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The theory and experimental protocol whereby proton

spin-lattice relaxation can be utilized for the deter- : '

mination of §£ructure and stereochemistry of organic:
\ _ $

molecu}éé are described. It is shown that for rigid,
isotropiéally tumbling molecules, proton spin-lattice

relaxation)rate (R1) and nuclear Overhauser effect (nOe)

measurements can be interpreted using a relaxation pathway

analysis approach. This method is based on the id;ntifi- -,
~cation of the relative magnitude§ of spgcific dipolar iﬁter-

" actions betweén near.neighbor protons and the determination °
\ . \

of thei?‘relative contributions to the initial-slope Ry

) Interpretation of thé experimental‘data'is based on trends
observed in several measurements, tkereby compensating for
inaccuracies associated with an analysis based on relaxation

models, and experimental errors.
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' The methods for obtaining reliable 1H-R1‘5§§“;n0e
) ’data aré presented,'apd imgortant experimental"constradnts
are di%cussed. Control experiments:vére carried out on a
variety of organic molecules to determine the reliability,
precisioﬁ, aéd accuracy of the méasureﬁents, as well as to“:'
( demonstrate several important experimental considerations.
A survey of proton spin-latticé relaxation iﬁ alkaloids
is described, involving four einchona, seven morphine, four

tropane, and ten strychnos alkaloids. Using relaxation -

-

pathway analysis, the assignment of 400 Mﬂz 1H spectra

and the determination of many features of the solution o

’structures were possible. Previously reported 1H chemical
shifts and coupling constants for strychnine-are shown to "

* ¢
_be in error. The proposed sites of substitution of three

stf&chniné sulfonic acid derivatives, and their brucine
analogues, have been verified, ;nd the previously undeter-
/ mined stereochemistry of one of them has been established.
1H spin-lattice relaxation rates and nOe 5ifferende
spectrg have been measured at 400 MHz for six dimers A
derived from methyl-gubstituted T-hydroxyindenes. Anélysis.:‘$#
of relaxébion pathways has permitted:assignment of all
chemical sbifts and identification of the relative stereo-
chemistry at chiral ceﬂte(s. This analysis is qonsistept

n

with the known stereéchqmistry of one of the compounds,
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, H spin-lattice relaxation rates have been measured
.{T' B at 400 MHz for a series of methyl-substituted planar
“';;?;l“ . ' aromatic coaggunds po determine the steric effect of
fj T ggdjaé/ent substituents on the Ry values of the methyl

B group. These- values have been interpreted,on the basis

Py +

"of differences in the barriers to methyl group rotation

caused by the substitﬁent, reSultIng in differences in the

céntributions from the'dipglar and spin-rotation mechanisms.
?3c-R1_qnd -nOe values have been measu:pd at 20 MHz to aid
in this analisis. A siggi;jcant dynamic~r;nge of methyl

; i 1H'-R1 values has been observed, showing 'that these

measurements were sensitive to the steric envirorment.

Preliminary studies of H methyl relaxationlin nbn-planar

M

aliphatic hodel systems are also reported.
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" spectroscopy (nmr) has become one of the most powerful

tative determination of molecular geometry of a liquid., or

Chapter 1 ‘ '\\\\ i ' .
. \ Y '

“ INTRODUCTION ' . n

3

¢ . b a

In th§ past ten years, nuc;ear’magnetic4résonance

techniques available to the-praéticising chemist for

structural aﬁalysis of molecules.. Though diffraction

,methods (X-ray, néutron; glectron) are by far the'most

common methods for determining the absolute structure of

a

a molecule, such measurements can only be carried out on
cry;talline material. For systems whose ptppgrties are of
interest as liquids,‘gasses, or in solution, there remains
a critical questﬁon; does the molecule fetain its crystal
structure? The only method availéble today for quanti-
solute molecule in a liquid medium, is.the nmr measurement
of d}pofar spin-lattice relaxation. The theory of dipolar
spin-lattice relaxation will bé presented 'in this thesis '
in é thorough and illustrative manﬁer to.fécilitate a clear
cémprehension of the utility of the %ro,ton spin-lattice
relaxation measuremené.

' In 1968, Vold and oowonkers1 reported on the development
of a convenient‘method to measure spin-lattice relaxation
rates (R1 values) using a pulse Fourier transform method, ,
but it was not until some years later that the utility of
proton measurements became agparent. The major obstacle to

the utilization of 1H-R1 measurements waé‘ihe uncertainty .

concerning R1 values in complex coupled systems, where the

.
. \IS‘
. . |
. + )
v
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effects of cross-relaxation and cross-correlation wefg

presumed to be quite extensive. Finally, in 1970, Freeman,
Wittekoek, and Ernst,2 proposed and demonstrated that by \
using an "initial-slope™ approximation, it wés possible to

define an effectTvg\:; for each proton tn a loosely coupled

spin system. The first req&(;xperimentél braaktﬁrough for
. L ‘ 1 |
4 dipolar relaxation for structu

the use of al analysis

)
came at about the same time, when Burton, Grant, and Ha_ll3

found that 1H-R1 values of a ﬁumber of cigf and trans-

alkenes could be correlated to their structures. In the,

laboratory of Dr. L.D. Hall at the University of British -

Columbia, proton relaxation stpdies were then extended éo

‘a number of complex sugar molecg}estu By 1976 it became

apparent that 1H-R1 values could be utilized for the detér-

"mination of structure and stereochemistry in any organic
‘e

molecule. This, along with the development of the nuclear
overhauser effect” difference (nOed) experimenb,6 marked the
beginning of widespread use of 'H relaxation parameters.

The theories of spin-lattice relaxation proposed by

8

Bloembergen, Purcell, and Pound7, and Solomon® were-

formulated long befare any experimental methods were avail-

" [ .
able to measure relaxation parameters, yet they remain

today as the most useful approach for analyéis of experi=-
meﬁfa; parameters. ‘Consideration of a simplified form

of the relaxation raté expression for a nucleus, i, inter-

racting in a dipolar sense with some other nucleus, j,
T2
reveals the R.r dependence on molecular geometry:

!

. i ey

i



4+

-6 .- 0
(1) R’i = K.tcij.rij . ‘

K is -a series-of constants, tcij reflects the time scale
of motion of the ij‘vector, and éij is the inter-nuclear

distance. Clearly, if teiy can be measured or ‘approximated

py-én appropriaté model;ing scheme, the rij term can be
“ aluated to give the molecular geometry. If nucleus i

“relaxes to a number of other nuclei, the observed rate is

& E

‘ the'pairwise'sum of aliftﬁese interactioqsf

-

’
- -

(2) Ry; = I R, S I
, 11 :
Mgy ' \
Identification of all pairwise terms would then give a
;eries'oﬂ internuclear d%stances which can be correlated

to provide the desired information about the geometry of

the molecule. The high nmr sensiiivity, high dipolar i

'efficigdcy, and the great abundance of protons in organic

moleculés.arg compelling reasons for selection-of this

efficiently from all parts of the molecule.
. A very important feature of erotpn relax

is that the.dipolar relaxation 1nteractiqns are mutua}, eg.

determine A's relative position. The analysis can then be

.




1 s o NS Yoo A Sy wiam o oL . - s —

.
T L e R 0 . B e

t
verified by examlnatidm'of the same relaxation pathways in
%he opposite direciion, observing relaxatlon contributions
from A to the protons which relax A. /WOrking in this '
manner, it is not necessary to rel& ogva single measurement

for the structural analysis, hence; the reliability of the

method is considerably improved. The flexibilitx of'belng

v

"able to corroborate results in either direction proves to

be extremely advantageous with respect to the qualitat1ve
determination of" molecular geometry, since non- quant1tat1ve
experiments (eg. no time-consuming, special sample prepar-

ation) can, therefore, be utilized to rapidly determine a

'variety of structural features ' N

A}

The potential of 1HJR1 value® for providing struc-

tural infdPmation has been investigated on a wide variety of
molecules and reviewed in Ref. 9. 1Interestingly, besides )
the exlensive amount of work in Hall's laboratory'on Farbo-
hydrates, there has been only one systematic survey of 1H--R1

values, that reported by Colebrook and Hall,10 on steroids.

Studieé of this datufe are 'important, since-the capabilities
of the dipolar reléxation technique must be %ully explored.
A set of clearly established guidellnes for 1nterpretation
must be developed, now that these experiments can be carried

" Studies on natural products that

out in a routine manner.
originated at U.B.C. were extended by some of the research
described in this thesis, in barticular, the survey of ‘H-R1

values in alkaloids. N
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A survey of the literature shows that most relaxation

studies have inyolved the analysis of, 'H- or 13C R1 values ' o ¢
of methine or methylene groups whereas methyl rates have
been only rarely utillzed. The principal reason for this
omission is that methyl relaxation is complicated by the >
internal methyiorotation which is snperimposed on the over-
‘all tumbling of the molecule. Methyl gronp 1H-R1‘va1ues
° were studied in a series of model compounds io determine

the dynamic range‘of methyl Rqy's, and to develop a basis

o for interpretation of these values, under normal operating

x eonditions: The models chosen were substituted toluenes,
to evaluate steric effects from the adjacent position,
and conformationally-biased cyclohexanes and 1,3-dioxane

g

analogues, to evaluat€ steric eﬁfects from ‘the geminal ' p

Y position. A significant effect from 1,3~diaxial . inter-

actions nas been préviously characterized in studies )
10¢

*\by this laboratory.

. Organization of This Thesis ' \

The re;eﬁent theory required for the relaxation analyses
descr bedﬂinéthis thesis is summarized -in Chapter 2. The
phenomeéna of nmr and spin-lattice ne%exation are described
in an illustrative manner. Expressiqn§ for. the time develop-
ment of bservable bulk magnetlzation of the isolated, ‘AX,
and AMX s stemanggring a relaxation experiment are presented,

along with a°generalizationAto complex first order systems. '

’
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Cross-relaxation and cross}correlation terms are identified’ .

and differentiated. Explicit expressions for the dipolar:
relaxation of nuclei are then given, and the technique of
relaxation pathway ahalysis as applied to the qualitaﬁiye
determination of‘holecular.structure and stereochemistry is
introduced. Finally, the appropriate éxpressions for R1
analysis'in moieculbs wit@ anisotropic overall fumbling and
or internal motion (eg. methyl rotationf\{: presented.

In Chapter 3, simple descriptions of \the standard
inversion-recovery R;, and nuclear OverhaUSer effectl
difference (nOed) experiments are given, followed by a
discussion qf.many of the important experimental con§£raints.

i 14

A number of control experiments are p;esented, establishing
the reliabiligy, precision,vénd relathe,er;;r in the 1H-R{
measurements, and denoting the most important factors
affecting the acquisition of qualitative multi-frequeécy
nOed experiments. » ‘

The application of spin-lattice relaxation rate
analysis to the d;termination of various’ aspects of molecular
structure in alkaloids is described in Chapters 4 and 5. |
The survey study of cinchona, morphine, an? tropane alkaloids
is given in Chapter 4. This chapter conéains short sections
demonstrating the characteristic features of R1 analysi;,
including methods for detgrmining molecular structure by the

relaxation pathway analysis technique. The application of
/
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1H‘R1 relaxation pathway analysis to the determination

of glrhcturé ang\?tereochemistry in some strychnife,deriv—
atives is described In Chaprer 5. A partial reassignment of
the 'H spectrum of strychnine was made during these

. \J
studies, and is also presented in Chapter 5.

The application of detailed relaxation pathway analysis,.

through the use of |

H-R1 aﬂd n0ed experiments, to the
complete a&signment{of Ehemical shift, methyleﬁe proton
lstereochemistry, and Stereochemistry at all chiral cenﬂers.
in six 7-hydroxyindene dimers, is presented in Chapter 6.
These studies demonstrate the great power of the relaxation
6pathway analysis techniqhe for the analysis of molecular
structure of organic molecules.
Experiments carried out for study of methyl gréup
relaxation are described in Chapter 7. An introducpién
to the difficulties involved in methyl 'H-R, analysis
is followed by a discussion of the experimental bfotocol
established for these studies. To ensure that unambiguous
analysis of 1H-R1 values had beén made, several types of
':corrbborative experiments- 13C-R1, e ny nOe, and TH-{ TH}
:Be measurements were necessary. Calculation of the pethyl
rotational bar}iers using 13C-R1‘d_ata and various Ebrms of
the Woessner model (described in Ref. 12) were also carried.
out, to provide peréinent information for the unequivocal
analyéis of steric }actors,“and are briefly desgribedf

InaChapter 8, tﬁe research carried out for this thesis

1s ecritically summarized and future prospects are-assessed.

i
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‘ "' Chapter 2
| THEORY . | o ‘

2.1. Introduction

., , In this chapter, a summary of relevant spin-lattice
relaxation theory will be prgsentea., The intention here
is to de&elop a thorough theoretica} backggound, while
) presenting the m?terial in terms phat can be easily

understood by the practising chemist. The accent will

be placed on developing a physical understanding of the

' dipolar spin-lattice relaxation procegs in an illustrative

manner, so that it is clear in what way dipolar relaxation
. : .
parameters are utilized to determine structural features t

-

: in organic molecules. - -

2.2: Nuclear Magnetic Resonance

All nuclei that.bossess the property of spiﬁ have a
nuclear magnetic moment, proportidnal to the magnitude of s
the spin, which gives rise to. observable magnetic
properties., Spin is denoted by the nuclear spin angular
momentum, I, and is quantized. The nuclear spin states,
my, define the energy levels in the system, and can only

take values which are I, (I-1),...,-I. For example, the

proton has I = 1/2 and m, values of +1/2 and =1/2,

I




. ¥ The proper terminology is the magnetic inductance, B

In the presence of a static magnetic field,\Ho, the
nuclear magnetic moment and field interact, causing the
nuclear moment to precess about the directgon of Ho (by
definition, the +z direction). The frequency of this
precession, characteristic’ of each nucleﬁs, is known

as the Larmor frequency, w

o» and 1is proportional td the
strength ofAHO:' Ce N
. Y t
(1) w. =gy
o] 27 O

Yn' the gyro-magnetic ratio, is the fac{br wh{gp,charac-
terizes the efficiency of the interaction between nucleus
and a magpetic fieldrwkln addition to causing precession,

H0 has theAeffepf of removing the ‘degeneracy of the spin’ \
states. For a spin J/? nucleus, the energy difference

between the two spin states, AE, is given by:
(2) AE = Yn_(h/2n) H,

where h/2n is Planck's constant. The effect of the magnitude

of Hy on AE is shown in Fig. 2.1. The two spin states can be
visualized as nuclei that precess either parallel (mI = 1/2,
a state) or anti-parallel (mI = -1/2, B state) to the di=-

rection of H  (Fig. 2.2). 1In such a system, there is a

.resonance phenomenon possiblE; by supplying energy at the

frequency corresponding to AE(wo), transitions can be

inducéd from one state to the other.

but Ho is used here for historicallreason . o’

o e
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Fig. 2.1 The effect of field strength on theydiffpgence in
energy levels for a spin 1/2 syM N
1 d
Iv : | y - (] .
M, (resultant magnetization) *
> ’ ‘ ' M, (stationary bulk
, o magnetization)
2/// - |
y y,
; K
@|> nuclear spins precess . gg::g;rslg;cea:ﬁtem ;
2 at frequency wo ST frequency w_ . ‘
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. v
Consider an ;&semblg of N non-interacting, spin 1/2

nuclei in the presence of a static magnetic-field, Hye

At e&bilibrfum, the thermal energy in the system causes a .

P R T

Boltzmann distribution of’ spins into the @ and B g;ahms:.

* Ny -AE/KT ' .
(3) == = ¢ N_ +«+ N_ =N
o a b
Na o *

O ' N
where Na and Nb are the number of spins in the a and B8

“

states; respectively, k is thesBoltzmann constant, .and T
is température. : Z ~

At equilibrium, there 'is an excess of Spins in the a
state determined by the temperature and the strengtﬁ of HO.
Since the brecession of the ensemble of spins is randomly
phased and more spins precessvin the +z direction, there is.
a net magnetiiation‘only in the +z direction; all x and y
components ca;cel in the:eﬁéemble average at quilfbrium.
The Bhlk’magnetizatiop of the-systeﬁ?in the H  field can,
tgerefore, be represented by a%égctor, M,, alowg the z axis
(Fig. 2.2). , \

By supplying energy of frequ§ncy W, to the system,
transitions are induced. Due to the excess of a spins,

the addition of energy will tend to equalize the a and B8

“populations, givihdg a net absorption of -energy. When the

input of ene{gy is stopped, tﬁ? system will return to 'equili-
brium by giving up this excess energy. ‘At frequencies

commop to NMR, spontaneous emission is a véry inefficient —-
mechanism, energy is mqs} often transferred to the environ-

ment (lattice) by a process known as spin-lattice relaxation.

a
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2.3. A Phenoménonological Description of Spin-lqﬁtice’

Relaxation

' Spin-lattice relaxation is‘fhe exchange of enérgy
between the nuclear spin ‘and the iurrounding environment:,
?hese interactions are' caused by time-dependent magnetic
or electric fields, Hloc uhlch d%cur at the site of the
nucleus. ‘The time dependence of such fields results from

random thermal moqﬁons which are present in any form of

-

mjiter For an- efficient interaction to occur, khe
time-scale of the two .nteracting fields must be the sarle.
Interactions which fluctuate either much faster or slowen
than. the LIS frequency (Bn;the order of 108 Hn) Wwifll not be -
effeetive in relaxing the npcleus.“ The most important ,

*

motions for relaxation in liquids are overal]l molecular
rotation and:difquion, and ;nemical exchange processes
that occur on the order of 108 5'1. These motions éan‘be
described by. a Brn%nian;model which is, in turn, app¥i&ﬁ ,
to spin-lattice relaxation theory. ‘

Using the Brownian mQQ}on model, tnree‘charaqteristics
of the small, local niméldependsnt‘Tields; Hioe» “can’ beé
identified: , ' .

' 1
1. The average*value over time 13 zero

- Hygelt)> =00

2 The mean value Sf the .square is non= zero..
‘¢ SHy oo (£)5> 40 .

‘3. There is a characteristic average time, t+T,
after which the value of«H oc 18 completely
independent of the past va}ue. ' .

loc(t) Hloc(tﬁT)> =0

>

¢

N
. .
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"% Note that for liquids, the value of CHygo(t) ® Hy  (+T)
. s ndependent of the time variable %, since t represents

I the experimental time scale (on theé order of s) and T in

' liquids is on the order of 10~ 11 s. The description of

the persistence of H; . in a liquid is given by an auto-

correlation fJnctionf’G(T):

Sy _ 2. =T/t
(4) G(T) = Hige > © c
. N \ g
where T is the length of the time period, and,tc is the oo :

characteristic correlation time required for Hloc to lose

memory' of its past value.

N

To apply the motional model to relaxation expfessions,
it is neéqua%y to transform the time-domain correlation:
funct}on to the frequency domain. Thelresultant "spectral

‘density" function, J(w), gives the magnitude and frequency

*

dependence of Hléc:

2tc ) ‘ !
R T :
n
1 + w tc

2

(5) J(w) = <H10Q

it is cﬁear that the maximum value of J(w) occurs when w = OV.:
that J(w) remains constant as long as 1/t ,<<w, and that J(w)
félls off -as w->1/tc. These features are deﬁonstrated in

i o Fig. 223 which shows the vari;}ion of J{Q) as a function of

} ' y “ frequency for three different values 6f tc. In this dia-~

" ) gram, note that the largest value of J(w) at a particular

=~ . ‘ frequenby;"wo, occurs for the,1/€c value closest to"wo,

i.e. that motions on the time-scale of L P are‘most efficient

¢

.
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for relaxation of W, resonances. J(w) 1s congideréblyh

smaller for 1/;0c either larger or smaller than Woe L

]/tcl < W
¢ ]/tcé noW

jl/tc3 > W,

!

/

3 . W —

J(w)

Fig. 2.3 'The.variation in spectral density as a function'of'
" correlation time,.

The flat portions of the speetral density functions
correspond to regions where LA 't 2<(1, which is called the
_extreme narrowing limit.13 In this region, the value of J(w)

will be 1ndependent of the strength of the magnetic field

so J(w) is directly dependent on t: )

o

_ 2
(6):J(w) = H e > t,

r
I
-

. Clearly, interpfetation of relaxation measurements is simpler

'for moleculesjtumb;ing within the extreme narrowing limit,
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4 The maximum size of a molecule which tumbles within
these limits varies aécording to the strength of the mag-

netic field. At fields in common use today (1.4-11.7 T),

_most molgcules of m.w. < 1000 d can be assumed to tumble

in the extreme narrowing'reg;dn. All 'experiments described

herein have been carried out on moletules of approximately

500 d or less, so all further discussion will assume extreme

v

narrowing conditions.

!

It is pertinent to consider the origin of the spin-

- lattice interactions'in greater detail. Nuclei interact

i

in a dipolar sense with lécal fields created by other mag-

netic nuclei or unpaired electroqs. The efficiency of such

in@efactions depends on the gyro-magnetic ratio, ¥y, of the

interé%ting species. Since the vy value of an elgctrqd\}s
1

653 times greater than the y value of H,‘the strongest

interacting nucleus, when paramagnetic species are preéent

in .any apprqciable amounts, interact}ons of this naéure
dominate over the dipolar interactions betﬁeen nucleli.

If the nuclear interactions are of primary interest, great
care must be taken in removing all paraﬁaénetic spegies
from the solution. The most common paramagnetic impurity
is oxygen gas absorbed from the atmosphere, which must be
removed by degassing the solutioq. The problem of the

paramagnetic oxygén contribution to relaxation will‘be

discussed in greater détail in Chapter 3.
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In addition to dipolar interactions, theré arg several

t .
- ) "

‘f ‘additional procesées which may give rise to spin-lattice
relaxatipon. For nuclei with a spin gfeater i%an'1/2,
interaction between nuclear moments and the quadrupole
momené can often give rise to very efficient relaxation. !

' This interaction can affect the relaxation of the
quadrupolar nucleus itself, and other magnetic nuclei in
reasonably close contact. Another relaxation mechanism
resuits from changes in che;ical shielding, that arise for
certain nuclei, as the mafgzczéxtu@bles A fourth process
which can give rise to relaxation ST\a/ﬁGcleus occurs by
a mechanism known as sgin-rotation. It arises under '
circumstanc?s whereby rapid rotation along a ' single axis in
a moleeule generates a local time dependent field at '
specific nuclei. The rapid rotation of a methyl group
(relative to the overall rate of tumbling in the molecule) .
is an example of a spin- system where spin-rotagion
interactions may be important. This subject will be
returned to in Chapter 7.

When proper care is taken in sample preparation, the
spin=-lattice relaxation of both 'H and 13¢ nuclei is
dominated by dipolar interactions with nearby protons-in thé
molecule. This fact can ge utilized to great advantage for

: the analysis of structutre aaq,motion of organic molecules,

as will ‘be demonstrated further on in this thesis. The

appropriate theory needed to interpret y spin-lattice

) relaxation in terms of the dipolar mechanism, will be

. presented in the next few sections.

ek
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2.4. General Formulation , J’ .

2.5.1'Se1f-relaxation

Let us return to the previously described isolated
spin 1/2 system of N spins. When the system has been
perturbed, it interacts with the léttice, which is a

1

resérvoir in thermal equilibrium. The rate of change of

-

" N_ can, therefore, be given by:

a
)dNa \
(7) ===2 = N W,. - N_'W '
dt b "ba a "ab
where wab and Wy, are the probabilities for transition from
the a to 'the B state. By evaluating (7) at equilibrium
and recallfng (3)), the'relationship between the W's and
Boltzmann's Law is apparent:

(85 when.---f =0 -Peee = 280

Npl0) _ Yap _ E/kT
] ) X 1]

a

»~

Expressing Ny and Ny in terms of their sum, N = N, = Ny + N,

“and their difference, n = Na - Nb,.the following expressions

1 can be derive?: ! | ) ' A

dn . - L .
(92) === =n (Wpg + Wgp) + N (Wpg = Wap) . - '

- ‘ A ' U

dn

(9b) -~
dt

-(l’l - no) R1
where ﬁo«is the population difference at equilibrium, @ﬁd

Ry = (Wyp + W) is the spin-latt%ce/relhxation rate. °

P4
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By taking a macroscopic vf@w of the system, one can
tkanslaté these'eqdatious to expressions in terms of the
measufable quantity, the bulk magnetic moment of the en-
semPle, Mz. Mz'is given as the difference in populafiom

R of"tpe | énﬁ B states:
(10)‘ Mz = Ny - Nb

The rate, Ry, at which the system returns to equilibrium is

-~ given 'by:

d M, - ‘ .
(11) ==== = --(Mz - MZ(O)) Ry i &
dt : . ‘
M,(0) is the value of M, at equilibrium (in the presence-of
Ho). The interactions of the isolated spin 1/2 system are
solely influenced by the lattice, thﬁs the Ry value con-
sists strictly of a term, p, known as the self—rela;ation

term:
[}

(1‘2) R1‘ = P //'

. . !
’( N '
o0
A

Under non~equilibrium conditions,'therg -are net values

of Mx and M The time.dependence of tﬁese cdmponents is
. ’ ¢

yl
ghara%terized by a different relaxaticdn rate, Ry, since’this
"transverse" relaxation dépends.on different processes

(spin-spin relaxation) in the system:

L] —

» . : L
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d M ) d M
‘e (13) -==2 - M R Y- oMo p
* a¢ | X2 dt y e .

[ 4 ¢ R ’

'Theqeléxpressions are given for completeness' sake, but are.
not necessary for the derivations of spin-lattice.relaxation.
Differgntial equation (11) must be expanded to a form of
the relationship between M, and R, which can be utilized in
carrying ogt R1 measurements. Upon‘iﬁtegration.of (11) over

»

time, t:c 3

(14) M (t) - M,(0) = K e” R4
> . ' ’
The value of K is determined by the manner in which the
magnetization is initially perturbed., 1In this form, the
relaxat‘?n of the isola%ed nucleus is characterizei by a
single exponential recovery which can be determined from a
_plot of residual magnetization at various times, t, aftér
the nuclei have been pe;"turbed. b X
. “ ' /ﬁ

2.4.2, Cross-reféxation

.
.

. In a syétem wi?h more than Jjust a single spin, the
self-relaxation term is not sufficient to fully describe
relaxation, since .interactions betweén‘twq or more spins
within the system can occur. The ¢nergy diagram for a
loosely coupled two-spin (AX) spin 1/2 sygtem'is shown in
Fig. 2.&.‘ The energy levels are labe11e4 with o and g to
denote the spin-staﬁe of the A and X nuclei. Transition
"probabilities, wi, indicate the probability of a transition

occurring between two connected states, i giving the change

-

-
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Fig. 2.4 The energy level diagram for a spin 1/2 AX spin
system. Transition probabilities are indicated

by W.
v
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Fig, 2.5 The energy level diagram for an AMX systenm.
Only one set of AX zero- and double-quantum
transitions are shown. ' _ .
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in total‘spin during the';ran;ition. . Wia and Wy, are the
-~ allowed single quantum transitions of the A and X nuclei‘;
respectivgly, whicﬁ are detected in the nmr e:&periment.

