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"\ ABSTRACT

In this thesis, a theoretical description of the effects of chemical ex
change in NMR experiments has been dovoloped using product operators, and a
magnvtizatig.m transffrr method has been developed to delineate exchange mech-
anisms in complex multisiteyexc‘hangc situations. 'I‘.h(‘, description of the 'H-M
DIEPT, heteronuclear magnetization tr.nsfer experiment on (‘xrchnnging CH. .. CH
and CHjz...CH; has been developed in de{;‘ll {0 demonstrate the general applica-
bility of the product operator descri.pt'lon to exg’_erir‘xfcnts employing sophistivated
pulse sequeAceé whioch generate multiple quantum coherences. In‘the region of in-
termediate excha.rilge, the comparison of observed andﬁcalculate('i;‘ac DEPT inten-
sities for N-acetylpyrrole andmN,N-dimeihylac-etamide,-.afforded the determination
of the exchange rate to within 5-15%. '

The multisite magnetization transfer method in which the magnetization
at one site is selectively inverﬁed, was employed in the study of chemical exchange
in several organometallic complexes, which are .r:lultisite networks involving scv-
eral exchange mechanisms. A nieb}}c;d of least sqllares analysis which allows pre-
cise (‘ietermination éaf thé contribﬁting exchange mtachanisms and their rates is
presented. It has been used to quantitatively establish the fluxional behaviour ‘of
a mixtge of asymmetric/meridional and symmetrié/f@cial isomers of (n3-CyHjy)-
Os(‘C'O)3-SnP‘h3 as due to “1-2” metal migrations, which occur with different)
activation energies in the two isomers. Fluxionality of transition mqtz;l complexe.‘s

~

(n°-C7H7)-M(CO)2-SnPhz, M=Fe, Ru, Os -‘has also beefi investigated in d_etai/

using this method, which enabled the delineation and precise quantitative deter-

minatior;)\flthe rates of competing “1-2” and <1-3" metal shifts in the Fe complex

1/
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which is of ('} symmetry, and the rates of dominant “1 27 and slower “1 37 shifts

11 the Os comples which is of ¢y symmetry. The enantiomer interconversion of

the asymimetric isomer of the Ru complex, which exists as a mixture of symmetric
»

(¢’,) and asymmetric (Cy) isomers was found to occur via the symmetric species.

The metal migration in this complex, was also established as only due to *1 37

shifts.
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CHAPTER 1

!
P —

INTRODUCTION

-

Effects of chemical exchange on NMR spoctr?t were recognized early in
~
the development of NMR spectroscopy and g’éﬂi is now an eclegant technique
for investigating a variety of exchange procegses (1,2). Analysis of the exchange
m‘(;’diﬁod lineshape of conventional NMR spgctr\a'has been the major NMR tech-
nique used in the elucidation of exchange mechanisms and in .thc determination
of exchange rate constants in a large number of chemical exchange processes (1,3
11). The; phenomena of exchz}nge broadening, coalescence and exchangeé narrowing
-of resonances in conventional NMR spectra hade been described tﬁcorcticnlly by
»
many workers (12-16,17,18,19-24). The first theoretical treatments (12 16) were
based on the classical Bloch equation-description of NMR (25), and were limited
to exchange between uncoupled spins. Exchange involving scalaf coupled nuclear
spins required a more general quantum mechanical description (1_9 24) based on
the density matrix approach (26). The formal theory of exchange-modified line-
shapes was subsequently reviewed, refined and especially developed in a more
computational sense by many workers (3,27-34) ir order to improve the reliability
of rate constants determined from lineshape analysis, and for efficient handling of
larger spin system$. The most reliable rate ‘constants are obtained from lineshape
analysis by fitting e Q.bserved NMR lineshape to the calculated lineshape. This
method can be used to study exchange processes with exchange rate constants
in the range,of ~ 1 - 108s~!, The NMR lineshape is found to be insensitive
{

to very slow and very fast exchange processes with éxchange rate cohstants oul-
side these Timits. In the intermediate exchange region, sométimes, significantly

~
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broadened or coalesced resonances may pe of poor signal-to-noise, making pre-

“cise visual comparison of calculated and observed spectra difficult, especially in

the case of less sensitive nuclei such as *C. Although the theoretical treatments
have been generalized to handle exchange involving a la.rge number of sites, clas-
sical ‘lineshape analysis does not always produce unambiguous or precise results
when there are several different, but simultaneous exXchange processes occurring

7

in complex systems. This work is concerned with the delineation of the effects of

chemical exchange on sophisticated pulse sequences to probe the potential utifity

of modern NMR experiments to study chemical exchange processes, and with the

development of a multisite magnetization transfer method to delineate exchange

mechanisms in complex exchange situations.

With the increased utilization of sophisticated NMR experiments involv-

ing complicated pulse sequences (35,36}, it is useful to investigate the effects of.

chemical exchange on these pulse sequences in order to find out the effects of
chemical exchange on the outcome of these experiments, and to assess the poten-

tial utility of modern.experiments to investigate exchange processes. Aithough
the Carr—Pu‘rcell spin echo (37) experiment has been recognized as a useful pulse
sequence for the elucidation‘of exchange processes (38-41) at early stages of the
development of pulsed NMR, its application has not l’)een widespread (42,43). In
the Carr-Purcell spin echo, 2D exchange (44), and many heteronuclear correlation
experiments, exchange effects are easily described by classical Bloch equations
since only transverse and longitudinal magnetizations are involved. In'mz'my mod-
ern experiments multiple quantum coherence§ are generated and used to ol;tain
information about the spin system under investigation. The effects of chemical

z * N 4
exchange on the behaviour of multiple quantum coherences cannot be treated us-

ing simple Bloch equations and hence a more general description is required. In

>

te
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principle the density matrix formalism can be used to study the effects of chemical
exchange on more complicate_ed pulse sequences, but in practice explicit density ma-
t.rix‘calcu.lations become very c?mplicated as the size of the spin systl'ém increases.
The product operator representation qf the density operator (45-47) provides a
c.oflve"nient method of following the denéity operator during a pPulse experiment.
In this thesis the‘eﬂ"ec‘ts of che;nical exchange “on complicated pulse seéuences are
i;westigat.ed using the product operator formalism.

In chapter 2, a product.operator 9escription of chemical exchange is
‘presented and it 15 used to investigate the effects of intramolecular CH...CH and
CH3 ...CHs exchange on the 1H-13C DEPT heteronuclear magnetization transfer
expe.riment' (48). The DEPT experimenf can be considered as a representative
example-of many sophi;ticated pulse sequences. In the 'H-13C DEPT experiment,
‘ IH magrrletiza’tion istransferred to '3C magnetization via 'H-13C multiple quantum
coherences, and it allows one to observe edited !13C NMR spectra for CH,CH, and
"CHj3 groups, with enhanced sensitivity. The eﬁ'ect§ of chemical exchange on the
1H-13C multiple quantum coherences are delineated using the product operator de-
scription. Theoretical predictions are tested and the potential spplicability of the
DEPT sequences to investigate exchange processes is probed using N-acetylpyrrole
(CH...CH exchange) and NN-dimethylacetamide (CHj3...CH3 exchange) as test
molecules. Kinetic information about these molgcules is readily available from
previous studies (11,49,50,51-53).

Chapters 4 to 6 deal with mult'gsite chemical exchange processes in which
more than one excha.ng;a mechanism may be ol;erative. It is not always possible to
use classical lineshape analysis to delineate exchange met;ha.nisms and to determhe
IQuaLntitative rate constants when several simultaneous ‘exchange processes are oc-

curring in a complex system, even though this is possible in principle. For example,



)

lineshape a;lalysis had failed to yield unambiguous mechanisms for the fluxional
behaviour in some ﬂuxiona& organometallic complexes (54)." With the introduc-
tion of double resonance techniques, Forsen and Hoffmann (55-57) developed a
homonuélear magnetization transfer experix;lent which is especiay suitable for the
study of exchange processes with rates slower than ~ 1s7! wh,ich are inaccessible

A .
by classical lineshape methods. A non-equilibrium magnetization is produced at

one of the exchanging sites by application of a saturatin\g f field (55-57), or a
selective 180 ° pulse (58-62), and the,mecha.nisms'} and rate constants are deduced
by observing the transfer of this non-equilibrium magnetization to other exchang-
ing sites. This technique is suitable for the delineation of exchange mechanisms in
multisite exchange processes but most studies which employed this method have
been li'mited- to simple two site exchange cases (63,64). The extension of this
method to delineate ethanbmecha.msms and to determine rate constants for
these mechanisms in a multisite exchange network is presented in detail in Chap—
ter 3. The Forsen-Hoffmann saturation transfer experiment is discussed brieﬂy,
and the application of selective inversion method in delineating exchange mechat
nisms is illustrated using the simple tv;o site exchange case. The modified Bloch
equation description of the selective inversion experiment for the general N- - site
exchange problem is.developed and the least squares method of data analysis is

It

described.
, ’ i ' 4
In Chapter 4, the power of the selective inversion, multisite magneti-
zation transfer method developed in Chapter 3 in delinéaiing exchange mecha-
nisms and determining exchange rate constants is demonstrated using the fluxional
organometallic complex (n3-C7H7)-Os(CO)s-SnPhj as a test Case. This complex

exists as a mixture of two fluxional but noninterconverting isomers (65). Flux-

ionality arises due to the migration of the Os atom a.rouna/the C+H7 ring and in
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one of the isomers, all seven sites on the C7H7 ring are nonequivalent, providing
a challenging seven site exchange problem. Although it is pdssible to study this
isomer in the low temperature range where only this isomer is fluxional, the other
isomer'which corresponds to a four site exchange case can only be studied in the
high temperature regién where both isomers are fluxional. The successful handling
of both cases is described in detail in Chapter 4. -
Chapters 5 and 6 deal with the application of the selﬁective inversion
multisité magnetization transfer method to study the fluxional behaviour of some
(n3-C7H7) and (n°-C7H7) transition metal organometallic complexes. Exchange
reactions in organometallic compounds‘have bugen studied extensively using NMR
(5,7,9,66-70), and there'is significant interest in the delineation of exchange mech-
anisms responsible for fluxional i)ehav‘iour in steriochemically nonrigid complexes
(66-70). The majority of investigations of the fluxional behaviour of transition
metal organometallic complexes have been carried out using lineshape analysis
(66-70), but only qualitative or semi-quantitative information is available from

m;.ny of the studies. Fluxional behaviour of complexes of the type (n”‘-C,H,.)-

- ML; where m < n, M is a transition metal and L; represents other ligands, has

been explained (69-71) using the Woodward-Hoffmann orbital symmetry rules
(72). However many transition metal complexes, especially g(r]s-C7H1) complexes
were.found to be fluxional in violatibn of the predictions based on the Woodward-
Hoffmann' rules. The lack of precise quantitative information on rate constants
and activation paramgtérs fqi‘ the exchange procesgses which are responsible for
the fluxional behaviour has made it difficult to assess the validity of these rules
in explaining the fluxionality of transition metal organometallic complexes. In

Chapter 5, results of the selective inversion magnetization transfer expe‘rimenta

on the (r)3-‘C7H1)-Os(CO)3-‘SnPh3 complex are presented. The results of the in-

« L4
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vestigation of the group 8B transition .metal organometallic complexes (r)s-C7H7)-
M(CO);-SnPh3z, M=Fe,Ru,0s are presented in (?hapier 6.

The final chapter, chapter 7, summarizes briefly the conclusions frpm the
investigations of effects of chemical exchange on the DEPT heteronuclear magne-
tization transfer experiment, and the selegtive inversion, multisite magnetization

transfer experiments. A few suggestions for future consideration are included.



CHAPTER 2

Product Operator Description of Chemical Exchange in NMR Experiments

with Application to 'H-13C DEPT Magnetization Transfer

<

2.1 Introduction
The effects of chemical ex(change on NMR spectra were recognized early
in the development of NMR spectroscopy, and NMR is now an elegan; and useful
tool for the delineation of exchange processes and the determination of exch;mge
rates (1,2). With the increasing utilization of more sophisticated experiments
employing more complicated pulse sequences (35,36) it is useful to investigate the
effects of chemical exchange in such experiments. In the 2D exchange experiment
(4) and some heterohuclea.r correlation experiments, the chemical exchange eﬂ’ects\’
-are easily handled in terms of modified Bloch equations s\ince only transverse and
longitudinal magnetizations (coherences of levels 0,+1) are involved. However,
many modern experiments involve multip\le quantum coherences which cannot 'be
described  in simple terms. The potential applicatior; of such experiments in the
study of chemical exchange can only be assessed and exploited with a more general
description of the effect of chemical exchange on the state of a spin system. N
The product o;;erator representation of the density operator (45,46)
has revolutionized the description of the evolution of the spin system in mod- \
ern NMR experiments. In this chapter, we present a product operatox{_ descrip- /
tion of chemical exchange, and use it to investigate the effects of CH...CH and

CHj...CH3 exchange in the DEPT 1H-13C magnetization transfer experiment

(48). Experimental }'esults from DEPT experiments on N-acetylpyrrole and N,N-



dimethylacetamide are reported and the utility of the DEPT experiment in the

\

study of chemical exchange in ihese systems is evaluated.
2.2 Theory: Product Operator Description of Chemical Exchange
Conventionally, the effects QL,ci)emical exchange in NMR spectroscopy
have been described by the use of exchange-modified Bloch equations, or density
matrix lineshape_calculations (3). In more complicated pulse sequ—ences like DEPT
(48), the effects of chemical exchange are most easily described by following the
density operator. We have adopted the product operator formalism (45,46) as a
convenient representation of thg density operator. The state of a spin system is

described by the density operator, p, which is governed by the equation of motion

(3)
dp . ’

— =1i[p,X|—k(p—PpP), [2-1]
dt

in the presence of chemical exchange. In Eq. [2-1], ¥ is the spin Hamiltonian (in
s~1) for the spin system of interest in the absence of rf fields, P is a permutation
operator which describes the nuclear interchanges which occur in the exchange
process, and k is the rate constant for exchange. p can be represented as a linear

combination of basis operators {B,} (26):
p(t) = ) _b,(t) B,. [2-2]
) 8

Following the product operator formalism (45,46), we select the basis operators
to be a complete set of sAherical tensor basis product operators (47) which satisfy

the orthogonality relation

~

N

Tr{B! B,} = Cné,.,, [2-3]



where Cy = 2V-2 and N is the number of spin 1/2 nuclei in the spin system. The -

value of the coefficient b,(t) in Eq. [2-2] represents the magnitude of the coherence

(or magnetization) associated with product operator By at time ¢t.

The effects of free precession and of rf pulses on the density operator are

well-known (45 -47). In the presence of chemical exchange, however, the behaviour
ofbthe coefficients b,(t) in Eq. [2-2] requires further analysis. From Kq. {2 1] and

{2- 2], one obtains the equation of motion

B D SINCIE TR SUUIL A S A GNP

8

for the coefficients b,(t). Multiplying Eq. [2-4] on the left by B,!, taking the trace,

and making use of the orthogonality relation {2 -3], one obtains

. k -
dbr(t) = Z {—k&r,s - 61_ Tr([Bl » X ]Bs) + E—'I‘r(Bl P Ba P)} bs(t)» [2"'51
N

dt ; N
2
which can be written in matrix form as N
db
— = Kb, 2-6

where Tr( ) represents the trace operation, b is a column matrix of the coefficients
b,, and K is a square matrix, which describes tie effects of free precession and

chemical exchange, with elements
.y J t k t
Kyg = "k&r"’ - —'TI'([B,.,)'( ]Bg) + —TI(B,, P BJ P) . [2_7]
CnN Cn

Solution of Eq. [2-6] gives the coefficients b(t) at time ¢ during a period of evolu-

3
tion:

b(t) = Uexp(At)U'b(0), [2-8]
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. v:'here A and U are the eigenvalues and eigenvectors of the matrix K. It should be
: p(’ﬁtcd out that the only coeflicients b, which need be included in the description
i ..of a.period of free evolution are those which are non-zero at the beginning of the

Wiod, and those associated with operators B, which are connected via spin-spin

ﬁhteractions or by chemical exchange to operators B, with non-zero coeflicients.

¢
' '%g?hmeans that only a small subset of the 4N coefficients b, need be included, as

»

demonstrated in the following section.
There is a close parallel between the product operator description of

chemical exchange and the density matrix description (3,28), but the product

. _gyt/rator description is more convenient for the present purposes.

@

2.3 Effects of Chemical Exchange in DEPT Magnetization Transfer Ex-
pe.rim‘ents R
In studying the effects of exchange on magnetization transfer, we shall

restrict ourselves to intramolecular 2 site exchange reactions of the form

BCH, ... “CH, = !CH, ... "“CH, 2-9
2-9

Y

Sitel Site2 Site 1 Site2

where Sites 1 and 2 are chemically nonequivalent. The DEPT pulse sequence is

3

show; in Fig. 2-1. It is a sequence in which 'H magnetizatiW&msferred to 13C
. Vi

magnetization via 'H-13C zero and double quantum coheren;:ié as sh(:\vn in the

coherence t.ransfer pathways given in Fig. 2-1. The beha.vim;r of the magnetiza-

tions and multiple quantum coherences will be affected by chemical exchange, and

it is these effects of chemical exchange on DEPT magnetization transfer which we

wish to delineate. To this end, we investigate the behaviour of spin systems under

a
the action of the DEPT sequence for various values of 7, not only the 1/2Jcy

value normally employed (48). .

gt
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, The coherence transfer pathways shown in Fig. 2-1 show clearly how
the DEPT magnetization transfer process is related to the evolution of the various

terms (product operators) in the density operator. Schematically, we can represent

the DEPT sequence with chemical exchange by the operator sequence

T . x/2)8: . aT
| !("I’ 2141 S 11‘* (1—)’ 21 15 +1 ’K'T’ 21 1S4y
(r/2)1s xSz
| E
K,r . wl, (x/2)Sz Kar
I, — 20,80 — ~— 2454, — 21484
a1
o2s, M os 2 10|

where I, is the m-th spherical tensor component 6f the total proton spin an-
.gular morhent.um operatdv}"; and S,,s is the m/-th spherical tensor component of
the carbon spin angular momentum operator. The evolution operators K7, K37
and K37 represent the evolution of the spin system under chemical shift, spin-
spin coupling and chemical exchange for each of the periods of free evolution (see
Eq. [2-6]) in the DEPT sequence which have duration 7. The labels 1, 2 and 3 on
K are used to identify the particular evolutionary period. In the schematic oper-
ator sequence [2-10|, only the essential product operators involved are shown. It
is shown below that other product operators (which are connected to the essential
operators by spin-spin coupling) are involved, but in a subsidiary way. The upper
operator sequence in [2-10] corresponds to the coherence transfer pathway shown’™
as dashed lines in Fig. 2-1, and the lower operator sequence in {2-10] corresponds
to the solid pathway in Fig. 2-1.

The evolution of the terms in the density operator in the presence of
chemical exchange is described by Eqs. [2-6]-[2-8] above. In order to determine
the !3C signal intensity to be expected in a DEPT experiment, it is necessary

to establish the identity of the product operators involved in each r period, and

12
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to determine the elements of the corresponding K matrices. Since the product
operators involved and the structure of the K matrices depends on the particular
chemical system, we shall consider the CH...CH and CHj;...CHj exchange cases

in detail.

2.3.1. CH.. CH Exchange

Consider the intramolecular exchange

13c_IH o 12c_lH = 12c_lH L l3c_lH
, s 1) s(2) 1(2) (2-11]

Configuration 1 Configuration 2.

(2

The complete set of 16 basis operators required to describe each of the configura-
tions consists of the unit operator, 6 gingle spin operators and 9 product operators
involving two spins. Fortunately, only a subset is required to describe the beha-
viour of this exchanging spin system during the DEPT magnetization transfer
e?(periment. The basis operators required here are given in Table 2.1 together

with their traces, and their commutators with the Hamiltonian

¥ = o019 + {0800 + JOLISO (e=1,2), [2-12)

)
for the appropriate configuration. In Eq. [2-12], the Hamiltonian has units of s7#,

wl(t) is the proton resonance frequency, wgl) is the !3C frequency and J( is the

1H-13C spin-spin coupling (in s™!) in configuration €. .
' The magnetization transfer experiment begins with the system having

initial density operator
: b

p(0) = [Bo/(4ksT)] { ()’ + 1) + 108" + s}, [z-13)

13



Table 2.1 Basis Operators, Traces and Commutators for CH Ioxchanye!

B, 'n{nln{} (B, (]

O e el g0 sy

s ¢, (W08 1 (1072 210511
a0 s w0 @1)sY) 1 (0220

2100549 T (U wg’)):(z[l(f}s(f{)f

211951 ) WM @5y oty 8y

Y'¢ - 1,2 for configurations 1 and 2 respectively.



where v and ¢ are the 'H and !')C magnetogyric ratios, H, is the applied
magnetic field, kg is the Boltzmann constant, and T is the absolute temperature.
Si;1ce the 13C magnetization is not of interest in the DEPT rr;agnetization transfer
experiment, we shall henceforth ignore the second term in Eq. [2-13], and shall
drop the factor yyH,/(4kpT) in the first term for clarity. When the (r/2),'H

pulse is applied, the density operator is transformed to
p(0) = ~(i/v2) (1] + 18 + 1 +1%). [2-14]

The spin system undergoes free precession and chemical exchange for

time 7. The evolution of the +1 coherence and the —1 coherence during this in-

15

terval can be treated independently because no transfers between these coherence |,

levels occur in the absence of rf pulses. Chemical exchange events convert coher-
ences associated with configuration 1 into coherences associated with configuration
2 and vice-versa. Hence the +1 coherence level operators IQ}, I(+21) are conhecte(i by
chemical exchange, and these operators are connected via spin-spin coupling (see
commutators in Table 2.1) to 21&1285,1) and 215_21) Ss,z). Therefore one need consider
only the operators *1B; = I{!), +1B; = 21s), +1B; = 1) and *!B, = 213}
in describing the evolution of the .+l coherence during the first precession period.
The coefficients *1by, t1b;, t1b3, *1by, associated with these operators in the ex-
pansion [2-2], have initial values b, (0%) = b3(0%) = —i/v/2, b3(0%) = b4(0*) = 0,

and follow Eq. [2-6] with K matrix:

] (—iw) k& —iJ0)/2 k 0+ )
-0z —iu) & 0 k
HK, = . . [2-15]
k 0 —iw® —k —i0)2

\ o k —ig® /2 —iw® k)



The evolution of the —1 coherence can be treated in an exactly analogous fashion

s (@

and the coefficients corresponding to the product operators I(j), 21(_11 o

21(_21)8(()2) follow Eq. [2-6] with a K-matrix which is the complex conjugate of HK,

16

in Eq. [2-15]. Solution of the equations of motion (see Eq. [2-8]) yields the values

of the coefficients *1b;(r), T'b;y(r), T'83(7), and *'b4(7) associated with thers 1
and —1 coherences at the end of the first 7 delay.
J At the end of the first precession-exchange period, the system contains

I,, and 2I,,S, coherences. The I, coherences are of no further interest because

they are not converted into '3C magnetization later in the sequence, and therefore
do not lead to any detectable signals. Application of the (7/2), carbon and (),
proton -pulses converts the +1 and —1 coherences into cohererices in levels 0, +2

and —2. Since only those coherences associated with product operators containing

an S(ﬁ operator will altimately reach the detector (see Eq. [2-10] and Fig. 2-1),

M), 2135,

we shall focus our attention on the zero quantum coherences 213 S},

and on the two quantum coherences (coherénce level +2) 21(1) S:z, (Z)S(z) which

are produced from the 21,8, and 2I_,;S, coherences respectively by the rf pulses.

—

During the second precession-exchange period, the coeflicients %%, and
Ob; associated with the coherence level 0 product operators °B,; 21(1)8(1)
o8, = 21%)s?) follow Eq. [2-6] with K-matrix

—i(wl(l) - wgl)) —k k

°K; = [2-16]

d
k —i(w — Wy — k
+
and have initial values %, (r*) = (§/v/2) *1by(r), %ba(r*) = (1/v/2) 'by(7). The
coefficients +3 bl and *2b, associated with the coherence Jevel +2 operators *?B; =
215() and 2B, = 21%)S%) follow Eq. [2-6] with K- matrix
—i(w{M + W) - & k

2K2 = , [2—17]
k ~i(w® + W) —

§



and have \mmal values *2b)(rt) = (1/V2) “hy(r), t2oa(rt) = (5/V2) Tba(r).
The values of %4;(2r),%,(27), *2b,(27), and *%b;(27) are abtained by solution of
Eq. [2-6] with K-matrices given by Egs. [2-16] and [2-17].

