configuration (Fig. 9b) or in a configuration involving loosely
bound or almost free dihydrogen. The absence of any kinetic isotope effect on the
incoherent exchange could arise from a ligand reorientation in the rate limiting reaction
step. A complete dihydrogen dissociation~recombination mechanism can be excluded in
most cases where the scalar coupling of dihydxogen to other nuclei such as 31P is not
destroyed by this process. It is, however, important to note that the c_onﬁgurations
determining the rate constants k of the incoherent exchange are not n;cmsaﬁly the same as
those determining the exchange couplings J.

This incoherent exchange is superimposed to the coherent exchange, as discussed
above. This conclusion was reached as follows. As depicted in Fig. 1, the magnetic field
breaks the symmetry of the spins if they experience different chemical shifts. Then, only
the spin states aa and g are delocalized coherent tunnel states but not af and fa which
are states localized by the magnetic field. The incoherent exchange from af to fa has the
property, in contrast to the coherent exchange, to lead to a permutation of the chemical
shifts of the two nuclei, in a similar way as a permutation of the pair H-D to D-H.
Therefore, the incoherent process leads to line—broadening and line—coalescence of the two
hydrogen signals, in contrast to the exchange coupling. A puzzling question thexhl‘a.rises
concerning the nature of the incoherent exchange of dihydrogen in the absence of a
magnetic field, where the two nuclei are no longer labeled by their spins, in contrast to the
HD and the DH groups in a molecule. It was shown in the theoretical section that the

incoherent process is still defined for a coherently exchanging or rotating H2 pair even

outside a magnetic field: here, 2k represents the decay time constant of the quantum




o

- 23 —-

coherence between the nuclear singlet and triplet states which normally oscillates w;ith the
tunnel frequency. This decay is the key quantity in the transition from the coherent to the
incoherent tunneling regime because a thermally populated state pair r normally
contributing the value z J_ to the average exchange coupling will also contribute the value
2z k. to the average rate constant k of incoherent exchange. Therefore, the criterium of
whether a singlet—triplet state pair contributes to Jor not is not given by its lifetime T
but by the condition 2kn_ <<1f 7,- In other words, the singlet—triplet quantum coherence
in the state r must evolve periodically with the frequency Jr and must not decay during its
lifetime, otherwise the formation of this state is equivalent to a permutation of the two
spins with the probability p = 0.5, leading to an averaging of their chemical shifts and to a
disappearence of the term err in J.

What determines then the rate constant k_.? On one hand it is the rate constant of
incoherent dihydrogen exchange, and on the other hand half the decay constant of the loss
of singlet—triplet quantum coherence in r. The following qualitative discussion gives a ten-
tative explanation of the fact that both processes are identical and superimposed on the
coherent exchange. According to the time—dependent Schrddinger equation spatial wave
functions evolve periodically with a frequency given by their energy, as illustrated in Fig.
10 for free or bound H2 in the nuclear sinélet (p-H2) and the nuclear triplet state (0—H,).
When a sudden 180° jump occurs the spatial wave function of the triplet state changes its
sign, in contrast to the wave function of the singlet state. One can then imagine that for an
ensemble of o—H2 molecules with coherently superposed wave functions at { = 0 the latter
rapidly become out of phase. In the case of bound dihydrogen this is equivalent to the
statement that the quantum coherence between the S— and T— states disappears ﬁth the
rate constant 2k of the incoherent 1809 rotation. For free 0—32 dissolved in liquifis such
sudden changes are well established, and can be described with a rotational correlation
time, leading to the spin—rotation relaxation mechanism [14]. In other words, although H,
is a quantum rotor, the axis characterizing the nodal plane of o—H, is subject to rotational
diffusion in a similar way as the HD molecule [14]. A similar phenomenon should exist for

states of bound dihydrogen situated above the barrier of rotation. One could speculate that
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for states situated below the barrier sudden incoherent 180° jumps could be possible via
incoherent tunneling processes. The latter do not affect the spatial wave functions in the
case of a spatially symmetric nuclear singlet states but they alter suddenly the sign of the
spatial wave function in the case of the spatially antisymmetric nuclear triplet states. The
assumption of such incoherent rotational tunneling process superimposed to the coherent
process would open up the possibility to calculate the rate constants of incoherent tunnel
processes using dynamic theories. Anyway, further theoretical work is needed in order to
justify the concept of superposed coherent and incoherent rotational dihydrogen tunneling.
At present; it is tempting to use this concept in order to explain the non—Arrhenius
behavior of the incoherent dihydrogen exchange established for the dihydrogen complex 4,
assuming that the contributions of other processes to the INS—lineshapes are negligible and
that the rovibrational relaxation is fast in the INS timescale. On the other hand,
incoherent tunneling is not compatible with the absence of kinetic HH /HD isotope effects
found for the incoherent dihydrogen rotation in 1 (Fig.6); as mentioned above, one could
invoke a ligand reorientation in the rate limiting step in order to explain these findings.
Since it is plausible that such ligand motions could be slower in the solid as compared to
the liquid state, or even suppressed, the study of liquid—solid state effects on the incoherent
and coherent dihydrogen exchange in transition metal complexes is a challenging task for

the future.