Once the spin-states have been perturbed‘, spin-lattice

relaxation will occur along all of the pathways shown.ih

Fig. 2.4, In this system, there are significant probabilities
not only fo;"‘. the standard single quantum' transitions, w1a
and-w1x, but also for the zero quantum and double quantum
transitions, wo' and W5. Though forbidden by normal
radiative selection rules, there are several non-radiative
methods whereby these transitions can occur. The extremely
higlﬁu'probability for the Wr transition gives ri'se to the
nuclear Overhausér‘ effect (nOe)s, which'will be described
in more detail in section 2.5.(_

Analogous" to the 1isolated spi'n 1/2 system, the total °
magnetization for ea‘ch's‘pin, -Mziv is given in terms of the
population difference of the approﬁriate ¢ and g states,
for each spin. 1In the AX system there are two degenerate
Wu transitions which give rise to this magnetization. The
rélgxation of each spin is proportional to the perturbation
of the magnetization, Mzi - ‘Mzi(O)., where Mzi(O) der;otes
the equilibrium magnetization, and the efficiency of the
various pathways for r:elaxation shown in the energy
diagram. The pathways a.\(ailable to spin A for relaxatic;n
from the B to the o state are 2W, .+ Wy +‘w0 (see Fig. 2.4),
with a ;orresponding expression for spin X. In addition,

for w2' and Wy there is a mutual effect on the ot>1er spih so
- ‘that the complete expression for relaxation of spin A is:

e i i A b e e e e - o

by b b we et ame -
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(15) === = -(2W,, + Wy + Wo)(M a - M;5(0))
dt N -(W2 - O)(sz - sz(O))

\ The relaxation of A is clearly céupled to the perturbation of
'X,' hence the formal expression for the AX system is a set‘\of‘
coupled differeﬂtial equations: /

-
I M :
! za 1 ' ! - |
6y aenzE L p o || e T aalO]
dt - boop My, = M (0)
(17) Py = 2W . + Wy « W, Py = My + Wyt W, -
Jax = %a = %= Wa - ¥

Under conditions which will :be ﬁspecified below, the
initial slope approximation can be invoked, and the set of
differential equations uncoubies. The measured relaxation
rate for the AX system can the/n be expressed as the sum of
the seif—relaxatioﬁ ter_m, Py and the term répresenting the

interaction between the two nuchl‘ei, o, the cross-relaxation

term: .

)

The efficiency of créss-érelaxgtioh is dependent on the
type of mechanism that is operative. For two spins that are
completely non-interactive, ie. they relax completely inde-

*»

\pendently, the cross-relaxation term drops out, and ,only the
- self-relaxXation terms are important. As it turns out, all
mechanisms except the scalar and dipolar mechanisms cause

efficient non-interactive rélaxation, thus the presence of

. . R
L—- o N e S ia Vb i S it o o e g e ~
o . .o .
. ; : ; .




23

éross-relaxation can be used to characterize the type of
relaxation mechanism that is operative. For ;Srotons, the
scalar mechanism is rarely significant, so0 cross-relaxation

identifies the ‘presence of thé, dipolar mechanism.

2.4 .3. Cross-correlation

In addition to the cross-relaxation terms introduced
'in- ';,he precediné section, in any éomp*lex qmul'ti—spin systenm _
it is also necessa\r"y to account for any second order inter-
actions between the var'i0us nuclei. Such effects would
be expected to be important in systems where the various
nuclei are coupled t‘o each other. This type of interaction
will be described®in the simplest system, the loosely- ..
coupled three-spin (AMX) systerh.

In the AMX system,- there are eigﬁt energy levels and
twenty-four possible transitions between these levels,
as éhown in Fig. 2.5. The energy levels and transition
probabilities are labelled in the same manner as for
the AX system. By analogy to the AX systenm, the time
dependence of magr;etization in the AMX system can be
expressed in-terms of population 'differences»,"related

to the observable magnetization, and formulated as:

‘\ ]
' d i Maa | 1 By " Gqp G b Mpg = Mpp(0)
(19) -- | Mom 121 % & Gx ! Mg - Mzn(O)
Codb My b ) oax i A b0 Mgy - Mzx (0D i
(20) pgy = Wy + W'+ Wy, * Woan) + (_w2ax + wOax)'

Gam * W2am -~ Yoam © %ax = W2ax - Woax

B e N et
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The other py and 04 j terms are given by permutation-of
subscripts. The Py and 03y are the correspoqging terms -
for self-relaxation and cross-relaxation that have been
described for the AX system., Note that there are separate,
pai;—wise cross-relaxation terms to represent the inter-
ac;ion between each'pair of nucle;, and that oij = gji-

. Recall that relaxation depends on the random motions
of the veotors between the nuclear moment and whatever
lécal field is causing the relaxation. In a system where
the relaxation'of the nuclei is coupled (as identified by
the presence éf cross-relaxation), the vectors between
different pairs of nuclei may net diffuse independgntly.
Consider a 1HA-BCMJHX methylene group. Relaxation of the
130 nucleus occursyto—the two H nuclei, but because the
protons are both bonded to the same.C atom, tbéir‘ﬁotions
are éorreléteé. The relaxation vectors always have a
specific spatial Eelationship to one aﬁother, hence gheir
relative motions are not randgm. These two relaxation
veétors can, therefore, interact with each otheﬁ, so thé
relaxation'expressioﬁs given in (19) can not uncouple.

‘In all tigh§ly spin-spin coupled systems, %he effects
of cross-correlation are always significant, so it is not
possible to give a discrete expression for tH; relaxation
of a particular nucleus. One very obvious sign of the
presence of cross—corr;lation is that the various peaks of

a multiplet‘will relax at significantly different rates,

which can be observed in a partially relaxed spectrum,
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Fortunately, it has been demonstrated that the é}fécts of
eross-correlations are negligible forvloosely-coupled spin
;ystems when invokiﬁg the initial-slope approximation.2 K
.The conditions for making Fhis—asshmﬁ!ibn'will be describsd
in the following section.

A clear distinction can noq’be made bethqen the fre-

~

quently confused terms, cross-relaxation and cross-'
correlation. Cross-relaxation arises from the significant
probabif?ty for mubual spin flips in systems of two or more

nuclei where the relaxation mechanism couples the spins,
. & *

The dipelar interaction betweeﬁ A and M, and between A
and X, is proportlonal to the magnftude of the relaxation

vectors AM and AX, resﬁ%ctively, but indepepdent of each
%
other, Cross-correlation is an‘interaction between these

-

two relakation vectors, in the case where their motiohs

are corfelated.

2.4.4, The Initial Slope Approximation.

It follows from the coupled differential equations (16)

for the AX and (19) for the- AMX system, that the evolution

v

of the longitudinal (z) magnetization of each nucleus is
multi-exponential. A formal evaluation of these expressions
Qould require a series of complex compﬁtationi,‘even for.a ;
weakly coupled system.1u’15‘ A signifiéapt theoretical
breakthrough for relaxatign in-coupled spin systems was

reported in ‘1970 by Freeman, Wittekoek, aﬁE~Ernst,2 when

Pt

s Barin t
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they showed that in the initial part of the magnetization .

" recovery curve® (the initial-slope region), relaxation in a
loosely coupled spin. system tumbling in the extreme nar-

rowing- limit can be characterized by a sihgle exponential.

Using this approximation, the dspendgnce of Mzi on thé state
of sz, and the effests of cross-correlation are both neé}i-
gible, arld the refsxation expressions uncouple it is,
therefore, possible to characterize the relaxation of any"-

u

nucleus in the system by)a discrete rela{atioh rate which
is the sum of self-relaxation terms (p;) and paifwise inter-
actions with the other nuclei to which i is cousled, cross-’
relaxation terms (o J . ‘
T§e initial-SIOpe region was def‘ined2 in terms of
ﬂransiiion probabilipies.Fs the period of recovery from
time 0 to t-s, such that (Wjj - W) 242 << 1, for 41l j,
k' 73, “ Specific transition probabilities are not usually
measurablg, but a’gkactical guideline of between 0 and 1x’1'1
has been suggested‘é for the initial-slope approximation,
though the actual limiiations will vary according to the
degre% to which the\syste@ is loosely coupled (J7 a8 < .1).
For systems close to this limitv the iditial-slope appsdxi-
mation will‘pe effective over a puch more limited rsnéé.
All R1 values reported in this thesis hav% been calculated
from sampling the magnetization w:il within the initial-

slope region, using the interval from 0 to the null-point
>

,(0.69XT1) to ensure that the initial-slppe approximation

was valid.
LB )




- 2.4.5, Dipolar Spin-lattice Relaxation

' '

: »”
K complete derivation of relaxatipn by dipolar inter-

actions requires a series of lengthy calculations, which

are béyond th;‘scope of this thesis. These calculations . '
have been presented in various forms in a number of
publicationsw8’1u’17l18‘ A brief description of this

deriQation will be éiveh‘in this_section.

\ 0
In these calculations, the probabilities for tran--

sition beﬁween‘%wo energy levels are .given as a function
t ' - TN .

of the auto correlation functions described in the pre-

vious section. 'This procedure indorporates the random

molecular motions of the mplecule into the relaxation * *

* model. By proper transformation, the time dependence of

magnetization can then be expressed in terms of the spec-

tral densities. The’evaluétion of the matrix for the

dapolar interactions contains two pres of spectral density
fu}@tions, if there are more than two coupled spins-in the | ‘;
system. Auto-correlation functions, (Jrg,ij) are the re-

sult of direct latfice interactions as have been déscribed

‘ for the isolated, AX, and AMX system§l In addition to :
these terms, there are special spectrél density functions

* which arise from cross-correlations (JiJ ik) of relaxation
~ ?

interactions. The cross-correlation terms are not sig-
nificant during the initial stages of relaxation of a

looserglcbupled first order system,2 so in thHis initial-
slope region the relaxation matrix can be simplified by

setting the cross-correlation elements to zero. »

2
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Using the dipolar spectral dénsities, the dipolar A. '
‘! ) transition probabilities shown in Fig. 2.5 for the AMX
- ¢ A
' system can be formulated:17 . '
, , . 2Jam ax (V3 )] oo
(ﬁv‘ ) . w3,5 = Wyap = 1/""[Jam am(“ )+ Jax ax(“al
‘ l o ‘ = 2Vam, ax("a )] :
. ‘ ’ ’
‘ éi:::::::>><n-q:¥;*i\= Woam = 2Jan, am(w + wp) .
* 1 ! : . — . ! . .
/}" , w2’3 - w}Oam - 1/3 {Jam,am(war_ \vlm)} , ,
. ' i J
where w; is the Léﬁyor frequency of‘sﬁin i. Note-that in N

these expressions, ﬁt is assumed that there is 100% dipolar -
reiaxation. The oth;r nineteen transition probabilities caﬁ ‘3%?
all be formulated from these expressions by permutation of

© o | , indices indicating spin labels. To this po{nt, the cross-

cFrrelation spectral densities Jam,ax(“a) 1nwqu and Wivp

I.

are retained in expresgions (21).
Relaxation parameters can now be formuiated by

substituting (21) into (18), to give:

N (22) py = dap an (wg+vip)

+ Q/3{Jam,am

\ 173Uy, ax

v <Y (23) oy = 29 am, am{"a*¥n ) - 1/3{‘]am,atrl<“’a"“"m)} -

(wa) + Jéx,ax("a) + J
(Watwy)} + Jax,ax
(Wy+w, )} e

am,am
(wa+wx) +

+

"o} = 2J

ax ax,ax("a*wx) 17303,

ax,ax (Mgt eoe

The initial-slope approximation has Een incorporated
’to érrive'at these discrete expressidns fgr relaxation |

, \
w . .
“ - . . 1~
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‘parameters in the AMX system. Also,'note that the cross-

1

gorrelatlon terms in (21) have cancelled because W,, and

W1.A ﬁave been added, demonstrating‘the importance of

the 1nit1ai-slope approximation in multi-spin systems.
Defining a new variaBle, pij* which separates the

Qelf—relaxation mediated through interactions to each of

the coupled nuclei; ) ')

-

(2u2f°am = Jam,am(“a) + ZJam,am("a*”m)

+ 1/3{Jam,am("a*“m)}

(20) can be recast as: D

(25) Py = Pam * Pay

t

Tﬁé corresponding expressions for the other p terms can be'

obtained by permuting indices of the spin labgls.
It is clear from the form of (25) that the self-
relaxation rate of A 1s expressed in térms of ‘the sum of

independent pairwise interactions with the other protons

~~"in the system. The same statement is true for the éross-

.relaxation terms (Oij's), hence the total contribution to

29

relaxation from any particular proton is independent of the

other protons in the molecule. If it 1s possible to sepa~
rate all the contribut%ons to R1, then the specif%c pair-
wise interactions can each be evaluated for the specific
inter-nuclear distance, and the dgﬁermination of molecular

geometry is possible. ' .

A\
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The evaluation of tht spectral densities for

dipolar

relaxation can now be made, on the basis of the relaxation

model ang a description of the motion.of the molecule under

study. The appropriate expression for the spectral

densities in the extreme narrowing limit 13:17

(26) 4y 45 = 3/1007; 20 2o (n/2m 2 pee y oiry 076

where tcij is tﬁg éb(relation time characteristic
ij vector, and r the internuclear distance.
a dipolar auto-correlatfon spectral density. The

.correlation §pectral densit;, Jij,jk’ can also bé
but is not of interest here.

The model of jrownian motion can be recalled

a physical iqterpnetabion of the molecular motion

N a

for the
This is

cross-

evaluated,

to give

.18 The

molecule is said to tumble in a small-step Brownian

diffusion process which requires many steps to completelg

full reorientation of the molecule, and which is charac-

terized by a series of tcij's' Generally, a set of axes

is applied to the molecule, and the motion is described. by

the values of tcij along these axes. The moé?\Widely used

motional models are the spherical, symmetric tdp,19t20 and .

{aﬁymmetric top models.zor The spherical model is ‘most fre-

quent]y used because this model is the simplest.

For this

ﬁodel, tumbling occurs with equal probability about all axes

. (all tcij's are equivalent), the molecule tumbles

iso~

tropically. Analysis of R, valued in anisotropically

ﬁumbling systems will be discussed in-section 2.5

o
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'. With mopional and relaxation models, it is possible to

g o

express the self- and eross- relaxation in terms of specific

quantities by substituting (26) into (22) and (23):17

(21) pop = [1]:Y.2*Y L IOV TS )=

eam am

am

25y 2 2 -6 .
(28) o, ¢= [0.5]”a BY M (h/2p) R (e 0T = 172 (g0

The corresponding expressions for the tther 5 and , values in
the AMX system can be formulated by permuting spin labels.
Anisotropic motion can be easily incorporated into these
expressions by appropriate choice of tc values.

The relatiofdship between the p and g terms as shoﬁﬁ in

(25) and (26), has skveral important consequences: .

1. Explanation of the so-called 3/2 effect. As will
be shown below, the observed relaxation rate is
the sum of p and ¢ terms, hence a factor of 3/2
is present for all systems of two or more spinsvs

2. The ratio of the non-selective R, value (p + ¢)
to the single selective value (p only) is 1.5 in
. systems which relax only via the dipolar or
scalar mechanisms.

3..The maximum value of the nOe in any "homonuclear
system is 50%.

-

' =
Selective R1?1 and nOe experiments are the two principal -

7/,

’methods for measurihg épecific self-relaxation and ppoég-

o [

relaxation terms., In proton systems, selectige*ﬁ1 values
have been shown to be superior to the nOe measurement for
detailed quantitative analysis,i but' for- technical feasons,

—

have not become nearly as common as the nOe experiment.

% Selectiye VH-R values have been utilized for accurate
-determination of molecular geggetrigs of a number of
. carbohydrates in solution.
-

4
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For the qualitative studies described in this thesis,
measurementg‘of the nOe by the highly sensitive difference
method?3 were sufficient. The nOe will be discussed in
greater d;tail in §€Etion 2.5. )

With expressions (25) and (26) ‘available, there
remains\on;y to determine the final form of the rélaxation
equations which relate these éxpressions to the ob;grvable
magnetization. It hes been shown that the general form
for an AMX system (18) is a set of coupled differential
equations, whose solution would bé, non-exponential. In’
the initial-slope region, héweverz the equations behave as
if they were not coupled, and in addition, the effects of
cross-correlation on data for weakly coupled spin systems
are negligible. It is clear, therefore, tha£ the magneti-

zation for each nucleus can be characterized by a single

exponential when the initial-slqpe approximation is valid.

‘The general expression for any loosely-coupled spin system

is given by: ‘ .
(29 My(6) = Mi(m) + 13 (0) - My(mie e

where for any spin i (eg. 1 = A, M, X), Mi(t?&$s restricted

to the 1nitial-slope region. Note that though (29) has been

derived for an AMX system, it is valid for any loosely-

poupled spin system. The measured rate of relaxation of a

\?esonance can now be formulated in terms of specific self-

relaxation and cross-relaxation components:

\
o L3
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Substituting into (30) with (27) and (28), and making the.
assumption of 1sotr0ﬁ}c tumbling, for an AMX system of
protons relaxed by intra-molecuiar dipolar interactions,

e

the relaxation rate of .proton A is given by: . >

i

(31) Ryy = 3/2{yy *(n/2m)28¢ ) g (r)”% -,

This expression can be generalized for any multispin proton
system, which is at least pseudo first order. The

relaxation of any proton I in such a system is given by:

-

(32) Ryy = 3720y **(nr2m2ee, ; (ry 78

e .

-

Thus, fOr'any loosely coupled proton in an isotropically
tumbling molecule, the observed relaxatdon rate is directly
dependent on the rate at which thé molecule tumbles, and

the number of, and distances to, the other protons in the

molecule. ' )

~

The inverse sixth power dependence on internuclear

)

distance implies that relaxation contributions are sig-

nificant only for the nearest neighbors of a particular

proton. In consequence, R; values (and nOe enhancement

-

factors) are extremely segsitive to local structure and
stereochemistry,/and can be utilized for the determination
of specific structural features of a wide range of organic

molecules.
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2.5. The Nuclear Overhausér Effect

™

In many instances, structure analysis requirgs more
\gractions

detailed characterization of specific dipolar in
than is possible by simple Ry’ analysis.= It is, therefore,
. necessary to utilize some other'technique sucﬁ\ag selective
R1 experimentsm’22 or nOe measurements5 to characterize
* relaxation contributions from specific protons. ‘The most
widely used method today is to/measure n0e enhancements in

. the difference mode.23 A description of the the procedure

and some practical considerations for the nOe difference

(pOed), experiment are given in Chapter 3.

) The nOé enhancement is a measure of the cross-relaxation
term and is, therefore, in 8 systems, indicative of dipolar
coupling between two nuclei. It is observed as an
enhancement of signal intensity of a resonance, upon
pre—saturatioq of apother resonance. The magnitude of ﬁﬁé
enhancement is proportional to the extent to which the
saturated signal contributes to the dipolar relaxation of
the enﬁanced signél. The origin of the nOe can be explained
in a qualitative sense by a simplified .example of the nQe )
in a hypothetical AX system. The energy diagram for the AX

system was given in Fig. 2.4.
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Signal intensities in any spin sfsﬁeh depend on the
relative populations of the spin states involved. In the
AX model system, let there be a total number of N spins,
and assume that at equilibrium, 1/4 of them will populate
the two intermediate. energy states, af and Ba . The BB
st§5€, which®has a slightly higher energy, will have a
sifghtly lower population. The amqunt_by.which the pop-
ulatio% is lower will be called A, thu$~¢he popuiation .
of the BB state is (N/4)-A. Using similar logic, the
population of ac must be (N/4)+A. The intensity of all
observable (single.quantum) transitions will be equivalent,
because the population differences are all equal to A.

. Consider the effect on A of irradiating X transitions
until the populations of the appropriate spin states are
eﬁualized (saturated). In addition, recall that in a
syétem_where there is dipolar coupling, double quantum
transitions of the W, type are very efficient. As a result,
the Boltzman distribution between the aa and g§ states is
maintainéd. Since these twotproceSSes are simultangously
effective, the population of the state a8 must be equél to
that of the ca state (N/U4)+A. The states Ba and gg also
have equivalent populaﬁians (N/4)=-A . The population
difference for the spin A transitions is, thérefore, 24
instead of A, so a two-fold enhancement of the intensity

of resonance A is predicted by tHis simple model.

e e et b ——— 4 e 1w Al e : . B . -~
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0 ,ﬁithathis qualitative sense of the nQe, a summary of

the more rigorous mathematical treatment can be presented.

I - ‘g o R
Recalling (16):

Voy za |
(16) 7;;- = =P (M, - M,,(0)) - ?(sz - M,,(0))

which gives the rate equation for the magnetization of‘spin A
in an AX system, it is possible to consider the .effect of
saturation of the X transitions. Under conditions 2;
saturation, the magnetization of the saturated spig is zero,

so (16) reduces to:

o

~
B M, ‘
(33).-;;- z =P (M, = M,,(0)) .+ %(M,,(0))
Under steady-state-gonditions:
] sza . C
(38 il 0,80 - P (Myy - Mpa(0)) = O(M,(0))

Noting the s}mplf quélity, M, (0)/M, (0) = v, /vy,

(32) becomes: ‘ ' o . ) o

" 0 vy -
(35) Mza - Mza(O) 2 - - Mza(o)
. Pa Ya

o L]

Taking the ratio of the A magnetizatioh under conditions of
X Saturation to the A magnetization without saturation, the

concept of enhancement of signal intensity can be introduced:
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) ‘M o v
(36) =220 = 1 4 == =221 4+ -
Hza(O) - PaYa " ,

where n is defined as the nOe enhancement-factor.
From equations (27) and (28), if the spin system is

[
completely relaxed by internal dipolar interactions the

ratio U’Da = 0.5, so the generalized expression for the Iz

nOe enhancement is: , :

Y &
(37) n = 0.5 =%

a

The dependence on Y values has very important consequences
for sensztivity enhancement in heteronuclear systems
involving 1H‘and low abundance, low Y nuclei. The most .
common example is the sensitivity enhancement of 130 signa}s
by broadband proton irradiation, where there is a three-fold
gain in signal intensity. In any homo-nuclear systenm,

Yy =Yy, S0 the maximup enhancement is 50%.

a
Recalling that relaxation 'in ‘the initial-slope region

: caﬁ be characterized by the summation of discrete pairw{se

[ 4

interactions for loosely coupled spin systems, the nOe ;n

a multi-spin proton system can be expressed as the ratio

of the specific cross-relaxation rate to the total

self-relaxation rate: . » . N
€ a - = . ‘ N
- 4 , ' E '
(38) ni(—(j} = 5 ‘ o ) \

L\ b ke ©
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. Using (27) and (28) and assuming isotropic motion, i38) can

be 'expressed as the following: \
' \ Lo

(39) n“_”} = 1/2 ===== -:6

- y I (ry,) 1
, / ; AR

b (S v

- 3 ’ -
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This latter expressian re%ééig.the great power of the 1H-nOe
as a probe of molecular geometry in organic molecules. . .o
The magnitude of the nOe is a measure| of the relative

relaxation contribution of the saturaﬁed proton to the ) :
_enhanced’ proton (36), and can be diredtly correlated to

1

the relative distance between -the two brotons (37). In a o

quélitat4ve»measurement, the nOe is a ﬁeans of determining e
whether the two protons are near to or far away from ‘each
other. The principal a?vantagé of the n0e experiment 'over
ﬁhe\ngg:felective Ry 1s this specificity| in the charac-~

terization of a relaxat{on pathway betweén two protons, ) g
whereas the R1 vaiue reflects the summatgon of all | |
relaxation pathways. To determine a full set ?} relaxation_
péthways in é complex molecule by thié tethnique would,
’ﬁywever, reQuire/many experiments, Epgs n0ed spectroscopy
is usualiy used aS a complement.to deperjine specific ' o

features  of interest, after R, values have been analyzed. -vf§




2.6. Relaxation Pathway Analysis . .

4

In the generalized relaxation expression1(32), each

- - -

term in the summation constitutes a specific dipolar

relaxation pathway. Due to the uqique location of each

proton in the molecule, there is a unique set of relaxation

! . pathways which iparacferize each proton.: In many instances, .

s

| the various relaxation pathways to and\from a particular ; .
proton-can be found, through tpp use of nQe and R1- ;

‘experiments, thereby establishing its identity.

&I

Relaxation pathways may.be evaluated semi~-quantita-

-y

- tively for any molecdiﬁ, assuming tha{ the molccule

+

tumbles somewhat isotropically, and using internuclear

distances measured on Dreiding m?lecular models, or from i

erystal coordinates determined by diffraction methods. L T
, * . - o « W . '
§ Simultaneous evaluation of (32) for two protons j and k

gives: = : , s > £

[P S
A

; ' N . . R‘lj\‘ f (1/—Y‘ij)6‘ i 1 J . ' o
- (U40) ---rﬁ‘-—--;*-—-a | ' T
* S ) S P f T\/rik)' A C
1 e . ] v ! N
. Relative R, values can be calcul#ted 'directly from (40). e

NOe enhancements, n,.can be predicted in a similar.manner Ey
‘valuating each (1/rU) term using (39). ' |
;;g T Though these calculations serve as an, invaluable aid’ - .
. o in the interpretation'of the e}peri;engal data, their ' '
limiﬁations are obvious. Fortunately;'interprctation of,,

fhe experimental data is baéed not on a single méasurement,’

N



b0

......... S i = ——

©

40

but on trends seen in several measurements. The use of
Several observations to .obtain information on a é}ngle fiﬂe“
compehsqtes for inac;uracies associated wiih calculations
baseé on a model, and for experimental errors.

.Using relaxat&gp pathway analysis, in conjunction with
a“simple mathematical model which engbles the prediction of
relative relaxation rates, it,is.possible to obtain struc- .
- tural énd stereochemical information on complex organic

molecules. The experiments may be carriéd out easily and
rgpigly, using a moderq, highvgiéld spéctromet;r. Sample
preparation does not requiré egassing if only qualitative
information is desired: In tSE,first level of analysis
(R1 Téasuremenps) there is a high information content in
that the relaxation rates of all protong,are obtained in a
single experiment. If necessary, specific informationcon
relaxation patﬂways (ie. on re}ationships to near neighbors
‘Bf a particular proton) may- then be pbtained by the more
time-conéhming, but more selective and, sensitive ﬂQe
. difference experimenﬁ. )

Applications of relaxation pathway analysis are given

in three separate chapters. In Chapters 4 and 5, structural
: ) X

featureg willl be analyzed for a variety of alkaloid molecules,

. H:to demonstrate the applicability ofs this technique for

-8tructure analysis. An in-depth analysis of relé;atibn

pathways will be utilized in Chapter 6 to make some rather
difficult.chemical shift assignments, and to analyze the

the complex sterecchemistry in some 7-hydroxyindene dimers.

»*
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2.7. Analysis of Anisotropic Overall Tumbling and
ﬂ Internal Motion by 13¢ Relaxation Measq&ements

-~

To describe the motion of a molecmle by the rotationalc

" diffusion model, the symmetry (or shape factor) in the

molecule will serve to Qngracterize the reiationship between

the values of t ;. along varlous axes of the molecule. A »

. ij
molecule with cubic symmetry tumbles isotropically and is

characterized by a single rotational diffusion constant, D,

. . 20
thch is related to tcij by:

. | .
(41) tci' Z - ’ \

A - J 6D

*

If the molecule under consideration tumbles anisotropically,
an effective g%rrelqtion time, feff,nmust be defined, in
terms of the cﬁmpositq effect of several direction-dependent
diffusion constants. -In the general case, the motion can

be described in terms of a rigid ellipsoid tumbling at

"different rates about three axes (asymmetric top),19'20

each with a unique diffusion Eoefficient, D1 #D, & D3_
An analysis by this method would be ext}emely.laborioS:,
so certain assumptions ‘are usually made to simplify this

description. ‘For many molecules, it possible to assume

- I

,that .the mbléCule tumbles as a syhme rical rigid eldlipsoid

ksymmetric t0g9,20 with equivalent diffysion coefficients
R —
about two of the axes, D1«f D, = D3. The corresponding
expression for the effective tc is: .

[ad
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,

where A, B, and C are geometric coefficients reflecting the

~

angle, A, between the relaxation vector of any two nuéle;, S\s

and the principal axis of the ellipsoid:20

1 3 ' 3
(43) A = -(3c0s28-1)2 B = =(sinZ28) € = =(sin"a)
y y Sy

To carry out motional analysis, it is necessary to
»

determine the R, values of specific relaxation vectors.