The (0):, proton and (7). carbon pulses at time 27 convert the +2 and
0 coherences into —2, —1, 0, +1 and +2 coherences, but only the —1 coherence is
of further interest. The evolution of the —1 coherence during the third precession—1

exchange period is described by the behaviour of the coefficients ~15,,, “1by, ~1bg

and “!b, associated with the operators 1By = 21(()1)5(_11), 1By = S(_lz, “1B, =

17

ZIgz)ng,Aand 1By = S(_zl) . The/s:_a coefficients are governed by Eq. [2-6] with

K-matrix
[~k iJ0))2 k o )
LiJW2 WMok o k
_1K3 = R [2—18]
k 0o W -k @2
\ o k @2 Ww® -~k )

with initial conditions ~1by,(27%) = “lbg(2rt) = 0, “1by(27F) = sin 6%, (21) -
+2bl(2r)]/\}§, “lpg(2rt) = sin6[%b(27) — +2bg(z‘r)]/\/i Solution of the equ;t-
tions of motion [2-6] for these coefficients yields ~1b,(37), ~1by(37), ~1by(37)
and ~1b,(37). The intensity, Scu(37), of the 13C signal detected (the sum of
the intensi’ties of the peaks near w( ) a.nd w( ) in the slow exchange limit or the

intensity of the peak at (wg ) 4 ws ) / 2 in the fa.st exchange reglon) is given by
ScH(37) = ~1by(37) + 1 (37) . [2-19]

Relaxation effects have been omitted in the description of the DEPT
CH...CH exchange given above. The inclusion of relaxation in an exact fashion

would be rather complicated since relaxation in the first precession period will be
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governed by 'H T; ’s, relaxation in the second perioa by decay of zero and double

quantum '3C-1H coherences, and relaxation in the third 7 period by BCTy’s. We

v
therefore propose to include relaxation effects in a phenomenological fashion with

the decay rate characterized by an effective relaxation time, Ty.g, so that the 1*C

signal intensities are given by
Scu(37) = ['by(37) + _1b4,(3r)]exp(—3r/T2eq) . [2-20}

In the slow exchange limit, k¥ < |Awj], |Aws|, |Aw; + Aws|, where Awy =
wl(l) - wl(z) and Aws = wgl) - wéz). The prt.zsence,of the term —k in all diagonal
elemex}ts of the matrices d:lKl_,O""Kg, and ~!Kj3 implies t‘ilat "1y (37) %+ "1bg (37) is
approximately equal to [“1bg/(37) + ~1b4(37)|no exchange multiplied by the damping

\lktor exp[—3\k-r] in the slow exchange limit. Investigation of the DEPT experim&t\
without exchange (47) shows that, in the slow ezchange himit , the '3C signal

intensity is given by
Scu(3r) = sinf[1 — cos(2nJoy 7)) exp|—3kr] exp|—37/Tefr] - [2-21]

where Jeog is the average of J(V) and ](2).



2.3.2 CH3...

CHj; Exchange

For the intramolecular exchange

IHC
1H,——13C ...
> |
lHa

s, 1), 1), 1)

Configuration 1

12CH3

"H,

B¥C—-1H,

lHa

- Hg”C

SO N N

Configuration 2
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[2-22]

a complete description of the density operator could require up to 511 basis func-

tions. The subset of basis product operators required to describe the behaviour of

_\ the exchanging system during the DEPT sequence is given in Table 2.2 together

. with the traces of these eperators and their commutators with the Ha.m&ltonian

(O =

for the appropriate configuration.

w1 (05

+ wPstY 4+ JO(p){Psl)

combinations of };roduct operators defined by

L~

( )(l) I(‘) I(‘)

+ I(ﬂlll s m= +1’0) -1

(II)(()t) Iol) +IOZ) ¢)+ ‘) (‘) ,

08 - 5,00 )+ R D L D
(mmg? = 16015 “’, |

8 =00 + 0+ O

[2-23]

In Eq. [2-23], and in Table 2.2, the linear

[2-24]

are employed to facilitate a compact formulation of the exchange and magnetiza-

Y
tion transfer processes.

.
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Table 2.2 Basis Operators, Traces and Commutators for CHs Fxchange!

R 11 SO .2 IO
i () 30, ol (I /2) 1B,
tig, z(l)ﬁ‘l)sﬁ)‘f 30, {wlV By 4 (JW)/2) 1B}
v sonl)st) 3¢ () el By 1 (IO /2) )
v, qanUs) eoy {(wV E w{)HB, (U0 2) (1B, 4 1Ry
v sns s, (e Py (g 2y g,y
e s Cooa{ Wy (JWy2) By
B, = 2(1){Ms!) 30 { Wiy (30My2) By IO B
gy = 4V sc, Wl By o U0 By - (300W)2) Ty
g, = snist) ¢ —wM 1By - (JW)/2) 1By}

1 Operators for configuration 1 only are given. The operators 1B, 4,
1“84,5'6 and AlBS',G’J',S’ are obtained from the respective operators *! Bi . ! “[31,2,3

and _lBl',z',s',q' by using spin opergtors for configuration 2 in place of the config-

uration 1 spin operators.



The analysis of the CHjz exchange problem follows exactly the analysis
of the CH exchange case given in section 2.3.1 above. The behaviour of the CHj
system is formally identical to that of the CH case up to time 7t where the terms

of interest in the density operator are

p(r*) = (VD] () 2018 + o) 2) B

[2-25]
+ —lb ( )[2( )(l)s(l)] + —lb (2)8(22]}

During the second precession-exchange interval, the coefficients %4;, %by,... %
associated with the zero quantum coherences °B,,°B;,...,°Bg are governed by

Eq. [2-6] with K-matrix given by

[ AY  — o k 0 0
—iJWyz AN 02 o k 0 "
ok, 0 —igm Al 0 0 k
k 0 0 FYQIy (OB
) 0 k 0 < —iJ@z AP i)
\ o0 0 k 0o —iJ® AP )

(49 = il - ) - k) &6

with initial conditions

obl(T+) = "lby(r) , | -
Op(r+) = ~1by(r) , [2-27]

Oba(r) = %a(r*) = Oba(r) = Y1) =0

The coeficients 2by, 2b,, . .., 2b associated with +2 coherence level operators ?B,,



IB,,...,2Bg (See Table 2.2) follow the equation of motion [2-6] with K-matrix:
4

(A —om o k 0 0
Wz A w2 0k o
. o —wm 4 0 0 k |
k 0 0 AR 0
‘ 0 k o -iJ@2 AP i@
\ o 0 k.0 —iJ@ 4

(A9 = il ) by 2

and have initial values \\)\

2b1(T+) — +lb2(1’) ,
264(1'+) — +lb4(T) , ) [2—29]

Bhy(rt) = 2b3(rt) = 2bs(r*) = Pbe(r1) = 0.

The values of %,(27) and 24,(27) (@ = 1,2,...,6) are obtained by solution of
Eq. [2—6]‘with K matrices given by Eqgs. [2-26| and [2-28].

Following the (), proton and (7). caeron pulses, the coherences of in-
terest are associated with operators "!B,(a = 1',2',...,8') and the corresponding

coefficients have values

>
-

“hy(2rt) = “bs.(zﬁ) =0,

“loy(2r) = (1/v2){%b1(27) - *b1(27)} sin
“lby(2r) = v2{%b;(2r) — 2b2(2r)} sinfcos?
“1py(2%) = (3/v2){%bs(2r) — bs(2)} sin fcos? 9 , (2-30]
by (2r*) = (1/V3){%a(2r) — *b4(2r)} sin 6,

“1b(2r%) = V2{®B5(2r) — bg(2r)} sinfcosd ,

by (25) = (3/v/2){%bs(27) — 2be(27)} sin fcos? 6 .
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During the third 7 interval, these coefficients follow Eq. [2-6] with K-matrix:

A 03:'J(‘)/2 0 0 k 0 0 0

I ROV (O 7 0 0 k 0 0
0 iJ(V AN M/ 0 0 k 0

0K, - 0 0 3/ /2 AW 0 0 0 k
k 0 0 0 A®) 3403) /2 0 0

0 k 0 o J®/2 A0 iJ(2) 0

0 0 k 0 0 i1J(3) A® @)

¢\ o 0 0 k 0 0o 3J@)/2 A0

(A0 = iwél) — k) [2-31]

Solution h{the equation of motion [2-6] yields the values of ~14,(37)(a = 1',...,8'),
)

and the intensity Scy,(37), of the 13C signal detected (the sum of the intensities

of the peaks near wél) and wéz) in the slow exchange limit, or the intensity of the

peak at (wél) + wéz) )/2 in the fast exchange region) is
—

ScH, (37) = ~'61(37) + “Ybs(3r) . [2-32]

<

Relaxation effects have not been included in the analysis of the CH3...CHj3
exchange given above. Asin the CH...CH exchange case, we introduce an effective

relaxation time, Ta¢¢, so that
ScH, (37) = ["161(37) + ~'b5(37)] exp(—37/Tzefr) - [2-33]

1% the slow exchange limit, the presence of —k in each of the diagonal
elements in the matrices *K;,%?Kj, and ~'K3, implies that ~1b, (37) + ~1b5(3r)
is approximately équ_a.l to [1b(37) + “b5(3r)].nomh,n‘, multiplied by the damping
factor exp[—3kr]. Investigation of the no exchange case (47) shows that, in \tbc

4 -

b
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*
slow exchange limit , the '>C signal intensity is given by

&
Scn, (37) = {[{18sind + 6sin(28) + 10sin(30))
¢ - [11sin@ + 4sin(20) + 15sin(30)|cos(2nJ-y7)
- [2sin 6 + 8sin(20) — 6sin(30)| cos(4n oy 1) [2 34]

- |5sin @ - 4sin(26) + sin(30)]cos(6nJ~yT)}

.

x exp|—3k7] exp|—37/T2e] .

where 2Jc g is the average of J() and J3),



2.4 Experimental

e (50.3 MHz) and ' (200.0 MHz) NMR spectra were recorded ona
Bruker W1H-200 s‘p('ct.rmn(‘tvrA Samples of 506 (v/v) N-acetylpyrrole in €D, Cly
((TH.,.(TH exchange case) and 809 (v/v) N.N-dimethylacetafide in DMSO-d,
(CHy .. .CHy exchange case) were prepared in 5 mm tubes, degassed and sealed
under vacuum. N acetylpyrrole was prepared according to the procedure given
by Reddy (73) and purified by distillation under reduced pressure. lv)imvt‘hb\'l—
acetamide (Fastman-Kodak) was purified by distillation prior to use.

DEPT magnetization transfer experiments using the pulse sequence shown
in Fig. 2 1 were performed on N-acetylpyrrole from 213 to 307 K, and on dimethyl-
acetamide between 300 and 353 K. Temperatures were measured using a copper-
constantan thermocouple inserted into a 5 mm tube containing CH;Cly or DMSO.
At each temperature, the 1*C fid’s from DEPT transfer experiments with 7 values
in the range 0.4 to 12.4ms were collected. The pr<;t()rl (0), p'u]svs (see Fig. 2
1) had flip angles of 90° for N-acetylpyrrole and 36° for dimethylacetamide. All
fid’s were transformed using a Lorentzian linebroadening of 3 Hz, and spectra were
normalized with respect to the lowest temperature spectrum with 7 1.9ms. 13-
'H coupling constants were determined from DEPT experiments without proton
decoupling during acquisition at the lowest temperatures studied.

Proton si)ectra for N-acetylpyrrole were measured at the temperatures

at which the DEPT experiments were performed, and the rate constants for the

exchange process were determined from lineshape analysis of these spectra (3).
{I

2.5 Results
The behavior of the various terms in the density operator during a DEPT

magnetization transfer experiment on a system undergoing chemical exchange has -
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been described in detail in the previous sections of this chapter. The experimental
verification of the theoretical predictions for CH...CH exchange and CHj .. .CHjy
exchange cases is\;;rosonted below, followed by a discussion of the general appli-

cability of the DERT method in the measurement of rate constants for exchange

processes. ,/\) .

2.5.1 CH...CH Exchange

The hindered internal rotation about the C-N bond in N-acetylpyrrole:

provides a suitable example of CH...CH exchange since the 2 and 5 pésitjons on
the pyrrole ring are interchanged by the exchange process. Although the protons
at positions 2 and 5 on the pyrrole ring are coupled to the protons at positions
3 and 4, the couplings are small enough that their effects are not significant over
the time intervals involved in the DEPT magnetizhtion transfer experimer\lts. The
variation of the C-2 and C-5 '3C signal intensities with the duration of the }-delays
in DEPT experiments on N-acetylpyrrole is shown in Fig.\2-2 along with the 1*C
spectra obtained from the DEPT experiments with 7 ={2.9ms. The variation
of the 13C intensities with r has a damped periodic time|dependence, with the
degree of damping being strongly dependent on the exchange rate. At the lowest
temperature, where exchange is very slow, the periodic signal is not significantly

damped. As the exchange rate increases, the 13C signal intensity decreases and the

periodic r-dependence is increasingly damped, so that near coalescence of the 13C
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Fig. 2-2 Comparison of observed and calculated DEPT intensities of 2 and 5
C-H fragments of N-acetylpyrrole, and Lge corresponding '3C spectra
for 7 = 2.9ms. Values of k (in s™!) from 'H lineshape measurements
and best fit values (in parent}lesis) are given at each temperature. -
observed iptensities, + - intensities calculated from Eq. {2-19] with k

from lineshape measurement, x - intensities calculated from Eq. [2-20]

with k from lineshape measurement and T4 = 0.10s, — - intensities

calculated from Eq. [2-20] with best fit k and Tz.g)= 0.10s. Marks on

horizontal axis under spectra are 100 Hz apart. .
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spectrum (between 246 K and 267 K) the signal 1s very weak. After coalesceyee,
the intensity of the signal increases and the damping of the periodic 7-dependence
decreases so that significant intensities at large 7 are again observed in the case of
fast exchange (300K).

In order to compare the observed 7-dependence of the 13C signal intensi-
ties in N-acetylpyrrole with that predicted by the theory presented in the previous
section, the rate constant, k, was determined at each temperature by fitting the
lineshape of the 'H NMR spectrum in the conventional manner (3). The rate con-
stants obtained compare favorably to l%iature values (51 53). The carbon-proton
couplingrconstant, 1Jen, and the chemical shift differences, Awy and Awg, were
obtained from 'H and !'3C spectra at 213 K, and have values ' Jep = 190. Hz (aver-
age for 2 and 5 positions), Awy /27 = 78. Hz and Awc/2n = 90. Hz. The observed
intensities are compared in Fig. 2-2 with the intensities calculated using Eq. [2-20].
The calculated intensities were multiplied by the factor Z‘-(S:’b"Sf‘“c)/ Z:l(S:"“IC)2
in order to facilitate comparison of observed and calculated results. (S‘)bs and
S¢alc are the observed and calculated intensities for the ¢ th value of 7, and the
sum ovér t.inclydes all 7 values at which measurements were made). The inten-
sities calculated fromiEq. [2-20] with Tyeg = oo (no relaxation) and the values
of k determined from the lineshape analysis of the proton spectra are shown for
each temperature. The intensities calculated assuming no relaxation agree very
well with the observed intensities l}except at the lowest and highest temperatures
studied. In order to investigate the importance of relaxation effects on the results,
~we estimated Theg to be 0.10s frgm the r-dependence of the exchange-na}rowed

b

PT experiments on N- acetylpyrrole at 300K.
N

The intensities calculated from Eq. {2-20] with Tseg = 0.10s are shown, in Fig. 2-

resonance for C-3, C-4 in the

2, to agree more closely with the observed data than those calculated assuming

28
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Tieg = oo, particularly at the extremes of the temperature range where exchange
effects and relaxation effects are of comparable magnitude.

It is useful to study the sensitivity of the calculated intensities to the
value of the rate constant k for the exchange process in order to assess the utility
of DEPT experiments in the measurement of exchange rates. We have therefore
varied k at each temperature (keeping T3.¢ fixed at 0.10s) and found the values
of k which give best fits of the experimental data. The best fit lines and the
corresponding values of k are given.in Fig. 2-2. It is clear that the intensities
calculated using the values of k obfained from the proton NMR lineshapes closely
resemble the best fit intensities. The differences between the values of k from the
lineshape analysis, and the values from fitting the r-dependent DEPT intensities
to E.q. [2-20] reflect the sensitivity of the DEPT intensities to changes in k. Sln.the
very slow and very fast exchange,’limits, where relaxation effects are as important

/as exchange effects, the fitting of the DEPT intensities yields values of k with
estimated errors of 20-30%. When the exchange rate lies between these extremes,
th;: r-dependent DEPT inter;sities are more sensitive to the exchange rate, and

the \vq.lues of k obtained by fitting the DEPT intensities are expected to have

uncertainties of 5-15%.

29

It has been shown above that the r-dependence of the !3C intensities in .

the DEPT experiment is expected to follow the simple form of Eq. [2-21] when '

exchange is very slow. We have attempted, unsuccessfully, to fit the data for N-
acetylpyrrole at 225 and 237 K to this form using standard least squares procedures
(74) in the expectation that this procedure might provide an easy practical way

to determine k in the slow exchange region. In the fits, the predicted oscillatory
]

behaviour was not identical with the observed data. The reason that the observed

data do not follow the simple functional form of Eq. [2-21] is that |Awg — Awc| ~
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: )
7587 ! 80 that, len at 225 K where k ~ 10.5s !, the N-acetylpyrrole exchange is

> k, the calculated

not in the very slow exchange region. When |Awy — Awe
DEPT intensities are found to follow Eq. [2-21] exactly, so the simple fitting

procedure may be useful in other cases.

2.5.2 CH;.. . CH; Exchange

The hindered rotation about the C-N bond in N,N-dimethylacetamide

(DMA):

Q &M, GH, CH,
/C_N\C
CH, CH, G CH,

provides a good example of CHj3...CH; eéxchange. DMA has been studied ex-
tensively by several workers (11,49,50) who used mainly conventional 1H NMR
lineshape analysis to determine the rate constant for the exchange process. The
variation of the intensities of the N-methyl 3C signals with the duration of the
7-delays in DEPT experiments on DMA is shown in Fig. 2-3. The accessible tem-
perature range (300-353 K) ;ermitted the gtudy of the slow exchange region only.
The observed intensities show the damped 'periodic dependence on 7 as expected,
with the degree of damping increasing with increasing temperature. The 13C sig-
nal intensities of DMA calculated with Eq. [2-33] are compared with the observed
data in Fig. 2-3. The carbon-proton coupling constant, !Jog = 136. Hz (average
for N-CHs groups), and the chemical shift differences, Awy/27 = 35.0 Hz, and
‘ch/21r = 156. Hz, were obtained from the proton and carbog NMR spectra at

300K. Singe the investigation of the CH...CH exchange showed-that relaxation
| . . .
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Fig. 2-3 Comparison of observed and calculated DEPT intensitie§ of (f-CHs frag-
ments of N,N-dimethylacetamide. Literature values of}c (in s7!) from
reft (50) and best fit values (in parent.hesis) are given at each tempera-

_ ture. M- observed intensifies, + - intensities calcul’ated‘ from Eq. [2-32]
with k from literature, x - intensities calculated from Eq. [2-33] with k
~ >

from literature and To.g = 0.14s, — - intensities calculated from Eq. [2-

33] with best fit k and Tpeq = 0.14s.



effects are important when exchange is very slow, we estimated T2eg for the N-CH3
groups to be 0.14s by fitting the C-CHj intensities from the DEPT experiments
on DMA at 323, 333 and 343K to Eq. [2-34] with § = 36° and k = 0.

The data i}1 Fig. 2-3 show that the DEPT intensiti'es vary with the ex-
change rate. As in our study of JH...CH exchange, we have investigated the
utility of DEPT measurements in the measurement of. the exchange rate constant.
k was variéd at each temperature, with Ty.q fixed at 0.14s, and the values ogk
which gave the best fits of the experimental data were determined. The besg fit
lines and the corresponding values of k are given in Fig. 2-3. The intengities calcu-
lated with the values of k& ta.&en from studies of neat DMA-dj liquid (49,50) closely
resemble the intensities calculated with the best fit values of k. The difference
between the best fit values of k and the literature values reflect the sensitivity
of the observed intensities to the value of k, and indicate that the exch:n‘ge rate
constant can be determined with a precision of 10-15% in the slow toAmoderate
exchange region accessible to study with DMA.

In the range of temperatures studied, the CHj3...CH3 exchange in DMA
\

is in the slow exchange limit (k < Awy, Awn + Awc, Awlg — Awc, Awc), and

32

one might expect the DEPT intensities to follow Eq. [2-34]. We have therefore at- -

o fit the DMA data to Eq. [2-34] using standard least squares procedures
(74). ‘:he fits were much better than the corresponding ﬁi’.s in the acetylpyrrole
case described above because k is small enough that the necessary ifxeqﬁalities
are satisfied. We found that the values of: k obtained by fitting the experimental

data to Eq. [2-34] were equal, within the uncertainties given by the least squares

procedure, to the literature values.

L

O
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2.6 Summary

A theoretical de§cription of the effects of chemical exchange in magnetic
resonance experiments has been developed using product operat(;rs. The descrip-
tion of the DEPT magnetization transfér experiment on exchangir'xg CH...CH

.and CHj...CHj systems was develop:d in detail to demonstrate the application
of the product operator description to experiments employing complicated pulse
sequences. We have includgd relaxa.tion-eﬂ'ects in an a;i hoc fashion by simply
appending an exp(—37/Tz.¢] factor to the intensities ih Eqs. [2-20] and (2-33].

‘ We. have\shown that the !3C intensities from DEPT magnetization trans-
fer experiments on N-acetylpyrrole and on N,N-dimethylacetamide are influenced
by the rate of chemical exchange, and that the observed variations in ir(tensity with
the duration of the 7-delays agree quantitatively with the theoretical predictions.
In.the_region of interme;iiate exchange (from the onset of significant exchang:z ’
broadening, through coalescence, to exchange narrowing) the comparison of ob-
served and calculated DEPT intensities affords the determination of the exchange
rate to within 5-15%. Near the coalescence temperature, the DEPT magnetiza-
tion transfer approach is expected to give a more precise determinationvof the
exchange ratethan the conventional lineshape fitting procedure becau)se reliable ( o
peak intensities and integrals from DEPT experiments are more easily obtained
than precise visual fitting of broad signals witi’t low signal-to-noise. In the limits of
very slow and very fast exchange, the r-depe‘ndenée of the DEPT intensities, like”
the NMR lineshape, is relatively insensitive to the exchange rate, and relaxation
effects contribute significantly to the damping of thé periodic r-depenaencerof the
intensities. In the regien of intern}ediate exchange rates, relaxa.tién effects are of

negligible importance. We believe that the use of DEPT in the study of exchange

processes may prove a useful adjunct to conventional lineshape analysis.

e



In section 2.5, we have investigated the utility of the approximate forms
given in Eq. [2-21] for CH...CH exchange, and in Eq. [2-34] for CH;...CHs
exchange in the analysis of DEPT data for the slow exchange region. Provided that
k € Awy, Awc, Awl+ Awe, [Awy— Awg|, the observed and calculated intensities
are well-described by the si’:npler forms. The analysis of the r-dependence of the
DEPT intensities by least squares fitting to these ai)proximate forms provides a
facile and precise method for determining exchange rates In the theory‘section

2.3, the description of CHj3 . ..CH; exchange was not discussed. It is useful however

to point out here that the DEPT intensities for CH; ...CH; exchange are expectea

to be proportional to

-

{2sinﬂ[lrcos(;§: i »;.;‘\)'rfsin(Zﬂ)[Ii—2cos(27ch~H‘r)+co/sg47r.lcﬂr)]}exp(~3kr)

when the final protdn pulse has flip angle 5.
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‘ CHAPTER 3

Development of Multisité Magnetization Transfer Experiments

and Method of Data Analysis

\

Y
o

3.1 Introduction

Classical lsneshape analysis is the most extensively used technique to de-
termine exchange lifetimes or rate constants from NMR spectra (1,3). However,
it is difficult to exte:xd this technique to lifetimes longer than approximately one
second due to the problem of insensitivity of the line shape to the exchange rate
in very slow exchange situations (56). The lineshape x{lethod is inconvenient and
sometimes practicall:y. impossible to apply successfully in c;mplex exc\mmge situa-
tions involviﬁg many exchange sites with several different mechanisms responsible
for exchange behaviour. With the innovation of the homonuclear double resonance
technique, Forsen and Hoffmann developed a: simple dynamic method (55-57) for
the study of nuclear exchange rates especially suitable for the determination of
long exchange lifetimes. This multiple resonance method is similar to the non-
equilibrium magnetization transfer method of McConnell and Thompson (75) and
can be extended to delin;:ate exchange mechanisms in complex systems. A non-
equilgbrium magnetizalsion is first introduced selectively at one on the exch'angih/g
gite& and rate constants and mechagxisms are ,d;duced’by observing the transfer
of this noh:e;;uilibrium magnetization t; other exchanging sites. Selective pt;rtur: )
bation can be achieved by applying a saturating rf field (55-57) bf by.selectjve

pulses (58). A selective M0° pulse o a selective inversion gives the maximum

perturbation and hence a larger dynamic range and better results (58—62) “In this

. T
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chapter, the basic pr‘incipleé‘.'-‘q& magnetization transfer experiments are discussed
usi:ng a simple two sit:é\chemic;l e)‘(change problem. The modified Bloch equation
. description of this two site problem will be followed by a brief discussion of Forsen-
Hoffmann saturation transfer experiments. Application of the selective inversion
method in delineation of exchange mechanisms will be illustrated using the two
site exchange case. The general N -site chemical exchange problem, involving dif-
ferent exchange mechanisms will then be developed, and the Yeast squares method
of data analysis used to obtain the values of the rate constants and estimates of

the errors in the rate constants from experimental measurements is described in

. '\~
& / Y

3.2 Basic concepts of magnetization transfer experiments

detail.