4. Conclusions

It has been shown that the inclusion of the quantum exchange into the nuclear spin
harhiltonia.n allows to use the phenomenological NMR line—shape theory of chemical
exchange developed by Alexander and Binsch in order not only to calculate NMR but also
INS spectra, thus, connecting these two methods and providing a better understénding of
many 8o far unexplained experimental observations. In particular, the possibility of
superposed incoherent and coherent dihydrogen tunneling in transition metal hydrides has
been addressed theoretically, and supported to some extent experimentally. The approach
described here could also be extended in a relatively simple way to the problem of other
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group rotations, e.g. methyl group and ammonium group rotational tunneling. Naturally,
the simple models developped may be further expanded and refined. Currently, some of us
[15] are studying with the methods described in this paper the pathways of spin—polarized
dihydrogen incorporation into transition metal complexes [16] as intermediates of the

| hydrogenation of unsaturated hydrocarbons. Thus, we hope to contribute to a general

understanding of the structure and the reactivity of transition metal hydrides.
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Appendix
The usual nuclear spin functions of a pair of two protons H . and Hb located in two

molecular sites 1 and 2

¥, = ao, (A1)
¥y = cyoafl + Cyafa, (A2)
Uy = cg008 + 4400, (A3)
¥, = 6B, (A4)

. can easily be converted into functions satisfying the Pauli Exclusion principle using the
identies |
ac = g%, (2) (b}, (a)¥ (b)]ofa)afb), (A5)
af= A, (a)¥p(b)a(a)A(b)-¥,(a)¥; (B)A(a) (b)),  (49)
Ba= B, (2)y(b)B(a)a{b)—4,(a)¥; (b)a(a)A(b)], 4D
882 313, ()9 (b)—y(a)¥, (B A=)ACE), (48)

where the product ¢1(a)¢2(b) o(a)f(b) represents the configuration where H, in spin state
a is located in site 1 and Hb in spin state 8 in site 2. Thus, af means that a spin ais

located in site 1 and f in site 2, either H, of Hy.
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Figure Captions

Fig. 1
Energy level diagram of a pair of hydrogen atoms exhibiting a barrier of exchange. a and b:
the magnetic field B >> 0; c: B = 0. v and v, are the Larmor frequencies or chemical

Shifts, J= Jexch + Jma

gn
frequency describing the exchange and the scalar magnetic coupling.

the sum of the exchange coupling i.e. the coherent tunnel

Fig. 2 .

a—c: Calculated 'H NMR spectra of a transition metal dihydride as a function of the
coupling constant J arising dominantly from the coherent dihydrogen exchange and of the
rate constant k of the incoherent dihydrogen exchange. d: Dependence of the line—shape of
the tunnel transition between the nuclear singlet and triplet states as a function of & at
B=0 calculated by the usual NMR line—shape theory represented by Eqs. (1 — 3). This
transition is forbidden in NMR but allowed in INS; the calculated broadening is presented

as the main origin of the disappearence of the INS transitions at high temperature.

Fig. 3

Reaction network of interconversion between two sites A and B each containing a proton
pair leading to four nuclear spin states. p = 0 or 1 in the absence and p = 0.5 in the
presence of dihydrogen scrambling during the intetconversioﬁ. A and B may represent two
different rovibrational states, configurations e.g. dihydride and dihydrogen, conformations,

solvent environments etc.

"Fig. 4

Calculated lg NMR spectra in the presence of the reaction network of Fig. 3 using

arbitrary parameters. The molefractions Zy and zp were kept constants.




Fig. 5 _

Calculated INS spectra of a hypothetical transition metal dihydrogen complex in the
presence of exchange between the rotational states 0 and 1. a to d: ko was increased at
constant values for x and x,; e to g: k;j >> |Jl—J°|, k;; >> 0, and only Xo/x, was

increased from d to 1.

Fig. 6

Superposed experimental and calculated 250 MHz 1H NMR signals of the hydride region of
a mixture of 1, 1-d, 2, 2—d dissolved in dioxa.ne'—ds, adapted from Ref. 7b. The signal
spacing between the peaks labeled as a indicates the exchange coupling constant JB

Fig. 7
Superposed experimental and calculated 250 MHz 1H NMR signals of the hydride region of
a mixture of 3 and 3—d dissolved in CD2012, adapted from Reference 7b.

Fig. 8

Superposed experimental and calculated INS spectra of W(PCy),(CO),(n-H,) as function
of temperature. Some of the spectra were previously reported in Ref. [3g]. Wis the total
linewidth according to Eq. (42); J is the rotational tunnel splitting. For further explanation

see text.

Fig. 9

One—dimensional slices along the reaction pathway of dihydrogen exchange. a and b:
situations typical for dihydride and dihydogen configurations, c: free dissolved dihydrogen.
d to e: expected dependences of the average exchange coupling on temperature. For further
explanation see text.

Fig. 10
The effect of sudden 1800 jumps on the time dependence of the spatial wave function of
bound and/or free p—H, and o-H,.
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Figure 2 Limbach et al.
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Figure 3 Limbach et al.
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Figure 5 Limbach et al.
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Figure 6 Limbach et al.

1 1-d
HH HEC
Ry M Cp, D wD Cp H
Tc—- Hy /To— H -— /To\— D
Cp P(OMe)s Cp P(OMe);r, Cp P(OMe)s
2 e 2—-d
Cp+v/H Cp4n/D
/To\—— P(OMe)3 /To\—-—- P(OMe)3
f
Cp  "H® Cp 'H (HH g
T/K KB/
. f f 2700
365 “‘JL¥ JL‘ - 2500
| f 600
345 © © 500
335 11218
320 o0
c d d ‘
295 a e f epff 4 b
| ! | | ! I
-1.0 -2.0 ~3.0
5/ppm




Figure 7 Limbach et al.
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Figure 8 Limbach et al.
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Figure 9 Limbach et al.
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