4

In organic molecules, 13C-R1 measurements are uniguely

suited to such an analysis, for two principal reasons:

1. The relaxation of protonated 13¢ nuclei is «
invariably dominated by interactions with
" directly bonded protons.

2. 130 is present in low natural abundance,
there i? no interact*gn yith other directly
bonded 3C‘atoms or -'H relaxqfion vectors.

Tﬁe 13¢c.14 system~is essentially magnetically fsolated and
° r

the inter-nuclear distanceg are k‘nown,to a high degree of

confidence, the exact }equiyements for a straightrorward‘ K \

calculatiogaof tgff using (271, (28), and (30):
e }

13
(44) R, ¢ "'(h/z“)z'Ycz'Yﬂz*(rc-H)'6'tc

-

where n is the number of direct}y bonded pfotons and all

. the other symbols have- their standard meaning.

-
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To analyze (42) for D, and Dy, j3c-n} values are
measured for two relaxation vectors for whibh the A values
are different. This, of course,’ requires that A values are
known or can be estimated. If these angles are not known,
then a‘tecpnique such as tpe iteration method of l'?latzerzu is )
necessary. This-approach involves calculating ﬁ1 values for
as ma?y protonaﬁed C atoms as possible, whiie'systematical}y
varying A vglues, until a "best fit" is found for all‘the
experimental data. A'Simplér method of analysis iS‘possiq;E:
when the R, for a spécific relaxation vector wbich”&: parallel

‘to the principal rotation axis ‘can be measured. For this
- [\] - A}

(

vector, A = O , B=C=0,.A=1, and teps = 1/6D2, hence

&

D2 can be readily determined using (44).
In the course of studies of methyl group 4 relaxation p

.(Chapter 7), it was necessary to carry out a number of

additional éxperiments to corrobocete the proposed steric

nature of the observed effect$. An estimation of methyl

rotation barriers was mad; using 13C-R1 Values.12 This

requires a specific model to characterize the effective

motion arising from the superimposition of overall molecular . o .

tumbling and internal methyl rotation. Internal motion is

usually independent of overall tumbling, and so it can be

characterized by an independent diffusion coefficient, Di .

The simplest case occurs when the axis of internal rotation

coineides with the principal diffusion axis (eg. in D .

toluene); it is only necessary to add the D1 term to d1.20 i

The generalized expression for the symdetric top model is:

. v,
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(us5) teff = EB- + ;I-)—-I-)---B- + memm—meae--

2 27 1+aDy 2D2+HD1+apDi

The values of a and mbvary according to the model used to

represenf the superimposed internal motion. If the motion

is assumed to occur by stochastic diffusion, K (independent

sﬁall step diffusion approaching continuous motion), then

Dyeff = Dy+Dy, therefore, a =1 and m = 4. If the motion is

describeq‘by instantaneous Jjumps between préferred éon-

formations, then D,eff in the C term for tope is reduced

by 1/4, therefore, a = r/2 and m = 1.  The value of r repre-

sents the number of degenerate preferred cqnformskions

(ég. six for a six-fold methyl rotation barrier and'thrée

for a three-fold barrier). Expression (4#5) is*also valid in

the limit of isotropic motion (Dy = D,). The pr?fgrence for

either the stochastic or methyl-jump ﬁbdels is a matter of

continuing céntroversy,12 and will be discussed in Chapter 7.

Most determinations of D; reported in the liteyature

have assumed overall isotropic tumbling in the moleéule,

in order to use simplified forms of (uu)‘and (45). In such

studies, D is calculated using Ry values and C-H bond
lengths of the protonated C atoms in the molecular frame-
work, then Di is directly calculated using the Ry value
and C~-H bond length of the methyl group. Two'studies

haye been publishedzu’25 where anisotropic symmetric top

, o
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otion has been ass¥hed. In these studies, either D.‘ ’ D2,
and Di"Values are simultaneously optimized to fit all the
relaxation ddta, or D.I and D, are optimized sep‘arately to
the R, values ‘of ring protons, then Iﬁi is caleculated
"directly, using the -methyl Ry, and (44) and (ilS).

"I'n ,the general' case where the axis of“ internal motion
does not coincide with the p'rincigal diffusion axis, the
expression for t .. is much more c;omplex. Woessner
introduced ihe necessary formulation in 1969,26 allo;:ing
for an angle o bet;.ween the internal axis of motion ér;d the

principal diffusion axis:

o

1A Ay A
(u6) teff - .‘.(-l— +* ---—g—- + ————2---
2 6D2 6D2+‘aDi 6D2+amD1
B B B
| B B3

- R S S emm)
'4D1+2D2’ llD1+?_D2+aDi .RD1+20'2+‘amDi .

L4

1/8 (1-3c0s?a)? (3cos?p=1)2,

' 9/16 sin°2a sin2‘2A

».

Ay = 9/16 si‘nua'sin"A //
13‘1 = %/8 sin22a (‘3co.~!,2A--1)2 .
. B, = 3/4 (003220+c052a) sin2, '
B3 = 3/4 (sj_nza-bJ/llsi:nZZg) sinuA
c, --3/8 sin"a (3¢0s2p-1)2 .
’ C, = 3/4 (sinZa+1/i5in224) sin?2;
' Cy = 3£16[(1+c0520) 2+ c0s%s] sin's

,..—\__/
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Ife £ 0, but is known, the calculdtion using (46) is
c;‘rried out afte:r deter;nination of the diffusion constants
for overail molecular tumbling, as has been outlined above.
When the value of o is not known, it can be included as a
parameter in an iterative analysis of relaxation data, or
estimated by a computer sfmulation of the moments of inertia

in the molecule and a subsequent analysis of anisotropic

tumbling, Interestingly, in studies in which the: more

.complex analyses have been carried out:,zn’25 there appears

to be no significant difference in the value of Di from
tha_t calculaf.ed' iay assuming' isotropic overall tumbling‘ and’
on-[princip'al‘]-axis internal motion. Most of the results
reported in Chapter 7 have been calculated assuming iso-
tropic motion and on-axis internal rotation. A selected
number of comparative calculationé utilizing the more complix
methods have been carried out, to verify that the simplified
calculations were accura},e.

| The calculated values of diffusion constants for
inter‘pal motion can be used to estimate the activation
energy for the methyl rotation. For a quantitat'ive
determination, an Arrhenius plot of D; would be necesgsary.

The energy barrier, V, at a particular @emperature\jcgn,

however, be estimated directly from the value of Dy 'using:27
X ) Dy \
(48) V. = RT¥(1ln -=-)

\ ' Dio R . 1. ‘ -




n7

where R and T have‘their standard definiti&ns. 'Dio' for a
methyl group is the rotational dif:fusion coefficient for a
free rotor at the specified temperaturle'-. Grant and
coworker328 nave calculdted the following value-:'

4 ’

(49) b, = (kD2 2 0.89x 103 8 (0%

where I is the moment of inertia of the mgth"y; group .

The analysis of 13C-R1 data to derive values for methyl
rotational diffusion rates and barriers is a useful method

of obtaining information needed for the interpretation of
1H relaxation rates, and will be utilized in the study of

steric effects on methyl 1H-R1 values in Chapter 7.
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Chapter 3

SOME PRACTICAL CONSIDERATIONS IN MAKING
‘H-R1 AND NOE DIFFERENCE MEASUREMENTS®

—

3.1. Introduction

There are several important experimental const:.raints
that must be accounted for in the course of measuring
rel axation parameters. Accurate and reliable methods-must
be utilized for both acquisition and analysis of experi-
mental data. In this chapter, some of the important
practical considerations will be discussed, based on
experience accumulated wif.h a variety of organic moleculeg. -
Emphasis will be placed on specific technical aspects which
have not been sufficiently covered in the literature.

A series of 1H-R1 control 'experiments have been
carrig& out to evaluate:

1. Pref‘er;red methods of data analysis

2, The effects of additional components in solution ’

3. The magnitude of errors arising from spectrometer
instability

I. The reproducibility and precision of measurements
A description of methods for obtaining reliable 'H-R, results
in an efficient manner, according to the complexity of the,

molecule under study and the kind of; information required,

will be presented.

¥ Parts of this chapter have been presented at the 22nd
("H-R, discussion) and 23rd (1H-nOe discussion) Experimental
NMR CAnf‘erences in Madison, Wisconsin, April, 1982, and
Asilomar, California, April, 1983.
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The experimental aspects of 1H-nOe difference

measurements that will be discussed are:

1. Sensitivity

2. Choice of solveni (influencer on acquisition time)

3. Irradiation Period

4, Saturation éfficiency versus selectivity

49

A protocol which optimizes the efficiency of acquisition of /

qualitative multifrequency nOed experiments, deveioped in

the course of these studies,

3.2. 1H—RJ' Experiments

3.2.1. Procedure for Measuring R, Values

will alsec be presented.

r
l
|
|
%

A large number of methods have been proposed to measure

spin-lattice relaxation rates, though it has only been gince

the advent of pulse Fourier transform nmr that R1 values

have become widely accessible and applied to a range of

chemical problems .

'that of inversion-recovery, originally proposed by Waugh

and coworkers. 1

the most accurate method for R, determinatjon, and so has

By far the most popular ftechnique is

This method is generally recognized as

‘been utilized for all experiments presented in this thesis.

A description of other methods can be found in most’ nmr

lexts, eg. Ref. 29.

The standard k)

following pulse sequence:

version of t'he experiment utilizes the

(1) (P - 180° - € - 90° -*hcq.},, P> 5XT,

e i vt g S oot e e iy s
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The experiment can be best visualized by considering the
behavior of the bulk magnetization vector (see Fig. 3.1).

The equilibrium magnetization is initially inverted by

' " by the 180°.§‘hise. During the varjiable time period, t, the

TS

magnetization vector will shrink as the syétem‘relaxes back
toward equilibrium. If. a long enough t period is used the Lo
magnetization will go through a null and return to th;e
positive z.direction. After the time t, a 90° pulse 1is
applied to the system, t® tip the magnetization into.the
X,y plane where” it can be d‘étecte&. The experiment’ is then
repeated for the desired number of times (depending on re-
quir;ed S/N), ensuring that a sufficient preparation period,
P > 5XT,, is allowed for equilibrium to be reestablished.

The change in magnetization as a function of t is

given by the general relaxation expression (2.14), where

"K =2 for the inversion recovery experiment. The intensity

of the detected signal can'be utilized to follow the change

N

in magnetization,* so this equation can be expressed as:

1

(2) 1(t) = T(0O*(1-2¢"M%)

3
R-L values are determined by evaluating this expression by

regressional analysis of the data points or by the null-

point method, as will be described in section 3.2.4.

v

¥ For many nuclei, including 1H, peak heights can be used
instead of peak areas, without 1loss ‘of accuracy.

N

-
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180° y
pulse Inversion
- - . '
r : . o .
@ - Y *’q‘ i .
1Y
| » yo 9° y'
. ' pulse ‘ .
Detection . . Recovery
t+

Fig. 3.1 The inversion-recovery experiment: a) -the effect of the
pulse sequence on the bulk magnetization, b) the recovering
magnetization with increasing de]ay timé, t.

™

1

Table 3.1
¥ L M .
~Normalized R, Values Measured With and Without 1M
) Proton Normalized R_12
| With THS Without - FMS

..’ * Methyls-1,3 1.58 ‘ N 1.57 .
‘ Methyl-2 1.44 : ~ 1.42
Methyl-5 1.52 1,54 -

T. Experiments on O.1 M 1 2,3,5-—Ttramethy1benzene In
gﬁg’;} \ l. at ambient temperature.

.

2. R, values determined by two parameter non-liqear
re&ression analysis to a precision of 3. 003 s
better, then normalized to H4/H6.
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j.2.2. 1H-R, Measurements in’'the Presence of Other Components

!

i . The measurement of 1l-l-R1 values is often carried r
) cut in solutions u;hich contain more than Jjust a single —
eom]:;clment. ’ It is, there‘fore,' important ‘to know vghetherj~ ' ‘ \\’
the measurement is affected by the presencé of the other ' \

components in the solution.

3.2.2.1 Impurities Minor/Combonents

.

-

The presence of minute quantities of impurity from ‘both
"solute and solvent is inevitablé, unless the sample has been
\ . .prepar'ed under fastidious conditions. ‘In many cases, a
minor component is desirable, for example, TMS for chemical
shift refer:enoe. Results from experiments to determine if
the presence of TMS in solution had any effect on meas_ured
R1 ‘values are given in Table 3.1. It i‘s. clear from these
data that the presence of TMS in solution at a concentration

t.
of 0.7% does mpt affect the R, measurement.

3.2.2.2. The_ Presence of a Second Major Component in
v Solution -

A series of control experiments have been carried out

to determine if R.‘ values can be accurately measured in

solutiony which contain more than a single major component.

This is an important consideration with respect to using

R1 values for structural analysis of compounds which are

N ’
available only in impure form due to extreme separation
problems, or limits in the quantity of compound that can

be obtained.

I . . ( . :
® [N —— ey o e - -




‘experiments are given on solutions of the cis- and ﬁrans-

-~ isomers Qf uwt—buty141—methylcyclbhexanol. These data shaw
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-

In'Table 3.2, the results a series of 1H"—RT-‘Q

-

that, within experimental errér, the R1 values are the.same
whether measured in a soluéion 6{ the mixture of isomers or
a golution of one isomer only, firmly estab&ishing that the
the presence of a second, non-paramagnetic component in

solution will not affect the R, measurement.

3.2.2.3 1H'R1 Measurements in Non-dé;;;sed Solutions

) The presence of paramagnetic impufities 3n.solution will

have one of two possible effects 'on the measured Ry values.
If zhe paramagnetic species.inte}acts with the molecule

of dinterest in a specific manner, then the efféct on the:

y L3
-

Ri's will be selective, eg. some R; values will be very:
greatly affected,'whéreas others will be affected only
siightly, if at all. If the interaction is non-sbecific,
then the effec£ will be approximately equi&alent for aliu
protons in solution. Paramagne£ic interactions cah

be used advantageously, for example, as an'aih in
establishing sites of molecular association’or as
relaxation reagents to increase the rate at whiéh spectra
can be accumulated. Removal of paramagnetic species’(o}ten
carried b§ dust)¢is desirable to ensure that there are no'

specific effects. Note that the effect of the paramagnetic

o
v

\-l—'
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H © Table 3- ' ' ) 1
R 9 s ed! in'a Mixture and a Pure Solution o
"Cis- and Trans-4-t-Butyl-i-methylcyclohexanol »
Le ) ) o f. ;
Proton \ Normalized R_l\& - , * ' )
: R .. Pure Solution ' 50:50 Mixfure
Trgns ~ -
N 2,1‘8 ' © .8’0 gd .77 ;h i
- - 2,kle B4 .81 /
T 3,58 . 88 " g8 : .
. s ¢ ) s . . X
| RN » - ’ v
3,53 . 093 - . -
y - . 10 12 - » ¢ .
i R . ; . ‘ ?
E Me(e) . .88 : 87 : ?
i{ - : . ‘ Q \ : !
J .. t-bu . (.62) (.60) -~ ‘
R ' 4 ' (\ |
Al . !‘ v
‘2,143 . .88. . l88
2,4e .82 . .80
I : )
B’Sa' ‘088 - o -86
.3,5¢ . 1.00 c . 1.02
. . ‘ ‘ L
- L . A { NPT - 1° g ‘
p “ . Meta) - . .89 - 7. 91 o
t-bu - _ (..65) : - (.63) N N S
w Ce . . ‘ f ‘p < . ' ) - . i’.'
o .‘jl . a'/ .- ‘ir. Measured from 0.1 M,tDCl3 solutions at ambient probe f
ST . . ‘temperature,
l' 2. R, values determined by the nu}l-point-method to an&, .
es%imated‘precision,of 40.03 s~' or better, then, j ""'i" .
normalized to the t-butyl whose Ry. (s~ ) is given
in parentheses ( ).T o ' - . P
S K ) _ .
. . » _‘
LT . .
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species can be observed for very low relative concen-
. / . ' '
trations, and 8o, as the working concentration is lowered, f

greater precautions are neéessary for the removal of trace
paramagnetic impurﬁties, p;rticularly in commercial solvents.
The most prevalent of paramagnetic impurities is
dissolved oxygen gas, which can be rempved by any stand:;q
degassing technique. <Studies carried out by Colebrook -and
Hall,11 have sfown that thé'oxygen interacts in a non-
specific manner, as evidenced by the equivalence of the

w

coftributions to different protons in a qolecule. This

means that for studies where accurate qudhéitq@}vé Ry values

aré not needed, it is not necessary to degas the solution. N
These ;tudges,were carried out on an alkaloid of similar

size to the alkaloids in this thesis, thus it was deemed not

necessary to carry out additional control expegiments on

.»alkaloids. Most of ‘the model compounds used in the methyl

u

study were, however, considerably smaller thah alkéloids,

"so a set of control experiments on a representative number

N
of these compounds was obtained.

* The comparative results of Ry values measured in
non-dega%sed and dééassed solutidns ‘are given in Fig. 3.2.
The equivalence of the oxygen éontribution i; demonstrated
by the fact that the han-degassea R1 values fall along

a stréf&@t line parallel to the main diagonal. These
experiments weré€ required,,bécause the contribution from.

P .
otygen in a ngn-degassed solytion is a very large percentage

of the measured R, for a slowly relaxing proton.

"
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Non;theless, the oxygen contribution can be easily accounted
for in R, analysis, and so reliable qualitative infor-
mation can be drawn from the R1 values of non-degassed
solutions of small molecules. This implies, of course, a
considérable time saving with respect to sample preparation,
and data acquisition time.

If accurate gquantitative Rid values are\gi?uired,
degassing is necessary. During the course of these studies,
a rapid method for determining these "degassed? values has
been developed ;nd tested. The method relies on the non-
specific nature of the oxygen interaction. An accurate
value for the R1 o; TMS from non-oxygen sources at the
operating temperature of the spectrometer can be determined
from‘experiments on.degassed samples. In the range 291-295%,
the Ry of TMS in CDCl3 in degassed samples was 0.075%.005 s'?
(0.075+.002 s~' at 293°K). This number can then be used to

determine the oxygen contribution of observed Ry values of

‘protons in any non-degassed sample, as long as the measure-

mentslane made in the spepified temperature range. ?he
oxygeﬁ contribution is simply subtracted from tbe measurea

Ry values of the non-degassed solution, giving the Rj contri-
butions to dipolar and other ﬁechaﬂisms. Th;s approxi-
mation works quite well, even for the extremely slowly
relaiing molecules listed in Table 3.3. For these

molecules, thewmeasured R, value in a non-degassed solution
can have up to an 80% contribution from dissolved oxygen,

yet a reasonable approximation of the‘R1 value can be made

E

°

[
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, Table 3.3
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by the proposed method. Though this method is considerébly

less accurate than the measurement of R1 values from a
hegassed sample, it is useful for obtaining approximate

values of R.qy and offers a very cpnsiderable time-saving

over the traditional‘degassing method.

Comparison of 'H-R, Q;lueS“from Deg%ssed Solutions =
to those Using the Proposed Correctioh Method.
Proton R, (s |
Corrected2 ‘ Degasse’d3
o-Nitrotoluene ,
H3 0.03 - ‘ 0.029 o ]
HY , 6 . 0.06 ‘ 0.053
45 0.06 - . Lot )
Me . 0.1 A 0,154
1,2;3,5-Tetrameth§1benzene( |
HY 6 0,06 ° T 0.066 |
Me-1,3  .* 0.18 - 0.182 |
 Me-2 p 0.15 .7 0.152 . ’ . \1
Me-5 1 0.17 10176 o
1. Experiments on 0.1 M CDC13 solutions, at ambient P
probe temperature. c
2. Estimated precision of 30.01 s=\. |
3. R 'S determined by 2-parameter, ﬁon~linear
relression analysis to a precision of +0.003 3'1
or better. '
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3.2.3. Precision and Error

The determination of the precision and error in

measurements is an important aspect in the analysis of the

59

reliability and, therefore, utility of any physical method.

A series of control experiments have been carried -out to
determine the precision of the 1H--R1 measurements reported
in this thesis, and the confidence limits within which
these measureménts may be considered néliaple. |

3.2.3.1. Systematic Error- Long Term Spectrometer
Instability

There are two specific parameters'wﬁich are somewhat
sensitive iﬁ the I-R reiaxation exberiment, and which can
be monitored by control experiments. A series of control
experiments to verify that the pulse width can be properly
adjusted to give accurate and cons&stent 180° inverting
pulses will be described in section 3.2.3.2. A second
series of control experiments was carried out to determiﬁe
the effects of long-term spectrométer instability, and wil
be described here. )

Any long-term drift in the spectrometer would manifes

itself as a systematic error in the measured Ry, causing

larger R1 values. This error can be detected by varying

1

t

the order of recovery delays (t); instead of using a sequen-

tially varying delay list (ie., .1, .3, .5, ..s8), a randomly

alternating sequence is used (ie., .15 3.5, 1.9, ..s).

#‘;

s diarad SRR SR A e«
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Listed in Table 3.4 are typical results of Ry measurements

in sucecessive experiments using a Bormal and an aiternating

delay.sequence. No significant error was detected th it

was observed that R1 values calculated from the alternating
i

sequence expér;?ent exhibited a slightly lower precision.

!

Table 3.4

Control Experiment to Detect Long Term Instability :
~-The Effect of an Alternating Sequence- ) i
Proton C By (gD
r Controi(;.003) Alternafing (:.004)
TMS 0.238 " 0.236 ‘ | \:
> H6 0.219 ) 0.219 )
' ‘H5 0.229 .22 | ’
- | HY4 0.202 ‘ 0.202 -
H2 . 0.194 - 0.193
Methyl 0,310 0.309

1 ’

- J '
1. Experiments on 0.1M m-iodotoluene in CDClj3 at 292°K.

2. Ry'5 determined by 2-paramete¢, non-linear : .
re}ression analysis to the precision reported in ) 'f
parenthesis. s
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3.2.3.2. Systematic Pulse Error- the Use of a Compdsite
. 180" Pulse

t30 suggested the use of a composite

Freeman and Levit
180° pﬁlse to nullify errors that arise from missettings
of the pulse width. The composite 180° pulse consists of
threegpuises (90°x-180°y-960x), in place of the single

180°x in the standard I-R sequence. A representative

-

example'of the results of‘og control experiments comparing
R1 values measured using single and eomposite 180° pulses
is given in Table 3.5 for the alkaloid quiniﬁe.

The differences in these values aré within the
expected error of 5-10% normally quoéﬁd for R1 values.
If some significant error in pdlse width were present,
the composite pulse'R1's would be systematically ferent
from those determined with a single 180° pulse. %he agree-
ment of these data implies that pulse widths can be set

sufficiently accurately, hence, composite 180° pulses

are not neccessary.

3.2.3.3. Reproducibility and Precision

J

Control experiments were carried out to determine- the

reproducibility and precision of the 1H-R1 measurements
for each of the three types of syséems studied: small
molecules, non-qegassgd solution, regression analysis;
sma{l molecules, degassed solution, regression analysis;
alkaloids, non-degassed solution, null-point method. The

results are nsgéed in Tables 3.6 and 3.7, respectively,

et

e S p——.



Table 3.5

*

Comparison of R, Values Using Single and Composite 180°% Pulses

Proton
2c
2t
; .
4
5ex
Sen
6gx

. 6gn

Tex

Ten

1t

o1

3

| -5

: . é'-OMe
71
8

-

-1
Ry (s )
Single

5.5
6.7
2.4
2.8
4.7

4.6 o

7.7
5.8
4.7
4.6
3.9
3.8
1.2
1.5
1.3
,90
1.4
2.7
1.9
.63
.70

»

3

Composite
5.5 f
6.6
2.4
2.8
4.8
4.6
7.5
5.5
4.8

i T. Experiments on 0.1 M Quinin
i . probe temperature. R
method to a precision of +0.1 s

values de

-

-t " average of two experiments each.

?e

e=HCl in ﬁMSO-db'at ambi

rmined by the null
or better, and are

ent
-point
he
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Short-term reproduéibility was verified by successive or
interleaved experiments. Long-term reproducibility was

~

verified by repeating experiments over a period of two ’

months, with careful adjustment of experimenial conditions,

All data were analyzed qompletely independently to minimize

bias in the resﬁlts, e.g8. in the determination of null-points.
" Simple error analysis was carried out to determine pre-

cision and standard errors, using the following equations:

—— . n
(3) S = [ 1/n L (m1 - _.__1)2 ]1/2
i . n
(8) E = s/(m) /2 ' ’ | ‘

where is the number of expe(iments, and my are the
meafured quantities, S is the standard deviation, and E .
is standard error.
The molecules chosen for control experiments were
sglected to tyPify both the experimental systems and -
problems usually encountered in making 1H-R1 measuréments,
thus the Spect;a contain several protons with well resolved
resonances over a wide range of R1 values and; in addition, .

protops which demonstrate typical problems with overlapped

and/or tightly coupled resonances.
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The data in Tables 3.6 and 3.7'c1ear1y indicate the high
precision of the 1H-R1 measurement on-a ggdern spectrometer.

- o .- The overall percentage error, taken to be twi¢e the largest

" percentage standard error, was 2.8% for quinine-HCl and

<

0

J 3.0% for cinchonine-HCl, where R, values determined by the
X nulloninb method. For m-iodotoluene and o-nitrotoluene
" (degassed) the values were 0.4% and 1.3%, respectively,

€
where R1 values were determined by regression analysis.

. Two important conclusions can be drawn from these data.

F;rst, tﬁouih the precision of the regression analysis
method .is far superior, the null-point method gave 1H-ﬁ14
values well within the usual estimated limits (£5%) for
the absolute accuraéy of Ry by the I-R method. Second,
though the absolute accuracy of the 1H-R1 ishindeterminate,
high precision implies that relative Ry values from a
single experiment are accurate, and can be used with

confidence for qualitative studies of molecular structure.

|

o
Ve
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3.2.4, Datg Analysis

5.2.4.1. The Use of Null-point Versus Regreséion Analysis

The data measured from a series of I-R experiments
must b@wanalyzedvto determine the R.I value. As mentioned
previously, the variation of intensity, I, of a resonance
is described by (2). Ry can be determined by either the
null-point or regression analysis methods. The null—;diqt
m;thod involves an explicit evaluation of (2) at the ti@e
when I(t) = 0, giving R1 directly:’R1 = 0.69/tn;11. The time
value of I(t) = 0 is interpolated from a stack‘ploi of- a
series of I-R experiments (Fig. 3.3). Alternatively, tge
measured data can be fitted to (2) by iterative regression
analysis on a computer. The regression analys;s been
carried out using a varigty of regression methods, a few

4

of which will be discussed further in the next section.
It is clear th;t ;he null-poiét method, if null-points
~ can be accurateiy evaluated, is a much faster methoq oer1’
-determination than computer regression analysis.. The
relative accuracy of the methods must, therefore, be
carefully evaluated, before deciding which of the méthdd;
is preferable. Certainly, in the case whefe the R1/¥§lues
of only a few well separated resonances are of intgr@sﬁ,
regression andlysis will no¥ be particularly éime consuming,

and would give more accurate results. If a -large number of
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R, values are to/be measured, or if .the resonances of
! 7 i \
interest everel& overlap, then regression analysis may not

be feasibl , thus it is important to determine how reliable

11 po nt method is, by carrying out a series of control

eer ments. Hall and Colebrook“ have briefly reported the

results of such bomparative studies, on the alkaloid vindolin

e.

A number of control experiments haver been carried out during .

P

the coursg;gf this thesis, two examples are giveq in Table 3.
The data in this table typify the excellent agreement
that was generalﬁylfound in the analysis of R, values by
the two.different techniques. It must be pointed out that
x{Ee preciiion of the reg;ession analysis is inherently, much
be%&er than the null-point method, ‘and t%{efore, when it
can be carried out conveniently; it 'is the method of choice.
The null-ﬁgint,method is nonézhéless q%ite accurate (to tpé

‘quoted precision), as 13 evidenced by tlhe agreement of the

data. It has been.sygge n, and Levibt3° that,’
when UTTT1zing the null-point method é”ggmposite iﬂverting

pulse (180° pulse) should be used to reduce errors resulting

~from errors in this]pulse. This subject has been taken up

¢

in section 3.2.3.2, where it hag’been shown that such pre-n
4 ‘ '
A

wcautions were not necessary for the studies\gesqribed herein.