First consider a nucleus X which can reside in either of two nonequivalent

. magnetic environments; Site A and Site B, with resonance freqttencies v4 and vg

respectively, which are connected by the exchar{ge reaction .
kap o “
X4 = Xp " AN [3—1]
‘ kpa L
where, ‘

kap is the rate constant for transfer of X spins from Site A to Site B,
kg4 is the rate constant for transfer of spins from Site B to Site A.

The exchange of X nuclei between Sites A and B is described by,

g 21X Al = ~kaplXa] + kpalXs] '[3-2)

36

Z1X5] = kas(Xa] - kpa[X5] [3-3].

©

where [ X)] denotes the concentration of X nuclei at site ! (I = A, B). It is clear that

any perturbation in the 1{6pula;§ion at one site, would be detectable at the other
. - ) - P - ) .

Pty



because of the exchange process.:This is the b%c idea behind all magnetization
transfer experiments (56). In magnetization iransfer experiments, one always
perturbs the z- or longitudinal magnetization at one of the sites, and monitors
the steady state or témporal response of the z-magnetization of one or both of
the sites depending on the experimental procedure. In the experimental method
" which is to be described in more detail for the many-site case later in this chapter,
the observation of the temporal response of the z-magnetizations at all sites is
used. In all forms of the experiment, transverse magnetization is created only
for the purpose of detecting and measuring the z-magnetizations, at the end of a
certain e\;olutiona.ry period following the initial perturbation. Hencé the resonance
frequencies v4,vp are not important in magnetization transfer experiments and
only the behaviour of z-magnetizations are important. In the following section,
the behaviour of the z-magnetization in xﬁagnetization transfer experiments is
described, using the modified Bloch equations approach, for the simple two site

exchange case.

3.3 Modified Bloch Equations for z-magnetization

37

When the nuclear spins X are placed in an external magnetic field, a

longitudinal magnetization is established via the spin-lattice relaxation process
(25). In the absence of chemical exchange effects, establishment of the longitudinal

magnetizations at sites A and B are described By the phenomenological Bloch

equations (25),

aMA Tia [3-4]
d.,, Mg-Mj

— ——_B "B 3-5
7 MB Ti [3-5]



whereT) 4 and Ty g are the spin-lattice or longitudinal relaxation times of X nu(‘loa\f
spiﬁs at site A and site I3 rcspcctively,.Mf‘ ans! M, are the z-magnetization at
sites A and B at time ¢, and M;q and M;?q are the equilibrium z-magnetizations.
If it is assumed that the spin states of nuclei do not change during the nuclear
exchange and that rate constants for exchange are independent of the spin state
of the nuclei, expressions for the flow of z-magnetization due to chemical exchange

analogous to Egs. [3-2] and [3-3], can be derived straightforwardly (76):

d z z

EM; = ‘kABMA + kBAMB [3 6]
d

aM:‘ = +kABM; - kBAMg [3 7|

By combining Egs. {3-6] and [3-7] with the phenomenological Bloch Egs. [3 4]

and [3-5], one obtains the Bloch equations modified for chemical exchange (76},

-

d M — M3

z A A z z
—Mi= A4 kpaM 38
dtM“ Tia ABM, + kpaMp 38|
d Mg - M ‘
—Mp=—B B 4 k,gMj - kpaMj 3-9}
dt T\ A

for the z- or longitudinal magnetization in the simple two site exchange. These
equations are valid in the absence of any time dependent magnetic fields (rf fields),
otherAthan the external applied field. These equations describe the flow of z-
magnetization between sites in a magnetization transfer ;:xperiment after the ini-
tial perturbation. Solution of these equations, using the apbropriaﬂe boundary
conditions, yield the temporal response of the z-magnetizations Mj, Mg, from
which the rate constants for the two site exchange can be obtained, p/rp{'idedf the
relaxation rate is not- too large compared to the exchange rmﬁayﬁll be shown

later. The boundary conditions are determined by the type of perturbation em-

>

ployed.

38



When the selective perturbation is a saturating of Leld, magunetization
transfer experiments are referred to as saturation transfer experiments (55 57,
and this method is discussed in the next section for the two site exchange case.

Selective pulse perturbation will be discussed 1in section 3.5,

3.4 Saturation Transfer Experiments
In saturation transfer experiments, a saturating rf field is selectively

applied to one of the resomances. Forsen and Hoffmann have described a wet of
four saturation transfer experiments (56) for the simple two site (A B) case in
whi(lh one monitors:

(a) The decay of signal A upon saturation of signal 13,

(b) The recovery of signal A upon removal of the saturation field at /3,

(¢) The recovery of signal A after prol(‘)ngvd saturation of A,

(d) The recayery of signal A after saturation of both A and £.
Method (a) is the simplest and most commonly employed, and is discussed in
detail below. All the other oxperir;lents, cases (b) to (d), fall into a single class

and only the general considerations and boundary conditions will be discussed.

3.4.1 Decay of signal A upon saturation of signal B

In the steady state saturation transfer experiment, a satugating rf field
of sufficient magnitude H; is applied to one of the resonances - resonance I -
for 'a time long Snough to saturate the signal. The NMR spectrum at the end of
the saturating period would correspond to the z-magnetization at cach site in the
state of equilibrium in the presence of the saturating rf fleld. Signal B has zero.
intensity because of saturation, and the intensity of signal A reflects the rate of

transfer of saturation from'B to A via the exchange process. When the conditions

.
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for strong, selective saturation of the I3 resonance (77),
v Hy -2 2/1‘1/‘4 1’1;‘

illl(l
2 g g 1
(vHy)* s (Tplen)

are met, M 0 and M7 attains a steady state value M (ss) . From Eqo 3 8],
it follows that

Mi(ss) - MJ7/(1+ kapTia) - x 13 10]
Thus if kap < 1/Tia, Mi(ss) ™~ /\I;q . te. MZ% does not show any saturation
transfer. As kg increases, M7 (ss) isTess than M;’. i.e. saturation transfer occurs
and the A signal decreases in intensity. The rate constant k4p, can be determined
from measurements of Ty 4, M and M3 (ss):

/Jq - MZ2(ss
%fl’___"‘l ) i:;l”

k - —
AD Mz (ss) Tia !

In the general case where the value of T} 4 1s not known, one can monitor
M3 from the time the saturating field is applied to resonance B, and follow the
temporal development of the new steady state. If the system is initially at thermal

equilibrium, and the saturation of B is taken to be instantaneous (Mj = 0), then

3-12]

L

(1 + kABTlA)t]} ’

M3(0) = M3059) {1+ kanTinexp [~

and a plot of In{M3(t)— M7 (ss)} vs t is a straight line with slope —(1+kABT1A)/T1A.'

The measurement of M (ss) and the slope of this plot affords k4p and T} 4.

.



3.4.2 Cases (b) to (d) - Temporal Magnetization (Saturation) Transfer
In experiments (b), (¢) and (d), Kq. [3 10] is no longer valid, and the
rate constants cannot be obtained by solving only Eq. [3 8] as in the previous
case, since the time dependence of z-magnetization at both sites has to be consid-
ered. For these cases the time dependence of A4 and A is determined by the
complete solutions of the coupled differential equations, [3 8] and {3 9], subject to
the boundary conditions appropriate for the experimental method. Since, in all
experiments, the temporal behaviour of magnetization is monitored after turning
off the saturating rf fleld, these experiments are classed as temporal magnetization
transfer experiments.
The boundary cofiditions appropriate for the different experimental methods are:
case (b) MZ = 0and M3 = M3 /(1) kapTia) at t - 0,

)

case (c) ; =~ 0 and Mg - 1\1;;7/(1 t kpaTip) at t 0 in symmetry with case
(b),
case(d) M7 = 0 and Mj = O at time t = 0.
Although Forsen and Hoffinann described all cases in detail, the reviews of Faller

(63) and Alger and Shulman (64) show that only the steady state saturation

transfer method has been widely used.

3.5 Selective Pulse Experiments
In magnetization transfer experiments, the initial perturbation may be

a selective pulse instead of a selective saturation (58). Maximum perturbation

is achieved and hence the largest effects are observed when the selective pulse
is a 180° pulse: i.e. a selective inversion of one of the exchanging resonances
(61,62). The selective inversion experiment is a temporal magnetization transfer

experiment in which a selective 180° pulse is applied to one of the resonances
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¢
and the temporal response of the z-magnetization at all the sites is then observed -

during an evolution period following the selective inversion, as a function of the

duration of the evolution period. The sequence,

_ - . )
- Selective Non selective

[Relaxation Delay - - T - - Acquire]
7 pulse 7 /2 pulse
2 » [3* 13]
is repeated for a series of 7 values such that, 0 el 5T).
For the simple two site exchange, (see Eq. [3-1}), the evolution of the z-

N .
magnetization, following the selective inversion of one of the resonan&s, is again
»

described by the modified Bloch equations [3-8] and [3-9|. It is useful to note
that, when 1 — oo, both M4 and Mg will have reached their equilibrium values

M;q and Mg’ respectively, and that

—kapMy + kpaMg =0. ) [3-14]

The modified Bloch equations [3-8] and [3-9] can therefore be written as,

¥

~1

d : 4 i } 4 (4 z €
(M5 - M) = (T—I; — kap)(M3 —MJ) + kpa(Mg — Mg')  [3-15]

dt

and -

d 1 L
F(Mp - M) = (5~ k) (M — M) + kan(M5 - MZ) . [3-16
iquatiom [3-15] and [3-16] can be conveniently written in matrix form,

2 M - M(oo)] = A M ~ M(w) [3-17)

where

M(r) ~ M (o0)
MMl = ( yrh0) k)

2 and

€
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-

A= (67‘1,4 ~ kap kpa ) .

kap ~1/Tip — kpa

(-
It is instructive here to separate the contributions from spin-lattice re-

laxation, forward exchange and reverse exchange processes to matrix A as:

_{ ~1/Tha 0 (M () 4 £2) 77(2)
A~< 0 ——1/T13>+k mY 4+ 5t [3-18]
where
() _ m_(—-10
k -kAB, II _< 1 0)
and

0 kg (3 1)

The matrices IT(®) (a = 1,25 in Eq. [3-18] are matrices of exchange coefficients.
II() is the matrix of exchange coefficiedts which represents the forward exchange
process and k(1) i:; the rate constant associated with F,he forward exchange process.
Similarly TI(?) represents the reverse exchange process and k(z)(: kp4) is the
rate constant for reverse exchange. Th'is representation which seems trivial and
artificial in thé simple two site exchange case, is very useful in the generalization
to the many site exchange system where many complex exchange processes occur.
In such a situation, each different exchange mechanism a, can be represented by
a matrix of exchange coefficients T1(2) and the associated rate constant k(@) for
that exchange process. The behaviour of the z-magnetization during selective
inversion experiments will be illustrated using the simplest two site case, before

the discussion of general N -site case.



3.5.1 Simplest two site exchange
In the ssmplest two site exchange case possible in Eq. [3-1, kap = kpa =
k and T\4 = T\ p = T}. For this case, the matrix A is given by

A= <_1/71;‘_k _1/;1_k) : [3-19]

The behaviour of M}, Mg during a selective inversion experiment assuming com-
plete inversion of site A magnetization at time ¢t = 0 (M%(0) = —M ), is obtained
by solution of Eq. [3-17|, with the_%‘trix A given in Eq. [3-19]. The behaviour of
M3%, Mg is shown in Fig. 3-1, .as a function of the delay time 7 in the selective in-
version experiment, for £ = 10.0s~! with 1/T, = 1s~!. In Fig. 3-2, the behaviour
of M is shown for a series of values of k with 1/Th = 1s~!. The inverted signal
recovers rapidly at short times due to the transfer of magnetization from the other
site via the exchange process, and then slowly increases to its equilibrium value
at long times through spin-lattice relaxation (see Fig. 3-1). At short times, M
decreases in magnitude because of the transfer of magnetization to the inverted
site by the exchange process, then My goes through a minimum and slowly in-
creases to its equilibrium value through spin-lattice relaxation. The time required
for M} to reach its minimum intensity depends on the exchange rate k and 1/Tj.
When the excilange rate is slower, the initial decrease is slower and M} reaches a

minimum at longer times (see Fig. 3-2).

»
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3.6 General N -Site Exchange - Selective Inv’ersi(‘)n Method

For a general exchange problem
K,

yi

involving N .nonequivalent. sites with resonance frequencies vy (1 = 1,..., N and
v # v; for 1 # j), the behaviour of the longitudinal magnetizations is again de-
scribed by a set of modified Bloch equations. Extending the discussion of sections
2.3 and 2.5, to N -sites we find that Eq. [3-17] applies with, [M — M(oo0)| an N x 1
column matrix with elements (M,(r) - M?), (+ = 1,...,N), and A an N x N

square matrix with elements,

k(@ £ g
A;J — ECI Jt ( ) 3 # ] X . [3_20]
-1/Tyi — Za Zl k(a)ni;) 1=7,

where k(®) is the rate constant for a particular exchange process a, and 11(2) s

. the mat\rix of exchange coefficients which describes the a exchange process.
Solution of Eq. [3-17] with matrix A given by Eq. [3-20] is obtained by

direct diagonalization (78) of matrix A and the solution can be written as,
M;(t) = Mi(oo) + Zexp(A.-t)UuU‘-;l[Mj(O) - M;(o0)] ,({ =1,...,N) ([3-21]

= .

where A and U are the eigenvalues and eigenvectors of A and U~! is the inverse
matrix of U. ie. U1 AU = A. M(t) is the z-magnetization at site ! at time
t following the ‘selective inversion of one of the exchanging‘res,onahcés at a site
m at resonance frequency v, (1 < m < N). Mj‘(ﬁ{he z-magnetization at a
site j (y = 1,...,N) at time t=0 (just after the*,séléctive inversion of the mth
ré’ona.nce). Rate"'::onstants k(@) are obtéined b)" iterative least squares fitting of

-
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the observed magnetizations Ml"b’(t) from the selective inversion experiment to

magnetizations M,(t) calculated using Eq. [3 21].
.

3.6.1 Least Squares Analysis of Selective Inversion-Magnetization trans-
fer data

The non-linear least squares analysis of maénetizati()n transfer data 1s
an adaptation of the Marquardt algorithin (74) and uses analytic first derivatives
of M,(t) with respect to each of the parameters 1/T},, M, (o0), [M,(0) - 1‘1,(00)],
and k(@) to avoid excessive computation time required for numerical estimation
of the derivatives. It is convenient, for the N -site exchange problem involving P
independent exchange processgs, to define a set of 3N + P pararnetérs collectively

-

designated g such that,

By =1)Tw,
BN +1 = Mi(o0) ,
Bawt = [Mi(0) - My(oo)] , 3-22]
: Bsn+a = k(%)

where | = 1,2,...,N; a=1,2,...,P; and Q = 1,2,...,3N + P. The least
squares data analysis begins with the calculation of the M(t) ’s using a set of
initial parameters {ﬂOQ} Corrections to this set of parameters are determined,
iterations are performed, and values of pa.ra.‘fneters are improved in successive
iterations,“until the corrections to parameters fall below a certain threshold value.

- The least squares method attempts to minimize the least squares sum,

48
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where the sum over n includes 'all t, at which experimental data are available, with
respect to the corrections to parameters in order to obtain the best agreement
between the observe-d and calculated magnetizations. This procedure is described
in detail below.

For an initial set of parameteré {/30|Q ..., (3N + )}, l,l‘w z-
magnetization at each site { at tune ¢, is calculated by substituting the values

_{ﬂ%} into Eq. [3-21]:

MP(ta) = MP(o0) + Y U exp(Alta) > U MM (0)  M(o0)®  [324]
1 7

The Mf“lc(tn), which correspond To magnetizations calculated using the “true”
. values of the parameters {g}, are approximated by a Taylor series expansion

about the initial parameters {ﬁOQ}:

— '
M[caIC(tn) o~ M[O(tn) + L Dé(tn) 6[[}“’) ,Q =1,... ,(3N t 1’) [3 25]
Q -
where

M, (t :
DH(t) = .<_37’_<(z_)>o and 68g = Bq — B -

DL (t) is the derivative of M,(t) with respect to the parameter §g, evaluated usin
Q l Q g

L

@

the initial set of values {ﬁ%}

The unknowns 68g in Eq. [3-25] are determined b); minimizing the least

squares sum, Eq. [3-23], with respect to 63¢g ’s. From egl;ations"{,3—23] and [3-25],

e

one obtains @ -
g SE M ) = D_(P4lta))o (88) - [3-26]
i Q
For S to be a minimum with respect to the corrections to parameters 68, ®
05 __ OforallQ =1 (3N + P) [3-27]
G e BN EIL- ]



Hence

05 ZZJM""’ D M) D (0h(8))(650)]

3 28]

fory - 1,...,3N + P.

“wh
Eq. |3 -28] can be rearranged to give the normal equations

L{L}_, }550 = XL{M"'” n) - MP(ta)]D4(tn) . [3-29)]

or, in matrix form,

D63 =C [3-30)
where, D is a symmetric squzire matrix of order equal to the total number of

parameters (3N + P), with elements
~

ZZD ) D} (tn) | 3-31]

and 60 and C are column vectors each having (3N + P) rows with elements ‘

(6B)q = 68, , [3-32)

_a.nd

Z EIM () - MP()IDg (1) - [3-33]

The corrections to the parameters, 68, are obtgined by iAversion (79) of the

[3-34]

matrix D,

~_

’



where D! is the inverse matrix of D. Matrix D as well as the column vector C
are constructed using the analytic first derivatives of M(t), with respect to each

of the parameters.

3.6.2 Analytic First Derivatives of M(t)

Partial differentiation of Eq. [3-21], with respect to a general parameter

Bq yields,

a d
3g Milts) = 55 Mil {Z Ui exp(Amtn Z 1 (M;(0) - (oo)l}-

\ [3-35]
Using the standard methods of differentiation, Eq. [3-35] can be expanded to

obtain,

0 pie) = M, () Z BU:m exp(Amtn) ZU,;}[Mg'(T)M,-(oo)]

9pq 30q N -
6A,,.
j
¥ Z Uim exp(Amt) Z {M (0) - M;(co)
+ D Uim exp(Amtn) Z Unh o= 3q [M;(0) — M;(co)].
m Jj s
’ 9—36]
In Eq. [3-36], derivatives with t to the linear para.meters M;(o0) and [M (0)-
M;(oo)] are straightforward.
(a) Derivatives w.r.t. parameters M,(og):
3M1(°°)

M) " -, B
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Aii other derivatives,

im oU,., I I[M,(0) M, ()]

OM (00) " AM (o0} T M (o0) T IM (o)

are equal to zero.

(b) Derivatives w.r.t. parameters [M,(0) - M, (o00)]:
(; X — IMi(0) - Mi(x), 3 )
a[M,(O) - M-(OO)] -

and all others,

AM;(o0) '/\91/,,,, . au,.; IAn

and

8[M,(0) — M,(c0)] "’ GW‘(O)@? M,(0)] * 8IM,(0) - M,(c0)] = 9[M,(0)  M,{x)|

are zero. ‘

Derivatives with respect to the non-linear parameters, 1/7T;, and k(@)

require further analygis because the eigenvalues A and eigenvectors U depend on
these non-linear parameters. \
(¢) Derivatives w.r.t. 1/7T}, parameters: i

Clearly,
dM;(o0)  3[M;(0) - M;(co)]
A(1/Th) 3(1/T)

For A,U and U~!, following the analysis of Wilkinson (80) we get,

=0.

OAm

= = Up, lU. i3_3g]"
3(1/Tw) m s [3-39]
aUlm (UlmUmk - UmmUlk) -1
ryrur-ats 4 U U,'m s i 3-40
a(l/T,,-) Z Umm(Ak - Am) ks [ ]

k#m
and

a(l/Th) l/Tll)

aU;! ZUM( Uy )U" B



(d) Derivatives w.r.t. k(%) parameters:
.
Clearly, . -
h aM,(oo) - ’?[fvfl(()) - 1\4((00__)’] 0 N
Akla) k(@) T,

For A,U and U ! again following Wilkinson (80),

dAm (() .
RG]~ LU,,"H , 3 42]
E1 ~ (UtmUmix mmUIk 1 () o
o] = ) (83— A LU,“ n 13 43)
k#m
and
ou ! aUy, .
ak(‘:) = ZU,,C <——~ﬂ> Upm - |3-44]

Thus the elements of the matrix D can be calculated using the analytic
derivatives [3-37| to (3-44] in Eqs. [3-36] and [3-38]. The corrections 63, i.e
the elements of the vector 54ﬂ, are then easily obtained from Eq. [3-34] since the
elements of the vector C are also obtainable from the above derivatives (see Eq. [3-

v

33)), and the difference between the observed magnetizations and the M(t,)

calculated using the initial set of parameters {ﬂ%}.

3.6.3 New Parameters for Iteration and Convergence '
Once the values of the 63 ’s are determined from Eq. 3-34], a new set

of parameters {ﬂé} can be obtained from the initial set of {ﬂg},
By =83+60g (@=1,...,(3N +P)) . (3-45]

This iterative procedure is repeated to obtain more refined corrections, until a

convergence criterion,

-

1665+ < €|83] for all @, [3-46)



where ¢ i1s a small real number such that 0 < ¢ < 1, i1s satisfied, at a certain
(n + 1) th iteration. Then, the parameters {ﬂa} at the end of the nth iteration
are the most refined parameters, and the values which give best agreement be-
tween the observed and calculated magnetizations for all the sites. The values of
the parameters k() (BiNara=1,..., P) at this point are the rate constants for
different exchange processes a, as determined from the selective inversion experi-
ment.

The variance (0?) of the least squares fit, i.e. the minimum variance

with respect to the parameters, when the convergence is obtained is then givén
by,

1
o = 30D (M (ta) — MP(a) /[N T~ (3N + P)]. (3-47]

=1 n=1

In Eq. [3-47, M,"(t,.). is the calculated magnetization at site ! using the best values
of the parameters (ﬂa,Q =1,...,(3N + P)), I is the number of data points per
-
site (i.e. the number of delay periods employed in the experiment) and (3N + P)
is the total number of parameters in the model.

The values of a selected number of parameters, ¢ [¢ < (3N + P)|, may be
kept constant during iterations, by generating zero values for the corresponding

corrections §3q in Eq. {3-34]. This is achieved by assigning,

Dip),; = Dj,Lip) = bL(p). [3-48]
and, .

»

Crp =0, [3-49]

where L(p), p = 1,...,c are the indices of the parameters which are to be kept

constant and j = 1,...,(3N + P). The variance of the least squares fit in this

o
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case is given by,

I
ot =D D (MM (ta) - MP(ta)Y/IN T4 c- (3N + P)] 3 50]
=1 n=1

Usually the values of parameters 1/Ty; ({ = 1,..., N) are fixed in this manner dur-
/)‘ng the least squares iterations since the 1/T) s are measured using an independent

experiment.