8%

«t
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Table 3.8

Comparison of R, Values Determined by
.. Null-Point and Regression Analysis

} } . . .
y . i
-1) :

. Proton R, (s
1 A !
Null<Point? Regressjon Analy3133
Small Molecule- Caffeine1 t
. 7 . )
v TMS 0.23 0.222 I
H 0.23 > 0,221 }
Methyl-1 0.49 . 0.494
Methyl-3 | 0.44 0.446 . :
Methyl-7 0.45 ' ~ 0 0.452 . |
Large Molecule- Hexamethyl-T-hydroxyindene dimer #31
Me-1 1.54 1.52
H2 N .95 . - .90 :
H3 .89 : .92 {
. Me=3 1.33 1.36
Me-1i . .76 | X\ 76 l
H5 , _.H3 12
H6 -+ 37 . .373
Me-1" .87 o " 1.87
. H2' 2.7 2.16
!\'} H2! . . 1.69 . 1.70
_ H3!® .1 J1 . :
Y Me-3' - '1.28 ' 1.32 . N
Me-li' . .79 .80 ' ' o
+ H5! ‘ R ' .409 .
. H6' " .33 334

-1, Experiments on 0.1 M CDCl, solutions at ambient probé‘
temperature. See Fig. 6.17for structure of indene dimer.

2. Estimat?d precision of +0.01 s~ for caffeine, and
+0.03 87’ for indene dimer. ,

w0 : -

3. Determined by 2-parameterl1nonrlinéar regression analysis
to a pre?ision'of\30.003 8 ' or better for caffeine, and
20,01 s or better for indene dimer.
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3.2.4.2., Techniques of Regression Analysis

The selection of what method to use for regression
analysis of R1 data has been ggsubject of coqsiderable
controversy in the past ten years. 1In this thesis,
all 1H-R1 values calculated by computer fitting of
relaxation data, were carried out by a two-parameter
non-linear regression analysis. 13C-R1 values ‘were
calcu%ated by three-parameter non-linear regression.
The preference for non-linear over linear regression has

been thoroughly discussed by Leipert and Marquart,31 and

‘will not be taken up here. The selection of two- or three-

-~

parameter fitting remains somewhat more controversial, so
a short description of the advantages and limitations of
each will follow.

{

Equation (2) has two ‘variable parameters, I(0) and R,,

but has been derived assuming an ideal inverting’pulse

(exactly 180° inversion). A third parameter can be
included, one which allows for imperfection in this pulse.

The formula is thereby expanded to:

(3) I(t) = {I_-(I_-1(0))}%e Rt

’

The term (I_-I(0)) allows for error in the inverting pulse.

1
.Leipqrt'anh Marquard 31 have shown that the separate

\

estimation of the two paramete®s I and I(0) 1s not

necessary, thus an experiment to measure I, specifically is

[

not réqufred, since it can be estimated from the value of

1(0). It must be pointed out, however, that it is impdrtént

©

]
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to have ddta points with t>T,, in order to get an accurate
three-parameter iteration. Such points are much less
critical for two-parameter fitting, an important aspect
which will be returned to shortly. Assuming that accurate
data can be obtained for a wide range of t values, the
principal difference between two- and three-parameter
fitting reduces to a question of sensitivity of the
iteration to errors in the inverting pulse. It hag?been
clearly demonstréted32 that the R1 value determined’by
non-linﬁar rggression analysis is insensitive to pulse
width eé*niprs of up to +10%. Since the 180° pulse width
can be very accurately determined on modern spectrometers,
(within a few %), it is clear that tﬂree-parameter fitting
is not an absolute necessity. In addition, Leipert and
Marquardt31 have carried out statistical analyses on g
serieg of control experiments, which show that two-parameter
fitting gives consistently better fits to the relaxation
data. The principal problem associated with the three-
parameter fit is that, with an additional variable
parameter, the variance of error is almost always greater,
since errors in the iteration to both intensity paramF;ers,
will be propagated to the R1 parameter. For example, éhe
pulse width may be very carefully adjusted! but due to
spectrometer instability, there are fluééhgéions in the
intensity data; The iteration will attempt to compensate.
for these errors by ad justing all parameters, even though

the pulse width is very accurate. This results in an o

erroneous R1 value in the‘}hree-parameter analysis.
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§ 13
For the calculation of ‘H-Rl values in particular, the

‘presence of cross-correlation effects will have a serious

effect on the accuracy of R.I values calculated by three-
parameter fitting. The three-parameter fit requires data
points to describe the curvature of the recovery curve
well beyond the initial slopé region. Since data points
beyond the initial slope region are inaccurate when
cross-correlation is effective,

will be cérrespondingly inaccurate,

the three—parameger fit
As a result, two
parameter fitting of 'y relaxation data is superior for
measurement of 1H-R1 values of CH, and CH3 groups, for

which cross-correlation is known to be significant, and

has. been used ‘here for all 1H measurements. For the ’V'

- measurement, of 13C relaxation. data under conditions of

broad-band proton decoupling, the effects of cross-

correlation are usually not significant. Usiné a modern
spectfometer, these data are inevitably of very high
quality (data are fitted rapidly and with high precision)
‘and can be acqu1red over a wide range of t valugs, thus
three-parameter fitting would be the method of choice’

/ﬁe&ause of its abili%y to better compensate for small pulse
e

rrors.

{

L o



3.2.5. Summary of 'H-R, Discussion

Some of the more critical aspects of measuring 1H-R1
values reliably and efficiently have now been presented,
leaving the question, "How rapidly can reliable results be
obtained ?". This is of great practical importdnce when
considering the usefulness of an nmr technique. The answer,
in part, depends on how accurate the results must be.

For qualitative studies, it is suggested that samples
be prepared in the normal manner (0.1 M) without degaxﬁing.
The experiments can be carried out at ambient temperature,
and with the WH-400 spectrometer, acquisition of four scans
per experiment into 16K data blocks over the typical 4000 Hz
(10 ppm) spectral window is sufficient. The Ry's can

be reliably determined from stack plots by the null-point

method. In this manner, the complete preparation, data

acquisition, and analysis of reliable 1H-R1's*requires only
1.5-2 hours. For more accurate results, better S/N and
digitization is required, sgiaéquisition of eight scans
into 32K data blocks, and Ry determination by regressional
analysis is suggested. fﬁe more refined analysis will
require'at least doubie the amount of timé to obtain the
data. Of course, for quantitative mgasuremén@s,Adegassing

would be required. - ' : .

4
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3.3. 'H NOE Difference Experiments

3.3.1. Procedure for Obtaining Qualitative NOE Difference
Spectra

Steady-state nQe difference spectra were obtained
using a slightly modified version of the method of Hall
and Sanders,33 who acquired AOe spectra for four chemical
shifts, with a single control. Our method is designed for
efficient qualitative studies (see Fig. 3.4), emphasizing
acquisition of an entire set of nOea spectra for the
molecule under study. Difference spectra were obtained
for up to eight different chemical shifts (on-PZsonance
acquisitions), using only a single control (off-resonance
acquisition). The acquisition of eight fids rather tﬁan
four33 after the equilibration period further improves
efficiency by reducing the number of these equilibration
periods by half. With these modification, and computﬁr
control of the decoupleﬁf a complete set of nOe Speczra
could be obtained in a single overnight run (about 10 hrs.).

Hit should be noted that this method requires that drift be
‘kept to a minimum for clean subtraction, so that the high

stabifity of a super-conducting magnet is necessary.

Irradiation times were about SXT{, éithough reliable

data can be acquired with significantly smaller irradiation -
" \ ' ‘

periods.

o
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The n0e difference spect;'a were then produced’ by

——

subtraction of the reference free induction decay from the
decay containing the nOe information., Both data sets were
subjected to exponential multiplication corresponding to
line broadening of 0.8-1.5 H;, before Fourier trans-
formation., Substantial line broadening optimized the
quality of the difference spectra, particularly for tall,
narrow lines. The result/apt nulling of unenhanced signals

was very satisfactory, as had been reported previously by

Hall and Sanders.23’2u These workers also suggested the

use of subsaturating power levels to achieve freqﬁéncy

selectivity. This proved to be satisfactory for most

i expeyriments. When complete selectivity could not be

achieved, the approach taken was to acquire additional -
experiments in which incremental changes in the decoupler
power or frequency were macle.3u By correlating the
effects on enhancements to the changes in experimental
conditions, the origin of observed enhancements could
usually be determined. Occalsionally, the observation

of negative nOe enhancements (see Fig. 5.2) arising from
three;spin effects* was alsg helpful in analyzing nOe

enhancements in experiments where complete selectivity was

‘notn possible.

v

¢ [}

* For an explanation and example of .three-spin effects,
see Ref. 13. , ‘




78

The procedure is given in Chapter 9, and can be n

summarized by the following:

Acquisition
1. Pre-equilibration (‘IOXT1)
2. Acquisition of eight scans with nOe

3. Up ta 3 additional on-resonance experiments
(repeating 1 and 2)

4. Move saturation far off resonance and repeat 1 and 2

+ 5. Up to 4 additional on-resonance cycles
(repeating 1-4)

6. Recycle until sufficient S/N (25-100 times)

Dats Processing

-

7. Exponential multiplication (1-2 Hz), all fids
8. Subtract contol fid from fid with n0e

9, Fourier transform

3.3.2, Sensitivity Advantage of a Difference Spectrum’

Conventional mehsurem;nt of nle enhancements by inte-
gration of full peak dreas ls subject to large inherent
errorg, particularly for small enhancements or in crowded
spectra., The subtraction of a carefully acqt.iired control -~
spectrum from. the spectrun} with the nOe enhancements gre-atly
enhances the sensitivity of the nOe experiment (Fig. 3.5).

The high sensitivity of the difference technique can
often be used to great ad'\iant.age"as a means of identifying
the component resonances in a crowded region of the

- speotr'um, as demonstrated in Fig. 3.6: for the‘ovérlapping

-

[ H15a, -Hi17Tb, and H22a resonances in neo-strychndne,

P

R 2K
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3.3.3. Choice of Solvent ‘ ‘)

Presuming that the interaction between solute and
solvent is non-specific, a solvent with higher viscosity

4 'will be preferred, si;ce relaxation times will be lower.

[~

{ This effect is demonstrated in Fig. 3.7 for CDCl3 and
§ '
: DM50-dg solutions’of strychnine and codeine. Shorter T,

values will mean shorter pre-—equilibration and irradiation

\ periods, and correspondingly shorterctimes to acquire the’
/ .
nOe enhanced spectrum. The relationship between relaxation

time and the time required for acquisition of 400 scans with
N .

n nOe for a single proton in a typical experiment is shown

od
]

1
n Fig. 3.%. The resultant solvent dependence of total

I

acquisition time for all the protons in codeine and

strychnine is shown in Fig. 3.9.

3.3.4, Irradiation Time

A critical constraint in the nOed experiment is the
b timé of irradiation. Ideally, the full nOe enhancement ‘
wiil bé obtaineé when the proton under study has been
saturated for a time D>>T,, typically D = SX(TH). In
'hractlce, there arevseveral complicating factors, uhicb
suggest the use of §porter periods [D = (2-3)X(T1)].

The presence of three-spin effeets,5'35 which give
rise to negative enhancements, will prévent the accurate:
i determination of specific nOe enhancements. The three-
Lyt ‘ “ spin effect depends on the presence of a. specific ﬁegative

A0 ] enhancement, which develops more slowly than a normal nQe.
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"Utilization of short irradiation times will, therefore,

" prevent the three-spin effect from becoming signifiiént.

qu three-spin effect cah, howeveé, be extrémely usefﬁf

for the determination of dipalar connectivities which are

difficult to obsgrve under normal experimental conditions.35

The principal benefit from using short irradiatio;k“f o
L4
periods is that the overall efficiency of the eXperiment . .

is impnoved; qpfficient S/N is acquired in*a shorter . ~

. period of time. The bulk of the noe enhancement builds

up 1n the initial part of the 5X(T1) saturation period .

thus a considerable tiie saving is realized using thp

v

2-3X(T1I period, without a‘great loss in th? magnitude of
the observed of the enhancement. The dependeﬂce of the

magnitudé of the nQe enhancement on the length of the

irradiation period is demonstratedA}n Fig. 3.10. ' -
When short irradié%ion‘pe;iods are used, the full nOe_ "
enhancement can;ot be .observed. . However, this is not a
ﬂ{:ficular problen, since: L -
- . . .
1. In most molecules, full enhancement not observable

due to tig t-coupling or threg-spin effects.

* 2. Full enhancements are not necessary thr most
qualitative studies.
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Fig. 3.10 -Observation of the nOe enhancement of H4/6 in -
1,2,3,5-tetramethylbenzene .(0.1 M CDC1,, degassed)
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3.3.5. Saturation Ef‘fic'iency Versus Sele\ggivi_éx

L4

. : Tﬁe ability to selectively saturate a speci.fic
resonance in any region of the spectrum is.by far the
most critical technical problem associated with any 1-D
measurement of the nOe. The selectivity criterion is
demonstrated for fhe‘ saturation of é.?e and Hfl'e in
scopolamine in Fig. 3.11. |

By regucing tile decoupler power fo successively lower

levels, the desired sélectivity can often be obtained,

' but in many cases, at the expense of the t'nagnit.u}de of the

( observéd enhapcement. The, depéndence of the magnitude of

the observéd n0e on the power of the saturating field is

shown for H2/H4 in 1,2,3,5-tetramethylbenzene in Fig. 3.1é.‘ .

v ' For small enhancements, this is a critical problem.

r

‘ ‘i‘he a'lterpative is- to reduce the saturation power just ‘
enough to ac;hieve a certain,degree of selectivity, then
to ihgr'ement' the dgcoupler frequency through the region
of interest. This.procedure 'can also be utilized by
incrementing the saturation power. . Often, the two methods

are combined, and upon correlation of the data, unambiguous
't . . .
" results are obtained. In Fig. 3.13, an, example of this

- R ,
approach is demonstrated for the two overlapped Me-3b and

t

Me~3'!a doublets in a hexam{thyl' T-hydroxyindene dimer.

. ® The resonances of Me-1/3 and Me-5 are so close in the

spectrum that they can be saturated simultaneously and
a nearly full nOe is observed.

.k-<
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3.3.6. Summary of TH-NOE. Difference Experiments

Y

" The determination of the precision.and accuracy in the

H

.measurement of the nOe enhancement becomes increasirigiy'

complex with an increase in the number of pr;otons in the
inolecl;le,. The principal advantage of the difference

technique is the higher selectivity and sensitivity in

‘detection of the n0e. In all studies, the relative noe

enhancements w-ithin a single dif‘ference experiment can be

taken to be quite reliable. The comparison of enhancements

ill'easure’d in di‘ff'erent ‘expeniments musﬁ, however, be avoided
in qualitative studies,J due to the often incomplete satur-
ation of resonances. All of the factors that have been
discussed above will affect the’accuracf( of the measured

enhancement inta stfmdard or difference n0e spectrum, but-

‘it 18 clear that the precision of nOed measurement in

complex spectra will, invariably, be superior to th{

standard measurement.

¥
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Chapter 4 ' ' \

A SURVEY OF "H SPIN-LATTICE. RELAXATION
IN ALKALOIDS

\ ,* / 7 %
4.1, Introduction " ~ -

In this and the following c:hapt,er',/{-ﬁ1 values measured

for four cinchona, four ‘tropane, seven morphine, and ten
strychnos alkaloids will b.e Presehted and analyzed. ‘These
four classes have be‘en select:ed because they are represen-
tative of the variety of sfructu;‘es encountered in the
alkaloid family. Within each group, the compounds were
chosen to be rather similar in structure, so that an
evaluation of the sénsit:’gvity of 1H-R1 measurements to
.spécific structural features .‘could be made. In addition,
the molecules were selected on tr;e basis of availability and
chemical interest, with respect to their structure, nmr
spectra, and biological activity. It is of interest to

note that these are the first high field nmr»studies of

.,almost all of the molecules.

It is intended to show here how 1l-I--R1 analysis can
be utilize\ to obtain specific insights into the solution
structures of alkaloids. In certain inétances, it is
possible to make an unambiguous structural assignment on

the basis of Ry data alone, but frequently it is necessary

to rely on other sources of information towcorroborate the

-

/
analyzed R, data. The measurement of nOe enhancements has
proven to be particularly valuable in this respect, as will
become apparent in these chapters. In fact, the nOe
E
. > \ [l&
- - - A AL 13-
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ahalysis is sometime; much more effe ti':}.«g than R, anaiysis.
It is rarely adv}sable, however, to/:tte;xpt n0e measure- |
ments before det’e'rmining R, values, since the latter can
be obtained with a substantjally smaller investment of
machine t.itpe, and are useful in guiding the selection of

relevant nOe eiper iments.

4,2. Calculation of Relaxation Parameters

+

u.

In any R1 analysis of a complex mol'ecule, sone form ot:

modelling is\i\n‘var.iably requi'red to aid in interpretation
of the‘dalta. As pointed but'in Chapter 2,gemiculations of
both R, (2.40) and nOe enhancements (2.39) can be carried
out uging a simple mathematicai model for dipolar
relaxation, by assuming a completely fir'!!:x}rder spin

system(s) and isotropic overall tumbling of/the molecile.

oy .

The required inter-proton distances can be measured on

Dreiding molecular models, or calculated using crystal
coordinates determined by X-ray or neutron diffraction.®
The advantages of the crystal coordinate method are:

[
1. No cumbersome measurements on a molecular model.

2, All calculations are carried'out by computer.

3. Direct cdmparisons between crystal and solution
*  structure arne . possible, once the solution structure
has been refined.

»

¥ Since the coordinates of H atoms cannot normally be
determined to a high degree of confidence from X-ray
studies, the H positions are calculated assuming

standard C~H, N-H, and O-H bond lengths and angles.

S
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An indication of the quality of the modelling scheme can
be obtained by compgring\tQQ fit of caldtlated and ob;erved. L
i

A

ol .

]

81 values in an isotfopicaily tumbling molecuie that has a8 .

considerable range of structural features and R1 values.

S

Some comparative data for two morphine alkaloids are giyen

in Fig. 4.1. 1In general, there is excellent agreement

relaxation pathways can, therefore, be utilized with

confidence for the éné;ysis of eéxperimental data.

’

4.3, General Uses of 1H-R, Values

-

Relaxation data for complex molecdles can be used

?\a
variety of ways. The simplest example is the identification

of two Or more overlapped resonances in partially rglaxea

/ spectra (Fig. 4.2).

.

Fig. 4.2. Partial 4Q0 Mﬁz inversion-
recovery 'H nmr spectra:
“ a)t = 0.44 s,b) t = 0.;0 S.

<>

e

between calculated and observed data. The calculated

‘/

2
|
1 {
i ]
ey [ ‘
-~
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/Due to the extreme depenidence on inter-proton distance,

1H‘R1 values proVTgé a fast and reliable means of diffejin-*
tiating those protons which have effifient relaxatfon -

pathways from those that do not. It isjusually possible

to rapidly distinguish three separate groyps of protoﬁ@*
. ‘ |

A}

'} in the spectrum by their 1H-R1 values® - oo
N . 1 -

. f
1] Ay V ¢
.

1. Methylene protons— relax rapidly due to the
" eclose proximity of the geminal partner.

2. Aliphatic methine protons- reiax in an . }
intermediate range. .

3. Aromatic and other isolated protons- relax moré .
Slowly than aliphatic methines, because they have
fewer vicinal neighbors and no trans- diaxial

interactions . ‘
*

»

) Itbis important to note that these divisions,éfe.by no means

absolute. 'In certain molecuies, the ranges of R1 values

will overlap; and in some instarfces, specific structural
. . > ¢ . ;
features may substantially raise.or lower a specific R,
: \ ' A

.value, relative .to the other protons ir its gs;ﬁSi‘
% L

.

1H-R1 values can all\so give an'indication of,additfonal

degrees of motional freedom which may be available.to '

certain parts of-a molecule. The specific case of methyl

rotation will be Qiscussed in detail in Chapter 7. In’
addition to éethyl r tation, there are vanious types-of

segmental motion possible in side chains of the molecule.
‘ A u AY «
L “y

«

"Frequently, it is just these unusual resonances which
prove to be of vital importance in the’ ana1y51s of the
solution structure,. .

W

M
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The increase %n-the rate of motion will have the effect of§,
reduging t and the Ry value, hence, uncharacteristicallyi
small, R4 values are an indication of add1tiona1 motional
freedom. For example, the MMe-and 11t methylene protons in’
cinchona alka101ds, I, .relax e2031derab1y slower (1.1=1.5
s~1) than "all other methylene pairs (4.5-7.3 s") the
aliphatic met;ine‘protons (2.2-4.0 5'1), and far lower
than ‘the rate‘predicted by calculation. These very.low R1
values reflect the‘freedom of the vinyl grbup'tO‘;qtéfe

°

about the C3-C10 prd. ' .

4,4, Cinchona Alkaloids . o ~

|

The antimalarial actiwdty of cinchbna‘alkaloids, in

particular'quinine, has beed the subJecF of study for ?
a number of years.36 More recently, quinidine has been '
shown to have potent antiarrhythmic act1vity.37 The basic
molecular structure of cinchona alka101ds consists of two,
. parts, a quinoline ;1ng and a qu1nuclid1ne rlng, bridged
‘Eli} single C atom (C9), as shown in Fig. 4.3. Four

structurallyhs1milar compounds were utilized for nmr
. % ’ . . )
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:

studies- quinine, quiﬁidine, cinchonine, anq'cigchonidine.
The primary structures of these molecules differ only at
C6'3_where quinine and quinidine have a'methoxy grouq.
Cinchonine and cinchonidine are isomeric at C8 and C9, as
aré quinine and quinidine, -Note that it is ¢inchonine -
and quinidine, not quinine, that have tge same 83,931
- , Ne— -

configuration, o Y

The QOO MHz 4 spectral parémeters repor%éd here
result from the first hfghbfield stuéies of“cinchona alka-
loids. The %Pectrum of quinine-HCl'is shown in Fig.‘u.u.
Assignments of‘gll resonances for these four compounds are
given in Table U.1. Spi?-spin Soupling constants 'have
Been assigned with the aid of.cf;puterizéd resolution

enhanceﬁpnt.66 Typical values are given in Table 4.2.

p .
The asSignments have been made with the aid of molecular

models on the basis of standard methods of analysis (theoret-

ical considerations, decoupling experimepts, and computer

simulations) and relaxation data. There will be no further’

‘e

discpssion of the assignments of cinchona alkaloids, since

the‘techngque will be described for other alkaloids whose

[y

assignments were more difficult to-make.
Upén‘%onsidera;ion of molecular models, several

important structural features of cinchona alkaloids are

evident. Both the quinoline and quinuclidine rings are '
'rigid structures, and since they are bridged by a single .

atom, there is very little motional freedom about the bonds
' - s *

[
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. Table 4.1 St '
. . Chemical .Shifts of Ci;;;j§; Alkaloids
quinine qu}nidine cinchonine ci?chonidine
2' . 8.76 a5 e.e3 82
3 1.66 E 7.64 7.69 7.69 |
st . 7.6 7.66 ~ 8.54 8.65
ST - > .. " 7.69 - 7.66 \
67 -0Me .04 4.03 - - .
T 7.43 . 7.2 . ' 7.81 7.80 N
. 8! 7.98 - “7.97- 8.09 8.07 /'
¢, .. 3.1 3.99 3.98 . 3.09 ‘
2¢ 3.49- 3.0 3.42 3.49 A
3 2.70 - 2,65~ ° 2.65 2.69
Sy 190 1,91 . 1.9 1.98
Sex 182 o ' 1.82
WL 1.77% o
Sen. 2.03* , g.os+
- 6ex 3.17 - - 3.16 3,19 . 3,19
6én .00 . 3.38 3.97°
Tex : 1.38 . 2.32 . 1.4 «
Cgen T z.03¢ R | 2.05% . 7
8 356 \3.55 3.55 ‘
§  6.32  6.51 6.29
10 " 5.82 6.06 5.79
e 501 . 5.22 C 501
1Mt ' 4.95 5.2 4.95
NH ' 12.09 12.07 11.83

salts, referenced to 0.1% internal TMS. Vvalues in ppm.

1. Measured from 0.1 M DMSO-d szﬁdtions of the HC1
"kn= tight doupling, "+"= severe overlap. q
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in ‘the bridge due to adverse steric interactions. This
implies that the entire moleeule,tumbles as a single unit,
except for the péndént substituents at C6' and C3, thereby-

simplifying R, shalysis.

b

The determination of structural features by reiaxat_iono

rparameteﬁsnrequired,both 1H-B1 and -nOe measurements. The .

great similérity in primary.and secondary structure of these

four molecules is reflected in the remarkable consistency

of the 1H-Rf values FTable 4.3). Analysis of relaxation-

\3 .
" pathways by calculation using the crystal coordinate method

indicates that the effective proton environments (and,

therefofe, the 1H-R1 value§5 for protons at 2', 8', 2t,

3, 4, 5ex, bex, 10, 1lc, and .11t should be completely unaf-
'

fected by the structural differences. These calculations

also lead to predictions of several important inter-ring
relaxation pathways, which—wefe subsequently characterized
by nOe enhancements. In addition, detailed relaxationh

<
athway analysis was utilized for determination of the

L}
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’nTable 4.3 . . .t * | :
e ‘ﬁormalized R, falues of Cinchona.Alkaloids -
qﬁiﬁine quinidine ‘cinchonine ' cinchonidine
20 ar a3 A6 13
3 .27 -y .25 28
5t 54 . .56 51 50 °
6 - - 25 .3
6'-0Me .39 39 -
T 13 A3 .jéﬁ\\ .20
8! .13 12 B - .13
2¢ 1.07 © 71,00 1.00 -+~ 1.07
« 2t 132 1.08 1.29 1.12
3 48 51 T 47
4 58 a7 \ AT .54
o | Sex (4.78) (5.10% BNCRIT (4.78)
Sen 9%~ o1.0% 1.0% B P AN
Gex 1.53 1.12 1.23 1.21
° “Gen 1.12 1.2 1.17 112
7exf» .97 | -1.00 , .93 +1.00
Ten 9t Lt 1,00 1.0t
8 71 :70 .13 .72 ‘
9 T8 .68 S & SR
10 o.M a3 24
Mo .30 W21 - 25 . o .32
1M 26 .23, -3 .27

1. All values measured from 0.1 M DMSO-d6 solutions
of the HC1l salts, and normalized to the R1 (in
parentheses ( )) of H5ex,
n"kn: tight coupling, "+"= overlap problem.
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4.4.,1, Meﬁhoxy Group Conformational Préferences

A se;ibsxgj recent publications has demonstrated how

spin-lattice relaxatién techniques can be applied to the

detection of methoxy group conformational preferences in | .

41

a variety of molecules.38’39}u° Sanders and coworkers

.have outlined the basis for interpretation of relaxation

parameters, bu} have concentrated on analysis of nQOe
enhancements. A new method, utilizing 1H-R1 measurements
for tﬁis cqnformational analysis, will be described and
demghstrated in this section.

Conformational bias of the methoxy‘group in simple

[ .
compounds such as o-methylanisole is well characterized.
H, ] A

CH%{CH, ‘ - CH,
- - B

The R, value of Hy in conformation A is Bkedicted to be
significantly lower than that of all other ring protons,

because the methoxyl ‘protons are gather distant and, there-
fore, less efficient than a ring proton in causing HA to
relax. In conformation B, the Hy Ry value would be higher
than the other ring protons, because the methoxyl protons

would be quite close to H,, and the relaxation pathway

e

o— U o oo
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would be efficient. Th; axperimentally obse;;eﬁ 50%
elevation of:the 1H-R1 value of Hy, indicates a

preference for conformation B.uu The interpretation of

R1 values in more complex systems may require additional
selebtive-R1 or nOe measurements, however, in many_aromatic
systems, it appears that conformational bias is elear—cut.38
and other experiments are not necessary. This method of
analyzing m;thoxyl conformations can be applied to the
cinchona alkaloids, qﬁinine, 2, and quinidine, 3. The
pertinent 1H-;R1 values are givep in Table 4.4, The
corresponding data. for 6'-& analogues cinchonidine, 5, and

cinchonine, 4, respectively, are included for comparison.

Table 4.4" .- v /
Selected R, Values for 2, 3, U, and 5

- R T |

H 2. 3 LA

5 54 < .50 5T .50 :
e a3 .20 A3 .19

8" .13 | 13, a2 12

7. ALl measurements on 0.1M solutions of HCI salts in

DMSO-dg at 20°C. R, values normalized to H5-ex.

-¥
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Conside#T—£i;sxT—the—sﬁiéct5—4upxhefRﬁAof Hf4+~—This
proton, rather isolated from the resp of the molecule, is
relaxed primarily by protons at .the é' and B' positions, with
a mucﬁi?maller contribution from protons at 5'. 1In 2 and 3,
where there is é methoxy g}oup at 6', R1 values for B7!

are expected to be substantially different from those in

4 and 5, when the methox; groups has a aefinite confor-
mational preference. In the 7'-cis orientation, the
relaxation pathway from the methoxy group to H7' will be

very efficientg‘so the HT' Ry values shopld be highér

than the corresponding values in 5 and 4. Alternatively,

if" the 5'-cis orientation is greatly préferred, the H7' R,

-

values should be lower than those in 5 and 4. The observed
R1 values indicate a bias of the methoxy group téwards \
H5' in compounds 2 and 3. ‘ -

This deduction is further corroborated by comparison
of HT' R, values to those of HB8'., HB8' is relaxed almost
exclusively (>90%) by interaction with H7' in'all four
compounds, so £he observed similarity in H8' R; values is
expected. In 4 and 5, H7' has a higher R1 Qaiue than H8'
because 'it- is relaxed not onlyfby H8', but also H6' (about
49% each);“Néte that there are no other major contributors
to H7' relaxation. The near equivalence of H7' and HB8' Ry
values in 2 and 3 must, therefore, reflect the loss of a

major relaxation pathway, implying that these two p;otoﬁs

are equally isolated (they are relaxing only to each other),

.hence, the methoxy group must be stron%ﬂy favoring the

5'-cis orientation. .

< - ‘ .
N = ’

s
[
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If the methoxy group prefers the 5'-cis orientation,

A ——— ot o e i A - r e —————

an increase in the Ry of H5' is expected, The magnitude of
this effect should, however, be much smaller than that felt

at HT7', because HS5' has several efficient relaxat;on path-

ways from protons.outside the quinoline ring (eg. H8, H9).

The much larger H5' R, values, relative to those for the
qther“ﬁuinoiiqe ring protons in all four,compounds? provide
clear *indications of these additional relaxation pathways.'
Calculations of thg various contributions to H5' relaxation
ind;cate that the Ximum methoxy group contribution (wﬁen
the methoxy group }s locked in the 5'-cis ‘orientation)

is 30%. The observed +10% dif%erence in the H5' Ry value
in 2 and 3, relative to the 6'-H analogues (f§ and 4,
respectively), is only consistent with a deffAnite 5'-cis
methoxyl c;nfqrmational preference,

-

The R1 data are coﬁpleteiy consisteng,in theér indi-
cation of a very significant 5;—cis conformational Eias for |
the methoxy group in_2 and 3. It is of interestﬁto note
that this conformation is observed in #he c;ystal state; as

I3

determiq?ﬁ by X-ray diffraction analysis.usd As a check on
theLﬁ) data, the nOe method as outlined by Sand%rs; cat,.alk,lM
was utilized to determine the presence or absence of specific
methoxyl confO(mational preference. The ratio of H5' to HT'
gOe upon pre-saturation of OMe-6' wa;'calculated to be 6

for the 5'-cis orientation, whereas the corresponding_>atio

for a 1:1 equilibrium of (5'-cis:7'-cis) was 0.5. The

observed ratio of 7 was unambiguous éorroborative evidence

of the strong preference for the 5'-cis orientatioa.

o Mty
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v The firsx step-in the determination of c8 configuration

from relaxati&m\parameters is to determine significfggﬁi“
rel%mation pathw&xs and the projected differences in R1
values for theAa- and 8- linked isomers.” When HB isin

the a position (8 1inkage), relaxation of H8 is dominated
b%;}pteractio;s with H9, HTen, and Hb6en. When Hﬁﬁis in the
B position (o~ linkage), relaxation.is domiinated by inter-

action with H9, HTex, and H2c. The total ‘effect of major

W 8 linked 3 . o linked LA
(IID) .o

;cdhtributors to H8 relaxation:'is effectfvely.equivalent} “‘
so no differences in 'H= -R, values are expected or
observed A second approach, was to determine if the'
relaxat;on of nearb(/protons would be effected by the
difference in C8 stereoéhemistry. The contributiens of H8
to nearby meth@lene'protons'(C?, Cé6, C8) are toe small to
result in a significant effect on thetr R, values. The |

Yy / .
only methine proton with%a substantial contribution from

Nas
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. H8 is H9, but the accompanyinf change in C9 configuratisn

——

s compénsates f6k the change at C8, thus, the inter-proton
distance and relaxation contribution are essentially
unchanged. In summary, the determination of C8 configur- .

ation is not possible sdlely from 1H-R1 values.

. . A
The specific relaxation' pathways mentioned above can,

i

however, be characterizedﬁby nOe enhapcements (Table 4.5).

.

b ¢ ? )
The large enhancement of H8 upon presaturation of one of

£he CT protons cleé{ly distinguishes}betw?en HB8a and HSP. - !
! Oﬂgegikey'nOe's which were identified weré};hose from HB to 2
b the corquponQing cT pnpton and a nOe in quinidineifrom |
) 4 Hben to H8.
':, ’ ot " The relative orientations of the qyinoﬁine anq the “ Cos

quinuglidihé‘rings could also be determined by the detection
of‘nOe enhancements. Inter-ring relaxation pathways ‘ e .
y between H7ex gnd H7en, and Hé;) H5', and H8 imply that
these ﬁrotons are reasonably close to each other. This
Serves’tO(mnambiguously‘assign the relative'orientatboni,
of quinoline and quinuclidine rings as shown in Fik. 4.3,
'fhoggh there is~g possibility,fof a number of widely
" differing relative orientqtioﬁs of the quinoliﬂe gnd |
. .quinuclidine rings, the 4 relaxation experiménts indica}e
that ste?ic fgetors prohibit most oriehgations, as had been
predicted by iﬁspectioﬁ of the molecular models of thesé.

r

compéuhds. A great similarity. is evident in the crystal

¢

and sélution geometries of the cinchona alkaloids studied.

¢
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Table 4.5 S 7 L
L ¢ . 'h\ i ) v l' Q
B ) NOE Enhancements of Cinchona Alkaloids1‘ .
{1 Key enhancements Other enhancements .
! | 3 Ten, 9 . - 2! .
5 8, 9 . 6! )
, 6'-Me 5'>T' & ‘
¢ B 2¢ 3! , . 2t, Tex, 10, 11e, 11t
; _ b6en 8 q .. bex, 5en . ‘
I ’ ' , .y
Tex '3', 8b . 4, Ten, 10 ‘\
" . «
- ‘Ten  3', 8a _ ’ 4, Tex
'8a 5", Ten 9 S
- ° . 8b 5‘, 7‘ex 9‘( ' - 3
9 . 3, 5. 8 ‘ e
? 1. Cumulative results obtdined at ambient temperéture on
0.1 M CDCl3 or DMSO-dg solutions of thé four cinchona
. alkaloids.” The choice of free-base or HC1l salt and of
) solvent was made on the basis of Maximizing chemical
shift dispersion in the spectrunm. .
, ' b S
LI o . \F\
~ | & ‘ /
. 1S
e
7 - -
T~ v
. v | .
. . . ‘ ' :
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4.5, Morphine Alkaloids .

G ¥

‘ £
Morphine alkaloids are well known for_their extreﬁely

'potent analgesic activity, and have been unggr study by

a ‘wide range of scieptists for a number of years.46 A
A

-~ &. -

number of synthetic morphide derivgtives, such as

qs‘and naltrexone,”9 have been

na}prphine,“7 naloxone,
utilized as morphine receptor blockers (morphine antag-
- . | onis@s), as an aid inrthe treétment of addicts, and to ‘
| \ further the und;rstéhding of the morphine receptor site.ll6
Seven morphlne alkaloids have beqh utilized for relaxation
. studies, their ‘structures are shown in Fig. 4.5. Codeine,
lher01n (dlacetylmorphine), and nalorphlne are simple
derivatives of morphlne with the same framework stiructure,
whereas thebaine, - ngloxone, and naltrexone have both
substituent and structural differences.
s Thes€ molecules are quite rigid, and have a T-shaped
' . stru:;&re. They tumble a;broximately isotropically in
solution, and can be reliably modelled, so 1H-_R1 values
can be calculated. Since thé crystal structures- of
- morphiﬁe,so codeine,51‘heroin,5€ and n;loxone53 have beeﬂ
published, th; crys£a1 egordinate method of calculation was
used, l _
No high-field 4 nmr studies of morphiné alka101ds

. have been reported in the literature A certaln number of

assignments in the low field region of ‘morphine alka101ds

\‘Spectra have been made at 60- and 100-MHz,52'55 but with

3, the greatly increased dispersion and resolution available

v
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. ' CH,=CH—CH,

! \J _H

-

i

b

nalorphine

AN
N
ty, E ~
J " . Naloxong cﬂz-m:cu2
“ N vr.' . /C'Hz
S ) h ) Naltrexone CHZ-ClCHé
S fig. 4.5 Strrdctums of the morphine alkaloids. ‘ R
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on a modern 400 MHz spectrometer, it was decided to assign

-

all resonances from first principles. The 400 MHz 1y .
spect}um of codeine is shown in Fig. 4.6. The assignments
of resonances (Table 4.6) in all compounds were made in a

similar manner, so only the parent compound, morphine, will

e

be discussed in full detail. - \

1,
»

-

i 4.5.1. Preliminary Assignment of the 400 MHz 1H Spectrum
| of Morphine

Several resonances were easmly assignable upon
inspection of the spectra of the sulfate or HCl salts

in DM80=d6 or p20 solution. The methyl resonance was
assigned to the large singlet integrating to three protons at S
2.6 ppm. The resonances of 3-0H, 6-0H, and NH protons were

. assigned by consideratlon of chemical shifts, line-widths,

and the dlsappearance of these signals in all Dzo spectra

4

(exchange of deuterium with the solvent). The inability ;o
L completely dry a Sample of the sulfate salt led to broad .
B peaks for these resonances ih DMSO-d6 sgiution, but sharp ‘
~ signals could be obtained‘from a dried samplg of the HC1
salt. The assignments were: 11.4 ppﬁ- quarternary.R3NH+,
9.0 ppm- ‘phenolic OH, 4.1 ppm- aliphatic OH.
. The: low field AB quartet near 6.5 pﬁm could be aSsigngd
to.the aromatic protons H1 and H2, on the basis of chemical
shift and magnetic isolation- only one major coupling

constant and very slow relaxation (0.89-1.05 s",

)

several measurement;). H2 was expected to resonate at

.-&d-_-.
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higher- field due to a strong upfield shift from the ortho
hydrbxyl group ‘(“(;3).‘ The detection of some small f:oupling .
An the high fielc‘IQd;uble’t. in a resolution enhanced (gaussian
mulbiplicat‘ionss) Spectrum was, therefore, somewhat dif-
ficult to rationalize (this"couplihng did not disappear

in D,0). Thig coupling was most likely ortho benzylic
coupling® between H1 and the C1b protons, so the relative
assignments were tentatively switched.

. The rest of the proton signals, in tf’ie more crowded
region (1.5 to 6.0 ppm) of the spectrum, were categorized
a;ccording'to their relaxation rates (Table 4.6). Methine

1

resonances relaxed in the range 0.9-2.8 s', whereas

methylene protons,relaxed in the range 4,3-5.0 s 1. The

meﬁﬁmeﬁ‘fesonances between 3.5 and’ 5.? ppii Wére assigned

to H5,.'H6, H7, H8, and HY, on the basis of chemical shift,

: thus, H14 was the high field methine proton (2.8 ppm). €10 *

and €16 are both adjacent to the N atom, so the hlgh /eld

methylene prot.ons (1.8 and 2.2 ppm) were agsigned to C15n

1

4.5.2, Refinement of Assignments and Structural Inferences

s .
The assignments were further refined by consideration

.

of the magnitude of spin-spin coupling constants and stan-
dard decoupling experiments which will be only ‘briefly
summarized. C10 methylene protons.could be distinguished

from C16 methylenes by their mutual coupling éonstant and °

/ : ]
¥ For a recent discussion see Ref. 58.

coupling to a methine proton, at 3.71 ppm, which had to be H9.

[ S,
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A tentative relative assignment of 10a versus 10b was L

=

made with the aid of molecular models and consideration of

-
-

_ -thte 'dependence of wviecinal coupling on dihedral angle.59 . In
the same manner, te;nt'ative assignments for the C15 and C16

methylene protons were made presuming a large coupling ¥
3

ae? and an

‘-con;tanb for 3J a small value for

aar’r

intermediate value for"3Jee. f

H5 was differentiated from other methine pr‘oténs by the
presence of only one major (to H6) and ‘One minor (to HT7)
coupling constant. Decoupling H5 identified H6. H9 had been
ident}fied by its appreciable coupling fo H10a. The large
"coupling between protons with shifts at 5.25 and 5.60 ppm
was characteristic of the cis vinyl protons at C7 and C8;
,T@ntative identification of H7 was possible through its
coupling to HS5. |

Using these assig'nments, relaxation pathways and R1
values were calculated usi_.ng the crystal coo‘[dinate method f
and compared to the observed values (Table 4.7). T'he . vt
agreement (Table 4.8) is excellent, thereby confirming
assignments. Note that Ry values allow for a clear

"differentiation between H7 "and H8 (R1H7<<R1H8)' and ,

H15a and H15%e (R1H15a>R1H15e)' ‘The only protons whose '

. - assignments were-not established by their R, values were
- the diastereomeric metl:ylene pairs at C10 and C16. ‘
For the differentiation of H10a fro{n H10b, and H16a

from H16e, it was necessary to experimentally characterize A R

- sp;cific relaxation pathways through the use of nOe . . ‘\

‘ -
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experiments. The caleculations served as a guide for the

selection of which nOe experiments would give the desired

information. 1In Table 4.9, t%:"esults.,of a number of nOe
ph

‘,‘.differencye experiments on mor e and codeine a're given.

o

‘Table 4.9

NOE Enhancements in Morphine and Codeine
{ 312 Key Enhancements3 Other Enhancements> .
1m 2 '
L 1
5 14" 15a, 15e 6, TV
6 113 N * 5, 7
8 6™, 10a 5, T, 9, 14
10a® *' 8 10b, 9 ,
10b - 10a; N-CH3® -
14 5, 6 _ 8, 9
15a 5, 14, 16e 15e
- 15e 5, 16e™ 5a
16a€ . 10b P "16e
16e 15a, 15e  ° 16a

1. Experiments run at ambient temperature on 0.1M solub'ions
of morphine«sulfate”in DM30-dg and codeine in CDCl3.

2. Those experiments carried out on only one of the molecules
" are indicated by "m" for morphine, and "e¢" for codeine.

3. Enhancements observed for only one of the compounds are
indicated by "m"™ and "c¢" as in 2.

The results of the n0e experiments confirmed a%l
previously made assignments and differentiated the
diastereotopic methylene protons at C10 and C1§. Clear
proof of‘the tentative assignmenﬁs of H1 and H2 (based on

the observation of benzylic coupling in the H1 resonance)

was given by the enhancement of H1 upon saturation of H10a

T T - e e e
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or H10b. Hi0a was identified by its relaxation pathway

with HS, whereas H10b could be distinguished on the basis

of the n0e enhancement from H16a.

The H1Ob<-H16a relaxation pathway served as an
entry into the C15/C16 system of protons. Another Kkey

enhancement was observed from H15a to H14. These two

P

relaxation pathways were actually sufficient data to assign

all four resonances, but further corrobbrativ? evidence
wa;uobtained, as will be described below. With all
resonadéés identified, it was possible to.aﬁalyzg-coupling
consﬁénts,.énd assiéq the full géb of .spectral parameters
for morphine-sulfate in nMso-d6 (Table 4.10) and codeine
in CDC1; (Table 4.11) .

The relaxation pathways among the’ four C15/C16 protons
are characteristic of relaxation in cyclohexane systems and
deserve furtber discusasion. The spatial relationship
between the methylene protons onltwo adjacent C atoms in a

cyclohexane ring (standard chair conformation) is given in

the following piagram:

% ]
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' v
‘a
strong‘ intermediate .. " weak

(V)
The arrows and labels ind{éate the reléxation péthways in
this sysgem. Upon consideration of these pathways, it ig
clear that‘axial'proﬁbns can be distinguished from-equatorial
k protons by thé number of intermediate vicinal pathways.
With respelt to the nOe characterization of relaxation
bathway%, this implies that'the obgservation of enhéncements
of both vicinal protons identifies the satur;ted resonance
és'the eqdatoriai methylene, since the axial proton is too
far'from the adjacent axial-.proton to cause‘an.appreéiable
enhancément. In this manner, i.e. from the enhancements of

\

both H1%5a and H15e, it was possible tg identify the Hibe

\ .
resonance in morphine alkaloids. The lack of enhancements
f \ - i

. ofxﬁ15e in the {H16a) experiment indicates that the spatial

geoﬁétry in ring E is not exactly the same as in cyclo- '
pexane, in agreement with the spin-spin coupling constant
data (Tables 4.10 and 4.11). Nonetheless, the assignment

of H16e through its reléxation pathways is unambiguous.

Another important feature of relaxation pathway

‘ &t .
.. analysis is demonstrated by the nOe experiments involving

H1, H10a, and H10b. To simplify this discussion, it is -
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necessary to recall some of the basic prynciples of relax--
ation, given in Chapter 2. First, the strength of the
dipolar interaction between two protons is dependent on

)

the inter-nuclear separation. Second, thé-rate of dipolar

‘\:7#:::;233$€b10n of an} proton, A, is dependent on the sum total

of aif\gvailable dipolar interactions. This implies that

N

the relstgge,contributions of a relaxation pathway between

\

two protonét} and B is not necessérily the same for both,

since' the total af all pathways for prolon A i§ not!

necessarily the same.as the total for, B. Expérimentally,

»

this means that the Overhauser effect will nbt necessarily

_be of the same maénitude in both direc&ions along a

-relaxation pathway. The uni-directionally observed

relaxation pathway from the C10 protons to H1 is a good
P .
example. H10a and H10b have several very efficient -

relaxation pathways (eg. H10a €= H1OS, H10a « 9, ‘
H10b € H16a) av;ilable, so the relaxation contributiqns
from H1 are relatively small. The very same relaxation
pathways are very important for the relaxation of H1,

because H1 has onl§ one additional relaxation pathway (to H2)
available, Eveﬂﬂthough.the relaxation interactions iﬁvolQe
tpe same two protons,'ﬁhe relative contributionskto the .
overall relaxation rate are drastically\different, thus,
significant enhancement o; H1 occurs upon satJration of

H10a or H10b, but no enhancement of Cl10 protons is observed

when H1 is saturated.

- v
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From nog characterization’of specific, reiaxation path-
wa&s in marﬁhine and'éodeine, it was also possiple to infer
‘certain features of the molecular geometry. The principalq
points of information can be summarized in the following:

1. The relaxation pathway between H6 and H14 indica%es
that ring D is in a boat conformation,

2. Experimentally observed rekgxation pathways between
H5, H6, H14, and H9 prove that these protons are all
situated on,the same face of the molecule, allowing

. for the aetermination of relative stereochemistry at

all four positions.

3. Inter-ring nOe enhancements (eg. H10€—+H1 H8¢—>H10a)

indicate the close proximity of protons that appear
to be rather distant in a standard two-dimensional
diagram. These enhancements™are instrumental in the
determination of ring conformations, and in general,
help to guide in the selection of appropriate
molecular modelling schemes.

- t

4.5.3, Conformational Preferences of -Methoxy Groups

The conformation of the methoxy groups of codeine and

1

v thebaine, -and of thefo—acetyl groups in diacetylmorphine
. ) /

(heroin) can be investigated by relaxation Qathway analysis
of 1H-R1xva1ues. Only a summary of results will be'
presented‘here because the methodology has a}ready been
desceribed in section 4.4.2 for quinine and quinidine.

For an O-CH; group at €3 in morphine, calculations
predict that a 2-trans orientation would result in H2 having
a significantly lower R1 valué than H1, whereas for a‘2¥cis
« orientation, the R1 values would be approximately equal. |

The observed R1 values of H2 in codeine and tﬁebaine were
esséntially erivalentvto the H1 value, indicating a clear

preference for the 2-cis orientation.

. )
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2-cis 2-trans

. Along these sage lines, the reduction (35%) in the

H2 1in heroin, relative to the other

normalized R1 value o

pr morphine alkalojds, in addition to the substantially slo&er )
‘ relaxatijon of H2 relative to H1 (0.62 s~ vs. 0.92 s~1,
™~ respectively), ind}caged that the acetyl methyl gfoup "
1s at some distance from H2. In the solid state,® the |
3(0~acetyl) group of\heroin adopts a 2-cis vrientation,
‘ but with the carbon&l oxygen in plane and facing H2; and the
methyl group turned away. Such alconformation is canat;ble
with the 1H-R1 data in solution, though an appreciable
amount of motional freedom about the three single bogaqﬁff . . e
to be expected for such a functionality in solution. .
* ]
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The conformational preference of 6-0CH3 in thebaine has .
also beenydetermined. In morphine, approximately 50% £by B
calculation) of-both H5 and H7 relaxation comes from H6 and

6(0OH). Comparing the experimental Ry values of H5 and H7

. ' . . morphine

o o

in thebaine to those in morphine, a very substantial de-
crease in H5 (50%) and a significant increase in H7 (Y25%)
is observed. These data have been interpreted in the
K ' follo;ing manner; H5 has lost all éontributions from the
«'\\ C6 proton or suﬁstituent, whereas H7 has acquired a more
{ efficient relaxation pathway.: Such trends are only 03;3
‘'sistent with a strong T-cis conformational ﬁ}efergncelgor —

the 6-0CH; group.

L
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4.6\Tropane Alkaloids

Tropane‘alkaloids,‘fo;nd in a variety of plants, are
best known for their potenq.éctivity iﬁ the central nervous
system.6° Significant struétural similarity with acetyl- , .
choline has led researchers to propose that pharmacologically,
the'se compounds function as antagonists, bindihg to the same

61 1

muscarinic receptor as acetylcholine. H spin-lattice

relaxation hég been stﬁdied in four tropane alkaloids-
trop;ne, atropine, scopolamiée, and cocaine (Fig. 4.7).

| Co?formational sthdies of the piperi&ine ring apd the
orientation of the N-Me substituent in tropanes were sub-
jects of considerable controversy in the early 1960'3.60’62

It is now clear that the piperidine ring is in a distorted

chair conformation and that the methyl g}oup is syn to the

ethano bridge in tropine, atropine, and cocaine, but anti

in scopolamine.63 These determinations were made on the

1

basis of 'H and 13C studies of standard nmr parameters:

In a recent paper by Avdovich and Neville,63 13¢ data
-

-~

Aiom a number of sources have been consolidated and

experimentally reexamined. The determination of solution

structure of the four isomeric cocaines by 43@ and 1H nmr

analysis has been reported by Coleman and coworkers.6u

Usthg a.method of analyzing !

H chemical shifts in terms of
ring currents, ‘Feeney and coggrkers65 have proposed assign-
ments and solution structures for atr?pine and scopolamine ﬂ
in aqueous solution. There are no reports of reiaxation

data from these tropane alkaloids in the litegature.
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]
tropine atropine
‘ -C\H‘; .
: = °\ ’
o \C‘OCHs
/.
'L Ph
scopolamine , " " cocaine
ikt o : :
273, , T : -
Fig. 4.7 Structures of the tropane alkaloids.
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Y nmr studi;s at 400 MHz offer a significant improve-
ment in spectnal dispersion over the previous nmr studies of
tropane alka}oids (250, 270 MHz); so all assignments have
been reexamined (Table u.iz). The 400 MHz 'H spectrum of
cocaine isxshown in Fig. 4.8. Though relaxation rates have
been measured for all four compounds (Table 4.13%, only one
of these, scholamine, w;ll be examined in detail. Complete
relaxation pathway analysis. for this compound, ﬁhrough nOed
experiﬁents and calculations, was carried out to aid in the
analysis of the structural features characterized by the

relaxation parameters. .
4,6.1 Tropine

Tropine 1s an ach;ralhmolecule, since the nuclel afe
symmetrically disposéq with respect to a plane of symmetry

through C3 and the N atom, and bisecting the C6-CT bond.

) The Symmetrically disposed nuclei are mggnetically equi-

valent, so only eigbt resonances are present in the nmr
spectrum. The assignment of resonances was made on the basis
of relative chemical shifts and spin-spin couplings. The
NCH3 resonance was easily assigned to the large singlet
.integrating to three protons at 2.26 ppm. H3 could be
assigned by its downfield shift (at ~A4ppm) caused by the
geminal h&drOXy substituent. The H1/H5 signal is shifted
downfield (at ~3 ppm) because these protons are bound to C
atoms « to N. The C2/C4 equatorial protons (at ~1.8 ppm)

were ‘differentiated from their.axial partners by the very

. dnmay o e - P TS s PR . - —-
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&, .Table 4.12 [

Chemical Shifts of some Tropane Alkaloids

tropine atropine scopolamiﬁe cocaine
‘ 1. 3.08 2.91 ° 2.97 3.56
2ax ~2.10 2.02 2.02 -
2eq ' 1.67 RNt 1.33 1302
3 1403 5.02 *  5.02 5.25
Yax 2.10 - “2.10 2.1 2.4
leq 1.67 1.68 1.58 " 1.87
- | 5 - 3.08 © '3.03 3.1 3.30
6ex . 2.0 1.86 . - 1,722
6en 2.0 ‘1.7u 3.38 2,142 5
Tex - 2.9 1.68 - 1.72° §
| ' Ten 2.0 RRY 2.66 2.142 |
v \ N-CHy 2.26 " 2.19 2.45 2.23
‘ ’ 2" - 3.82 3.75 3.72(Ac)
3'a S- 319 3.81 -
[ 3 - i yar oo - .
Ph-o - T.29 6.72 . 8.03 B
a -n - 7.31 7.35 7.42 -
o o -p - 7.35 7.30 (T I B
‘ ' i
“ 1; Ali values measured from 0.1 M CDCl,; solutions of ﬁ%

free base at ambient probe ‘tempdratufe. The precision L
of measurement is +0.01 ppm or better. ’ 5

. . 2. The assignment of protons in the ABCD system of ,
wo C6 and C7 is only tentative due to the extremely ;o
' tight coupling. »
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Table 4.13

' Normalized R, Values of some Tropane Alkaloids

-tropine ?tropine scopolamine cocaine
1 .61 45 .m0 © .53
" 2ax 1.1 1.05 1.12 -
2eq ' 1.00 1.00 1.02 43
3 .64 35 43 64
bax 1.1 1,05 + 1.09 _ 1.00
" lheg (0.64) (1.73) (1.69) (1.28)
5 L6 .45 R T .56
6ex 1.07 .94 R . 1.362
6en 1.02 91 27T 1,362
Tex o 1.07 © .94 - . 1.362
7en 1.02 Coe e 1.362
N-CH, | .96 70 .60 .90
‘2m - 'Y 33 . .36(Ac)
3ta - .65 69 -

"3 - 75 13 -
Ph-o - ..t .28 22
-m -' .24 | ".23 .29, |
- - .24 .22 . 2T

_— .