3.6.4 Estimation of Errors in Rate Constants
Once convergence is attained, the variance of the least squares fit, Fq. [3-

50|, is used to obtain the standard deviation of each of the parameters,

%) = VoDt 3-51]

where 9(8) is the standard deviation of the B, th parameter. These standard
deviations are then used to obtain the 95% confidence intervals on all parameters
based on the F(Variance-Ratio) distribution function (81). These confidence limits

are expressed as linear and non-linear errors of the parameter Bq by defining (81),

b

Linear error in Ag = o(5,) T [3-52]

Non — linear error in 8¢ = o(5,) F . [3-53]

In Eq. [3-52], T = \/FiV],U2i, where F(v1,1) is the value of the F-distribution

function for vy =1and g = NI +¢—- (3N + P).

In Eq. [3-53], F = /[(3N + P) —t] F(v1,v3), where F(vy,1,) is the value of the
F-distribution function forvy =[N+ P)—cland vy =NI+c-

(3N +P).

(¥



The appropriate values of the F-distribution function are calculated numerically
using the series expansion for the F-distribution function (82). The confidence

limits in Eq. [3-53], may overestimate the errors in the value of tho paraineter, (4,
. _ . P

when some of the correlation coeflicients, I)UI/, / 1)”1 I)“l , between f3, and other

parameters (J, are small. The non-linear error does, however, provide consistent

reliable estimates of errors in the least squares parameters.

3.7 Sununary

The basic principles of magnetization transfer experiments were illus-
trated using the modified Bloch equation description of the simple two site ex-
change problem for the Forsen and Hoffmann steady state saturation transfer ex-
periment. The development of the selective inversion method, and the method of
data analysis to obtain rate constants from multisite exchanging systems was dis-
cussed in detail. In the method described here, the parameters k() 1/Tyy, M (o)
and [M, (0) — M, (oo)] are variables in the least squares procedure, and the method
of fixing some of these variables at constant values was described. Estimation.of
the errors in the rate constants was described using the F-distribution function. In
the next chapter, the application of the multisite magnetization transfer method
to delineate exchange mechanisms and rate constants in some complex systems
will be discussed.

It should be mentioned that this multisite problem had been addressed
independently by two other groups (83:34). One major difference between these
approaches and the: method developed here is the way in which the exchange
process is incorporated into the theory, and therefore the method by which the
rate constants are to be extracted from the experimental data. The rate constants

kj; used by other workers (83,84) describe the transfer of magnetization from site j
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to site 1, and may contain contributions from a number of distinct mechanisms.
In the method developed here k(%) is the rate constant for a particular exchange
process, and not the rate constant for transfer of magnetization from one site to
another. Use of matrices of exchange coefficients I1{2) allows the determination of
the contributions from each of the different exchange processes in a clear, concise

fashion.
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CHAPTER 4

Details of Selective Inversion Experiment

and Evaluation of the Method

-

4.1 Introduction

In this chapter, the application of the ;elective inversion multisite magne-
tization transfer method to delineate exchange mechanisms and to determine rate
constants for these exchange processes is illustrated fully using the fluxional beha-
viour of the transition metal organometallic complex (73-C7H7)-Os(CO)3-SnPh; ,
as a test case. The method of selective inversion and the experimental procedure

is discussed. Results of selective inversion experiments on the test compound are

described in detail in order to illustrate the general applicability and the power of

the technique in analysing complex multisite exchange systems. The limitations
of the method and the effects of imperfect experimental conditions on the values

of rate constants will also be discussed.

4.2 Experimental Details

Magnetization transfer experiments were perférmed using the sequence
shown in Eq. [3-13]. Selective inversion of the magnetization at the desired site
was achieved using the DANTE sequence (61). DANTE is a selective excitation
technique in which a train of hard pulses of small flip angle a*(a <‘7r/ 2), each of
duration t, is applied with a very short delay 6t between the pulses’(see Fig. 4-1).
The pulse train h?s the effect of selective pulses of cumulative flip angle ma, at

the ??amsmitter frequency and at frequencies 1/ At separated from the transmitter.
. \
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.

Here m is the number of small pulses of flip angle a and At = (6t + t,). If the
Pewd .
transmitter freqxfénex{s 1o, then selective excitation occur at frequencies,

. ’

vo, ot 1/At, 1o+ 2/At ...
{

/ A
For selec}/rVe mvekilon,

ma=m [4-1]

bv=1/(atm) 4-2]

at these frequencies, vy + n/At, where n is a non-negative integer. Thus for a
pulse tr.ain%of one second duration, a selectivity of the order of 1 Hz is attained
in principle; neglecting the effects of relaxation. In a?’ fhe experiments that are
to be discussed here, the DANTE sequence was applied on resonance with the
magnetization to be inverted, and the delay time 6t betweén pulses was chosen
so that the first side band frequency vo £ 1/At, fell odtside the spectral regien of
_intei'estJ The values of t,, m and 6t were adjusted to obthin optimum selectivity
“and'maximum inversion.

The complete pulse sc;quence used in experiments, corresponding to
Eq. [3-13] in chapter 3, with the DANTE sequence included for the selective ifl-
version, is shown in Fig. 4-1. For the tést compound, 'H spectra were recorded on
an unmodiﬁed Brukér WH-400 spectrometer, and the fypica'l values used for the
DANTE selective inversion were m 7 18-20, §t = 400-500 us. The non-selective
90° pulse width for H was 22 us. However, faximum inversion (~70-80%) was

r
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achieved, when t, was slightly larger than (44/m) us, (See Eq. [4-1]). A series
of fid’s, corresponding to variable delay time 7, ranging from 0.00005s to 10s,
following the selective inversion, was collected. The fid’s were transformed with-
out using any linebroadening or zero filling, and all spectra were normalized with
respect to the spectrum which corresponds to the longest variable delay tim%.
Non-selective inversion recovery experiments were also performed in or-

der to measure the relaxation time T}, using the sequence (85),

[RelaxationDelay - @« - 7 - «/2 - Acquire] , 4 3]

®

where the pulses m, 7/2 are non-selective and 7 is the variable delay time (0<7<

5T}).

A

4.3 Application of the selective inversion method to a study of the flux-

(

ional behaviour of .(n3-C7H7)-Os(CO)3-SnPh3
The Selective inversion method was ap}olied to the (n3-C7H;)-0s(CO);-
SnPhs complex, as a test case. It has been established (65), _Eilgt this complex

exists in solution as a mixture of non-interconverting symmetric and

. o
¥ c : 5 80
| - 1o
4
1—5" \ . 1'—00
4 . . a
| 2 -
EJ , 3

o0

o
asymmetric isomers, and in the low temperature limit (below ~ 198 K}, only the

~.asymmetric isomer is fluxional. By virtue of the asyrmnet_.r)", all protons and
carbons in the C7H7 moiety of the asym‘tric isomer are non equivalent, and
this isomer therefore provi’d'gs a case involving a sgv}en site exchange problem.

The seven resonances due to the asymmetric isomer are shown i theiH NMR

spectrum of the mixture at 88 K (Fig. 4-2). The fluxional nature of the bonding
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Fig. 4-2 'H NMR spectrum (400 MHz) of the C7H; region for (73-C7H7)-0s(CO)3;-
", SnPhg in CD;Cly%¢ 188K (200 Hz/division). Peaks labelled 1, 1', 2, 2/,
‘. 3, 3/, 4 and 4' arise from the asymmetric isonier, and peaks 1, 2, 3 and

4 are due to the'symmetric isomer.
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between the Os atom and the cycloheptatriene ring is believed to arise from a

o ————

“1-2” exchange process (65), .

‘/"

k(12)

0s(CO)3SnPhs Os(CO)3Snlhy

4 4]
N
-————— .

I
OS(CO);}SHP!B

N\

and possibly from a “1-3” exchange process,

e O

. . 0s(CO)3SnPh; Os CO)3SnPh;

__kay o B @

0)sSnPhs

45|

The delineation of the exchange mecflanism, and the determination of the rate
constants k(;3), k(13) for the asymmetric isomer is discussed below. Fluxional
behaviour of the symmetric isomer at higher temperatures will be discussed in
section 4.4

For the asymmetric isomer, the “1.2" exchange process (Eq. [4-4]) is

described in the model by rate constant k) = k(12) and matrix of exchange



coefficients H('),

-2 1 0 0 0 0 1
1 -2 1 0 0 0 0
0 1 -2 1 0 0 0
nv=|o0o o 1 -2 1 0 0 (4-6]
0 0 0 1 -2 1 0
0o o o 0 1 -2 1
1 0 0 0 0 1 -2
and the “1-3” exchange process is described by rate constant k(2) = k(13), and
exchange coefficient matrix I1(?), N
-2 0 1 0 0 1 0
0O -2 o0 1 0 0 1
1 0O -2 0 1 0 0
nm=o 1 0o -2 0 1 o0 [4-7]
0 0 1 o -2 O 1
1 0 0 1 0o -2 O
0 1 0 0 1 0o -2

The matrices H(l),h(z) are then used to construct the matrix A in Eq. [3-

17),which is a 7 by 7 matrix for this case.

'

[4

4.3.1 Qualitative determination of exchange mechanism

Behaviour of the magnetization in a selective inversion experiment per-

”

formed at 188 K, by selectively inverting the site 2’ magnetization, is shown in

Fig. 4-3 as a function of the variable delay time 7. Examination of the observed

-

daga shows that the inverted site 2' magnetization recovers ra.pidly at short times,

ause of the transfer of magnetization from other sites via exchange processes,
1

. an'd at long times slowly increases towards its equilibrium value by spin-lattice

relaxation. Magnetlz‘atlons at all other sites decrease to a minimum at short times
because of the exchange process, and then s{owly ilrease to their equilibrium val-
ues ;hrough"magnetic relaxation. The most rapid initial decreases occur at site 1

and site 3'. The decreases in the magnetization at sites 2 and 4’ are slower and the

'
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Fig. 4-3 Comparison 6f'7the‘observed and calculated magnetizations for the asym-
metric isomer at 188 K. + - Magnetizations -M;(t) (arbitrary units) at
the seven sites of the asymmetric isomer following the selective inver-

sion of the site 2' magnetization. Curves represent least gquares fit for

k(lzj = 8.5 8_1 and k(l3) = 0.
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slowest decreases occur at sites 3 and 4. Since sites 1 and 3’ arctthe sites adjacent
to the inverted site, this behaviour indicates that the transfer of magnetization
rapidly occurs by “1-2" exchange process. First, the equilibrium magnetization ‘at
sites 1 and 3’ rapidly decreases by transferring magnetization to the inverted site
2'. The magnetizations at the next nearest pair of sites 2 and 4',‘de;roase slowly by
“1-2" magnetization transfer to site 1 and 3’ respectively, and at longer times the

magnetizations at'sites 3 and 4 decrease by “1-2"” transfer to sites 2 and 4’. Thus,

by visual inspection of the observed data, one can qualitatively determine that the

“1-2" exchange process is the predominant exchange mechanism responsible for

- - - 4
the fluxional behaviour of this isomer.

It should be mentioned here that the time dependence of site 3 magne-

tization shows a slight increase"gtially, in contrast to the above description, but

this has no adverde effect on the 8verall description given above. This complicated

66
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behaviour of the site 3 magnetization is a result of the imperfect selectivity of the

DANTE sequence, and it will be discussed l;ter in more detail.
\ -

4.3.2 Quantitative determination of, ra{e cpns;ants

In the least squares analysis of thig data seé, the values of pe;ramet.ers
1/Ty (I = 1,...,7) were fixed at values' which were independently determined from
a non-selective inversion recovery experiment (Eq. [4-3]), at the same temperature.
All values of 1/T); were found to be equal to 0.6s™! within experimental uncer-
tainties. T.he calculated c‘ur\'res in Fig. 4-3, wefe obtained from a 1e~ast‘ squares fit
in which )c(z) = kng) was fixed at zero —i.e. assuming no “1-3” shifts, and values
of k(1) = k(13), M;(o0) and (M,(O) —M,(oo)) were varied.to ﬁlinimizé the variance.
The rate constant k(1) = k(lu), has a value of 8.5 + 0.9s7! for this,ﬁ;, and the

agreement between the cilculated and observed magnetization is extremely good.
¢

’ R -
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4.3.3 Importance of the “1-3” exchange process

n

To investigate the importance of the “1-3” shift mechanism, a second
least squares analysis was performed using the same set of experimental data.
In this fit, k(?) = k(13) was allowed to vary freely along with kM, M, (o0) and
(M,(O) — M/(o0)) and the resulting rate counstants were k) - 78 t15s ! and
k(*) = 0.4 + 0.8s !. The variance of the second fit was no better than that in
the original analysis where k(?) was fixed at zero. A third least squares fitting
where k(1) was fixed at 8.5 and k(?) was allowed to vary freely, produced a value
o

of 0.1 £ 0.4s ! for k() = k(13). Clearly one must conclude that the “1 3" shifts

are not important in the fluxionality of this organometallic complex.

4.3.4 Clockwise vs Anticlockwise Metal Migration
It should be mentioned here that in the asymmetric isomer, it is possible
to determine whether the rates of metal migration in the clockwise sense and

anticlockwise sense are equal or not. The two processes can be distinguished

by associating the rate constant k(‘”) for clockwise rotation with the matrix of

)

. Iy
. exchange coeflicients IL(; ,

1 0 0 0 0 0 1 \® ~ |
1 -1 0 0 0 0 O
, 0 1 -1 0 0 0 0
. n'>=lo o 1 -1 o o o |, (4-8)
0 0 0 1 -1 0 0
0o 0 0 0 1 -1 0 i
1 0 0 0 0 1 -1

and th!'rate constants for 1,2 shifts in the anticlockwise sense E’l"z) with the
exchange coefficient matrix H.(,i ),

-1 1 0 0 0 0 1
0 -1 1 0 0 0 O
. @ 0 0 -1 1 0 0 O
ng)=yo o o -1 1 0 0° [4-9)
0 0 0 0 -1 1 0
0 0 0 0 0 -1 1 .
N 1 0 6 0 0 o0 -1 .
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' Least squares analysis of the magnetization transfer data shown in Fig. 4 3 (sce
section 4. 3. 2) with both k(‘n) and ki‘l‘Z) allowed to vary independently yielded,

7

kS . =854+09s !'and k%, == 8.5+ 0.8s8 ! which are essentially identical to the

(12) (12)
result k() = 8.5 % 0.9s5 ! obtained earlier for this data set using the matrix of
exchange coefficients T1(!) given in Eq. [4-6]. Since the rates of metul migration
in both clockwise and anticlockwise sense are identical, we have used the rate

-
constant k(n), which is associated with the matrix of exchange coefficients given

in Eq. [4-6], in the analysis of magnetization transfer data.

4.3.5 Reliability of rate constants

To assess the reliability of the rate constants obtained from this method,
other experiments were performed in which the magnetization at site 1, and at site
3, were selectively inverted and the temporal responses of the system monitored.
Least squares analysis of these data sets, assuming that there are no “1-3” shifts,
yielded k(;3) = 7.8+£0.7 3~ ! for selective inversion of site 1 and k(12 =83x13 s~!
for selective inversion of site 3. The three independent determinations of k(;),
8.5+0.9, 7.8+ 0.7 and 8.3 + 1.357! are equal within the error limits estimated by
the least squares analysis. The agreement of i.he results of the three experiments

demonstrates the reliability of selective inversion experiments in the measurement

of rate constants.

4.3.6 Effects of imperfect selectivity of inversion

It is important to n;)te that the DANTE inversion of the site 2' magne-
tization, shown in Fig. 4-3 significantly perturbed the site 3 magnetization. Thus
the time dependence of My(t) is more complicated than the time dependence of

M, (t). Since magnetization at site 4 is unperturbed by inversion, it decreases
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slowly at short times due to magnetization transfer to site 3, which has been
slightly depleted by the DANTE sequence, and to site 4’ which becomes depleted

! as discussed

by the successive “1-2” magnetization transfers 3' — 2’ and 4’ —~ 3
earlier. At longer times, site 4 magnetization relaxes back to its equilibrium value.
The site 3 magnetization is smaller than its equilibrium value initially due to the
imperfect selectivity of the DANTE sequence, and increases in the initial time
period due to 4 — 3 and 2 — 3 magnetization transfers. However, at times
~ 0.06s after the inversion, the magnetization at site 2 has become so depleted
by the succesive 1 — 2/, 2 — 1, transfers, that 3 — 2 magnetization transfer
begins and site 3 magnetization decreases just as site 4 magnetization does in this
time period. Finally, the site 3 magnetization increases to its equilibrium value,
via magnetic relaxation. It is most satisfying that both the experimental and

calculated magnetizations show the time dependence discussed here.

The presence of imperfect selectivity does not affect the data analysis
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adversely and fits for the inversion recovery data for both sites 2 and 3 are as good -

as the fits of the data for ofher sites.

4.3.7 Effect of absence of data from one site on the rate constant

It is instructive to investigate the effects on the value of the rate qonstant,

when the data from site 2 magnetization (which is significantly overlapped with

a peak from the symmetric isomer) are not included-in the least squares analysis. -

The exchange problem is still analysed as a seven site problem, but ebserved data
from only six of the sites are n:w used in the data analysis. |

In a general case, where the magnetization data from a certain site m
is not available, it is necessary to keep the values for parameters 1/Tim, M,,(o0)

and (M,,(0) — M,,(oco)) fixed during iterations. In a case where all the T; values

[ -



are not equal, it is sufficient to use an approximate T} value, estimated by taking
the average of the known values, since the accuracy of 1/T; values is not critical
for the determination of rate constants as will be shown in section 4.5.2. A good
approximation' is obtained for M, (oo), by taking the weighted average of equi-
librium magnetizations of other sites, which are estimated from a conventional
spectrum. Since, in principle, (M;(0) — M,(c0)) should be zero for an unperturbed
site, (M,,(0) — M,,(o0)) is usually fixed at zero during iterations.

For the selective inversion of site 2’ magnetization, least squares analysis
using only the data from six sites, excluding site 2 data, and fixing the values of ‘
M,(co) and (M,(0) — M,(co)) as stated above, in addition to fixing 1/T} for all
sites at 0.657", yielded k(;3) = 7.8 + 1.6, k(;3) = 0.4 £ 0.8s™! when both k(;3) and
k(m) were allowed to vary freely. This is essentially identical to the result obtained
from the analysis using data from all the seven sites. Results obtained for selective ¢
inversion of sites 2', 1 and 3, and allowing only k(5 to vary (k(;3) = O fixed) are

shown in Table 4.1. /

Table 4.1 .

Inverted site Site2-data Excluded Site2-data Included
Variance . k(j3)s™! Variance k;g)s7!

, 1 0.00129 7.7+09 000116 7.8+0.7
9! 000029 8.5+09  0.00027 8.5+0.9
t 3 000050 79+1.2 0.00045 8.3+ 1.3

For these cases, the calculated and observed magnetizations for sites from w;vhich
the data are a;ia,ilable are. in good agreement and the calculated magnétization fb; .
site 2, shows the expected temporal response. The absence of dpa.ta‘ from site 2
2:01: hinder the delineation of the correct me.cha.nismj and the values of the rate

finstants obtained are very close to the values obtainéq with the full set of data as

X o



shown in Table 4.1. Larger variances and hence larger errors in the rate constants
are to be expected here, due to the decrease of/the number of dat:a points used in
the analysis.

The capability of determining the rate constants, even in the absence
of data from one of the sites, is very useful in situgtions where a resonance from

an exchanging site is obscured7y other signals or is so broad that it cannot be

measured precisely.

4.4 Applis‘ation of the method to tﬁe study of the fluxional l;ehavipur of
the symmetric isomer, in the presence of rapidly exchanging asym-
metric isomer 7 R

The symmetric isomter is not fluxional in the low temperature range be-
low 196 K. Above 203 K, the resonances from the asymmetric ispmer broaden
considerably, and approach coalescence above 213 K. The symmetric isomer be:

.gins to show fluxional behaviour above 203 K. Since the symmetric isomer is still

in the slow exchange limit in the temperature range 203 K‘ to 233K, the Aux-

ional behaviour of the symmetric isomerb can be studied by the selectiv,e‘ inversion

—method, even in the presence of the now rapidly c;xchanging asymmetric isomer.

Selective inversion experiments were performed by inverting the site 1 magnetiza-

tion, which is the only resonance that is free of overlap (See Fig. 4-4). Since this

resonance is not overlapped with any signal from the asymmetric isomer, selective
inversion would not perturb any resonances from the asymmetric isomer aigﬁiﬁ-
cantly and hence those bfoad signals do not show any temporal response during
the experiment. Thus the intensities of the péa.ks due to th; 'symnietric isomer, are

governed only by the magnetization transfer occurring in the symmetric isomer. It

is clear that it 'may be difficult to obtain precise peak intensities of the resonances

.

.
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Fig. 44 'H NMR spectra (400 MHz) of the C7H7 region for (n3-C7H7)-Os(CO);3-
SnPh3 in CDzC]z at 214 224 and 233K (200 Hz/d1v1s:on) Peaks labellec{

1 2, 3 and 4 are due to the symmetric isomer.

o
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from sites 2,3 and 4 of the symmetric isomer which appear -as sharp resonances
superimposed on the broad asymmetric peaks which es;entially f{m a distorted
baseline.

For this four site exchange problem-, the “1-2” exchange mechanism is

described in the model by a matrix of exchange coefficients I'I(l),
¢

2 1 0 0
1 2 -2 1 0
L , |4-10]
0 0 1 -1 .

and the “1-3” exchange mechanism is described by an exchange coefficient matrix

11?),

[4-11]

The results of a selective inversion experiment at 214 k, are shown in Fig. 4-
5. The observed magnetization at site 2 rapidly decreases to a minimum at short
times, and then slowly increases to its equilibrium value at long times, following the
sélecti§e inversion of magnetization at site 1. The decrease in magnetizatio:n at site
3 iz; considerably slower than that at site 2, and the ,decr'ease at site 4 is the slowest.
The rapid decrease of magnetization at site 2 following the selective inversion of
magnetization at site 1, indicates rapid transfer of magnetization due to a “1-2”
exchange proce:s'. The slower decrease at sites 3 and 4 occur by successive 3 — 2
and 4‘ — 3 transfers. This temporal behaviour of the: magnetizations indic‘
(;ua.lita.tively that again the “1~2” exch#nge process.is the predominant exchange

mechanism in the symmetric isome;' as well. Least squares analysis of this set of
. . .

, data, with both k(12) and k(13) allowed to vary freély, yiel&bd k(12)’=2.8 £ 0.8 s",

and k(;3) = —0.2+0.4 s~1. A second least squares analysis with only k(12) allowgg :

to vary and k(5 fixed at zero yielded, k(;3) = 2.5 + 0.6s57!. The calcula

!
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Fig. 4-5' Comparison of the obsefved and calculated m&gnetiiations for the sym-
metric isomer at 214 K. + - Magnetizations M‘-(t) (arbjtrary ‘unitsy
at the four sites of the symmetric isomer following ‘the seleetive inver-

sion of the site 1 magnetlzatlon Curves represgnt least,uares ﬁt for

_k(n) =25s" a.nd k(13) = 0.
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< 4. 5 1 Ineﬁic1ent selective inverslon

magnetizations in Fig. 4-5, correspor‘xd to the second fit gnd the agreement between
the calculated and observed magnetizations is extremely good, confirming that the
“1-3” shifts are not important. Error estimates of the rate constants are expected

to be higher in this case, since precise peak integrals are more difficult to obtain

’

due to the distorted Laseline. Even under such unfavourable conditions with severe

baseline distortions, and the presence of another fast exchang‘ing isomer, it was

possible to delineate {he definite exchange mechanism, and to obtain reliable rate

constants for the “1+2” exchange process, using the selective inversion method.

It is clear that any other method, like classical line shape analysis, would be

Ta

practically impossible to use, in such cases. |,

The application of the selective inversion method to this organog\leta‘llic'
complex clearly demonstrates the power and usefulness of the multisite xﬁag}lﬁ

tization transfer method in the investigation of complex exchange syst.emx% The

Jlimitations of this method and other factors which affect the values of rate con-

-

stants obtainable from this method will be illustrated in the next section.

v . - N

4.5 Limitations of the multigite magnetization transfer method
“The selective inversion method has been shown above to be a very pow-

erful technique in the delineation of exchange mechanisms in complex systems. It

- is important to investigate the limitations of the method and the effects of im-

perfect data on the values of ra.te constants obtained. In th]gséction the effects

i

of mefﬁcxent mversxon, ma,ccura:te T va.lueé and the neglect 6f cross re axatlon

effects in’ th7 ana.lysxs on the rate constants will be discussed.

sy -

Although the DANTE sequence is.very efficient i in \electxvely mvertmg

NArrow resonances, dxﬂiculties may be encountered in mvertxng resonances which

- L]
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‘ T -
are considerably broadened by exchange. Since it is practically mmpossible to

© achjeve complete inversion even for a narrow resonance, the amount ‘of inversion

achievable in the case of a broad line could be conslderably smaller. ThlS reduces
the extent of selective perturbation. The inverted signal would be of weak intensity
and hence tlie time period followmg the inversion in which the magnetlzatlon
recovers primarily, due to the exchange process, will be very short. This results
in reducing the number of reliable data points that are obtainable at short times

where the exchange effects are important. This decrease in the number of data

points a\t,_higher\excha.nge rates, relative to that at slower exchange rates, results
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in higher gfror estimates for rate constants that are derived from signals whic};

are considerably broadened by exchange. H
) . ;

~

\

4.5.2 Effect of inaccurate 7; values \

) 7

In the least squares analysis of multisite magnetization transfer data, the
[ 4

»

parameters 1/T); are fixed at values which are independently determined from a

non-selective inversion recovery experiment. In principle this is not req‘uired and
the values of pua;letem 1/Ty are also obtainable from the least squares analysis
of selective inversion data. In pr;ctice,. these parameters are not well determined
when there is a lairge numbet of sites since ther;z are too many variable parameters.

For the selective inversion of site 2 magnetization in the a.symmetrlc isomer of (n3

CrHy)- Os(CO)3-Sn.Ph3 , leadt squares a.nalysxs of the da.ta. shown in Flg 4-3, with.

pa.rameters 1/Ty; allowed to vary freely, gave k(“) =914% 1.3§_ , but negative

: . »”
unrealistic values were obtained for the relaxation times.

1/Ty; are determined from non-selective inversion recovery experiments

(see Eq [4-3]) *by ﬁtiing the data from each site to the equation,
' M(s) = M(e0) - (M(o0) ~ M(0)) exp(~7/T:) [4-12]

*
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‘ wher& M (o0), (M (o0) — M(0)) and l/fl are variable paraineters. However,

TS

}n the case of an exchanging system, the 1/Ty; values obtained from the three

" parameter Eq. [4-12], contain contributions due to the exchange processes, and

hence should be considered effective relaxation times, not the true relaxation times
L3 N -

(86). The true relaxation times could only be obtained by a multiparameter

analysis_,\including the exchange effects on the non-selective in;frsion recovery

expe t (86). According to reference {86) in the limit of slow exchenge,

4 ~
R I/TI off = 1/Tl true » l4—13]
~N , .

but the effective and true relaxatiom times may be different in the intermediate

.excha.née range. Analysis of the non-selective inversion recovery data from the

~

asymmetric isomer at 188 K, using the non-linear least squares method described
earlier, failed to yie’l& reliable relaxation rates for th# seven,sites, when the rate
constant k(u) was allowed to vary freely with all the other parameters, or when
it was fixed at 8‘§ 1 In both casep very large or negative unrealistic yalues were .
obtained for(the 1/T, parameters. When the non-selective inversionrecovery data

from the simpler four site system of the symmetric isomer were analysed with fixed

-~

k(12), relaxation rates which are very close to values obtainéd from three pérametef
fits are obtained: at 214 K, rela.xa.txon rates for the four sites from multlpa.rameter
analysis thh k(12) fixed at 2. ss“ are 1. 0:}:0 4,1.2+0.3,0.8 0.2 and 0. 9+0.18"}

whereas the carrapor_ldmg values from the three para.met_er fits are 1.0 £-0.05, B

0.9 £ 0.02, 1.1 + 0.03, and 1.1+ 0.03 s'1 respectively. Since, in the intermegiate -

exchange region, the rate of excha.nge is much faster than the relaxation rate, the

acc;ura.g:y Bie T va.lues is not found to be cntlcal in the detertmnatl_?n of rate

" constants. The results of least squares analyses of the magnetization transfer data

following selective inversion of site 2’ magnetization, of the asymmetric isomer of ‘



(n3-C7H7)-08(CO)3-SnPh;g for various 1/T; values age shown in Table 4.2.

Table 4.2

/Ty s ! k(”) s~!
0.3 8.7+1.6

0.6 85+09 .

£

( 1.2 80+ 14
{

These results clearly show that the ratestonstant obtained is relatively insensitive
to the value of 1/T) used, and that it is sufficient to use the values of 1/T; which

are obtainable from the three parameter fit of the non-selective invemsion recovery

-

data to Eq. [4-12].
& ‘ kY
4.5.3 Effects of' Cross Relaxation
Cross relaxation effects have been neglected in the Adescriptio'n of the
u;ultisite xﬁagnetization transfer method given in Chapter 3, and hence it is im-
portant to investigate the situations where these effects could be significant. It c@
be shown that, when the dipolar relaxation xpechanisms are important, the cross
relaxation rate is about half the spin lattice relaxation rate (87), Hence, especially
_ when the exchange rate is smaller than or comparable to the proton spin-lattice
relaxation rate, rate constants for “1-2” shifts étimated from this method may
contam Some contributions‘ due to crossyrelaxation. Sincg the d'i‘p:c;la.r relaxation
| 1s invefse]y dependent ox; the sixth pbwer of the distance hetween relaxifg spins,

croéq relaxation eﬂ'ects,will not be significant in “1-3” shifts. The effect of cross

relaxation on the slow k(1a) rate constants can be examined by investigating a sys-

2 »

tem where kas) < 1/T; for protons, using 13C NMR, where the cross relaxation

- effects are not significant. Results of such an investigation are given in Chapter 6.
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4.6 Summary -

Experimental aspeci.é’ the DANTE selective inversion in multisite mag-.
netization transfer experiments has been brieﬁy, discussed. The application of the
selective inversion inethod to delineate the exchange mech:ni‘sm was demonstrated® »
using the test compound (n3-C7H7)-Os(CO)3-SnPh3. Results of selective inver-

d‘sion experiments were shown to give reliable, quantitative vz;lues for exchange rate
%onsta.nts. It was demonstrated that the method can be successfuliy upplied to ’
delineate mechanisms and to determine reliable rate constants, even under non-
ideal cgnditions euch as imperfect selectivity of inversion, baseline distortions and
absence of data from one of the sites. The power of the technique was clearly
shown in this particular example of a mixture of fluxional, but noninterconvert-3% .
ing, symmetric and asymmetric isomers, since it was possible to quartitatively
investigate the symmetric 1sou‘r in the presence of mterfermg signals due 'tq“gfe
rapidly ﬁu&lonal asymmetric isomer, where a method like classical lmeshape anal-
ysis would be inapplicable. Effects of the imperfect conditions such as the use of
fixed eﬂ'eetijfe relaxation ,rat.es-instead of true relaxation tates in the least-squares

analysis and not considering the cross relaxation effects were also discussed. The

accumagy of relaxation rates was not found to be very critical for the determination

v

of rate cohstants. Values of the rate constants foi; “1-2"” shifts, may begf
overestimated due to cross relaxation eﬂ'ects wlren k() < 1/ Tl . _, .

The activation pa.rameters obta.med from the results of selectlve inver-
]
sion experxments at different tempera.turee for the “1—2” g'§change process in thw

organometallic complex, will bg discussed in the hext chapter. K

S
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CHAPTER 5y
Fluxionality of (713-(?7117)4)5‘(('());V-S:'nl‘h;‘

5.1 Introduction

Fluxional molecules are defined as molecules which have several intercon-
vertible configurations of the nufki which®are equivalent in structure and bonding
and hence are of odual free energy (66). Interconversion of configurations occur

v

by intramolecular degenerate rearrangements, and in many fluxional compounds,
atoms of a given chemi:al species pass among seyeral different chemical envi-
ronments within the molecule, thus leading to a “site exchange” process, which
is detectable by NMR spectroscopy. Thus, the study of fluxional behaviour is
closely associated with the development of suitable NMR techniques. The power
of the multisite magnetization transfer method, in the delineation of rearrange-
ment mechanisms, and in ‘the determination of exchange rate constants for these
rearrangemeggs has been clearly demonstrated in the previous chapter, using the
fluxional organometallic complex, (n3-C7H7)-Os(CO)3-SnPh; as a test case. In
this chapter the results of a detailed investigation of the fluxional behaviour of this
complex are presented. This complex belongs to the class of fluxional organometal-
lic molecules in which a cyclic polyolefin is 7-bonded to a metal atom. Fluxional
behaviour of such organometallic complexes has been explained by Mingos (71),
using the Woodward-Hoffmann orbital symmetry ruies(72), based on a valcnce‘
bond description of the bonding in the polyene and polyermylcomplexes of tran-

sition metals. However, the predictive validity of these symmetry rules seems to

be violated by the C;H7 ring system. For example, the metal migration in the
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monohapto cycloheptatrienyl complex of the main group element Sn, (n'-CzH7)-

I3
¢

SnP’ha, was found to proceed via the “allowed™ [1,5] sigmatropic shifts {1 4

"

metal shifts) (88,89) whereas, the transition metal organometallic complex, (rr!-
A ) N ]

C7H7)-Re(CO)s manifested its fluxionality via “forbidden™ [1,7] sigmatropic shifts

(“1 2" metal shifts) (90,91): (1*-C7H7) systems had been found to be highly flux-

jonal, but (715~C7ll7) systems, which should be static accofding'to the rules, have

-

been found to be fluxional also (69,70,92). In earlier studies on (n°-CzH7) systems,

-
.

the rearrangement mechanism was qualitatively established as “1 2" metal shifts,
by observing the broadening® of exchanging resonances at different temperatures

(69,93 96). In the reviews by Mann (69,70) and the work of Reuvers (54,97) and

Heinekey (91) activation parameters were obtained from the rate constants which «

were determined by fitting The 'H or '*C NMR lineshape, assuming a “1--27 shift
mechanism, or sometimes only t;]() approximate AG! values, which are calculated
from t}.le coalescence temperature using approximate formulae, were reported.

T hy (n3-C7H7)-Os(CO)3eSnPh; complex ex1sts in solution as a mixture
of distinct, non-interconverting, asymmetric/meridional (r] -Aps) and symmet-
ric /facial (n3-So,) geometrical isomers (65), which have distinctly different flux-
ionality (sce appendix A for perspective drawings). Applicatioln of the selective
inversion method enabled the study of the fluxional behaviour of both the asym-
metric and symmetric isomers. The asymmetric isomer was studied in the low
temperature range where only this isomer is fluxional, while the symmetric isomer
was studied in the .temperature range where both isomers are fluxional. The résults
of these experiments will be discussed in section 5.3. This will be followed by a

comparison of the results obtained for these molecules, with the analogous Fe com-

plex which had been studied by Reuvers (54,97). Finally the \ﬂuxional behaviour

of the (n3-C7H7)-Os(CO)3-SnPhs complex will be compared with the behaviour
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f’%‘%;.ct'J
of some related (n°-C7Hz) systems reported in the literature (91). The fluxional

behaviour of some (7°-CrH7) systems whl be discussed in the next chapter.

5.2 Experimental
'H NMR spectra of (17-C71H7)-0s(CO)3-SnPhy in CD2Cly were recorded,
at different temperatures, on a Ijrukcr W H-400 spectrometer. The pulse sequence
? \
shown in Fig; 4 1 was used for the selective inversion experiments. In both asym-
metric (73-Ap,) and symmetric (13-S0a) isomers, site 1 magnetization was selec-
\
tively inverted (sec Figs. 4-2 and 4-4) and the experimental parameters were as
described in section 4.2.7 Non-selective inversion recovery experiments |1-3] were
also performed at each temperature. Temperatures were measured using a copper-
constantan thermocouple inserted in a 5mm NMR tube containin;(fl)QClz, belore

and after each experiment. The uncertainty in the temperature measurement is

abqut +1K. .

5.3 Results of 'Sciective Inversion Experiments on (n3-C7H7)-05(CO) ;-
SnPh; N . -
5.3.1 Rate Constants and Activation parameters for the Asymmetric
isomer |

It has been esta.blishe’d that (n3-C7H7)-Os(CO)3-SnPhjy exists as a mix-
ture of two fluxional, but non-interconverting,. symmetric and akymmetric isomers,
and that only the asymmetric isomer is fluxional in the low temperature region
below ~ 198 K (65): The fluxional nature of bonding between the Os atom, and
the cycloheptatrienyl ring was believed to arise from a “1-2” metal shift (65).
This was confirmed by the selective inversion experiments as discussed in scctic;n

4.3, and the presencé of a “1-3” shift mechanism was quantitatively ruled out.

b 2
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[n the low temperature range, 180K to 196 K, selective inversion data following
the inversion of magnetization of site 1 of the asymmetric isomer, were analysed,
using the least squares method described earlier, by fixing k(13y - 0, and allowing

to vary freely. It should be recalled here that rates of migration in both

-

k(i2)

clockwisa and anticlockwise senses were found to be identical, and that the rate

[N

constant k(,3) which we use here is associated with the matrix of exchange co-

efficients TI(Y) given in Eq. [4-6]. During the iterations 1/Ty values for each of

the seven sites were fixed at the average of the 1/7) values determined from the
1

non-selective inversion recovery experiment at that temperature, since the 1/T,
values for individual sites were found to be equal within experimental error. The

>

dependence of the rate constant k() of temperature is shown in Table 5.1.

Table 5.1 Rate constants for exchange in asymmf{ric (n*-C7H7)-0s(CO)3-SnPh;

T (K) kaz (s 1/Ti(s )
180.0 398 +£0.62 . 040
186.5 5.85 + 0.80 0.47
) ' 191.0 11.07 + 1.14 0.56
196.0 1607+ 191 065 ”

The ac{ivation energy for the “1-2” exchange process was obtained by a -

linear least squares fitting of the data shown in Table 8.1 to a linearized Arrhenius

equatmﬂd other activation parameters are similarly obtained by linear regres-
sion, using the Eyring equation. Values obtained for the ‘activation parameters

E,, AH! and AS} are given in Table 5.3, together with activation parameters

obtained for the symmetric {somer. - .

A
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5.3.2 Rate constants and activation parameters for the synunetric iso-

’
.

mer .

The symmetric isomer was found to be fluxional in the temperature range
above ~ 198 K only (65). Above 198 K, the asymimetric isomer approaches the
rapid exchange region, and resonances due to the sites 2,3 and 4 of the symmetric
isomer are superimposed on the broad ;eaks from the asymmetric isomer, as shown
in Fig. 4 4. Selective inversfon experiments were performed at several different
temperatures in the rangé 203 K to 233 K, by inverting the unobstructed site 1
magnetization of the sy.mmetric isomer. Fluxional behaviour of this isomer .wzxs

\ .
also found to arise from a “1-2” shift mechanism, as shown earlier in scction
4.4. Thus magnetlzatlon transfer data at different ‘tempcratur(‘s were analysed
to obtain k(;2), by fixing k(;3) at zero during iterations, and the valuos of rate

.

constant k() ;) are tabulated in Table 5.2.

Table 5.2 Rate constants for the symmetric isomer

K T (K) kagy (57 1/Ti(s™h)
203.0 097 +0.38  0.80
214.0 256+ 058 - 1.00
224.0 6.26 + 1.89 1.10 '
233.0 21.71 £ 10.70 113 N

{
il

AL

It should- be mentioned ‘that the errors in rate constants were larger ’
&

for the symmetric isomer than for the asymmetric isomer. These larger errors

are primarily due to the difficulties in obtaining precise integrals, owing to the

severe distortion of the baseline as discussed in section 4.4. The error in the rate

constant at 233 K is further increased:by the short dynamic range at this particular

temperature due to rather broad and less intense resonances which yield only a few

[
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data points in the short times where the exchange effects are dominant. For the

symmetric isomer, a higher activation energy was obtained than for the a;symmetris

isormner as expected, and the values of activation parameters are given in Table 5.3.

Table 5.3 Activation parameters for (7°-C7H7)-0s(CO)3-SnPhs

E, (kcal/mol) AH?Y (kcal/mol) AS?(cal/mol K)
.

Asymmetric isomer  6.354 081  -598+ 081 -21.74+43

Symmetri¢ isomer 9.50 + 1.011 4.07 + 1.01 -13.41+46
According to the predictionsked on the Woodward-Hoffménn' sym-
metry rules‘a§ formulated by. Mingos and others (69-71), “1-2” metal migra-
.tionAs in (n*-C7H7) complexes are expected to occur by “allowed” [1,5] sigmagropic
/shifts. However, an “al]oweci” [1,5] sigmatropic shift would interconvert enan-
tiomeric asymmetric isomers in one step, and this .process should occur with the

_simultaneous averaging of the two axial carbonyl groups:

&
Q‘ .
/ ! . )
. W SN : .
o | clo [1.5]-sigmatropic
K ?s © shift - -czo {5-1)

c20 . Y.
: /Os\

' ' . Sn” Xelo

By the examination of the !3C resonances in both the cyeloheptatrienyl region and
p .

the carbonyl region, Kiel and Takats (65) have shown that, contrary to the require-

ments of the [1,5] sigmatropic shifts, the ring whizzing process and the carbonyl



/

exchange process are not coupled: the CO resonances had shown little broadening

at a temperature where the C7Hz resonances are virtually collapsed, and Kicl and
Takats (98) have determined the AG? for the axial carbony! ligand exchange to be
13.1kcal/mol at the coalescence temperature (284 K). Thus they have postulated
that the low terr};)erature ring \yhizzing may occur via a simple slide of the rigid

Os(CO)ﬁ—SnPhg moiety over the m-surface of the cyclohdptatrienyl ring(65):

,?n
1,2-metal
-3 ; > >
\ c|>s co slide 5-2]
. , ) . ; $
. e
) OZC CSO

Results of the selective inversion experithents show that the actlvation barrier

for the low temperature “1-2” metal migration process (sce Table 5.3) is smaller

than the activation barrner for the exchange of axial carbonyl igands (AG} =
13. lkcal/mol) thus strong]y supportmg the suggestion of Kle] and Takats ’(\)

that at low temperature ¥1- 2” metal shxfts and the exchange of carbonyl lxgands

occur by different mechanisms.

-

Kiel and Takats (65) have also shown that an “allowed” [1,5], sigmatropic

— . '
shift would produce an alternate higher energy symmetric isomer, and return to

r

/
the origmal symmetric isomer ‘would occur a.fter two consecutive steps giving rise
to an overall*1- 3” metal shift in the symmetric isomer. However, by observmg the
exchange broadening of the 13C resqnan?ea—of the C;H7 ring, they have speculated

that “1-2", not overall “1-3", metal shifts operate in this isomer as well (65).
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The results of the selective inversion experiments repor‘ted in this chapter confirm
‘E}Iat “1-2" metal Shifts. OCCl\lr in the symmetric isomer,~ but this “1-2” shift has a
higher activation energy than the “l—f” process in the asymmetric isomer. This
confirmation of the présence of “1-2” shifts in the symmetric isomer g‘ives strong
support to the simple metal sliding mechanism in this isomer as well, inistead of a
4]-37 roeta] shift as predicted b)L the Woodward-Hoffmann symmeﬁry rules.

5.3.3 Comparison of Fluxional behavjour of (73-C7H7)-M(CO);3-SnPh;
(M=Fe,Os) systems / |

Itis mstructlve to compare the ﬂuxxonal behavxour of (n° C7H7) Os(CO)s-
SriPh; thh analogous (n? C7H7) M(CO)3 SnPh3 systems. Unfor‘t;mately, no di-
rect analogue of the (qa-C7H7)-Os(CO)3-SnPh3 *asyr'nﬁ:etric isomer has been.re-
forted The Fe analogue of the symmetric isomet” had been studled by Reuvers
using 'H NMR (54) and by Reuvers and Takats (97) usmg 13¢ NMR In the
case of (n3-C7Hy)-Fe(CO)3-SnPh; only the syxm{letnc isomer was present, and
the uxiopal behaViour of thisrisom(;r was quaiita‘tively attributed to “1-2” metal
‘shifts by obser;ing tho temoe.;'ature deperjxdent- exchange broadening of the four

'H resonances of the C;H7 moiety. Reu.vers,a.r;d Takats (97) have reported the

/

N
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activation parameters, AHY, AS? calculated using the rate constants which had
been obtained by 12C NMR lineshape fitting in the temperature range 170 213 K.
These activation parameters and the activation energy for the *1 z shifts for
this complex are compared with those obtained for (73-C7H7)-0s(CO)3-SnPhy

symmetric isomer in Table 5.4.

Table 5.4 Activation parameters for (773—(37117)-M((‘,Q);;-Snl’h;; symmetric tsomer

»

M  E,(kcal/mol) AH? (kcal/mol) A St (cal/mol K) Ref
Fe 801 0.2 7.6 1+0.2 841 1.0 97

Os 95110 9.1+1.0 13.4 + 4.6 This work

Although the differenc-es between the activation parameters of the two
complexes are small, they follow the normal trend that the activation energy for
metal migration increases in descending a transition metz:l group; i.e. activation
en‘ergy for migration is in the order Fe < Ru < Os (99-101). However, in contrast
to the absence of carbonyl group scrambling in the symmetric isomer of (13-C7H7)-
Os(CO)3-SnPh3, the two CO éignals observed in the (n®-C717)-Fe analogue were
broad at -low temperature and coalesced as the temperat’urc was raised (54,97).
Reuvers and Takats (97) have reported the activation parameters, Ea = 84+
0.1 (keal/mol), AH? = 8.5 % 0.1 kcal/?xol ) and AS? = —8.6 + 0.6 (kcal/mol) for
this carbqnyl exchange process, by fitting the 13C NMR lineshape bu‘\nt is not
certain whether the metal xr'xig’ration and the CO exchange are independent or

coupled together and proceed by the same mechanism. .
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5.4 Comparison of fluxional behaviour of (7°-C7H7)-0s(CO)3-SnPhy with

other fluxional (7)3—(?7H7) systems with symunetric and asymimetric
e

isomers

Only a few (7]3—(37117) complexes which exist as a mixture of fluxional
symmetric and asymmetric isomers, similar to the (ns-C7H7)—Os case studied, have
been reported. It has been shown by Heinekey (91) that (n3-C7H7)-Re(CO)3-
I)((?Ilg)g exists as a mixture of symmetric and asymmetric isomers, and that the
exchange broadening of 'H NMR resonances (400 MHz) obser;/ed in the temper-
ature range, 233K to ~ 298 K indicates qualitatively that Re migration occurs
by *“1-2” shifts. Below 303'K the PMes group was seen as two distinct dou-
blets in the 'H NMR spectrum, indicating that there is little isomer intercon-
version below ambient temperature. This was also considered as evidence of the
absence of axial-equatorial ‘carbonyl scrambling. Heinekey (91) has noted that
this was consistent with the absence of carbonyl scrambling accompanying Re
migration in the complex (nw7H7)—Re(CO)4, for which he has reported the ac-
tivation parameters, _AH’ = 14.6 £ 0.2 kcal/mol, AS? = 7.4 +0.8cal/molK and
AGY300 = 12,4 £ 0.3 kcal/mol, for “1-2" metal shifts, based on a 13C NMR line-
shape analysis. However, there is no quantitative information available for the
isomers of the (n°-C7H7)-Re(CO);3-P(CHs)s comple Heinekey‘g(gl) has con-
cluded that, in both (n3-C7H7j—Re(CO); and (n3-@rH7)-Re(CO)3-P(CHa)s, Re
migration apparently occurs via a mechanism which‘ does not scramble other lig-
ands attached-to the metal. It should P_e’mentioned here that, the obser\;ations of
Heine_key 'can be explained by considering the simple slide of the metal over the
cycloheptatrienyl ring as suggested by Kiel and Takats (65) for the~(n‘3-C7H7)-
Os(CO);;-SnPh:; complex. h

Heinekey (91) has aiso reported the fluxional behaviour of the analo-

gous Mn complex, (n3-C7H7)-Mn(CO);3-P(CHj)s, which was again qualitatively

»



established to exhibit “1 2" metal shifts. This complex also exists as a mixture
1

of symmetric and asymmetric isomers, but they were found to be interconverting

in this case. From the observed spectral changes in the PMez region, quantita-

0

tive information about the interconversion rate has been obtained, but it is not

’

mentioned whether any ligand serambling independent of tifs interconversion is
occurring or not, similar to the observation of carbonyl scrambling in the (-
C7H7)-Os(CO)3-SnDhy asymmetric isomer (65) or the (713-(77117)- CO)s-Snlhy

symmetric isomer (54,97). 0

5.5 Summary

The multisite magnetization transfer method was successfully applied to
the study of the fluxional behaviour of a noninterconverting mixture of asyminet-
ric /meridional and symmetric/facial isomers of (r)a-C7II7,)—O§(CO)3—‘SnPh; and
the rate constants and activation parameters were determined for metal migration
in both isomers. The symmétric isomer was shown to h4ve a significantly higher
activation energy for “1-2” metal shifts than that of the asymmetric isomer. It
was not possible to_ make any generalizations from a comparison of the fluxional
behaviour of other similar (n®-C7H7), symmetric and asymmetric systems. The
comparisons themselves were difficult due to the lack of reliable quantitative in-
formation from other studies. This seems to be ;,h: first detailed study of the
fluxionality of such a mixture of (n*-C7H7) isomers which provides quantitative
information about the fluxionality of both symmetric and asymmetric isomers in
the mixture. Quantitative results obtained in this study support the simple metal

)

sliding mechanism, suggested by Kiel and Takats (65), for the metal migration in

both isomers,- and not the rl,S] sigmatropic shift mechanism as predicted by the

Woodward-Hoffman symmetry rule},
N



The fluxional behaviour of the related pentahapto complexes (7°-C7H7)-
‘ R4
M(CO);-SnPha, (M=Fe, Ru, Os), which are.of special interest regarding the pre-

N 1Y .
dictive validity of the Woodward-Hoffmann symmetry rules In the description of |
) 4

the fluxionality of metal cycloheptatrienyl complexes, will be discussed in the next

chapter.