7. A1l vallies measured from 0.1 M CDCl, solutions of
free base at ambient probe temperatu?e by the
null-poipt method and norimalized to Hieq, whose
observed . R] value is indicated in parentheses ).

2. The assignment of protons in the ABCD system of
C6 and CT is only tentative due to the extremely
tight coupling.

|‘\1
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small vicinallcoupliné constant Sbserved to H3, and H1 or
H5." In the crowded region of the sPectrum at 2.1 ppm, the
2a/4a protons could be identifiled b& decoupling experiments. -
The C6 and C7 protons were assigné&\to tﬁe.complicated

/ ~ multiplet that reﬁa;ned. \

v

The results of relaxation 'xperiments and calculations

made by .the Dreiding molecular model method are éivep in
Table'u.1u.. There is general a'reemeht between observed
and calculated values, indiqétiqg that the molecule has ’ S
* been properly modelled, that ass&gnments.ane correct, and ’4'i 
that tumbling is essentially isoérOpic. Relaxation path=- Y

ways have, therefore, been properly assigned, at least in

a qualitative sense. These,calcuiations will serve as a
\

basis for R1 analypis in the obher molecules which have - *H

1

substitution on the tropaqp ring. \
|
Table 4.14 B _ | |

\ : Comparison of Calculated and Observed R, Values.in Trqgine1

" - Observed - alculated o ’%
1,5 0.47 o1 Y S

- 2ax,Hax 1.04 + 0.95 . ol

. 2eq,ldegqr 1.00 1.00 : ‘ . )
3eq 0.50 0.59 ° b S
6en,7en 0.9 0.95 : L r
6ex,Tex 1.0 0.96 R T , gﬁ
T e 1 o ft

3ax 0.50 - LI — i,

T. Observed values determined by null-point method,
calculated values from the Dreiding molecular model
‘method, and normalized to H2eq,deq.
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" Note that the calculations clearly‘ihdio;te that the R,
value for H3 is consistent "only with an equato;ial position
for this proton. A significantly higher Ry value. wouid be
expected if H3 were axialh because two additiqnal,efficient

relaxation pathways, to H6en and H7en, would be.available. '

H&-equatorial'

426.2. Atropine A

As mentioted breviously, a 270 Mﬁz 1QH nmr-study‘of'
atropine has been repértéa,65 b t’details on sbgcific Assign-'
ments were not given, so”it was pecessary’tt reexamine all
spectral parametefs. The ilCH3 and EBSresonances’wgré easily
tsignyed using the same reasoni&g aS"for the tropine assizr

nts. In the aromatic region, assignments were possible

upon ihspection of relative intensities, muitiplieities, and

coupling constants, in a resolution. enhanced (gaussian multi- .

hplication66) spectrum.« The assignment of all ather protons
"\ required more detailed analysis. , - o ' v

s
-
PR TP S
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Methylene and methine protons were classified by R1'sﬂ
(Table B.13). Methylenes relaxed in the range 1.1-1. 9 5'1,

whereas methines relaxed in the range 0.6-0.8 s . The ABX

2',3' systenm of the tropic acid moiety was completely assigned

by*computer simulation, as shown in Fig. 4. 9 An interesting

and rather unusual aspect of this system is that the AB part
of the spectrum was due to tight coupling between H3'a and
H2', not between the geminal Dpair at 3'. ﬁtropine,is a
chiraljmolecule, so resonances in the tropane ring show sig-
nificant non-equivalence at HG?,MHZ. Deeoupling experiments

were sufficient to give the proton connectivities around’

the tropane ring: 7 €3 1 = 2 6—9 362> 4 €5 €5 6.,

) It“1s the spatial positioniné‘of the troplc acid moiety

which gives rise to the large degree of non-equivalence,
but unless information ceh be obtained/gbout the relative

4]
posipioning of the two parts of the molecule, the absolute .

assignments relative to the symmetry plane in the tropane

ﬁring‘cepnpt be determihed. Feeney and coworker§65 have

utilized a method of analyzing chemical shifts on the basis
of ring currents, which allows for the assignmentgof tropane

1

ring H resonances in atropine and scopolamine. ' Since

there was no alternative method available to verify their
assignments, they were assumed to be correct ’

In addition to their use for ass{gpment purposes, R1
values (Table 4.13) for atropine can be analxze& for struc=-
tural information concerning both the tropane ring and the
the tr&pic acid moiety. Sincetth;\SEFﬁEtﬁEEE'of atropine

1

1
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-
~ 10 Hz
"Fig. 4.9 400 Miz

A

. atropine. 0.1 M CD(:]3

H nmr spectrum of the tropic actd esfer moiety of
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and scopolamine are very simiiar, aﬁd the methodology for
analysis is }he same, a detailed discussion of atropine
data will not be pfesented. The in~depth discussion will
be based on scopolamine because a de?ailed experimental
" analysis of relaxation pathways has been\carried out for thi
molecule. Most of?the structural information drawn from the

\
scopolamine relaxation data would be equally valid for

‘atropine. . *

4,6.3. Scopolamine

The 400 MHz 'H spectrum of scopolamine ‘free base in
¢ .
CDCl3 solution has been completely assigned using standard

methods and relaxation data. A complFte list of chemical
shifts and coupling constants is given in Table 4.15,
Feeney and coworkers65 have reported 1H assignments ;t
270 MHz for scopolamine-HBr 15 D,0 solution. Our studies
are in agreement, except for the relative assignments of
the diastereotopic methylehe protons at C2 and Cl4. The
‘refaxatioh data (Table 4.13) data were instrumental in
making these, and other key‘assiéﬂ;engs.
It was possible to differentiate the diastereotopic

.protons at both C2 and Cubon the basis of R1 values.
Calculations 'predict that the«?xial proton will relax
nearly 10% faster than the equatorial proton, and this

-is observed exéerimeﬁgally. The, major poftion of this’
differential arises from the flagtening of.the tropane ring

in the C2-C3-C4 regién of ;copolamine,61’65 such that the
4 , \ ‘
' S .

\
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H2a €« H3 and H4a €> H3 relaxation pathways are mucﬁ more
efficient than the typi;al vicinal pathways in a standard .
chair conformétioﬁ. A smailer part of this differential
can be attriﬁuted to the 1,3-trans diax}al interaction

°

Between‘H2a and Hda, a relaxation pathway that has been
' wellﬁcharacterizep in carbolgydrates4 and steroias.10

Finally, the relaxation'rates of H2' and the 3 protqné
were also necessary to make the assignmenE_or the AB |

portion of the ABX system in the tropic acid moiety, ixH

H2' and H3'a.

The Ry values of protons in the tropic acid portion
of the(molééule°must"ﬁ%flect the rotameric equilibrfum along
the C2';C3' bond. In‘such éystems, relaxation is analyzed’
by assuming that the R{‘value is composed of the weighted:
average of relaxatién rates in the differentsconformétions.
The relative populatioﬁb g% the three available confor=-
mations can be calculated‘by analyg§s of coupling constants.
Such calculations ha;e been carried out for tropic acid and

dgrivatives,67

and for aqueous solutions of scopolamine and
atropine salts.65 The relevant coupling constants measured
for scopolamine (J2',3'a = 8.9 Hz and J2',3'b = 5.2 Hz,‘
free-base, 0.1 M CDCl3) were quite close to those regg:ted
for tropic acid methyl ester®” (9.00 Hz and 5.30 Hz,
respectively), whereas those for atropine (8.0 and 4.5 Hz,
respectively) were lower than any other previously reported

values for a tropic acid ester.67

» . ' '*9-
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Thé‘three available staggeréd conformations for tropic
acid derivatives cary be represented in Newman projection:

¢ " B
“ -~

H2' - H2! 2!
"H3'a -OH HO H3'b H3'b H3'a !
Ph COOR Ph COOR Ph 00R
H3'b H3'a OH
1 11 11
L

Values of 12.1 Hz for anti vicinal coupling and 2.3 Hz for
gauche coupling can be used in the following expreészpns65

_tq determine the relative'populations- PI' PII,'and III:

(4.1) Py & Py + Pypp = 1 B

Jpx= 8.9= 12.1(Pp) + 2.3(Pyp) + 2.3(Pppp)

The fractional populations of I, II, and III, respectively,
are .67, .30, and .03 for scopoiamine, and .58, .22, and .19
for atropine. R, values can be calculated using the expected
relaxation vector; and the appropriate weighting for each
conformation. %y simple inspection of the diagrams above, a
quhlitative~evaluation of relaxation contributions from.H2'

-

to the H3' protons is possibléﬁ In I1I, the contributions
J




.

Qrom H2' to the 3! pﬁftons a(e clearly equivaieﬁt, whereas

in I, the H2' contribution is greater‘for H3'a than H3'Db
*and in II greater for H3'b than H3'a.

¥
in both atropine and

Since the average
population is heaviI; weigpted to 1
§copolamine, it is predicted that H3'a should relax fasten
than H3'b: The observed R, values, however, follow an
opposite trend (Table 3.13), indicating thai a chaﬁge in

\

-assignment may be necessary. Several other factors would
have to be considéred before such a change could be made.
An analysis of cross-correlation in this system is required,
since H3'a is somewhat tightlyucouﬁled to the more slowly
relaxing H2' (J/A6= .23). 1In addition, it is very likely

that relaxation coqtributions from phenyl riné‘protons play
~a significant ro}e in dgtermining thewrelative R1 vélues of

H3'a and H3'b. These relaxation pathways will bé fufth;r

examined with respect to the R1 values in the phenyl ring,
‘and nOe data, '

In a moho-substitu;ed benzene, the ortﬁo protons relax
more slowly than the meta and para protons unless 'there are
benzylic egptoqs on the substituent. Clearly, there fs
oﬂly onedi&?acent relaxation pathway for an of@ho proton,

but two for the meta and para protons. The ortho protons' in

atropine, however, relax at the same rate as the meta and
para protons, and in scopolamine, significantly faster.
These elevated rates can be attributed to significant

contributions from benzylic protons H2', H3'a, and'H3'b.

ar

142

-

e

T T T VA

el

| SO AU UUII




P

Y M LAV ot L At . [

143

Inspection of the diagrams describing the trqpic acid
conformation and subsequently, molecular models, suggest
that the higher relaxation rate of ortho protons in scopol-
amine relative to. atropine can be correlated to the greater
preference for conformation I in scopolamine. In this
conformation, the phenyl gréup is gauchg to both 3' protons,

hence, more efficient relaxation of ortho protons is

_expected than in either II or III, where the phenyl r;ng

i1s gauche to only one 3} proton. The relatively lower
norma;ized R1 value in atropine reflects the higher popu-
lation~of,the less relaxation efficient conformers, II
and III. The expected relaxation paihway in the reversé
direction, from the ortho protons to H3'a and H3'b, is also’
affected by relative populations, and must play a significant
role in determining the relative values of Ry for the 3'
protons. Additional insights into relaxation in this system
will be provided by the nOe data. |

Specific spin-lattice relaxation pathways in tropaﬁe
alkaloids were experimentally characterized by measurement of
nOe enhéncements (by the difference method) in spopolamine.
The results of these experiments are given in Table 4,16,

Analysis of relaxation pathways in terms of their Qfﬂuctural

- implications was made with the aid of calculations (Dre;ding

1

[ SR

moiecular model method). The two parts of the molecule are
\ ! .
isolated in terms of relaxation interactions, so each could

be analyzed separately.

e,
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: Tablew 4,16

£

Nuclear Overhauser Effect Enhancements "in Scopolamine’

»

_{____}_2 Key enhancements Other \Enhancements
1 7
2a 1 2e, 3 -
23 ' 1, 7 - . 2a| 3 /
a N\
3 2a > 2e, 4a > Ye N
, .
ba 5 : le, 3
e 5,6 4a, 3
. G'ﬁ‘
5 6
Y \
6. ) : 7'
! T 1 _ ) 6 ' v
2! o-Ph 3'b -
312 o-Ph . 3%
3'b o-Ph , 2'y 3'a
Cl3 . | 15 -

7. Measurements on 0.1 M solution in GCDC1 at ambient
temperature’. o-Ph = ortho phenyl protons,

| 2. Irradiated proton,

In the tropane ring, relaxation pathﬁays can be used

to trace connectivities- és had been carried out through

~decoupling experiments: 1 €3 2 €2 3 €3> 4§ «> 5. Note
; ! “that in scopolamine, where there is only very small vinylic
coupling to H6 and.H7, the nle experiments give not only
the above mentioned conneetiﬁties, but also 5 € 6 and

1 € 7, completing the circle around the tropane'ring:

[

ol
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Corroborative evidence for the H6, H7 assignment was also

~

available from the enhancement of the signal from these

.‘protons in the {H4e} and {H2e} experiments. The presence of

significént relaxation pathways between protons at C2 and (7,
and C6 and CH4 is exclusive to Hben € HUe and HTen ¢ H2e,
thus, the nOe data allow for the determinatiop of stereo~-
chemistry at Cb and C7 (since the C6 and C7 prétohs are endo,
the epoxide must be exo), and assignment of t;he diastereo-
topic €2 and C4 methylene protons. The differentiation of‘l
these methylene protons was ;150 possible from the {H3} -
experiment'. Calculations predicted that for H3 equatorial

in partially flattened tropane ring conformation, the
rel/axation pathway to the axial C2 and C4 protons should be
greater than the corresponding pathways to the equatorial
protons. The oﬁserved enhancements of H2a and Hia were
three times as large as the H2e and_Hlle enhancemen\ts,'
giving unambigious proof that the previous assignments of

these\%iastereomeric methylene protons65 were incorrect.

¥ Such/ quantitative comparison of enhancements is only
possible within a single experiment, and only if
relaxation rates for the protons beging compared are
similar. Comparison of enhancememts observed in separate
experiments is not possible due to the use of sub-
saturating power levels, short irradiation periods, etc.

—y
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With respéét to the relaxation pathlways in the*tropic
acid moiety, it has already been mentioned that the contri-
butions of H2' to the relaxation of H3'a and H3'b are not
expected to be equivalent, Int addition, from nOe experi-
ments, it was observed that the relaxation pathways from
H2',’ H3'a, and H3'b to ghe ortho phenyi protons were not
equivalent. Analysis of relaxation is severely complicated

by the rotomeric isomerism about the=C2'-C3' bond but, in

/
;’
addition, the analysis of relaxation pathways involving the 1
phenyl ring protons is further complicated ‘,by"the rotational 5,

freedom of <the phenyl ring. Interestingly, the cr'yst.al61 ‘,

and :mlui‘.ion65 structures both indicate that the phenyl \
ring is tucked under the tropane ring, however, pheriyl \

rotation in solution is not hindered on the nmr time scale,

as indicated by the equivalence of the two ortho and two
nie‘ta protons. Only single time averaged relaxation para-
meters areeineasureable, so, even though|the contributions
from the 2' |and 3' protons may be very different for the twq

different ortho protons, the relaxation data are unable to

- differentiate between thg; two, because of the rapid exchange

of relative positions. The presence of specific dipolar
interactions is clearly indicated by the large nOe
enhagcements of‘ the o-phenyl proton r\‘esonaﬁcel upon pre=-
saturation of H2' (14%), H3'a (6%), and H3'b'(ll$), but

detaliled interpretation of such data are not possible,.

MRS
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Note that these enhancement magnitudes are given only to

show ?hat they are significant, and can not be compared to

one another. Characterization of the specific relaxa';;io,n

pathways could in principle, be carried out by R1 and nOe

measurements at low tempreature, providing that the phenyl
* . rotation could be "frozen out".

In‘ summary, the nOQOe evidence leads to a complete set of
ass'ignments of all resonances and unambiguously corroborates
that the diastereotopic C2 and C4 methylené protons had been
incorrectly assigned in previous st.udi.ess.65 The relaxation
data were also used to infer structural information con-
cerning the flattening of the piperidlne ring in the trobane
moiety, an,dﬁ to identify, in a non-specific manner, the
existence of relaxation pathwairs between H2', H3'a, H3'D,

1]

and the ortho phenyl protons. | @
v

4.6.,4, Cocaine

Partial assignments of 1

H nmr parameters for cocaine in
CDCl; solution have been reported at 250 miz. 8% our studies
at 400 MHz (Table 4,12) agree with the previous asignments,
except for the magnit\;des of the various coupling constants
in the H4a resonance. Carroll et al.su have assigned the

value of the geminal ,coupliné constant as 12.9 Hz and the

viecinal céupling to ﬂS as 1,8 Hz, whereas.we find that these
values are 11,5 and 2.8 Hz, respectively. These differences

may be attributable to differences in concentration, 0.05 M

at 250 MHz versus 0,1 M at 400 MHz, or temperature effects.
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As in previous studies, attempts ab assigning C6 and T
proton resonances were not undertaken, since discrete R1
values cannot be measured in this vers} tightly c':’-bupled systen

(the effects of cross-correlation are significant),

The 1H'-'R1 values measured for cocaine (Table 4.13) were

ipitially used to distinguish resonances. Methylene protons
- ! ' v

relaxed in the range 1.3=2.1 'l , aliphatic methines in the

range‘\0.66-0.99 3’1, and aromatic methines in the range

10.34-0.45 571, The difference in the R, values of ‘the

LY

N-Me (1.39 3'1)' and th 0-Me (0.55 s~ groups is very l

gignificant, indicating a rather substantial difference

in their steric environments. ,
Other important structural features which are reflected

in the R, values of cocaine can be best interpreted by

™ Y

'comparison of the corresponding values in other tropane

alkaloids. The relaxation of H3 is appreciably faster in

‘cocaine than in scopolamine or atropine, even though one

of the significant relaxation pathways (to H2a or H2e) has-

been lost due to the substitution of a carbomethoxy group at

) ™
- C2. Calculations predicted that a reduction of 28% in the

R, of H3, for C2 substitution at the axial positaion, and 19%
for the eqpatorial position. An increase in th'e‘ R1 value
of H3 could o'nly be accounted for by a differe'hcré in the C3°
stereochemistry, Faster relaxat.io'n__yredicted for H3 in
the axial position due to the additional efficient relaxation
pathwayé available to H6en and HTen, as has been discussed

above for tropine (see diagram (X)).

~



{
There is good agreement between the calculated (60%)

and observed (50%) increase in the Ry of H3, if the C2
substituent is in the axial position. These data confirm

both C2 (B) and C3 (B) stereochemistry, in agreement with a

erystal structure determination68 and previous nm}‘ﬂ*s'c.t,ldies.“l

The.R1 of Hia is smaller gpan that of Hie in cocaine;
the opposite trend from that observed in the other tropane
alkaloids. This reductiod is mostly due to the loss of the
relaxation pétﬁway to H3, and to 4 much lessgf extent, to
‘ the loss of the HZa'contribution. The Yower R1 value fér
H1 relative to H5 results from the loss of the efficient
réiaxation pathway to H2a. Since calculations shgwed that
the -H5 relaxation pathway to the C2 axial proton is much
more efficient than the pathway to the equatorial proton,
the significant reduction obéervg@ in the R1 of H5 cor-
roboratés the C2 stereochemistry--H2 is équatorjial, the
-COOMe substltuent is ax1al N

Finally,.’kecall that the R1 values for the o-phenyl
protons in atropin; and scopolamine were substantially -
larger than expected dﬁe to. the presence of efficient
relaxation pathways to benzylic protons. 1In cocaine, where
.tpere are no beniylic protons (benzoxy group instead of

tropic acid ester), the R, values follow ghe expected trend

for a simple monb-substitu;ed benzene: para meta > ortho.

149
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4.7. Conclusion . ) ;

1H--R1 values provide an efficient method for the - N

categorf&ation of the speectral resohances into three groups:

methylene protons relax rapidly, aromatic methine protons

‘relax slowly; aliphatic methine protons relax in an inter-

mediate range. When combined ‘with simple mathematical

modelllng of relaxation pathways, relaxation parameters

v

[N

(R1 and " nOe enhancements) can provid(;dnsights into specific‘
c

detalls of molecular structure. The

curacy of the model

can be determined from the quality of the fit of calculated ;

and observed values.: The application of spin-lattice

relaxation parameters to the assignment of high field 1H

Bl

'spe%tra and the determination of molecular geometry and

e ¢

~ st%reochemistry of alkaloids has been clearly demonstrated.

lnterestingly, for the alkaloids used in these studies, the
solution and solid-state structures showed 'a great degree
of similarity, since‘the relaxation data determined in

-

solution could be accurately modelled usigg previously °,

" reported crystal structures. ) ’ . i
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" Chapter 5€ 4

APPLICATION OF *'H SPIN-LATTICE RELAXATION RATE MEASUREMENTS
TO THE. DETERMINATION<OF STRUCTURE AND STEREOCHEMI$TRY
OF SOME STRYCHNOS ALKALOIRS

. \ /
* 5.1. Introduction’ ~ /1

-

$

/

1H spin la‘ttice relaxation rate me\asur’ements have
been used 'co examine the structure and stereochemistry
of strychnos alkaloids- brucine, 16-hydroxystrychnine,
18-oxostryc\hni;1e, and five sulfonic acid derivatives Jéf

the ’;;areﬁt compound, strychnine (I),* and brucine.

-

(1)

-

Initial:ly, chemical shﬁft asjsignmen_ts were made by
“comparison ‘to published data on strychnine.67 However,
o after preliminary analySis of 1H--‘-R.I values, some"anomalies

¥. in,the published assignments became apparent . ®*

¥ The conventional structure used here for strychnine 7
represents thg enantiomer of the natural material, ’

™ ™~ %% Tavernier and <:owor‘l¢’er'&z68 reported that the geminal
* . + coupling constant for the C17 protons hg? been
° incorrectly assigned in the litefrature.

SN
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© of the R1 values was necessar

1
As a result, it was decided that a re-evaluation of the-1H >
nmr spectrum of strychnine was necessary. From a_detailed
experimental study and mathematical simulation of relaxation
pathways,if strychnine, all resonanﬁes were asaigned in an
ﬁnambiguous manner. The in-depth analysis of‘relaxation in

ot

st?ychnine was then used to aid in the structure determin-
ation of the strychnine derivatives.

The reiaxafion expressions presented &nlghapter 2
should be a gooa approximation for proton spin-lattice
relaxation in strychnine and the derivatives studied here,
since th€§é~molecules afz quite rigid. It was, the;efore,‘
possible to utilize the relaxation pathway analysis -
techniQuQ for solution structure determination of strychnos
alkaloids. In addition,‘calculgt;on pf relaxation pathwgys
(Dreiding ﬁolecu;ar model method) could be carried out in a

[

straight forward manner. _Verification of the structural

assignments could then be achieved by comparing experi-
mental and calculated R; values of protons in the immediate
vicinity of the sites of sugstitution. N

» .

Since replacement of a hydrogen atom by a substituent

changes the moments of inertia of. the molecule, there are

.corresponding differences in correlation times for tumbling

(t,) which affect the measured R; values. For this reason,

and since experimental conditions may vary from one

experiment to another, norm‘aization (see section 9.3)
a)& before inter-comparisons

could be made. The normalized Ry values of strychnine,

1

. | )
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18-oxostrychnine, 16-hydroxystrychnine, and brucine could .
be compared directly (Table 5.3), but comparisons.between
strychnine and the sulfonic acids were avoided because

»

strychnine is insuffiiciently soluble in the common solvent,

, 020, utilized for study of the sulfonic acids. Since the

sites of substitution in the éulfonic acids were in dif{erent
> .

parts of the molecule, and there were no instances where the

/.

same.relaxaﬁio% pathway was-affected in two different sulfonic

- aclds, it was possible to determine the effects of substi-

&

tution on specific R, values by inter-comparison among

E
1

‘the various isomers (Table 5.4).

~
3 \

5.2. A Partial Reassignment of the 'H NMR Spectrum of
Strychnine

e
Vi

L
1

The previous assignments of the Y nmr spectrum of

9

Strychnine were made at 250 MHz using a¥*combination of
aromatic-solvent-induced chemical shift changgs, selective
deuteration, double resonance technidues, and coﬁputer
simulation of spectra.67 Interpretation of the 1% spectrum
of strychnine (Fig. 5.1) in the” present study was fag%li-
tat®d by the greater chémical shift dispersion at 400 MHz.
After preliminary analysis/of the 1H_-R1 values of the

strychnine sulfonic acids, a comparison of the experimental

and calculated 1H-R1 values of sirychnine ;uggested that the
. \ . '
sterecdhemical assignménts of the geminal proton pairs at "

positions 15, 18, and 20 should be reversed.
] :

-«

<
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Fig. 5.1 400 Miz 'H nnr spectrum of strychnine, 0.1 M COX1 .
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Relaxation pathway analysis was carried out -in order
to establish characteristig relaxation pathways for each
proton of interest. Although both 'H-R, 'and n0e experiments
were used in checking the 1H chemical shift assignments of
strychnine, the n0Oe data proved more Qefinitive. The
fo%lowing discussion, therefore, centers on the nOe
exberiments. At léast one key enhancemént could be iden-
tified for all protons irradiated except H12 (Table 5.1).
A key enhancement is défin;d here as: }

1. An nOe enhancement which serves to identify either

the irradiated or enhanced resonance.

2. An nOe enhancement which identifies a unique
relaxation pathway having implications concerning
the overall molecular structure.

The final assignments were checked by computer simﬁlation
of portions of the spectrum.

}he signals due to the isolated C20 methylene group,
adjacent to nitrogen, were originally assigned67 as the
simple AB pattern (with some long range coupling) at 3.70
and 2.72 ppm. The C15 proton signals (1.46 and 2.36 ppm)

were assigned by comparison with the spectrum of 11a,11b,16-~

astrychnine.67 These assignments have recently been
69

a3 .
confirmed by 2D hetero- and homo-correlation methods.
Although there is no question as to the assignment of these |
four signals to the C20 and C15 protons, respéctively, the
groblem of the stereochemfstry of the assignments was not

satisfactorily resolved. s

O ——— - o et —
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Table 5.1

- mr——— e - &

NOE Enhancements Determined for Strychnine

by the Difference Technique'

£3 . Key
1 16, 17a,9 24
12 '
13,7+ _15b
14 Zéa
15a 20a "
15b ‘13
16 1
17a3 1
1703 8
18a 16¢
18b 8, 20b, 22
20a 15a¢
20b 22, 18bd
22 20b, 23b, 18b°
23a 12, 14
23b 22

Other

17a,9 18b

13, 11b, 11a, 14

8, 12, 14
13, 15a, 15b,

L
15b, 16, 14

12, 22

15a, 16, 14
15a, 15b, 17a%
17p,9 16, 18a

18b, 1729 . |
18a, 1709 \
20b

20a

.8¢

23bp 22
23a

15a
23b

15b,

' 20a

22

1. Spectra were determined at 500 MHz at ambient temperature
(about 20°C) on non-degassed 0.1 M solutions in CDCl
Except for cases where overlap of signals

DMS0-d

one so?vent (eg. H17a and H17b in CDCla) prevented

individual measurements, nOe enhanceme
“"e" = CDCl
{ } = irradiated proton.

in both solvents.

~

; and
n

ts were observed
3 only, "d" = DMSO-d6 only.

2. Negative enhancements arise from the three-spin effect3?

and depend on the choice of experimental conditions.

3. In CDC1

measured in a single experiment.

v ap N Y e,
..u—mouh. [ Y S A.&w& L Lokt Motine, omkialos

cla

solution there is only a ver§ small difference
in H17a gnd H17b chemical shifts, so the enhancements were

4
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The key relaxation pathways for the protons at the

15 and .20 positions are indicated on partial structure II:
’

r

(II) SN
Eétur;tion of\the.downfield (3:%0 ppm) H20 signal produced
an nOe at the éownfield (2.36 ppm) H15 signal. Based on
calculated nOe values, it is clear th;t the ronly significant
relaxation pathway for one of the C20 protons with one of
the C15 protons is betweeh H20a and H15a. Saturation at
2.36 ppm gave the expected enhancement toithe signal at
3.70 ppm, further corroborating the assignment. . For addi-
tional proof, the other C20 proton, H20b, was identified by
key nOe enhancementsgto and from J18b (2.87 ppm) ana the
vinylic proton, H22. . Since the assignment of H22 is unam-
biguous, the above experiments verify the assignments of

’ both H18b and H20b. 1In addition, H15b (1.46 ppm) was char-
acterized by enhancéments to agpd from H13 (unambiguously .

identified previously67'69). A selected number of the nQed

& experiments are shown in Fig. 5.2.

o —
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/\ . * 15a
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e TN~ 15a 13 = (x8)
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Fig. 5.2 NOe difference spectra to determine the assi nments of
e * dfastereotopic methylene protons at C15 and C20 in_
strychnine (0.1 M CDClé): a) normal spectrum, b)-e) nOeds.
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The nuclear Overhauser effects to and from -H20b and
H18b served as an entry into the ABMX system of protons
17a, 17b, %8a, and 18b. This spin'system was initially
analyzed from spectra of a DM30-dg solution because, in
this sofvént, the four signals were more clearly separated
and tﬁe c17 perons were less tightly coupled than in CDClg
Solqtion. galculations predicted that tgese protons couls

be differentiated by their nOe enhancements, as shown in_the

partial structure, III:

2

.

. (1II1) .

Experimental results verify that H18b has effective relax-
ation pathways to H8, Héz, and H20b, whereas H1Bawhas an
effe;tive pathway to>H16. The C17 E:otons were distinguisﬁed
by large key}enhanbements petween H17a and H1, and between

3 .
ﬁ17p and H8. Pertinent nOed experiments are shown for both

[
i

'DMSO-dg (Fig. 5.3) and CDCly (Fig. 5.4) solutions.

-

- -
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17 (x4)

" Fig. 5.3 NOe hiffer'ence spectra to determine th'e assignments of
' diastereotopic methylene grotons at C17 and C18 in |
N , ‘A strychnine (0.1 M DHSO-d5 : a) normal spectrum b)-e) nleds.

.
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Fig. 5.4 NOe difference spectra to 'determine the assignments of
* diastereotopic methylene protogs at p17 and C18 in
strychnine (0.1 M CDC1 3): a) nortial spectrum, b)-d) nOeds.
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18a ' 18
Simulation using previous parameters 67

B

18a 11a . 18b

400 MHz Spectrum

Simation using revised parameters

20 Hz

Fig. 5.6 Assignment of the ABMX spin system in ring E of strychnine,
0.1 M CDC‘I3 solution..
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3

Atﬁemp&ed computer simulation (LAOCOON 11179) of the
ring E‘ABMX system (in DMSO-d6 solution) failed to produce
a reasonable fit; when a coupiing constant of 0.2 Hz was
utilized for the geminal pair at C17 as had been previously
reportg%.67 When the simulation was repeated, starting
from a more normal71 value of =13 Hz for 2J17a,17b’ the
calculation rapidly converged to ap'excellent fit to the
experimental spectrum (Fig. 5.5). -

The information obtained from the DM30-d, spectrum was
then correlated with the CDCl3 spectrum. The rélative 1H-R1
values and the nOe enhancements (Fig. 5.3) for the C18 gem
protons were measured giviﬁg an umbiguous assignment‘of the
signals. With CDCl3 assignments of HiB8a and Hlé% and coupling
constant data from the DMSO-d6 spectrum, LAOCOON III simu-
lation yielded an excellent fit to the experimental spectrum
(Fig. 5.6). The set ochorrected assignments of chemical
;hifts and c?y;ling constants is given in Téble 5.2.

Thé existence of an efficient inter-ring relaxation
pathway between the aromatic ring proton, H1, and H17a
provides structural\information about the strychnine
molecular framework. The close proximity of H17a’on ‘
the bridgiﬁg ring D is partially responsible :for Egg
observation that H1, on the apparently isolated aréﬁatic
system, relaxes much faster than the corresponding proton
at position 4, and even faster than H2 and H3, which have

two, as opposed to one, adjacent neighbors on the ring, IV. |

&«

A
./?(,
.

e e e e A e -
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s ‘ , . ‘ - , ' . y
fhere is also an efficlient inter-ring relaxation pathway _ . K
beteeen H1 andeH16. It should be noted that the usual k

. .tgo-dimensional representation of the strychnine struc-

. ture‘glves a misleading impression of the%re;ative place-

ment of H1 with respect to H16 and H17a. v ‘ |

o ‘ ' * ! » - .
, ' A final peint of 1nteres{ concern$ the cou 1ing’ (0.9 Hz)
2

- between the vinylic proton, H22, and the C20 proton with a ¥

signal/§5”§.70,ppm;uoiiginally assigned ‘to H20b.67 The di-
- hedral .angle between H20b and the plane of the double bond

~

is very close to 0°. The presence of "any measurable coupling /

. s
-

.i' , . between H22 and H20b wouid therefore, be unusual, 72 When
R ' tHe stereochemistr¥ ot the original assignments at C20 was [
' reversed, this oouplinéﬁconstant no longer appeared to be _

anomalous. The dihedral angle between H20a and the plane .

’ ¢
of the double bond is about 100°, so a small (<3 Hz), but -

signifioant coupiing is to be expeoted 72 "

Ry v P .
, - , ( . R
- »
4 ! .
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R 5.3. 18-Oxostrychnine, 16-Hydroxystrychnine, and Brucine

" ﬂ/f”The sites of substitution in 18-oibstrychn1ne (18-0s),

"’iﬁ-hydéoxysiyychnine (16=HS), and brucipe could be inferred
) v ' o

\w

—»

~ brucine

]

from characteristic differences in the Q{Cl3 400 MHz L

H
spectra, relatIVe to strychnipe. In 18-0S, only C17 and
c18 protons were perturbed, whereas in 16-HS, the H16
signal disappearéd and the C15 protons were slightly
affected. These spectral changes have beenlprevionsly
observed in 18-08 and a strychnine aerivative with H16

e ' replaced by deuterium,67'73 though some of the réported

lassignments were 1ﬁcorrect. Ass}gnments were corrected ,
P Jx;‘/"P" the basis of the studieé of str&chnine, described in
" o the previous section of this chapter. In CDCl,, other -
than the.siqplificat}on in ihe aromatic region to just
e, two singlets, and the addition of the two he;hoxy‘group
L . \,‘ singlets ar&und 4 ppm, the spectruﬁ of Srucing is nearly

N _ .sSuperimposable with that of strychnine. Relaxation pathway

Ta Tl

R
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4

"

analysis was carried out on all of these compounds, solely

from 'H-R, data (Table 5.3), to verify the sites of substi-
tution and to demonstrate the viability of this technique
~ for structural analysis of strycégine deriv;tives.

For 16-HS, the lack of significant changes in the y
spectrum indicates that the basic structure of. the molecule
had not been altered. The only 1H-R1 value which appeared
to be affected (relative to strychnine) ;Qs that of H1.
Calculapigﬂ:'indicated that there were only thrée major
contributors to H! relaxation, H2, 16 and 'H17a, so the

substituent had to be located at one of these positions, VI.

Nearly 50% of H3 relaxation is attributable to dipolar

. interactions with H2, so substitution at C2 could be ruled

e

out becguse the W& value of H3 was unaffected. The lack
of ag effect on the Ri of geminal partner H17b,'ruled out

_ substitution at 17a. H16 appeared to be the only logical

™

- choipe.“ No other significant effects on ﬁ1 values had been

"
\

-
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observed,® as predicted by the calculations, beca;xse H16 has
-a relatively isolated location. The site of substitution
had, therefore, been uniquely characterizedénd unambiguous
assignment was pdssible.

The analysis of relaxation data for 18-05 was more
complicated than that ®f 16-HS, sinée there is a much _larger
perturbation of the basic strychnine structure. The form-
ation of a.lactam function in ring E (at positions C18 and
N19), implies a change in—the rigid molecular framework.

Ry effects would, therefore, be expected not only from the
loss of H18‘a and H18b.‘ but -also from changes in the relativ‘e
proximities of ring E, and possibly, ring F protons.

Initial analysis of relaxation data was carried out by / ,
caleculation of the effects on 1ﬂ-R1 values, upon removal of

+H18a and H18b. Significant (>10%) effects were predicted for
H8, 16, H1Ta, H1Tb, H20D, and H22:

(VII) .

¥ The significant difference in the R, values of H23b,
relative to strychnine, is attributable to changes in
. cross-correélation effects due to tight-coupling to H23a.

f
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The agreement between these calculated and observed values
was excellent. ;n addition, significant reductions, which
were not predicted, were observed in the in the R1 values of
H1 and H16. These effects were rationalized using the

following logic:

1. For the R, of H8 to have been affected, there .
could only have been substitution at positions
11b, 17b, or 18b, as indicated by the calculated
relaxation pathways.

2. Reductions in the R, of H20b and H22 were only
compatible with sub;titution at Hi8b. /

3. No other protons in the vicinity of H11b a,
including H11a) were affected, so this
possibility could be ruled out.
4, The two anomalous R1 effects, a larger than i
predicted (-7%) reduction in the R, of H16
and reduction in the R, of H1, are both
attributable to a chanée in the relative
distances to H17a, in response to structural
‘changes induced in ring E:

The model chosen for interpretation of the relaxation data

was, therefore, completely consistent, and the site of
substitution (C18) was unambiguously confirmed. ‘

otrhe similarity of the 400 MHz T4 spectrum of stryclinine
and bruqine indicates»that'the substitution of methoxy groups
at C2 and C3 does not affect the st;ucture of the rest of

the molecule. A great similarity in A

H-R, values for all. )
except ring A protons is experimentally observed I(Table 5.3),
further corroborating that; the basic atomic /fréfnework! is

not perturbed. F;)llowing tlhe previously developed logic
(section 4.4.1 )‘for determining methoxy group conformation

from 1H-RJ values of adjacent prdtons‘,, it was possible

"
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to determine the preferred orientations of the 2-OMe and

-

i 3-0Me groups. On the basis of potential adverse steric

inte‘ractions, orientations 1-cis and 4-cis are predicted

to be the most stable for 2-OMe and 3-OMe, respectively:

g
o

(2.

, ) )
This hypothesis has been confirmed for model diffethoxy
benzenes in a number of different stud:les.'m"'l6 The
elevated R1 values of H1 and H4, relative to those in

strychnine (Table 5.3) indicate that the same orientations

which are preferred in the models are also preferred in
bruc;ne. For example, upon substitution at C2, the prin-
ciple relaxation pathway for H1 (to the adjacent proton, H2)
is lost, so an increase 1in the Ry of H1 is only possible if
the methyl protons of the 2-OMe group are in close proximity
e . to Hi. The 1-cis and 4~cis orientation musf be preferréd

~ . Q*for the methoxy groups athZ and C3, respectively. Note
o ' that, as for strychnine, H1 and HY4 can be distinguished on
the basis of the higher R, va‘]..ue for H1. (due to efficient

' " relaxation pathwa\ys to H16 and H17a). The methoxy resonances
can beiidentified by a’single nOe experimg}'\t; the saturation

of one of the methoxy signa‘ls will cause an enhancem‘gnt of

only the adjacent ring proton: H1 ¢ {2-OMel, H4 & {3-0OMel.
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5.4 Strychnine Sulfonic Acids
- [’
In 1908-1909, Leuchs and Schneider!! obtained three \ |
J
mono sulfonic acids (designated SSA-I, -II, and -III) on \\
1Y
work-up of the solution obtained by bubbling sulfur dioxide * Loy
i \
through a warm aqueous solution of strychnine containing L )
\ (N

suspended manganese dioxide. A similar series of isomeric
brucine sulfonic acids were also synthesized by this same
method (designated BSA-I, ~JII, -IV). Although Leuchs and
his collaborators continued to study these sulfonic acids
for more than 30 year‘:’.,78 little became known of their
structures, other than that SSA-I was not sulfonated on the
aromatic ring or at the 11-position, until further studies
were undertaken by Edward and coworker.s.79 ﬁ

On repeating Leuchs' procedures, the same six strych-
nine and brucine sulfonic acids were isolated. X-ray
crystallographic analysis of a sample of SSA-I obtained. at
this time showed it to have the sulg‘onic acid group located
at the allylic W-position.ao In addition, a comparison of
optical rotations and pKBH+ measurements suggested that SSA-I

and BSA-I, SSA-III and BSA-III, and SSA-II and BSA-IV were

paY

structural analofues .19

On the basis of pH measurements, 13(.’2 nmr spectra, and
chemical arguments, the sulfonic ‘acid groups in SSA-II and
SSA-III (and by analogy, BSA-IV and BSA-III) were asgigned
to t\)he vin&l_;lc 22-position, and the allylic 20-position,'
resi:ecﬁi‘velng' The stereochemistry of subst:ituti(;n at
positi.ion-.zo,in* éSA-III was not'established. To gain

. LY
»

»

3 —— -
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] further insight into the structures of the sulfonic acid

derivatives, a study of their 4 spin-lattice relgxation

rates was undertaken. Since its structure was already

. known, SSA-I was used in this study as a model compound,,.

to evaluate the viability of the 1H-R1 method for sulfonic

»,

acid derivatives of strychnine.

Proton chemical shift assignments for the sulfonic acids N
were méde initially by comparing the‘ 400 MHz 1H spectra with
the spectrum of strychnine in DMSO-d6 and CDC13, using the
revised assignments (Table 5.2). NOed experiments and
computer simulations were required to analyze ‘the spectrum
of SSA-I1I. Since the SSA and BSA structures were so .
similar, their spectra nearly superim’posable, and 1H-R1
values neariy identical (within experimental error), the
discussion of results will bé focussed" on th'é SSA compounds, -
though BSA data are a]!so reported here (Table 5.4). The
conclusions drawn from the SSA data are equally valid for

the BSA analogues, in all cases.

.
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Table 5.4

Normalized R, Values of the Sulfonic™ Acid Derivatives

Proton SSA-12  BSA-I2 SSA-II2 BSA-IVZ SSA-III
1 .63 .81 .70 .82 .70
2 48 .90(OMe) .53 .93(0Me) .53
3 .50 .76(0Me) .55  .82(OMe) .52
4 .33 .48 .34 .49 .38-
8 .78" .83" 82" .86". .89
11a - - 1.7 :
11b - - - 1.7 '
12 64" .69" 89" 93" 1.3
13 .76 81 1 1.4 1.1 i
|
14 - - 1.22 1.2 1.1 ]
15a 2.3 2.2 2.6 2.4 2.0 L
15b 2.2 2.2 2.6 2.4 2.5 b
16 (1.88) (1.81) (1.98) (1.71) (1.98)
y
17a 2.1 2.1 2.0 2.0 1.9 <
17b 2.2, 2.2 2.1 2.1 2.2
18a 2.0 1.9 2.0 1.9 1.8
18b 2.4 2.3 2.4 2.2 .« 2.0 . :
20a 2.1 1.9 2.0 1.9 -
20b 2.2 2.0 1.88 1.7 .58
22 . . 90 . 95 -‘# , _.ﬂ# . . 9 1 ) . . “‘,:i
23a -+ -+ 2.1 1.9 . 2.0 p
23b 1.7 1.7 -t -+ 1.7 - ;:az
| o
T. R{ values from 0.1 M Dy0 solutidns at ambient temperature
.oané normalized to H16, whose Ra is given in parentheses ( ).

"#" = site of substitutiod, "+".z Ry not .measurable.

2. One drob of NaOD solution was added to inérease solu-
bility. C11 protons were deuterated in these ¢ompounds,
so certain R, values, -indicated by """, were reduced. ’

» ‘
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Since  SSA-I and $SA—II were sparingly solu/ble in D50,
it proved necessary to add a drop of NaOD solution to improve
{ their solubility. This created a complication in that the
| hydrogen atoms at position 11 are acidic, and were replaced
11 by deuter’ium. Reductions in the R, values of H8, H12, and
H‘l‘3 (X) of these compounds were expected, because deuterium
has only about 6.3% of the relaxation efficiency of pr'otium.16

These factors were easily accounted for in the calculations.

5.4.1, Strychnine Sulfonic Acid I

-
The site of substitution (C14) of SSA-I may be inferred
. ' from the-disappearance of the 1H‘ signa;l (3.14 ppm) attri-
buted to H14 in stryéhnine,’ and ,‘the resulting change in the
“ appearance of tpe multiplets arising from protons coupled to

H14 (i.e. H13, H15a, HI5b). Calculation of the effect of

CER S Y

fay

K ',re'placemen; of H14 on Ry values of neighboring protons pre-

R

% lu.’; - i ;
LPELE S A
R Tty

~
o

Ty

\ dlicted reductions in the R, of H12, H13, H15a, and H15b, XI:

.¥in Tmso-ds solution containing one drop of 40% DC1/D,0.

“ i *
24 '
B [

S

*, I—‘ :
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Rl e

R} = 20%

1M
Rlygaere = 108
Rlisporg = 7%

Rl 23a.qy = 01

(X1)

]

A significant effect on the R, value of H23a was also pre-
dicted, but was not measurabl‘e. for experimental.reasons.**
Analysis of the R1 value of':ﬂ?z is c;)mplicated by the effect
of deuteration at 11a and 11b, but the magnitude of this
influence could.‘be established by comparing t.h)e K12 R1
values (Table 5.4) of SSA-II (deuterated) and SSA-III
(non-deuterated). The dif'f?rence in H12 R1 values of
SSA-11 "e:nd SSA-I could then be attributed to the effect
of substitution at position 14, On comparing the other
R1 values of SSA-I with those of SSA-II, the reductions
predicted by the calculations were apparent . A large

decrease in the R, value of H13 and smaller decreases in

o

¥¥ In SSA-I, the H23a signal is in close proximity to the
residual HOD signal of the solvent,'and a reliable R, value
could not be obtained. The spread of saturation power from
solvent suppression has the effect of reducing the intensity
of the H23a signal and making the apparent R, value larger.
The same problem-arises for the H23b signal of SSA-II.:

1 t

-}

el et

sl
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the R, values of H15a and H15b were observed (Table 5.4).
This unique combination of effects on measured R14)

alues is
H

in 'complete agreement with the the assignment of positionglu

as the site of substitution.’J»80

5.4.,2, Strychnine sulfonic acid ~Il

!
1 ' E]

Initial verification of the site of substitution in

SSA-I1I wa's provided by the disappearance of thqqcharacter-
;8 istic H22 vinyl proton signal (5.90 ppm) of strychnine,®
AN
" accompanied by only minor changes in the appearance of

other signals. The only R, value showing a significant
reduction was that of H20b (Table 5.4). Calculations

) / .
identified H20a, H18b, and H22 as the major contributors

to the relaxation of H20b;

18a

Rlpop 22 * 16%
Rlaop « 18 = 6%
R]za‘_ 22 s 13%
Ryga <18 = 743

13
L]

X (XID)

thereby’e;pablish;ng tgree,possible'sites of substitution.
H22 was the logical choice because subsfitd%ion at 20a would

. reduce the Ry of H20b to a much greater extent than had-been

‘ ¥"See fooknote on p. 176.

' .
) !
:‘ \%, AN « ‘\
. . -
i iy .
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Ty,

- observed, and substitution, at’ 18b fould cause substanpial(

N ~ 'R, effects on other protons, in particular H18a and H8.
;o = ¢
N Calculatign of the pffectNgn othér protons from replacement
A

of H22 predicted significant decreaSeé in R1 values only for

' jﬂ ' H20b and H23b, XI. For practical reasons,* an R, value
| .

for H23b could not be measured,, but there wWas agreement

~

yFa between the calculated and obsérved influences on H20b.

nge, -for this molecule, the R; evidence clearl&ﬁfhdicated
'] 1 ! ,

.

. that substitution had occurred at position 22.
\ L
5.4.3. Strychnine -sulfonic acid III
\

i -
i .

The site of substitution (C20) of SSA-III could be

" inferred from the TH spectrum, the only  two substantial )

differences with respect to]the spectrum of strychnine being

i

the loss of the AB pattern iof the H20. signals (3.70 and -

) - / . ’
. 2.72 ppm)* and thelappearance‘of a sharp singlet, shifted

? sifnificantly dowdéield (6.g:pbm). The loss of two signals *
|

-fromjtheAspectrum without significant effects on coupling

. . N ¢
~“\\:‘ons't,ant,s~direc:t1y implied that substituti®n had occurfed-at
position ?O, since this is the only site with magnetically,

i
|
| . -
] isolated (i.e. with no vicinal coupling cons{fnts) geminal
. [ ) 9'
3 pro;ons. The large downgield shift of the remaining proton

signal'is consistent with a geminal relationship with the
, /

. n
f sulfonic acid substituent. The assignment was in agreement

with the previousy studies on ssa-I11.79 )

1 ) % See footnote on p. 176.
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An\¥ffic£fnt meads of determining the stereochemistry

- N rd
at C20 is to evaluate the relaxation pathways of the” o
: . N .

...remaining proton. fhgkéost important pathways available

° ° 3
to H20a and Hagihare summarjized in XIIIx:

"

- 1

'I
“Rly5, ;o 16% !

Rlp7 « 200 = 1%

. Mgy« 208 141

. 152 15b . ™
ce - (I

t

Calculation of the effe§ts on the R1 values of%neighbd?idg‘

)

tions in the R; values of H20b and H15a. The correspending

_ calculation for subhtitgtion at 20b indicated significant

3

reductions in the R, values of H20a, H18b, and H22. A dlan.

distinction between the possibilities should, ‘therefore, be

possible,

Close 1nspection of the spectrum ‘of SSA-~ III indicated

f ~that changes in the magnitudes of. the coupling constants of

~

the 17 and 18 protons are induced by subst1tut10n,n1mply1ng

a change in the geometry of ring E, and, pos51b1e changes in

“the efficiencies of. the relaxat1on pathways for H18b

d‘? Together with 3n observed reducﬁion in the normalized R1

1 &

of Hi1Bb there were correspondlng changes in the relatiye

4 S f

-

RN
. *

, . ' . ’ \\

. / !

protons for substitution at 20a indicated significant reduc-~

»
\




I

+

'sites of substitution, 20a and’ 20b, was made on th& basis
LY ' . B

v

R, values of H17a, H17b, and-H18a (Table 5.4), This
complication led to<uncertainty in the(prediction<of the
relaxation contribution from H20b, so 4that the R1 value of
H18b could not be used-as a basis of the assignment. Since

~

there was no spectral evidence of a conférmationalwc ange

'l « 5 . .
affecting any other protons, a distinction between the two,

~

~— of the R, values of H15a &nd H22.

N

Conpa;ison of the R, values (Table 5.4) of SSA-III with
SSA-I and SSA-1I showed that the relative Ry value of H22
was unchanged,, but that of HISa\was reduced. Tne reduction
in the R, value of H15a relative to that of its geminal’
neighbor, H15b, is a good indication tnat'H15a has been
substantially affected. 'Consﬁttency in the Ri valnes,of
H14 and H16 suggested that there wa; no siénificant charge
in ring geametryaaffecting’ﬂ15a and H15b, It is clear,
therefore, that the site of substitution in SSA-ILI is 20a.

To substantiate this assignpent, the nOe difference ,
spectrnn was measqred for saturétion of¥Yhe remaining
H20.re;ondnce; this experiment was ‘ideal from a practical
standpoint, since the signal was comple el} isolated from

the rest of the spectrum, and from a theoretical standpoint

since the specific relaxation pathways of this proton could

be characterized. A-large enhancement was seen for H22,

and a small enhancement for H18b (Fig. 5.7). ¢These nOe

’

enhanceéments estahlish that the irradiated signal was a

proton at position 20D, thereby confirming that the site
\

of substitution in SSA-III is 20a. ‘ - /’
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5.5. Conclusion

n
»

'1H Relaxation pathway analysis in st.‘r'y‘chnine, using
n0e expe'rimént.s, was utilized to correct the chemical shift

asqignmen{:s of the diastereotopic methylene pairs at (€15,

' C1z, C18, and C20, .and coupling constant ass'ignments in the

ABMX system of C17 and C18 protons. For the three strychnos'
alkaloids- -16-HS, 18-0X; and brucine, it has been shown that
the set of yobserv'ed effects on 1H-R1 tvali:ues ~un1quely.nic—ien.- ' s

tifies the site of structural perturbatfon. b’rh‘i.s allows

" for an unambiguous ,co'nfirmation of the structure‘s of 16;HS

‘and 18-05, and for the determination eof the methoxy group *

copformati'ons in brucine, Using the.’same -methodology, pro-.
. .

. posed.sites of substitution for the strychyii'ne and brucine

sulfonic acids have been verified, and the previously-unde-_ -

termined stereochemistry of SSA-III (and ‘by analogy BSA-III)
has been established. These results are clear evidence that
relaxation pathway analysis can be successf‘ully applied for

1 ]

complex alkaloids.

A
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Chapter 6 . 1 . e , ‘ /
. APPLICATION OF. 1H RELAXATION PATHWAY ANALYSIS 'TO
THE DETERMINATION OF THE STRUCTURE AND STEREOQCHEMISTRY
OF SOME' 7-HYDROXYINDENE DIMERS

- . .
. .

6.1 In_trdduction ‘ . ) S VRS

. . ; :I ¢
\ : .
Application of the relaxation pathway analysis technique

will be demonstrated by the determinati.on of‘ the solution

- -

structure of a series of methyl ~-substituted 7-hydroxyindene

)

dimers, 1-6 (Fig. 6.1). - ‘ : - R
\ . ) S
. , ’ w/ | .

.One of these compounds, 5, was‘originally ‘obtained
as a mixtdre with its C- 3 epimer, ‘together with the
expected tertlary a%cohol, on the treatment of 3, ll dlmetﬂyl—
7= hydroxyidan 1-one with methylmagneswm iodide. Thé ':? “
81

: t ' . G "": s
strueture of 5 was initially ass‘lgned on the ‘basis: of }& ﬁi]ﬁ\»g*vh

1 and 2, prep’ar;d from 7—hydroxy:-'|,M-dimethyl-:‘1-.indene, ] |

itsd 60 MHz 1H nmr spectrum, and was confirmed 4by an X- ra@ ‘1‘

e & .
82 gt .

dlffraction study of its 6- bromo derivative. Spbsequent e

investlgat}on resulted in the synthesis and isolation.of
the remaining compounds.83 1In general, the dim-ers‘.were Lo

prepared by treatment of the relevant indene in chlorpfor:m n Y
with 0.5% trif‘luoroacetlc acid. Of the tetramethyl dirper‘\s@j:x -3 -

1 was the kinetic _propuct, and 2 .the thermodynamio pi‘oc_iuct of
the dimerization reaction. 1 and 2 were r"eadily separ"at‘ed ‘by ,
chromatography’ Thé hexamethyl dimers, 3-6, prgpared from
7-hydroxy-'1,3,u—trimethyl-hﬂindehe, were ottained as the

kinetic pr:odu'ct, 3, z;nd the successive isomerizatioq/products

on longer acid treatment, 4, 5, and 6. Fractional erystal-

lization was employed to sepgrate 4 from 3, and 6 from 5.