,"
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' CHAPTER 6
Fluxionality of (ns-\C7H7)-M(CO)g—SnPh3, M=Fe,Ru,0s

6.1 Introduvction E o
The fluxional behaviour of an isomeric mixture of ns-cycloheptatriényl

complexes of the transition metal Os was described in detail in the previous chap-

ter. “1-2” metal shifts were fo to be responsible for the fluxional behaviour |

£

in both isomers, as had been predicted and observedv' for né-C-,I:I'l complexes of
transition metai organometallic comr)ounds (69,70). The multisite” mg.gn-etizationl
transfer method has also been applied to study t’he fluxional behaviour of some
n°- cycloheptatrienyl complexes of éroup 8B transition metals and the results of
these investigations a.re\ discussed in this chapter. ‘ Q
Although fluxional behavior;r of transition metal organometallic com-
pounds has been studied by ma.ny' workers (66-70,92), only a very few n5-C;Hy
compounds ha.ve been reported as presented in recent reviews by Mann (69,70).
Fluxxona.l behav1our of n5- C7H7 systems is of special interest since attempts to use
the Woodwa.rd-Hoffmann symmetry rules to ;xplam their fluxionality have ‘been‘ '
lé.rgely uns.ucc'ess\ful Accorrding' to these rules, n5-C7Hy systems are predxcted to
be rigid (69,70), but most of the known systems exhibited ﬁuxxonal behavnour '
- (54, ‘2—105) In “most cases, the mechanism was qualitatively established to
be a “1-2” metal shxft, but in the case of (n -C7H7)-Fe(CO)3-SnPhj. attempts to
fit variable temperafure IH NMR MAneshape assuming a “1-2” shift mechanism

were reported to be unsuccessful dnd did not unambiguously ascertain whether

“1-2". “1-3” or “1-4" shifts were responsible (5¢4). Although saturation transfer

92
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experiments on this complex indicated the presence of a “1-3” shift mechanism,
no quantitative information is available (106). The selective inversion method pro-
vides an unambiguous way of establishing these mechanisms, and she results of the
application of this method to the study of the fluxional behaviour of this complex
are described in section 6.3. This will be followe(é by the description of the results
of experiments on analogous complexes of Os and Ru. The Ru complex exists as
a mixture of interconverting symmetric and asymmetric isomers (98) and in this
complex the isomer” interconversion process was also studied using the selective
inversion method. The results of the isomer interconversion study are presented
in section 6.5 before the results for the mlLération process. The results: obtained
for the fluxional behaviour of the complexes (7°-C7H7)-M(CO);-SnPhs, M=Fe,

Ru, Os, will be compared wjth-each other in section 6.6 and with other n°-C7H;

systems reported in the literature (91,102-105) in section 6.7.

6.2 Experimental
IH NMR spectra of the complexes (n°-C7Hz7)-M(CO)3-SnPhs, M=Fe,
Ru, were recorded on a Bruker WH-400 spectrometer and 1H NMR of the analo-

gous complex of Os were recorded on a Bruker WH-200 spectrometer. The pulse

93

sequence shown in Fig. 4-1 was used for the experiments, with parameters for the— -

¢ e

DANTE selective inversion chosen as described in section 42 .

The iron complex was studied using THF-dg as soivent. Two sets of
selective in;'eraion experiments were performed at each of six ‘diﬁ'erent tempéra-
tures in the range 258 K to 283K. In the first set the magnetization at site 2

was inverted, and in the second set the magnetization at site 4 was inverted (see

Fig. 6-1). )

1H NMR spectra of (n5-C7H7)-0s(CO);-SnPhs in toldene-dg were recorded

at five different temperatures in the range 268 K to 298 K. The site 1 magnetization
Ve .
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Fig. 6-1. '"H NMR specfra (400 MHz) of the C7H7 region for (n°-C7H7)-Fe(CO),- .
rd
‘\SnPh;; in THF-dg at 258, 268 and 278 K (200 Hz/division). Peaks la-
belled 1, 2, 3 and 4 arise from the time averaging of {H;},{Hz, Hy},

{H3,Hs} and {H4,Hy} of asymmetric enantiomers.
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Fig. 6-2 'H NMR spectra (200 MHz) of the C;H7 region for (n°-C7H7)-0s(CO),-

> + _SaPhs-in toluene-ds at 273, 282 and 291K (100Hz/division). Peaks

labelled 1, 2, 3 and 4 are due to the syx;unetric isomer.
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Fig. 6-4 'H NMR spectra (400 MHz) of the C7Hy region for (n°-C7Hz)-Ru(CO);-
H ~ SnPhj in toluene-dg at 221, 231. and 234K (200 Hz /division). Peaks la-
belled 1, 2, 3 and 4 arise from the time averaging of {H,,H,}, {Hz, Hy, Ha},

- {Hs,Ha, Hs} and {H,,Hy, H.}
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5
wa.s inverted at each of the five temperatures and measureents were also taken
at temperatures 273K and 291 K in which site 3 magnetization was selectively in-
verted tFig. 6-2). For these experimen}.s performed on the WH-200 spectrometer,
thé non-selective 90° 'H pulse width was 5.2 us. Only 18-‘;20 pulses of small flip
angle were used for the DANTE selective inversion, with DANTE pulse dela)‘rs
in t'he r:mge of 0.700-1.390ms. A '3C NMR selective inversion experimernt (at
100.6 MHz, on the WH-400 spéctrometer) was also performed on this complex,
~at 273K, using the same sample as u§ed for 'H NMR experiments. '3C mag-
netization at site 2 wa; inverted using the DANTE sequence, and the maximum
inversion was obtained. with 20 p\ulses of 1.2 us duration with 455 us delays be-
tween them. The 13C 90° non-selective-pulse was 11.2 us. In this case, two of the
DANTE sidebands Qere allowe;d to fall within the spectral region of interest, but
they were sufficiently removed from the other resonances of interest. Broadband
'H decoupling was employed throughout the experiment.

In the case of the Ru complex, isomer interconversion was studied using
CD;Cl; as the Solvent. The 'H NMR assignment of the C7H7 moiety was confirmed
by selective decoupling experiments, at a temperature just below 178 Q Isomer
interconversion was studie.d by inverting the site 3 magnetization of the asymmetric
isomer in the temperature range 178K to ILQ K (see Fig. 6-3). At 178K, a second
experiment was also performed by inverting the magnetization of site 3 of _fhe
symmetric isomer (see Fig. 6-3). The mechanism of metal migration around cthe
C7Hq ring was studied bs' selective invei'sion experiments in the temperature range
221 to 233K gsing samples of this complex in CD3Cl; and toluene-dg solvents. In

these experiments, magnetization at either site 1 or 2 was inverted (Figs. 64 and
6-5).

In order to determine ! H relaxation times, nen-selective inversion-recovery

experiments were performed at each temperature using the pulz;e/sequence [4-3].

e =
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In order to obtain the '3C relakation times for the complex, the same sequo‘nco

was used with continuous broadba:nd-proton decoupliné during the expe'riment.

All protoﬁ ﬁd’s were transformed with‘out any linebroadening or zero filling, but

13C fid’s were transformed with 3 Hz linebroadening and no zero filling. All.tem~
peratures were measured using a copper-constantan thermocouple inserted in a
5mm NMR tube'containing the solvent before and 'after the eipcrir;xorlt. The
uncertainty in t\h:e temperature measurement is about +1K for 'H NMR exper-
' ime‘nts, bgt was estimated to be abou: +2K over the long duration of the 3C

NMR expetiment.

Y o ,,
6.3 Fluxional Behaviour of (n*-C7H7)-Fe(CO);-SnPh;

It has been established that (nS-C7H7)—Fe(CO)2—.SnPh3 exists as an asym-

metric isomer, with known solid state structure

IS ° r
and, bdcause of the asymmetry, all seven protons and carbon§ in the C7Hy ring
are chemically non equivalent (54) It has been also s;hown that jn addition to the
migration of the Fe atom around the C7H; ring which occurs at temperatures at;ove
258 K, there is a second exchange process due to the enantiomeric interconversion

-

? of the asymmetric isomer at lower temperature (54):

. 3 2./(:0 . /ln’h, / :
. x — .
r 'y .
3 Z\JnPhJ \N . .
i - [6-1]
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This enantiomer interconversion induces a plane of symmetry in the seven mem-
bered ring with a resulting averaging of the cherhical shift differences at sites 2
and 2/, 3 and 3’ and 4 and 4'. For the enantiomer interconversion at lower tem-
peratures, an activation barrier of ~ 9.5 kcal/mol has been estimated by Reuvers
(54) frorr? the coalescence of the '3C resonance of the carbonyl groups. Quali-
tative determination of thé mechanism of migration of the Fe atom around the
C;H7 ring has been difficult due to the significantly large proton spin-spin coupling
which gives rise to mﬁltiplets and differences in linewidths obsérved at tempera-
tures just above 258 K, where the four\resonances due to protons 1, (2,2"); (3,3")
and (4,4') are still resolved (54). Attempts to simulate the spectra ‘by assuming
_“1—2”-;5hifts hasfailed, and an unambiguous assignment of the mgchanism has not
been made (54). Thus\the fluxional behaviour of this compl'ex was studi’ed in the
temperature range 2\21 to 283 K where the four resonances are resolved, using
the selective inversion method. In order to avojd any a.mbiguiiies, the magnetiza-
tion corresponding to sites 2(2,2') and 4(4,4') were selectively inverted in separate

experiments. Delineation of the exchange mechanism is described in the following

section and the rate constant and activation parameters are given in 6.3.2.

6.3.1 Delineation of the exchange mechanism of (n°-C7H7)-Fe(CO)3-SnPh;

s -
LY

; In order to establish the exchange mechanism in the (n°-C7H7)-Fe(CO);-

' SnPhj systems, a “1-2” shift mechanism . ”_'
k(12)
(CD)8nPh FecSnPh, -
] kaz)
._.__D -

[6-2]
FeCSnPhy -

a
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a “1-3" process

3 Fedlhonty

6 3]

Fec({1,SnPh
¢ 3

described by the matrices of exchange coefficients 1Y) and T1(® given in Egs. |4

10] and [4-11] respectively, and the “1-4” process,

P

. - k(n) { . (\
. > Wy
\\ j/ - . A /
o~1 T /\ PR
3, b L Oy
FewWlh ,5nbny ) FedCDo5nF iy

6-4]

2 0 0 1 .
3 0 -2 1 1
n®=1 4 3" 5 o [6-5]
2 1 0 -2 .

were considered.

Results of a selective inversion experiment at 263 K, following the inver-

sion of magnetization at site 2, are shown in Fig. 6-6. Qualitétive examination

- v
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Fig. 6-6 Comparison of the observed and calculated magnetizations including -

both “1-2" and :“1—3” shifts for (ns-C'yH-;)-Fe(CO)2'-SnP'h3. + - Magne-
tizations Mi(t) (arbitrasy units) at the four sites following the selective

inversion of the s'\te‘z magnetization at 262.5 K. Curves represent least

o

squares fit for k(12) = 0.49s71, ka3) = 0.73s7 !, and k(14) = 0.

-\ i ‘«u
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Fig. 627 Comparison of the observed and calculated magnetizations inclgding
only “1-2” shifts for (n°-C7H7)-Fe(CO),-SnPhs. + - Magnetizations
M;(t) (arbitrary units) at the four sites following the selective inversion

of the site 2 magnetization at 262.5 K. Curves represent least squares fit

fOl’ k(l2) = 0.905—.1, k(l3) = k(l4) = 0.- .
: B 1
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0.5 1.0 1.5 2.0

Fig. 6-8 Comparison of the observed and calculated magnetizations inc]udir;g
only “1-3" shifts for (n°-C7Hy)-Fe(CO),-SnPhs. + - Magnetizations
M;(t) (arbitrary units) at the four sites following the selective inversion

of the site 2 magnetization at 262.5 K. éurves represent least squares fit -

for ksu) = 1.80s7}, k(u) = k(“) = 0.
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Fig. 6-9 Comparison of the observed and calculated ma'gnetizations including
both “1-2" and “1-3” shifts for (ns-C',H-,)-Fé(CO)g-SnPhs. + - I\,'iagne- .
tizations M;(t) (arbitrary units) at.the four sites folowing the selective .
inversion of the site 4 magnetization at 262.5 K. Curves fepresent least

squares fit for k(lz) =.0.50s"1, k(xa) =0.74s"!, and k(“) = 0‘.
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':;oﬁghe data shows that, following the inversion of magnetization at site 2, site 4

:}@fetization decreases to a minimurﬁ at short times, slightly faster than mag-
né‘zation at sites 3 and 1, which indicates the presence of a “1 3” metal shift
p.r(;tgi? It cannot be determined at this point whether only this mechanism is
pres‘el;t o} whether this is operative in combination with any other mechanisms.
Hence least squares analysis of the data was performed, using all three rate con-
stants, k(;3), k(13) and k;4) as variables and allowing them to vary freely during
iterations. 1/T) values for the four sites were fixed at values determined from a
non-selective inversion ?xperiment at ‘this temperature, and the values obtained
for the three rate constants were k(;3) = 0.46 + 0.19s7 1, k(13 = 0.68 + 0.42s7!
and k(;4) = 0.05 + 0.34s!. These resuits indicate that the 1,4 process is not
important and hence a second least squares fitting was performed in which k(4)
was fixed at zero and both k(;) and k(;3) were all’owedA to vary freely. This yielded
k(z) = 0.49 £ 0.10s7! and k(33 = 0.73 + 0.18s!. The variance of this fit was
slightly smaller than in the earlier fit, In Fig. 6-6, the curves corresponding o
the calculated magnetization for this fit are shown and the agreement between
the calﬁu}ated and observed magnetizations is extremely good. 'I:his shows clearly
that “1-4” shifts are not important in the fluxionality of thi oF plex. In order
to firmly establish the presence‘of both “1-2” and “1-3” shift‘s',"-two oth:r least
squares fittings were performed using the same set of experimental data: (i) al-
lowiag only k(;3) to vary freely with k(3) = k(e) = 0 fixed in one case, and (ii)
allowing onlj k(13) to vary freely with k(13) = kugy = 0 fixed in the other. In
-

both cases, the variance of the fit increased by‘a factor of approximately 10 com-

pared to the fit when both k(;3) and k(;3) were allowed to vary with k) = 0

fixed. The poor agreement between the calculated and observed magnetizations

is clearly showr graphically in Fig. 6-7 for only “1-2” shifts and Fig. 6-8 for only

“1-3" shifts.

)
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Following the selective inversion of the site 4 magnetization at this tem-

perature, magnetization at site 2 decreased rapidly to a minimum (see Fig. 6 9),
and least squares analysis of the data with k(yy) and k5 allowed to vary freely
and k(H) fixed at zero yielded k¢jpy  0.50 + 0.28s Pand /\’(”)' 0.74 L O 1es 1
Again the agreement between the calculated and observed magnetizations is very
good as shown in Fig. 6 9. The excellent agreement between the values of the rate
constants obtained from the two independent determinations show unzunbigum\lsly
that both “1 27 and “1I 3" metal shifts are ();)(\rzxt_i\';‘ in the fluxional behaviour
of the (T]S—(:’]II'])-I“(‘((:())Q‘Snl)h:} complex.
‘
6.3.2 Rate constants and Activation Parameters for (rl‘r‘-(?7}l7)—l"v(( 1)) -
SnPhjy

In order to obtain the activation paramiot(‘rs for the “1 27 and "1 37

metal shifts in the Fe corni\)lex, selective inversion experiments were performed
»,
at six different temperatures in the range of 258 K to 283 K where four distinct
b

resonances are observed for ths C,H7 ring protons. Magnetization transfer data at
each temperature were analysed using the least squares procedure witil /c(”) and

k(13) both allowed to vary freely and k(14) fixed at zero, since “1 47 metal shifts
have been shown to be unimpofta.nlt.‘Two sets of experiments wer(; performed at
each temperature, with inversion of magnetization at site 2 or at site 4, and the
resulﬁs obtained are summarized in Table 8. It should be mentioned here that,
in obtaining the rat.e constants shown in Table 6.1, 1/7T; values for the four sites
were fixed at individual values determined from non-selective inversion recovery
experiments, since at the lowest temperature, values of 1/T) showed differences of
> 10% for some resonances. But a subsequent analysis, using the mean relaxation

rates at each temperature gave essentially the same values for the rate constants

k(12) a.nd k(13)' ‘ . o 4

L
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Table 6.1 Rate constants for “1-2” and “1-3" shifts in (n*-C7H7)-Fe(CO),-SnPhy

T (K) Inverted Site k(n)(s"') k(m)(s*l) 1/Ty(s ")

258.0 2 0.19 + 0.07 0.38 £ 0.13 0.94
4 0.22+0.15 0.38 +0.08

262.5 2 049 £0.10 0.73 £ 0.18 0.89
4 0.50+028 0.74 +0.14

268.0 2 0.93+0.20 135+0.34 0.84
4 1.02 +£0.41 138 +0.20

272.0 2 1.49 +0.18 2.40 % 0.31 0.80
4 1.65 £ 0.63 2.23 +0.31

277.5 2 2.90 +0.46 4.40 + 0.82 0.74
4 2.59 +1.37 4.4210.71

283.0 2 5.26 £ 0.87 T7.77 + 1.48 0.68
4 6.02+2.06 7.20+0.95

The data in Table 6.1 show that rate constants obtained from indepen-
de‘pt experiments involving inversion of magnetization at site 2 and at site 4 are
equal within the error limits at all temﬁeratures. However, experiments in which
site 2 magnetization was inverted consistently yielded rate constants 15(12) with
smaller errors at all tempera.tures, and experiments with inversion of magnetiza-
tion éf site 4 yielded rate constants k(;3) with consistently smaller errors at all
temperatures. Thus, in calculating the activation parameters, the set of k(13) val-
ues determined from inversion of site 2 magnetization, and the set of k(3 values
dgtermined frorp inversion of site 4 n;agnetization were used. Plots of In k against
1/T for tpese data are shown in Fig. 6-10. The value of the rate constant k(13) ob-

tained at the lowest temperature seems to be underestimated and hence this point

was neglected in evaluating the activation parameters' which are summarized in
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Table 6.2.

Table 6.2 Activation parameters for)(ns-C';H7)-F€(CO)3-SnPh\3

\ \ ,

3
”
LY
Ea (kcal/mol) AH? (kcal/mol) AS?*(cal/molK)
“1-2” Shifts 17.20 £0.19 16:66 + 0.19 3.73+£0.70

“1-3™ Shifts  16.70 + 0.42 16.16 + 0.42 2.65 + 1.55

These results show that althc;ugh the rates “1-3” shifts are faster than the rates
of “1-2” shifts by a factor of ~ 1.5, both processes occur with essentially the same
activation ex;eré. It should be mentioned here that the expectation of Reuvers
(54), that only “1-2” shifts were occurring in this complex, was found to be
incorrect but his approximate activation energy of ~ 15kcal/mol for “1-2" shifts

is reasonably close to the value obtained here.



6.4 Fluxional Behaviour of (7°-C7H7)-0s(CQ),-SnPhg
In contra’st to the Fe complex, the Os complex (r]s—(77}l7)-()s((f()):-

SnPh; exists only as the symm(\rtric isomer 1°-So, (98);

. P

It has been observed that ’3C_ Nl(/{R spectra (1'00.6 MHz) showed only a single
resonance for the carbonyl groups in the temperature range 179K to 380K (98).
Four resonances due to the C;H7 ring carbon atoms showed broadening in .the
range 298 K to 318K, and tl‘le' four signals Yvere very bro'ad and collapsed to the
baseline at 380 K. These observations indicated that this isomer is fluxional by
metal migration around the C;H7 ting (98), but no further quant;tative or qual-
itative information about the fluxionality was available. Fluxional behaviour of
this complex was studied. using the magnetization transfer method, by selectively
inverting the proton magnetization at site 1 (see Fig. Q—(2) at several temperatures
in the range of 2682( to 298 K (200 MHz, 'H). Experiments in which the proton
/x:agnetization at ér}e 3 was i{xverted were performed at two temperatures. Delin-
eation of the metal migration mechanism is described in the following section, and
the activation parameters are given in section 6.4>2.
6.4.1 Delinéation of the Exchange Mechanism of (n°-C;H7)-08(CO);-
SnPh; 4 '
The results of a selective inversion experiment at- 282K, following the
inversion of site 1 magnetization, are shovzn in Fig. 6-11. Following the inversion

of magnétization at site 1, the observed magnetization at site 2 decreases to a

-
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0.5 1.0 1.5 i 2.0

Fig. 6-11 Comparison of the observed and calculated ma’gr;etizations inch;ding
both “1-2” and “1-3" shifts for (_r)s-C7H7)-Os(CO)2‘-_Sx.1Ph3_,+ - Magne-
tizations M;(t) (arbitrary units) at the four sites following thi selective”
inversion of the site 1 magnetization at 282K. Curves represent least

squares fit for k(;3) =252s"1, k(13) = 0.43 s™1, and k(14 =0.
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Fig. 6-12 C:)mparison of the observed and calculated magnetizations inclu;iing
only'“1—2” for (n°%-C7H7)-Os(CO);-SnPh;. + - Magnetizations M;(t)
(arbitrary units) at the four sites following the selective inversion of the
site 1 magnetization at 282 K. Curves represent least squares fit for

k(l2) = 3.078?1, k(l3) = k(ll) = 0. »
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minimum at short times, fa,Pter than the u}agnet‘izations at site 3 or at site 4. In .
* this case, th.e decrease of fﬁagnetizaiion at site 4 is very slight. These observations
indicate the presente of a dorﬁinant “1-2” processy but this does not rule out
the presence ‘of other mechanisms, especially the “1-3” metal shifts, of smaller
magnitude. Least squares ém‘alysis of the data, in which all three rates constants
k(125> k(13) and k(14) were allowed to vary freely, yielded k(;3) = 2.52 & 0.49s 1,
k(3) =044 % 0.46s~! and k\(u) = -0.02+031s7}, clearly)hdica.ting the absence
of “1-4” metal shifts. Fitting the data with k(“) fixed at 0 and allowing k(n)
and k(13) to vary freely, gave kz) = 2.52+0. 47s”! and k(3) = 0.43 :t 0.28s"
-Analysis of this set of data with only k(n) allowed to vary freely with both k(13
and k;4) fixed at zero, yielded ka3 = 3.03.+ 0.50s!, but the variance 0.0220,
obtained for this fit was almost twice as large as-the variance, 0.0113, obtained for
the fit k(;3) = 2.52+0.47 s, k(13) = 0.43+0.28 s~ ! with k(“)‘= 0. The agreement
l:etween the observed and caiculated magnetization considerably improved when
both “1-2" and “1-3" shifts were inclu:ied,»as indicated by the smaller variance
of the least squares .ﬁt. The diﬁ'erencés in the two fits are rather difficult to
show graphically due to the smaller magnitude of the rate constant for “1-3”
shifts compared to k(;3). Howc;ver a close examination of the fits for only“ “1-27
shifts (Fig. 6-12) and for both “1-2” and “1-3” shifts (Fig 6-11) shows that the ‘
fit is better, particularly for the magnetization at site 4, when both processes arev
included. Least squares analysis of the data‘ were performed with only k(,5) allowed

to vary and both k(12) and k() allowed to vary at two other temperatures, and

the results obtained are shown in Table 6.3



Table 6.3

T (K) Inverted Only “1-2” shifts Both “1-2” & “1-3” shifts
Site variance k(n)(s_l) variance k(n)(s*l) k(w)(s'l)
273.0 1 0.0040 0.78 +0.13 0.0017 0.64 + 0.10 0.12 + 0.07
3 0.0025 0.80+0.12 0.0017 0.62 £ 0.21 0.17 + 0.20
282.0 1 0.0220 3.07 +£0.50 0.0013 2.52 +0.47 043 +0.28
291.0 1 0.0106 7.01 + 1.60 0.0041 4.73 +£1.17 1.41 £ 0.68
3 0.0038 6.44 +£0.54 0.0024 5.39 £ 0.90 0.94 +0.77

f
{

The data in Table 6.3 show that the agreement between the calculated
and observed magnetization considerably improves when both “1-2” and “1-3”
-shifts are allowed, as shown numerically in the smaller variances of the least squares
fits. Thus one must conclude that “l—é” metal shifts are the predominant exchange
‘mechanism in the (n°-C7H7)-Os(CO);-SnPhs complex, but “1-3” metal shift are
also present to a smaller but non-negligible extent. The data in Table 6.3 also
;hows that experiments involving the inversion of magnetization at site 3 give
k(13$ with larger estimated errors than experiments in which sitc;. 1 magnetization
is 'mvert;zd, but any such pattern was not shown for k'(u) values. Thus experi-
ments in which the magnetization at site 1 was inverted were performefi at other

temperatures, and the activation parameters obtained for the two processes from

these experiments are given below.

. 6.4.3 Rate constants and Activation Parameters for (n°-C;H7)-08(CO);-
_ SnPhg '

Since “1-3” metal shifts of non-negligible magnitude "a.re found to oc-

cur, together with dominant “1-2" metal shifts, magnetization ttansfer data at

AL

N
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all temperétures were analysed with both k(;2) and k(3) allowed to vary freely
during least squares iterations with k(j4) fixed at zero. 1/T} values were fixed at
the average values for the four sites, since the individual values, as determined
from non-selective irfversion récovery experiments, were found to be equal within

the experimental errors. Rate constants obtained for all five temperatures are

tabulated in Table 6.4.

’

Table 6.4 Rate constants for (3-C7Hz)-Os(CO)2-SnPhs

T(K)> Inverted Site  k(;2)(s”") k(w)(s_l) 1/Ty(s71)
268.0 1 0.21 £ 0.09 0.04 + 0.07 0.74
273.0 1 0.64 +0.10 0.12 +0.07 0.62
3 0.62+0.21 0.17+0.20

282.0 "1 2.52 +0.47 0.43+0.28 0.52
291.0 1 4.72 +1.17 1.41+0.69 0.43

) 3 5.38 +0.90 0.95+ 0.77
298.0 1 9.19 +6.23 2.26 + 3.09 0.39 ~.

The larger errors in the rate constants at higher temperatures are due to the

increased broadening of the resonances at the higher exchange rates, making the

117
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selective inversion difficult, and due to the decreased number of data points at shortt:

times where the exchange effects are predominant. In evaluating the activation
parameters, average rate constants were used for temperatures at which duplicate
values are available. Plots of In k against 1/T are shown in Fig. 6-13." Since
the values of the rate constaht.s obtained at the lowest temperature, 268K arc;
considerably removed frogi~the linear regions observed for values of In k(;3) and
In k(1§) at other temperatures, the data at 268 K were neglected in calculating the

activation parameters which are shown in Table 6.5.

”»
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Fig. 6-13 Arrhenius plot for (n5-C7H7)-0s(CO)3-SnPhs.



Table 6.5 Activation Parameters for (7°-C7Hz7)-Os(CO);-SnPh;

E, (kcal/mol) AH?*(kcal/mol) AS? (cal/mol K)
“1-2” Shifts 16.96 + 1.80 16.39 + 1.81 1.06 + 6.32

“1-3” Shifts  18.07 £ 0.44 17.50 + 0.45 1.90 £+ 1.56

Activation parameters obtained for the two processes clgarly show that both pro-
cesses occur with similar activation energies, although the “1-2” process is faster
than the “1-3” process, by a factor of more than four.

At this point it is important to establish that the rate constants ob-
tained for the “1-2” shifts at low temperatures, where the 'H relaxation rates are
- either larger than or comp;cxrable to k(;3), are not overestimated because of the
non-inclusion of cross-relaxation effects in the model. A !3C selective inversion
experiment at 2;73 K, in which the carbon magnetization ;.t sét’e 2 was inverted,
was performed. A Jeast squares fit of the '*C data with k(w)\;ﬁxed at 0.15s7!
(from Table 6.4), k(;4) ﬁxéd at zero, and k;5) allowed to va.ry\freely resulted in
a value of 091 + 6.50 s~! for k(13)- This value of kz), 0.91 s~!, is slightly larger
than the value, 0.63s71, obta.inéd in the proton NMR experiments (Table 6.4),
but the values are equal within the estimated errors: If nearest neighbour proton-
. proton cross-relaxation were an important mechanism for magnetization transfer
in the proton selective inversion experiments, one would expect the vallle of k(13)
obta:ined in~the corresponding carbon inversion experiment to be substantially
smaller in the latter. The fact that the values of k(;3) obtained from carbon and
proton inversion experiments are equal within ‘experimental error indicates that
cross-relaxation does not contribute significantly to the dyna.nﬁcs of proton mag-

netigations. The higher errors in k(;3) obtained in the 13C jnversion experiment
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reflect the poorer signal-to-noise ratio in these experiments, and the absence of

reliable intensities for site 1.

6.5 Fluxional Behaviour of (r)s-C7H7)-Ru(CO)2—SnP113

Unlike the previously discussed/Fe and Os complexes, where only one
isomeric form was present, the analogous complex of Ru, (n°-C7H7)-Ru(CO),-
SnPhj;, was found to exist as a mixture of symmetric n°-Sg, and asymmetric

n%-Ag, isomers at low temperatures (98).

3

3
2 2
T4 /CO 4 " Sn
Sn 1 oC~— 1
~co 4 ~co

3 2

It has been observed in '*C NMR spectra (100.6 MHz) at temperatures near
~ 183 K that the 'mtensity ratio of corresponding signals due t(; the asymmetric
and symmetric isomers changes with temperature, indicating that the two isomers
are interconverting even at such low temperatures (98). This isomer interconver-
sion was studied quantitatively using the 1H magnetization transfer experiments,
and the results are described in the following section, before the investigation of
the Ru metal migration around the C;H; ring, which was studxed at the higher
temperature range ~ 223K to ~ 233K. At these higher temperatures the pro-
ton NMR spectrum of the C7H; moiety corresponds to that of a time-averaged
symﬁletric isomer, hence the metal migration was studied as a four site exchamge
problem. Th# results of this investigation are given in sections 6.5.2 and 6.5.3.
6.5.1 Isomer interconversion in (n5-C7H7)-Ru(CO)2-SnPh;

From observations of 13C NMR spectra fn the low temperature range of

. \ ’
175K to 183K, it was inferred that the symmetric and asymmetric_isomers of this

BN
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complex are intc{rconverting, and that the Ru metal migration around the C;Hj7
ring is not of importance at these temperatures (98). The isomer inte;‘conversion
process was investigated at 178 K using the magnetization transfer method, by
selectively inverting the 'H magnetlzatlon at one of the sites in the asymmetric
isorner in one set of experiments and at the corresponding site in the symmet.nc
isomer in another set of experiments. The 'H NMR spectrum of the isomeric
mixture is shown in Fig. 6-3. Selective inversion experiments were performed by
inverting the magnetization at site 3 of the asymmetric isomer n°-ARy, and at site
3 of the symmetric isomer n°-SRu, and the temporal responses of ail the observable
reschances due to the C;H7 rings from both isomers were monitored. Following
the selective inversion of the magnetization at site 3 of the asymmetric isomer, the

magnetization at site 3’ of the asymmetric isomer and at site 3 of the symmetric

isomer decreased to a minimum at short times and then recovered to their equi-

‘ N
librium values at longer times, in the well defined manner normally observed in’

selective inversion experiments on exchanging systems. The observed magnetiza-

tions at all other sites stayed more or less constant and did not show such temporal
"‘\’?*

responses. Similarly, following the selective inversion of site 3 magnetlzttld‘ﬁ g{

the symmetric isomer 15-Srq, only the magnetization at sites 3 and 3’ of the asym-

metric isomer showed the characteristic temporal response shown by exchanging
resonances, and the other resonances remained constant during the delay times
following selective inversion. These observations clearly show that magnetization
transfer ﬁoccurrmg only between the corresponding sites of the two 1somers, and
that there is no ma.gnetlzatxon transfer between the non-equwalent gites of the
same isomer, as observed in systems with metal mlgratxon. This confirms that, at
this temperature, the complex is not fluxional by Ru metal xx.xigration, but only

isomer interconversion is occurring.



In order to obtain quantitative information about the isomer interconver-

sion, it is instructive to consider the possible interconversion patkways consistent

with the above observations. The decrease in the magnetization of sites 3 and 3’

of the asymmetric isomer, following the selective inversion of site 3 of the sym-

metric isomer, indicates that there is direct in(term()l(‘(‘ular exchange between the

-

symmetric isomer, and the enantiomers of the asymmetric 1somer:

3 3 2 ,
2 S
a P kqa 4 -0 l
Sn 3 " oC — 1
kas 4
~co A = ~CO
3 .
) 6-6|
- co
ks,
—— oC—
kys Sn

The decrease in the magnetization at site 3' of the asymmetric isomer 775-A'Ru

following the inversion of the magnetization at site 3 of the asymmegric isomer
n°-ARg,, could occur by successive magnetization transfers through the symmetric
isomer:

kas kg
5 A5 L5 SA 5 40
n ‘ARu k"' n 'SRu k'_ n -ARu ’

SA AS

or by transfer of magnetization 3 — 3', via the direct intramolecular exchange:

2
. /Sn k(M') /CO
oc— 1 — oc—
4 />co kian) Sn
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which should occur via the symmetric intermediate (r]S—S}'{u),
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It is convenient to represent the above exchange prbcesses, in a single scheme;
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Since, following the selective inversion of magnetization at one of the sites (e.g. 3
of the asymmetric isome;’), magnetization is transferred to only two other sites,
(e.g. 3' of the asymmetric and 3 of the symmetric), this isomer interconversion
can be treated as a three site exchange problem. In the least squares analysis
of the selective inversion re~overy data, following the inversion of site 3 of the

Vave

symmetric isomer or the site 3 magn\etization of the asymmetric isomer n°-ARu,
site 3 magnetization of the asymmetric isomer n5-Ags is designated as the first
site, the site 3 magnetization of the symmetric isomer n5-Sgy is the second sitey

and site 3' magnetization of the asymmetric isomer r)s-Ahu is the third site. In



the model, the intramolecular asymmetric enantiomer interconversion is described

(0

by ratg fonstant k(AA,) with matrix of exchange coeflicients 1TV

i 1 0 1
" o o0 0 |;: 6 9]
1 0 1

symimetric to asymmetric conversion is described by rate constant k(g 4y with ma-

-
—

trix of exchange coefficients n®,

0 05 0 :
n® -{fo 1 0); . |6/ 10]
0 05 0

and the asymmetric to symmetric conversion by, rate constant k(45y with exchange

-1 0 0
n® -1 o 1 ]. 6 11]

~—

coefficient matrix TT(3) ,

o 0 -1

Alternatively, the number of independent rate constants can be reduced
by measuring the equilibrium concentrations, |[S] of the symmetric isomer and [A]

and |A'] of the asymmetric one. Since,
kisa) = k(as)Keq © 6 12]

where K., = {[A] + [4']}/|S] and K. can be obtained from the ratio of the cor-
responding signal intensities in a conventional 'H NMR spectrum at the relevant
temperatures, only two independent rate constants, k(44+) and k(4s), are needed.
In this approach the rate constant k(44 is associated with the exchange coeffi-
cier;t matrix TI(!) given in Eq. [6-9] as before, but the rate constant k(4s) is now

associated with exchange coefficient matrix 1'1(2'),

»

- » -1 350 0
n®={1 -700 1 |. - (6-13]
0 350 -1



In the least squares analysis of the magnetization tl}nsfcr data, the first approach

is used, but it will be shown later that consistent rate constants are also obtained

from the secohd approach.

3

In the analysis of magnetization transfer data following the inversion
of magnetization at site 3 of the symmetric isomer n%-Sry at 178 K, all three
rate constants k(4a1), k(as) and k(s4) were allowed to vary freely, and the values
obtained for the rate constants were, k(s4) = 15.54/}\}9.435 L kias)y = 49.18
21.33s° 1, unexpcctedly,-k(AA:) :- 185.4 + 6223.8s . Thus a second least squares
analysis, with k(441) fixed at zero, was performed and it yielded k(s4) = 15.52 1
9.86s ! and kias) = 49.14+20.17s" Y. The rapid convergence of both analyses and
the small, similar variances of the two fits: 0.00554 when all k(AA’)» k(as)and k(s 4
were allowed to vary, and 0.00543 when k(4 4,) was fixed at zero, indicased that
the ebserved time-dependent magnétizations and the values obt‘ained for k(SA) and
k(as) from analysis of the time- dependence of the magnetizations were insensitive
to the values of k(441). Subsequent analyses with k(441 fixed at 0.5, 5, 10 and
100s71, resulped in values of k(4s) in the range 15.55-15.545"! and k(s a) in the
range of 49.18-49.19s~ ! with no changes in the estimated errors. This confirms
that the analysis of the data from the experime ot where the symmetric resonance
was inverted are insensitive to the value of kiaary

In the least squares analysis of tlfe selective inversion data following
the inversion of magnetfz;étion of site 3 of thé asymmetric isomer n°-Agy, it was
impossible to attain.convergence when all three rate constants were allowed to
vary freely. When k( AAY) Was fixed at zero, rapid convergence was obtained, with
values of k(45) = 18.06 + 6.32 s™! and ks 4j = 59.64 £ 32.38s™'. Convergence

was not attained when iterations were performed for a series of fixed non zero

values of k(44r), with both lé( asy and ks 4) allowed to vary fre;gly. Thus in order to
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ascertain the effect of k(4 4) on the agreement between the observed and calculated
magnetizations, least squares analyses were performed for a series of.ﬁ\xgd values
of k(44r) with values of k(as) and k(s a) fixed at 18.06 and 59.64 respectively,’and
allowing only th:a linear parameters to vary during iterations. The effect of the

magnitude of k(44/) on the variance of such fits are shown below in Table 6.6.

Table 6.6
/ k(aan s~! variance ¢
0 0.16553
// 10 0.43881
25 0.91671
h 50 1.54602 y

100 2.59559

500 4.10931 '

The variances in the Table 6.6 show that estimated errors increase considerably.
with the value of k(441), and that the best agreement between the calculated and
observed magnetizations is obtained when the value of k(44 is zero. The values
of k AS)‘ and k(s4) obtained with k(44 fixed at zero from the two inde‘pendentj
experiments are equal within the error limits estimated by the least squares pro-
cpdut®; and in both cases, the agreeme X between the calculated and the observed
magnetizations is quite good (see Figs. 6-14 and 6-15). These r;esults indicate

that interconversion {of the two asymmetric enantiomers occurs predominantly via

the symmetric isomer n5-Sry rather than through the symmetric intermediate,

ns'Sl’lu' 7
Least squares analysis of the selective inversion data following inversion

of site 3 magnetization of ns-AR.,, using K. ~ 3.5 estimated from the conventional
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&

Fig. 6-14 Comparison of the observed and calculated magnetizations for isomer in-
terconversio.n of (n®-C7H7)-Ru(CQ);-SnPh;. + - Magnetizatiqns\M,-(t)
(arbitrary units) at the three sites —Pand 3' of the asymmetric isomer
and 3 of the symmetric isofier — following the selective inversion of the
‘site 3 magnetization of the symmetric fsoTer at 178 K. Curves represent

[

least squares fit for k(45) = 15.52571, k(s4) = 49.1;4.5"1, and k(441) = 0.
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Fig. 6-15 .Comparison of the obs?rved and calculated magnetizations Zrisomer in-
7 terc:mversion of (n5-C7H7)-Ru(CO);-SnPh;. + - Magnetizations M,(t)

* (arbitraryunits) at the three sites — 3 and 3 of the asymmetric iso-

mer and 3 of the symmetric isomer — following the selective inversion

of the site 3 magnetization of the asymmetric isomer at 178 K.‘ Curves

répresent least squares fit for k(45) = 18.06s7!, k(sa) = 59.64 s~!, and

-

k(Ml) = 0.\ -
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'H NMR spectrum at this temperature, also failed to converge when both k(Ml)

and k(45) were gllo%d to vary freely during iterat‘ions. Howe\:er, when k(4 41) was
fixed at zero, it rapidly converged and yielded a value of 18.47 +6.97 §'1 for k(_,._c;),
and a second analysis with k(4s) fixed at 18.4 and allowing k(44) to vary freely,
yielded k(44,) = 0.24 +3.665"!. These results are consistent with the earlier calcu-
lations, and again s that direct enantiomeric interconversion via the symmetric
intermediate ns-Sﬁu is hot important. Rate constants for the isomer interconver-
siop were obtaiir {t 0 other temper?ures, 183K and 189K, by analysing the

magnetization transfer dataJollowing the inversion of t}&e magnetization of site 3

. of the asymetric isomer n°-ARy. Intensities of the resonances other than that of

v

protons at sites 3, 3' and 3 did not change following the inversion of site 3 mag-
\ e .

netization of n%-Agr, even at 189 K, indicating tl‘se absence of Ru metal migration

processes in this temperature range. It was possible to obtain the values of k( AS)

and k( SA)» only by fixing k(aa) =0, at these two temperatures and the values are

given in Table 6.7.

’

y
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N Table 6.7 \ k-

Rate constants for the isomer interconversion in (n°-C7Hz)-Ru(CO)3-SnPhy™

"
T (K) K., Inverted site k(AS)(‘s"l) - k(SA)QS"'l) 1/Ti(s7})
178.0 3.4 3 15.52 + 9.86 49.14 + 20.17 0.70
' 3 18.06 + 6.32 59.64 + 32.38 .
183.0 )3.8 3 30.41 + 10.26 108.50 + 58.45 0.85
189.0 4.8 3 69.76 + 20.37 240.42 1+ 103.50 0.95

The activation parameters for the isomer interconversion were evaluated using the
average values of the rate coritants from the twWo independent determinations, and

the activation parameters are tabulated in Table 6.8.

Table 6.8 Activation parameters for the isomer interconversion

Y

E, (kcal/mol) AH? (kcal/mol) AS*(cal/molK)

Asym — Sym 8.7+05 8.3+0.5 —5.28 + 2.96
Sym — Asym  9.0%0.1 8.7+0.1 —0.88 + 0.31
a
\ -~

The results show that the conversion of the asymmetric igomers ’IS-AV
and ns-A'Ru to the symmetric isomer 1n5-Sra and the reverse interconversion pro-
cess occur with essentially identical activation enthalpies, but with very different
activation egtropies. -
As the tegpperature is raised, the isomer interconversion rate inc;eases
rapidly, which result in the time averaging of the non-equiValex;t environments of
" sites 1 and 1; 2, 2’ and 3; 3, 3’ and 3; and 4, 4' and 4 at high temperatures. Thus

as the temperature is raised, the 11 site spectrum at low temperature reduces to.
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a four site spectrum, corresponding to an effectively symmetric C7H7 ring, and,
atv higher tcmpératures, ane should observe four sharp resonances for the C;H7
ptotons, in the absence of metal migration«At still higher temperatures, thefs&ur
resonances broaden and coalesce due to the Ru metal migration process until only
a single resonance is observed at room %ernperature.ﬂ In the temperature range
223 K to 238 K, the rate of metal migration is slow, bué"énly the three resox;an(*es,
—— i . I )

due to {H;, Hy}, {Hz, Hy, Ha}, and {Hg, Hy, Hy} are well resglved in CD2Cly. The=
resonance due to {H3, Hz, Hs} is very broad and significemtly overlapped with the
{Hy, Hy, Hy} resonance in this solvent. In toluene-dg, the®H NMR spectrum of®
the isomeric mixture §ho,wed a well resolved resonance due to protons 1 and 1, and

<
PR A T

the three other 1: . f‘e‘s,‘which are in fairly close proximity, were reasonably well

resolved in the texr;pér;ture range 221 K to 233 K. Thus the fluxional behaviour
of this complex was studied in toluene-dg in this temperature range as a four site
exchange problem similar to the study of fluxional behaviour of the Fe and Os
complexes. It should be noted that in the Ru complex, the four sites 1, 2, 3 and
4 are time-averaged resomances due to {H;, Hy}, {H2, Hyr, H2}, {H3, Hs, Hs}, and
{H,,Hy,Hy} respectively (See Fig. 6-4), while the sites in the Fe complex were
time ayerages of the two asymmetric isomer environments, and in the Os complex

the sites are those of the symmetric isomer.

16.5.2 Delineation of the Metal migration x‘r;echanism in (n°-C7H7)-Ru(CO);-
SnPh; D/ '
Although the l_H NMR spectrum of the (n°-C7H7)-Ru(CO)2-SnPh;z com-
plex in CD3Cl, correspor;ds to that of a symmetric C;H7 ring, the resonance due
to the stte 3 magnetization, arising from protons 3,3’ of the asymmetric isomer and
3 of the symmetric isomer, is so broad and significantly overlapped the site 4 res-

onance at most temperatures in the range of ~ 223K to ~ 233 K(400 MHz). The



proton spectra of the complex in toluene-dg showed four resolved resonances in
this temperature range, and hence selective inversion experiments were performed
using toluene-dg in order to establish the migration pathways. However, even in
toluene-dg, resonances due to site 3 and 4 overlap, but not so strongly as in CD;Cl,
solution since the resonance due to site 3 is not so broad. The site 2 resonance
lies very close to the site 4 resonance in toluene-dg solution (see Fig. 6—4)
Selective inversion experiments at 221 K, following the inversion of mag-
netization at site 1, showed a rapid decrease in magnetization at site 3, a smaller
‘ and slower decrease in magnetizations at sites 2 and 4. These obgervations indi-
cate that there are no dominant “1-2” metal shifts in this complex. The rapid

decrease at site 3 indicates that “1-3” shifts are occurring, but the decrease in

magnetization at site 4, which a?)ears to be more rapid than at site 2, cannot

be qualitatively accounted for. Thus a least squares analysis of the data was per-

formed, with all the three rate constants k(12), k(13) and k(14) allowed to vary freely,

and the values obtained were k(;3) = —0.53 £+ 1.67 s~ 1, k(13) = 7.89 £ 2.52 s~ ! and
k(14) = 3.55 £ 2.51 8~1. This shows that “1-2” metal shifts are not important in
the fluxionality of this complex, but also indicates the presence of “1-4” metal
shifts, which was not observed in any other n®-C7H7 complexes. Analysis of the
data with k(;3) fixed at zero during iterations, yielded k(-13) =8.01 +2.53s"! and
k(l;) = 2.90 + 1.4857!. A third least squares analysis with both k(n)gﬂd k(14)
fixed at zero during iterations resulted in k(;3) = 13.35 £+ 3.03 s~!, but the vari-
ance for this fit was twice as large as that for the fit with both “1-3” and “1-4”
prc;cessa a.llowed." It was not certain at this point whether the apparent presence
of “1-4” shifts was a genuine “1-4” shift mechanism operating in the molecule or
an artifact arising from the overlap of the resonances from sites 3 and 4. Selective

- inversion expenments performed at different temperatures at whxch('dlﬁ'erent de-

grees of overlap of resonances 3 and 4 were observedv, were analysed in two ways;



(i) k(12) fixed at zero,\‘k(la) and k(14) allowed to vary freely; and (ii) only k(3
allowed to vary, with k(;4y and ky) fixed at zero. The rate constants obtained,

and variances of these fits are shown in Table 6.9.

/

. Table 6.9

T (K) k(la)(s"l) k(l.,)(s_"l) variaxlf,e

221 13.35 + 3.03 0 0.0184
8.01 + 2.53 2,&0 + 1.48 0.0100
)

227 | 26.21 + 8.29 . 0 0.0187
11.35+6.39 7.43% 4.15 .0.0105

231  51.59 + 13.97 0 . 0.0219
38.26 + 17.40 8.89+9.89 0.0183

234 -458.56 + 9.19 ¢ N ©0.0045
47.86 +6.10 6.10£6.10 .0.0036

1)

The data in Table 6.9 show that the variance of the fit always improved
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when both “1-3” and “1-4” shifts were incluged. However, é\te\températures 231K
R - \ r;:\ .

£

and 234K, where the overlap of resenance 3 with resonancé ¥ is minimal (see
Fig. 6-4), k(1q) valueé have large errors. Furthermore, the value obtained fo_‘r k(14)
at 234 K is smaller that the value at the lower temperature 231 K. At temperatures
221 K and 227K for which fits with “good” “1-4” rate cqnstants were observea, the
overlap of resonances 3 and 4 is significantly larger than at 231 K and 234 K. These
results indicate that the appearance of “1- 4” shifts is an artifact due to the overlap
of resonances rather than due to true “1-4” shifts. However “1-4”" shifts ca}mot
. be ruled out firmly on the basis of these results. It was possible to investigate ‘this
further by studying the coxﬁpleX in CD2Cl; at 232K, where the.resonances of sites

1, 2 and 4 are very well resolved, and the resonance due to site 3 is extremely broad.

The resonance due tosite 3 is so broad at this temperature that it resembles the flat"



Fig. 6-16
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4 .
Comparison of the oﬁserved and calcplated ma.gnetiza&iong for “1-3"

shifts for (n°-C7Hy)-Ru(CO);-SnPhj. + - Magnetizations M;(t) (arbi-
trary units) at the four sites'of (n°5-C7H7)-Ru(CO);-SnPh;s in CD;Cl; fol-
lowing the selective inversion of the site 1 inagnet{zation at 232 K. Curves

represent least squares fit for k(;3) = 35.5257! and k(15) = k(14) = 0.
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baseline, and hence its effect (;n the intensities of the other resonances, particularly
resonance 4, is minimal. Selective inversion experiments were performed in which
the magnetization at site 1 or at site 2 was inverted in different experiments. The
results were analysed as a four site exchange system with data unavailable for
one of the sites (site 3). The observed magnetization following the inversion of

magnetization at site 1 are shown in Fig. 6-16 and confirm the absence of “1- 2"
metal shifts as in measurements in toluene-dg solution indicated. The results of
least squares analyses in which. (i) k(1) was fixed at zero and both k(;3) and k(4

allowed to vary; and (ii) k(;2) and k(;4) fixed at zero and only k,3) allowed to vary,

are given below in Table 6.10.

- Table 6.10

Inverted site  k(13)(s™") k(“)(s"l) variance

1 35.52 £ 11.38 0 0.0158
37.51 £26.23 -0.88 +11.15 0.0161

2 33.45 + 6.89 0 0.0141
28.73 + 25.48 1.80 + 9.39 0.0142

These data show that when both k(13) and k(14) were allowed to vary, the errors
in k(;4) were much larger than the small values of the rate constants, a.;xd the
variances were larger Wn fits with k(;) fixed at zero. The errors in k(;5) were
almost comparable in magnitude to the values of the rate constants. When k(14) is
fixed at zero, the values of the rate constants for the “1-3” shift process were much

Jarger than the errors estimates, and the values from the two experiments were in

excellent agreement. These results support l_he earlier conclusion that the “1-4”

shift mechanism is not important in the Ru complex, and that the apparent “1-4™-

N



shifts obtaindd in the analysis of data from toluene-dy solutions can be attributed

to overlap between the resonance for sites 3 and 4.
6.5.3 Estimation of activation parameters for (n°-C;H;)-Ru(CO);-SnPh;,

Although the resonances due to sites 1,2 and 4 are well resolved in
CD;Cl; and it was possible to delineate the exchange mechanism as “1-3” shifts
at 232K in CD;Cl;, it is not possible to obtain precise values for the rate con-
stants k(w) at other tBmperatures due to the significant overlap of resonance 3
and 4 in this solvent. Thus, values of k(;3) obtained from magnetization transfer
experiments in toluene-dg were used to obtain approximate values of the activa-
tion parameters for the “1-3” metal migration process. The values of k(;3) given
in Table 6.9 for k(y3) = k() = O, for the temperat.ures in the range 221K to
234 K yielded activation parameters, E, ~ 12.3kcal/mol,AH? ~ 11.8kcal/mol
and AS? ~ 0.58cal/molK for the “1-3” metal shifts. These crude values are
consistent with the observation that isomer interconversion has a lower activation
energy (~ 8.5kcal/mol) than the metal migration process. The crudeness of the
activation parameters reported here for the “1-3” metal shifts in this Ru complex,
has to be taken into account when comparing the fluxionality of this system with
other % complexes, and in trying to draw conclusions from comparisons based on

activation parameters.
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6.6 Comparison of the Fluxional Behaviour of (nS-C7H7)—M(CO)2—SnPh3
systems (M=—Fe,Ru,0s)
Thie 1esults obtained from the studies of the fluxional behaviour of (775-
C;H;) complexes of the group 8B transition metals Fe,Ru and Os, show that when
A
two different metal shift processes are responsible for the metal migration process,
both occur with'essentially identical activation parameters. The results obtained

for the metal migration processes, as determined from multisite magnetization

transfer experiments, are summarized in Table 6.11.

Table 6.11 Exchange processes and activation parameters for the

fluxional behaviour of (n°-C7H7)-M(CO);-SnPhs (M. = Fe, Ru ,0s)

M Observed E, AH? AS?
exchange (kcal/mol)  (kcal/mol) (cal/mol K)
process
Fe “1-2” shifts 17.20+0.19 16.66+0.19 3.73+0.70 k(3 =
“1-3” shifts 16.70 + 0.42 16.16 +£ 0.42 2.65 + 1.565 l.5k(12)
Ru “1-3” shifts ~12.0 ~ 11.8 ~ 0.6
Os “1-2” shifts 16.96 + 1.80 16.39+ 1.81 1.06+6.32 kg ~
“1-3” shifts 18.07 £ 0.44 17.50+0.45 1.90 % 1.56 4k(13)

Although it is not clear why, it is int:eresting to note that, contrary to the Ru
derivative which executes “1-3” metal shifts exclusively, the Fe and Os complexes
exhibit both “1-2” and “I~3”-metal migrations. This is exactly the opposite to
the standard complexities displayed by these molecules in solution where t!xejRn
complex exists as a mixture of symmetric and asymmetric isomers whereas the Fe
and Os complexes conform to the asymmetric and symmetfic situations respec-

tively. Furthermore it is seen that in the, Fe and Os complexes, where the metal

k2
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migration occors via two different shift mechanisms the activatjon energies ( F,
and AH’) for the two processes are essentially identical although the rn.t(‘s of metal
migration are significantly different. In the Fe complex the 1 37 metal migration
15 ~ I.SQtim(*s faster than the “1 27 s}{ifts, and conversely in the Os complex it is
the “1-2” shift that is faster by a factor of almost four. It is unfortunate that, :)W»
ing to the lack of precise activation parameters for the Ru complex, it is diﬂicult\ to
extend the quantitative discussion to include this molecule as well. Nevertheless,
it is clear that the process here is significantly easier (£, = 12 kcal/mol) than in
either Fe or Os complexes. This is contrary to the normal behaviour of activation
energy for metal migration increasing (i’wn a transition metal triad (99 101).

A compaf,ison of the exchange processes thai occur with lower activa-

tion energy than metal migration and hence occur at Jower temperatures, shows

that the activation energy of 9 kcal/mol obtained for the isomer interconversion

in the Ru complex (see Table 6.7), is similar in magnitude to the estimated ac-

tivation barrier (54) of < 9.5kcal/mol for the enantiomer interconversion of the
asymmetric Fe complex (see Eq. [6-1]). The results obtained for the isomer in-
terconversion in the Ru complex allow one to postulate the predominant pathway
of this enantiomer interconversion in both Fe and Ru asymmetric complexes. In
the Fe complex, it was not possible to ascertain whether the enantiomeric inter-
conversion (Eq..[6-1]) was occurring via the symmetric intermediate 7°-Spe, Or
the symmetric intermediate ns-Sge (54). However, in the Os complex, only the
symmetric isomer with structure n%-Sos was found to e*ist over the large tem-
perature range 173 K to 373K (98), and results of the isomer interconversion in
the Ru complex reported here show that the asymmetric enantiomers interconvert
only via the symmetric isomer n%-Sgy. Thus it seems likely that the enantiomer
interconversion in (n%-C7Hz7)-Fe(CO);-SnPh; also occurs via the symmetric in-

termediate n°-Sf, and not via 175-S£‘.. This is not surprising since aterically and
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electronically (107), the pseudo-octahedral structure of of n°%-Sm (M=Fe, Ru, Os)
with its staggered conformation is prefetred over the trigonal prismatic structure
of 775—5)"4 with ecl‘ipsedvconf‘ormation, although it may be noted (108) that in
(n®<cytloheptadienyl)-M(CO)-(EPTB); complexes, (M=Fe, Ru), isomer intercon-
~ version occurs via both types of inter’mediates. Further information about the
enantiomer interconversion pathway could be obtained by measuring the activa-
tion parameters for the process of carbonyl exchange in the asymmetric isomer of
the Ru complex, and this information would be useful in assessing the \.'alidit.y of

the mechanism postulated above.

6.7 Comparison of the fluxionality of general (n®-C7H7) transition metal
complexes

As mentioned above, or/liy a few (ns—C7H7) complexes of transition metals

have been reported in the literature (91, 102-105). The activation parameters

available for metal migration in th@e systems are [8ted in Table 6.12 togetl.ler

with the values reportedxi{n this work.
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Table 6.12 Fluxional (775—C~,H7)-MLz complexes

ML, E, AH? AS? AGir, Ref
(kcal/mol) (kcal/mol) (cal/molK) (kcal/mol) '

Mn(CO); ~ 14(300) 102,103
Re(CO)3 _14.8 T -13 15.1(300) 91

Fe(CO)s|* ' ~11) 102,103
_Fe(n® — C7Hy) 16.9 ~ 105
Ru(n® — C7Hy) 16.7 \\104

Fe(CO);SnPhs 17.0 16.4 3.2 15.5(300) S O
Ru(CO);SnPh; ~ 12 ~11 ~ 0.6 . 11 *
0s(CO)2SnPhs 17.5 16.9 1.5+ 16.5300) +1

+ - This work, } - Average value for “1-2” and “1-3”

In all of the (n®-C7H7) systems listed in Table 6.12, other than the sys-
tems reported in this work, the “ring whizzing” process has been studied using
1H or 13C NMR lineshapes. The activation parameters in most systems were ob-
tained by fitting the !3C NMR or ! NMR lineshapes assuming exclusively “1-2”

shifts. It is difficult to obtain precise quantitative rate constants from lineshape

analysis when two metal migration processes occur simultaneously, as in the case

of (n%-C7H7)-Fe(CO)3-SnPh3 complex described{ By Reuvers (54). It should also
be mentioned here that in a case like (n%-C7H7)-08(CO);-SnPhs, where
inant “kgt}shift zlechanism is operative with slower “1-3” metal shifts, it is likely
that a line\sha.pe analysis would fail to detect the effects due to the slower process

One cannot therefore preclude the presencé of the “1-3” metal shift mecha.msm

in addltxonﬂ the#1-2” metal shifts in the work reported in literature.

.
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It is interesting to note that all complexes shown in Ta.Ble 6.12 violate the
prediction based on the Woodward-Hoﬂ'mﬁafn _rules to which p:yict that (n5-€7H7)
systems should be rigid or at least exhi/bit metal migration'with high‘activation
energies. Thus it seems reasonable to assume that fluxion4l behaviour of these
systems is not an isolated exception to these symmetry ruwles, and that T@'mme-

try rules have little p‘redictive validity in the case of (n®-C7H7), transition metal

V

complexes. i

6.8 Summary

Fluxional behaviour of the group 8B transitio%etgy[ éomplexes (n®-

C7H;)-M(CO);-SnPh3, M=Fe, Ru, Os, was studied in detail using the multisite
magnetization transfer method. The selective inversion method and the method of
data analysis described in earlier chapters enabled the precise quantitative deter-
mination of the rates of competing “1-2” and “1-3” metal shifts in the Fe complex
whose ground state structure con{qrms to asymmetrix dispositic:n of the liga.nds
with C; symmetry, and rates of the dominant “1-2” and slow;r §-3” shifts in
the Os complex which exhibits C, symmetry. Metal shifts in both complexes were
found to occur with the same activation energy. Fluxional beha.vio:u of the Ru
complex, which exists as a mixture of interconverting symmetric (C,) and asym-
metric (C)) isomers, was found to occur only by “1-3” metal shifts, but it was
not possible to obtain precise activation parameters for this process due to sig-
niﬁémt' overlap of exchanging resonances.. Activation parameters for the isomer
interconvers‘ion proce;s were obtained from selective inversion experiments at low
temperatures, and the results indicated that enantiomeric interconversion of the
asymmetric isomer occur via the symmetric species, although a determination of

the carbonyl exchange rate would be helpful for further clarification. Compari-

son with the fluxionality of (n®-C7H;) systems reported in the literature.s
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that this study seems to be the first detailed quantitative study of (n5-C7H1) sys-

tems where different but simultaneous metal shifts are responsible for fluxional

for these systems.

behaviour. The results discussed here also~show that predictions based on the
Woodward-Hoffmann rules are not applica:l\j
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Conclusions and Suggestions For Future Consideratign

-

In NMR experiments where only the transverse or longitudinal magne-
tizations are involved (coherences of order 0, + 1 ), chemical exchange effects are
easily handled by the modified Bloch e'quations (76). Many modern pulse experi-
ments like DEPT involve multiple quantum coherences w.hich cannot be described
in simple terms. The description of the DEPT magnetizatjon transfer experiment
on exéhanging CH ... CH and CH; ... CHj systems was deielopedv in £hapter
2, Iio demonstr‘te the general applicability of the product operator description to
investigate the effects of chemical exchange in experim(ents employing complicated
pulse sequences. The product operator representation of the density operator (26)
is a convenient way in which to describe pulse experiments (45—47). In order to
determine the 13% DEPT intensities it is necessary to establish the identity of the
pr:)duct operators involved in each precession_period 7 of the DEPT experiment
and to determine the corresponding K matrices in Eq. [2-6]. Since thé requi-
site product operators and the structure of the K matrices depend on particular
chemical system, the CH ... CH and CHj3 ... CH; exchange systems were consid-
ered in detail. DEPT experiments were performed on N-acétylpyrrolg (CH...CH
exchmrge ) and N,N-dimethylacetamide (CHs...CHs exchange) for a series of 7
values, not only the 1/2Jcy value w_hich. is norma.lly{ used. It was shown both
experimentally and theoretically, that the !3C intensities from DEPT magnetiza-

- . -

tiph transfer experiments are influenced by the rate of Chemical exchange. The

\/_)rnriation of 13C intensities with 7 has a damped periodic time dependence, with

143



the degree of damping being strongly dependent on exchange rate at intermedi-
" ate exchange rates (from the 'onset of significant exchange broadening, coalesence,
to exchange narré)wing ). In the region of intermediate exchange, the’compari-
son of observed and calculated DEPT intensities affords the determination of the
exchange rate to within 5-15% . Near the coalesence temperature, the DEPT mag-
netization transfc;r experiment is expecte(i tMre precise determination
of the exchange rate than the conventional lineshape ﬁtting procedure because
reliable peak intensities and integrals from DEPT experiments are more easily
obtained than precise visual fitting of the broad signals with low signal-to-noise.
In t}le limits of very slow and very fast exchange, the r-dependence of the DEPT
intensities, like the NMR lineshape, is found to be relatively insensitive“tp the ex-
change rate, and relaxation effects contribute sig nificantly to the damping of t e
~ periodic 7 - dependence .of the intensities . In thS region of intermediate exchange
rates, relaxation effects are of negligible importance. Quantitative ag_reement of
the theoretical and observed DEPT intensities for acetylpyrrole and dimethyl-
acetamide, and the agreement between the exchange rate constants obtained from
this method and those obtained from lineshape analysis, with the promise that
DEP ethod can yield more precise rate constants near the coalescence tem-
p¢yature, prompt us to believe that the use of DEPT in the study of exchange
processes may prove a useful adjunct to conventional lineshape analysis. |
The de\;elopment of selective inversion multisite magnetization transfer
experiments and the method of data analysis was described in chapter 3. Selective
"inversion, as opposed to selective saturation, was preferred since selective inver-
sion creates the maximum initial perturbation, and hence gives rise to responses
over a larger dynamic range and more precise results. Since only theolongitudinal
magnetization is important { coherence level 0 ),. this type of homonuclear mag-

netization transfer experiment can be described by the modified  Bloch equations.
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Experimentally, selective inversion is achieved very efficiently using the DANTE
sequence (61), for protons and other nuclei such as 13C. Transverse magnetiza-
tiop is created only for the purpose of detecting the mainetizaion at exchangmg
sites, after an evolution perioa following the initial selective perturbation. In the
magnetization transfer data analysis, k% | 1/T};, M,(00) and (M,(0) -- M,(o0)),
(1=1,...,Nsites;a=1,..., P number of rate constants), are all variable -param-
;eters. k™ is the rate constant for a particular exchangé process, such as a “1-2"
metal shift in a fluxional organometallic komplex, and not a rate constant for ex-
c'hange from a site [ to a site m. The differ¢nt exchange processes are described.by
different m\atrices of exchange coefficient§ I1*. The l(;,ast squares method utilizes
the analytic f}rst deivatives of M;(t) with respect to each of the parameters in order
to minimize the\computation time. The method allows one to fix a certain num-
ber of chosen variables during the least squares iterations, and usually the values
of 1/Ty are fixed at values which are independently determined from a nonse-leé—
tive inversion-recovery rexperiment. The errors in the rate constants k% are also
estimated in the least squares procedure using the F-variance ratio distribution.

In lpter 4, the application of ‘the selective inversion multisite mag-
netization transfer method to delineate exchange mechanisms, and to determine
the rate constants for these mechanisms was illustrated fully using the transition
r;letal organometallic complex (n3-C7H7)-O§(CO)3—SnPh3 as a test case. It was
demonstrated that the method can be successfully applied to delineate exchange
mechanisms and to determine reliable rate p_clnstants, even under non-ideal con-
ditions such as. imperfect selectivity of inversion; baseline distortions and absence
of data from one of the sites. The' power of the technique was clearly demon-

strated in this particular example of a mixture of fluxional but noninterconverting

symmetric and asymmetric isomers. It was po.ssible to quantitafively investigate



t}}g fluxional behaviour of the symmetric isomer in the presence of interfering
efxchange broadened signals due to the fluxional asymmeétric isomer: Classical
lineshape analysis would be practically impossible to use in such a case. The data
analysis also showed that the accuracy of th-e relaxation rates is not very critical
in the determination of ;eliable rate constants.

The results of a detailed investigation of the fluxional behaviour of the
(73-C7H7)-0s(CO)3-SnPh3 complex, using the multis‘l/te magnetization transfer
method, were presented in chapter 5. The activation parameters were determined
for the “1-2” metal migration process which was shown to be the dominant ex-
change process in both symmetric and asymmetric isomers. The symmetric isomer
was shown to have a higher activation barrier (9.5 kcal/mol) for “1-2” metal shifts
than that in the asymmetric isomer (6.4 kcal/mol). The activption energy for axial-
| equatorial carbonyl exchange in the asymm’etric isomer (98) is signiﬁcantly higher
than that for the metal migration in either isomer. This difference in activation
energies, together with the absence of carbonyl scrambling in fhe symmetric iso-

mer, suggests that the two processes occur independently. It is interesting to note

that, although the activation energy reported here for the metal migration in the

symmetric isomer of the Os complex is similar to that reported for symmetric (n°-
7

C;H7)-Fe(CO)3-SnPhs (97), carbonyl exehange was observed in the Fe complex
but not in the Os analogue. It was not possible to make any generalizations from
a comparison of the fluxional behavioufﬁof other similar (n3-C7H7), symmetric
and as'g‘mmetric systems, due to the lack of reliable quantitative information from
' déﬁ;’é”rz}’gltudies. Hence it would be jnteresting to undertake selective inversion mag-
Tetization transfer experiments on the complexes (73-C7H7)-Re(CO)3-PMe; (91),
which exists as a nonint-erconVerting mixture of symmetric and asymmetric iso-
mers bellg,w room tempéiture, and (r)3-C7H§z-Mn(CO)3-PMe3 (91) which exists

as an interconverting mixture of isomers.

L 4
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In chapter 6, the results of the investigation of the fluxional behaviour of
group 8B transition metal complexés (n%-C7H7)-M(CO)2-SnPhj, (M=Fe,Ru,0s),
using the multisite magnetization transfer method, were presented. It has been es-
tablished that the Fe complex exists as the asymmetric’isomer(54), the Os complex
only as the symmetric isomer and the Ru complex as a mixture of interconvert-
ing symmetric and asymmetric isomers (98). All complexes were fluxional due
to the metal migration around the C7H7 ring, enantiomer interconver;ion in the
Fe complex (54), and isomer interconversion in the Ru complex (98). At higher
temperatures, \H N MR spectra of both Fe and Ru complexes correspond to those
of an effective symmetric isomer and hence it was possible to investigate the metal
migration in all three complexes as four site exchange problems. Unlike the (n®-
C;H;) Fe and (n3-C7H7) Os complexes discussed in chapter 5, where only “1-2”
metal shifts were observed, two metal migration processes were found to occur
simultaneously in (7°-C7H;) Fe and Os complexes. In the 1\775—Fe complex, com-
peting “1-2” and “1-3" metal shifts occur, with the rate of “1-3" shifts being
about 1.5 times faster than the rate of “1-2” shifts, while dominant “1-2” shifts
and slower “1-3” shifts occ,ur in the Og complex, with the rate of “1-2” shifts
being about four times faster than “1-3” shifts. In both cases, precise rate con-
stants and hence activation parameters were ol;tained, from the results of selective
inversion, multisite magnetization transfer expériments. Metal shifts in both Fe
and Os complexes were found to occur with similar activation energies. In the Ru
complex, only “1-3” metal shifts occur, but it was not possible to obtain precise
values for the rate constants and activation parameters for this complex due to
the significant ovérlap of some of the exchariging resonances. For the Ru complex,
activation parameters for the isomer interconversion were obtained from selective

inversion experiments at low temperature. The i'eqults show that enantiomeric

-
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interconversion of the asymmetric isomer occurs via the symmetric isomer not by
direct exchange between the enantiomers. To further clarify this result, it would
be helpful to undertake selective inversion magnetization transfer experiments to
‘ iﬂvestigate the mechanism and rate of carbonyl exchange in the isomer intercon-
version process in this complex.

Comparison of the fluxional (7°-C7H7) systems reported in the literature
(91,102-105) shows that the “ring whizzing” process has been studied using 'H
or 13C lineshape and only “1-2” shifts were reported to be responsible for the
fluxional behaviour. It is difficult to delineate mechanisms and to obtain precise
quantitative rate constants from lineshape analysis when two metal migration
mechanisms occur simultaneously. It is also likely that in a case like (ns—C-,H',)-
Os(CO);-SnPhg w’here a predominant “1-2” mechanism is operative with slower
“1-3” metal shifts, that a lineshape analysis would fail to detect the effects due fo
the slower process and ¥ne should not preclude the presence of “1-3” metal shifts,
in addition to “1-2” metal shifts, in the work report'ed in the literature. Therefore
it would be useful to reinvestigate the fluxionality of the complexes reported in the
literature, using the selective inversion, multisite magnetization transfer method.
The complexes discussed in chapter 6, and other (n5-C;H7) complexes reported
in literature (see Table 6.12) are all fluxional and violate the prediction based on
Woodward-Hoffmann rules that (ns-C-;H-,) systems are rigid. »This jndicates that

the Woodward-Hoffmann symmetry rules have little predictive validity in.the case
) 4

of (n5-C7H7) complexes of transition metals.
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APPENDIX A

Perspective views of the asymmetric/meridional (r)a-Aoz) and symmetric/facial

(n®-So,) isomers of (n3-C7H7)-0s(CO)3-SnPh;.

(o) (o]
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