’
- ! . i
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Fig. 6.1 Structures of the 7-h&droxy1ndene dine.rs.
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Preliminary stereochemical assighments were madé larg'qu
on the basis of the 3¢ nmr‘sp'ectra, ‘'by considering the
effects of adding.methyl groups, e.g. Y ~gauche andd-éyné\xial
effects. The“-13c chemical shift assignments had been made \
by 'co.r;lparison Of the two series (petré- and'hexa-meth’yl),.lin
exper:im’ents on samples in 'which the 1-g-m<.ethy1 "of the hydroxy-

indene was eqriched in 1BC

, and by the analysis of spectra
of mixed dimérs in which an n-butyl group was subsf.ituted for

the i1-methyl group in one half of the dimer. The assignments

were in complete agreement with the X-ray crystallographic

analysis of 3, and havé been verified by the present study.
The dimeric natu.r'e of these combounds creates diffi-

culties‘ in the application of standard 1H nmr technigues to

their unambiguous structure determination. In. part}cula'r,

1

the assignment of H_che'mi'cal shifts to corresponding protons
. 3

in each half of the dimer is difficult because of the very

slight differences in shielding. High field |

H spectra
(eg. Fig. 6.2) were necessary to provide s_uffipi}&‘nt chemical

shifg' dispersion to resolve all of the signals, while relax-

-agion pathway analysis was eritical for c‘omplete chemical

hift assigfment, and for the stereochemical assignments
at the chiral centres. Complete anglysis of ‘the spectral
parameters of all 1H signals, including differentiation of
all methylene signals and idéﬂtification of stereochemistry
at all (three or five) chiral centres, has been achieved.
The solution structure and stereochemistry of 5, as deter-
mined by relaxation paf;hway analysis, was éompletely

consistent with the X-ray crystallographic s‘l:udie:',.s‘2
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Table 6.1 . N ‘
7-Hydroxyindene Dimer 4 Chemical Shifts’

o '/ . ;oo
_ Chemical shift (ppm) ) .
proton 1° 2t 3° ‘ N/ 5¢ ' 6"
Me=1B ' 1.99  1.57 2.01 2;.01 1.63 - 1.70
H-2B 2.97" 2.38 . 2.42 2.43 1.91 2.03
 H-34 2,90 2.90 2.8 3.07 3.36 3.36
« H:3B 2,52 3.02° - - o - -
Me-3B L - - %35 1.360 1.3% 1.37
Me~4 2,03 2.21 2.08 2.11 2.27 2.26
H-5 - 6.83 6.96 6.80‘ 6.82 6.98  6.97
H-6 6.5 6.69 6.58, 6.59 6.71 6.71
‘ OH-7 6.1 6.80. 6.46 6.4 6.T4 6.74
Me=1'A . 1.0 - 1.53 1.35 - -
B - 0.7 - - 0.92 0.73
H-2'A . 2.20 2.1 2.68° 1.85 1.87 2.38
H-2'B . "~ 1.97 1.88 1.67 2.21 2.29 1.54
He3'A 2.8 2.93 + 3.32 - .- 3.48
Me-3"'A - - - .1.33 1.32 -
H=3'B  2.96 2.80 - 3.51 3.36 -
Me-3'B .- - 1.39 - - 1.40
Me-4 ! 2.13 2.22 2.17- 2,20 "2.26 2.31
He5' - 6.6 6.02 6.72 6.72 6.92 6.89 -

H-6" 6.51 6.70 6.47 6.48 6.71 6.68

o v

T. A1l values given in ppm from TMS, vand measured in
0.1 M CDCly solution at ambient/probe temperature.

2. Cis- and trans-fusion of rings B and C are

indicated by "c".and "t", respectively.
A = lower face, B = upper face..

4
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~ - .
_ respectively). Zhe other methine protons relax more

efficiently, with R, values of 1.3-2.1 s .

‘evidently more restricted in these compounds, relax more

189 | L

R
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-

6.2. Results and Discussion / -

-

"The st:rategy adopted in this study was to firjst carry
out analysis o; chemic?l shifts (Table 6.1) and 1H—R1
lﬂeqsurement’s (Table 6.2) to develop a ﬁorjking model of~
the struci;ures, then to use a numbgr of nled measurements
({able 6.3) to 1den£if§ speci‘fic re‘laxat’ion pathw'ay‘s‘to
finalize ﬂhe spectral and st-ructural ass\igninent.s.‘

‘ . N

6.2.1. Summary of 'H=-R, Data

. . w L4 ' | )

R, measurements provided a fast, efficient aid to 4 .
the assignment of proton chemical shifts. The relatively - .
isolated, and hence slowly relaxing, OH and ‘aromatic pro- . j
tons have the lowest R, values (0.3-0.4 and @.3-0.5, s,
e\ffici/ent'ly sincé tbhey have a. larger number of near
neigﬁbours (R, values of 0.7-1.0 s"1). Due to their close
proximity, the methylene protons relax each other very . ' a
effici;nt.ly, and 'hqve higpelr' ﬁ1 values (1.1-2.0 s"1). The
a‘ryi m'ethyl groups, which are relativéiy free to rotate
about: the C-CH3 bond axis, have Ry values of 0.7-1.0 s"-“ﬁ\

t

In contrast, the alkyl methyl groups, whose rotation is

1




Table 6.2

A

T-Hydroxy Indene Dimer 1H-R1 Values1 '

- Proton. . " R, (=12
1 > 3 4 s 6
‘ Me-18 . 1.28 1.98 1.52 .57 1.99 2.01
H-2B 0.97 0.92 0.90 0.92 0.99 0.99 '
"H=3A 1,33 1.7 0.92 ' 0.95 0.98 1.02
H-3B ©1.37  1.64 - - - - {
Me-3B - - 1.36 1.42  1.48  1.43

- Me-x‘ 0.68 0.72 0.80 0.80 0.8 0.83
" 0.368 \0.389 0.409/70.436 0.449 0.451

“H-5
H-6 0.326 0.333 0.334 0.364 0.386 0.376
OH-T 0.341 0.311 0.38% 0.43% 0.374 6.380
Me-1'A" * 1.82 - 1.87 1.87%. - -
v B - 1.95 - - 1.8 2.2
H-2'A 1.67 1.70 2.16 .2.11 1.82 1.88
RS 1.61  1.79  1.70 1.64 2.11  2.00°
, B3 1.8 1.68 011 - - 0.82
- Me=3'A - e [T IR T RS
H-3'B . 1.19% 1.60 - - 6:;% 0.80 -
Mes3'B - - 1.32 - - 1.58
Me-1i 0.69 0.83 0.76 0.86 0.98 . 1.02 -
Hes! 0.379 0.437- 0.412 0.458. 0.512 0.528
. i
H-6" © 0.342 0.401" 0.373 0.408 0.453 0,460

1. Measured from 0.1 M CDCl solutions at ambient
probe: temperature, gwer face, B = upper face,

2. 31 values calculated by two-garameter non=-linear
regression analysis, except where overlap problems were
prohibitive and the null-point method was utilized
_as indicated by "#", /

/
~

N
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6.2.2. StereoqpemicalKDeterminétions

Differentiétion,of methine froy methylene protons at °
.C2, €3, C2', and C3' was easily made by consideration of
1H-R1 values (Tablgl6.2), since methylene protons in these
: : compounds; genérally relax about twice as fast as the methine O
protong. Tentative assigpments were made by coﬁsiaeration of
chemical shifts and coupling:consgants. The stereochemistry
at positions 2, 3, 1', 2', and 3' was then determined relative
to that of the methyi.group at pgsition 1 (designated as being
located on the upper (Eéta) face of the moleculeaz), by
co?plete relaxation pa;hway analySis using nOe experiments
(Table 6.3). In all cases, Hziwég on the same {besff side
of tlie molecule as Me-1; as:evidenced by the substantial hOe

enhancements between the two (Fiés. 6.3, 6:“). In a similar . s
manner, the relative stereochemistry at position 1' could be
determinéd by the magnitudes of the n0e enhancements between
Me-1' and H2B8. A large nOe established the ring fusion as
cis (compounds 1, 3, and 4, .Fig. 6.3); a small nOe, deter—'
'mined under similar conditions, established the ring fusion

: as trans (combounds 2,5, and 6, Fié. 6.4). The proton or

} methyl group in the B-position‘at C3 was clearly distinguished
ffom the o-position substituent by significént nZ)e' énhanf—

. ment$ to and From'HZB (Fig; 6.5). For all hexa%ethyl dimers,

. the 3-methyl*group was identif%gd as having B stereoehemistry; ' .

L g) . ' B i o
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: Table 6.3 . . 7
i . L - . P ’ ~ ;o
NOE Enhancements'/Providing Steneochemical Inform ion‘I
. . . : 2 S . o~ Q‘
Saturated Proton Obseryved enhancements / e
. , . o e 3 B P
Cis-fused Dimers (1, 3, 4) T \ . : g O
. v ‘ .
e Me-1B 2(B)\, OH-7, Me-1'(B) -, R
. H-2B 3(B),"“Me-1(B), Me-1§(B) &
. H-3A " 3(B), 2'(A), Me-4
. H-3B . 3(A), 2(B) f
. Me-1'B 2(B), 2'(B), Me-1(B) .
~H-2'A 21(B), 3'(A), 3(R), 3(B) ~ ' _ /
H-2'B 2"(A), 3'(B), 2(B), Me-1'(B) ‘ ‘ ~
‘ *
g
, H=3JA 3'(B), 2'(A), Me-W! . s \ f
H-3'B 3'(A), 2'(B), Me-H4'
g , . " | % ,
. .« Trans-fused Dimers (2,5, 6) ° ‘ LN /
~ ; . . ) .
Me-1B © 2(B), “0H-T ;. 3(B) B
N )
g H- 2B .3(B), 2'(B) Me-1(54(/\ ; :
H-3A 3(8), 21(h), Me-1'(A), Me-t, |
\. H-3B '3(AY, 2(B), 3'(B) ’ Com |7
¥ Me-1'A 3(a), 2(A), 3'(A)
, H-2'A : ©2'(B), 3'(A), 3(A), Me-1'(A) ‘
. Y ' 1\ . 4
H 2'B , < 2'(A), 3%(B), 2(B), 3(B) i Lo
!
‘H-3'A - AL 2'(A) ‘Me=1'(A), Me-4' e
‘H-3'B 3 (A, 2'(5) Me-4 ' ' -
. < i
) T. ‘Measured on 0.1 M CDClig solutdons at ambient- probe oy
- - temnerature. A =_lower~ face, B = upper face R r*}
2. Substituents at 3 and 3' diffet among the six compounds, . l
so enhahcements are identified by position only. ! :
< * : P
P, o ) * |
\ Lk
4 ‘ / ¥



“
-

il

Y

=

Exd

Y]

sdawLp vwmﬂum.ﬁu -uoisny buid dUlWMIIBp 03 va33ads 30UBUB4$LP AON

LT

o

™~
R SN

.

ISR AS




(}ompound '

“ .

6,'. __JOH\___ _,2/8\__ - {Me-18}

-—

/

«

L} . . .’
. \ ' LY '-
2 {28} o J\.—
a = {Me-18}

.o ) o R . » ‘v

5. o NN {Me-1'a}

o | 28 2'a 20 Hz/cn
, F‘ig.' 6.4 NOe difference spectra to determine ring fusion-

trans-fused dimers. o
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‘The assignments at C2' and C3' wefe carried out in a

e

similar manner, but required. more carefil consideration of
the relaxation data and clése inspection of molecular models.
For the compounds which have trans;qufon ofmrings B and C
(2, 5, and 6), the relaxafion pathway betgeen Me-1'a and ~

the' C2' proton on the\\amé,side of the hoIecule‘(Fig. 6.6)

serves to distinguish between -the two C2' protons. The

relative magnitude of the the nOe én?gncemegg to and from
the C2! substituents'éhd the previously a?signed C3 substi-
tuents corr9b9rates these assignménts. Tﬁe assignﬁents at_
C3' were then made by réléying stereochemical assignments
at C2' through the relqti#e magnitudes of nOe enhancements
(large values for adjacent spbﬁtituents on th® same face of
the mof;cul;, Fig. 6.6). | . . i

_For compounds with cis-fusion*of rings B and c (1, 3,
and u)ijthe relaxation pathway between ﬁe—ﬂ'g and the C2°!

protons (Fig. 6.7) clearly differentiates between the two

protons. In these molecules, there is also a significant ,

nOe between the substituents in the a-positions of C3 and
02‘, ve&;fying the assignment'ané reflecting the folded_
geometfy of the molecules. The assignments at Ci' wefe
made b& relaying the stereochemistry established at C2',
as explainédhabové for the trans-fused‘dimers, through the

1]

magniiudes of, the n0Oe enhancements (Fig. 6.7).

-
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Ja 3 B 2'8 - Me-1'a
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20 Hz

Fig. 6.6 NOe difference spectra to determine C2' and C3' stereochemistry-
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6.2.3. Assignments in Aromatic Rings

The.signals (400 MHz) arising from ring A protons could,

be disting&ishgd from the corresponding ring E signals by a

combination of‘chemical shift arghnénts, double reSonance,'
and, in, part1cu1ar, by relaxation pathwdy analysis. K The
hydroxyl proton signals were readidy identified as the
slowly relaxing’ 31nglets at 6.1-6.8 ppm. HS5 may be di;-‘

tinguishe% from H6, and H5' from H6', on the basis of the

shielding effect of the ortho oxygen substituent (7-OH and

7'<0OR), and the higher rel4dxation rate (10-20%) of the 5.

and 5' protons resulting from relaxation contributions

v

from the adjacent 4 and 4' methyl groups.
A definitive distinction between the ring A and ring E
4 - .

aromatic signals was established by iqdentification, through -

n0ed experiments, of consecutive relaxation pathways

‘originating on the.previously assigned C3 and C3'-protons

- (Fig. 6:8)? Saturation of H3x gave an enhancement of Me-u; o

while saturation of H3'a and/or H3'pg -gave: an enhancemené of

Y

" Me-4! {Fig. 6.8). Since thé chemical shifts of the two

1

methyl resonances were very different (A8= 0.2 ppm), these.

rOe enhancements gave the methyl assignments unambiguously. '

The HS and HS5' resonances could then be assigned from the

Oe enhancemenﬁs observedfnpon ;a%yr%tion of Me-d4 and Me-U4',
rgspectively (Fig. 6.8). The completion of the aromatic



&

:,200'

¢

{8.£}

-




‘ 201
proton relaxation sequences to 6 and 6' protons:
H-CH3 E>H-5 > H-b 41-CH3 € H-5' € H-6'

was trivial, hence, chemical shifts of all aromatic
res;nances were'ass%gned; .
With this in{ormation, the structural analysis wgs‘
completé, ana the full set of assignments of thetnmr
parameters cguld be made. These were refined by compu£er

simulation when neceésary, and ‘are listed in Table 6.1.

\)

'S . *
6.3. Cohclusion,
i i * )
By utilizing the relaxation pathway analysis technique

= outlined in Chapter 2, it wa3 possible to assign all the

signals in the 4. nmr spectrum of the six T-hydroiyindene
dimers, including the diastereotopic methylene protons. In
' .addition, by caréful an?}ysis of nle enhgncements with the
.aid of molecular models;-it was bossible to determine ring

{ "f ' fusion, apd to assigp the’stereoehemistry_af all three or
T five chi;al centres. These studies demonstrate the greét !

power of the relaxation .pathway technique for the analysis

N ‘of the solution structure of organic molecules.

s

JROVIEUERE &




.R.1 values of methine or methylene groups, whereas methyl

‘observed, eg. in 1-a"ryl-ll,ll—dimethy1—2¥fmidazolin-5-ones,91

‘influences on methyl

>
Chapter 7
STERIC EFFECTS ON 1H SPIN-LATTICE RELAXATION OF METHYL GROUPS v
7.1. Introduction
‘ (
Most relaxation studies have involved the analysis of Y

rates have been only rarely utilized. The principal reason

for this omission is that methyl relaxation is complicated

by the internal @ethyl rotation which is supgerimposed on ~ g :
the overall thmbling of the molecule: Theredis no simple |
way to explicitly model the motion of ﬁhe\methyl relaxation
vectors, thus the R1 vélues have proven to be much more dif-
ficult to analyze. Although there has been a considerable
amount of theoreticai‘wofk on various asbects of metth
relaxatipn (eg. Refs. 84-90), most experimental studies

have beeﬁ‘focussed on quantitative determination of methyl'
rotation barriers from 13C-R1 measurements.® In the course'
of 1H-R1 studies undertékeh By this laboratory, however, a E
significant dynamic.range'of methyl\group‘R] values has been |

and*steroids.10~ ' l

di- and tri-mefhyl T-hydroxyindene dimers,92

No comprehen31ve examination of substltuent steric ,
1

H- R1 values has been reported in the

literature, so a broadly based study. ‘of these effects has

3

been undertaken.’ Results are reported here for simple model ; |

systems. "The immediate goal of this research was to observe

o

* An excellgnt review on this subject is given in Ref. 12. ‘ .
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the sensitivity of methyl 1H-R1 values to specific steric
interactions, while the’long term goal was to determine the

potential of using these values as brobes of molecular

structure in solution, as is now possible with methine

-

and methylene\proton R1's.\

In order to evaluate the usefulness of\methyl relax-
ation rat:s measured under routine experimental conditions,
nok-degassed 0.1 M solutiops in deuterated solQents‘were
employed. Under these conditions, the spin-lattice relax-
ation ofgbethyl protons is dominated by dipolar relaxation.
(RId) to other protons in the molecule, ;nq spin-rotation.
There is also a contribution® from paramagnetic dipolér
relaxaiion to éissolved oxygen (RIO) (see Chapters 2 gnd 3).
The approximate.equivalence of the oxygen contribuﬁioh tp
relaxation of all of the protops in a molecule has been

verified in studies of a selected number of the model com-

pounds discussed below. Relative methyl Ry values in non-

p

" degassged samples will, therefore, reflect the differences

in R and Ry4 terms.

1sr
l
The spin-rotation relaxatioén contribution for a methyl

Broup is given by the following:93
2 2y #
(2) Ry BB K * T %I % (2c,% + o) * v

where K is a series of constants, T is temperature, I is

the moment of inertia.of tﬁe methyfggroup, ci_and c” are
components of the spin-rotation interaction tensor, and

tsr is the spin-rotation correlation #ime. Note that tsr

i N T T T U U S U . T I VY . - . e bt a o
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“}efefred to an excellent discussion by Green and Powles.
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is different from the dipolar t,, in particular, the
dependence on methyl rotation rate of t‘ ¥s opposit€ to

that of t For the purposes of these studies, the fact

that the efficiency of the spin-rotation relaxation mechanigm

will increase the faster the methyl group rotates, is of

utmost importance. For greater detail, the reader is
9y

The dipolar relaxation contribution for a proton j, .

has already been g%jfj/én Chapter 2, and can be reformulated:

) 1‘
6
(2) Ryq: = K [ (===)"* ¢ ..1 .
14 cij
i rfj . .

K, and t, have all been previously defined. The t,

ri
term in (2) depends on both the overall rate of tumbling and

{ n
any internal motions in the molecule, thus, the efficiency

of dipolar relaxaﬁion will decrease as the rate of meth}l

" group rotation increases. Note that the dependence of the

dipolér relaxation rate on methyl rotation is opposite to
that for the spin-rotation mechanism.

Interpretation of methyl R1d values is invariably

. ‘
(/,facilitatgd by the efficient "internal" dipolar relaxation

resulting from the close proximity of the three methyl
protons. Caléulations based on simple gathematidal models
of dipolar relaxation predict that external dipalar contri-
butions to methyl Ryq values are practicallyinoq-exisﬁent
for 13C, and are rarely as large as 103 for 'H. This latter

prediction has been verified for a few representative

™

F7T
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compounds in tﬁ&é.sﬁudy, by measdrements of TH-{'H} noOe.
o ' - ‘ % :

enhancements; no signifiéént enhancements of methyl groups
d ' ‘ N
. were observed. In a study of 3,5-dichlorotoluene, the ex-

ternal dipolar contribution to methyl group relaxation from

the a&jacent,ring/protoﬁs’was reported to be less than 31.95 )

Since -there are only very small "external" contributiond to
L7 ' ! ’
the methyl relaxation, and since the basic strueture of

-
-

group {s invariaht, it is evident that differences in methyi

the

Ryq values can only result from differences in motion.

This
implies that if the internal motion (methyl rotatiom) can be
Sseparated from the overall tumbling, then steric influences

' on the methyl R,y can-be determined.

The separation of the overall tumbling effects from
internal motion for different'methyl grodpspis possiblé
in an isqtropicallyapumPling molequié which has several

&}

- non-equivalent methyl groups. In such a molecule, the

N L.
contributions of .the. overall tumbling to tc are equal,

B

" 80 any differences in methyl Riq values age directly

attribu£able to influences on the r?te.of metﬁyl rotation.
In attempting to make similar comparisons 5etween difféﬁént
molecules, the relaxation data must be normalized in order
E? elimiﬁate the influence of different tumbling rates and
experimental ganditions: Differences iﬁ normalized ﬁethyl
Rig4 values can be.attrib&ted to factors affectiﬁg the rates
of methyl rotation, as long as the overall tumbling motions
of ;he molecules being cquared are similar. Normalized

Zcomparisons are, therefore, valid between all isotropically

A

KR meme s e it et
N

[
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‘ P ’ ‘_ ¢
. tumbling molecules or between anisotropically tumbling\\

i
molecules whdse anisotropies are the same (molecules who'se

structures are very.similar). In this study, comparisons

of normalized methyl 1H-:R1 values-have been made between
ortho- and méta-positioned methyl groups in a single
molecule, or in pairs of isomerically related molecules.

s - ¥ * . -
In non-aromatic molecules, the comparisons are made between

‘methyl groups that are interacting sterically with a specific

structural feature in the molecule, and another methyl group
x

-
P

eltner in the same molecule or in a strJ}tural isomer. The\;

Ebserved dxfferences in R, values have been’ attri uted to

the steric influence of the substituent in the or{ho isomer.¥
Y With both Rlsr and Rld dependent on’methyl rotation

rates, lt'fellows that variation in observed 1H-h1 values

forldifferent methyl groups should alsoc depend on the .

relative ratés of rotation. The rate of rotation of a.

me?hyl group is usually determined by its steric environ-

ment,’ so the R1 value should be sensitive to the details

o} molecular structure. The interpretation of these

values must be male carefnlly, since the 'two relaxation

mechanisms that are 0paratlve have oppositeyre%pon;e to

changes in methyl rotation rates. d

A
.

, fhe effect of various substituents on methyl rotational

_barriers has been loosely correlated to electronic effects

in some p-toluenes. 96 , o

e I
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- ‘In order tg properly interpret the overall methyl
B1 values, thelfelative contributions of the two comSeting
mechanisms must be determined. <Since the two méchaniéms
haye an opposite'dependencé,on temperature, it is éossible
to determine which term is dominant in a parficular range
by stuéying the tempemature dependence of the R1~vaiue
(eg. Refs. 97, 98). Another method involvés 1H—R1 and -nQe
mepsurements of selectively mono- and di-deuterated methyl
groups.95 ’By this method, the spin-rgéktion con;;ibutibn '
‘to the 1H—R1_of‘ the freely rotating methyl group was found
: $o be 26%, in 3,5-dichlorotoluene at 300%.9% At a single
temperature there is no simple apd efficient“way in which
fo_quaﬁtitatively.measure the relapive contributions bf
prpton exéefimeﬁts, but the corresbondiné 13C data can be
_easily obtained by measuring methyl 13C-{1Hl nOe enhéncements. |
’Since 13C-relaxation, under coﬁdifions of broadband proton .
decoupling, is dominated by dipolariinteractions to the
directlyvattached protons, the nOe experiment is a direct
méthod of measuring the magnitude of the dipolar contri-
pution. The residual relaxation is attributable to sp}n;
gbtation. Following the changes in the dipolar'and the
'spin-rétation contributions to methyl'13C-—R1 values gives
sinformation about the rakative ra£es of rotation of various
methyl groups. fn ad%itién, it is possible to calculate the
méthyl group rotational barrier, using eqdation‘(2.3§). The
information derived frpm thé ¢ experiments ‘can then be '

f .
correlated to the 1H data, and used as an aid in the inter-

preta%ion of the steric influences on methyl 1«H-R1 values.

x ' \
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A final point, which must be considered tn any study of ¢

+

methyl relaxation, is that relaxation is complicated by the

.presencé of cross-correlation (eg. Ref. 98). 1In the triply

degenerate methyl spin-system there are two components of

separate spectral parameters (eg) line-widths, R1 values,

and in certain cases, ‘resonant frequencies).89 This can

result in bi-eiponential decay in the relaxation recovery ' g

-

curve.uséd to detgrmine R1, We have observed spectral
asymmetﬁies'for methyl groups in'serral of our compounds
during :élaxat{on‘experiménts. Haslinger and Lynden-Bell88
were able to.identify the separate R1 components by analyzing
the spectrél asymmetfies in the vicin}ty of‘*the null-point !
of a typical‘inyérsion-recovery sequence. A; pointed out

»

by Werbelow,89 for molecules tumbling in the extreme nar-
roJ{ng liqit, the secénd, narrower component of methyi
magnetization is usuaily quite weak; the total spectral
intensity and, £herefore, R1 vélues are dominated by the . i
broader, priméry coﬁpon;nt. By working with data in the
initiél-slope'region of\thenrecovery curve,2 ;h¢re the.

effects of the dipolar cross-c&rrelations for methyl groups

ha#g been shown to\be negligible,98 the R, data can be

accurately characterized by a single exponentiall ALl R : 1

values reported here have been qetermined from data, within

the initial-slope region.*-

“u

% See the Experimental (Chapter 9) for greater detail.
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7.2. Methyl Group Relaxation in Substituted Aromatic
. Compounds

~

In planar,aromatic,qompounds with a methyl group and a
bulky adjacent substituent, the methyl grodp is believed to
adobt a minimum energ&vconformation with two hydrogen ‘atoms
facing the subﬁtituent\;nq ou£ of the ring plane, and the
third proton lying gway from the substituent and in the ring
*plane; the methyl group hés a'three-fold (degenerate) rota-
tional axis. When two similar flanking.substitgents,are
present, this minimal energy conf&rmaﬁion is not attainable
for sterié reasons; the mephyl group has a %ix-fold rota-
tional axis, with ground state conformations of higher
energy. As a result, barr%ers to rotation are larger for
methyl groups with three-fold axes, the methyl‘g;bups with

adjacent substituents experience hindered rotation.1oo

7.2.1 Summary of Results

@

The compounds used in this stﬁdy are shown in Fig. T.1.
Ring proton chemicai shifté and coupling consftants were
analyzed by spectral simulation whére Hecessary, so that
é%} assignm?nts could be made and appropriate R1 values
could be used for nprmalization. Methyl assigfménts in
compounds with more than one methyl group we}e made~by

3

comparison to the correspondin% mono-methyl derivatives

and by consideration of substituent induced effects on
101

-

chemical shift. 'H Assignments for'toluenes and methyl-

naphthalenesloz_have been reported in the literatuFe, p

-

]
{

.
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The assignments for 1,3:dimethylnaphthalehe, 31, and
7,12-dimethylberz[a)anthracene, 32, were verified by
1H-“l‘i} hbe éféerimentst

Normelized methyl R,.values for ortho (with the-_/
steric effect) and meta (without the steric effect)
mono-substituted toiuenes are given in'khe first part of ¥
Table 7.1. A1H-R1 data for a selected number of benzene
derivatives containing both types of methyl groups,\and for
two larger aromatic systems are also,given in t%is table. .
The range of R1‘va1ues ebseéved‘for freely rotatiﬁgamethyl
groups was 0.242-0,398 s‘T, whereas the corresponding range
for hindered methyls was 0.252-0.467 s=1. These rapges'-
exclude the values\for 32, where the magnitude and dynamic
range of R, values was by far the greateet- Rq(Me-7) was

0.564 s=1 and Rq(Me-12) was 1.58 s .

'In Table 7.2 are found the results of T3C relaxation

_experiments for a representative number of compounds (7/8,

22,“11/12, 13/14 .24, 25, 26). The magnitude and dynamic

range of R1 valg@s were much smaller than for 1H’data- a

' range of 0.093-0.120 s=1 for freely rotating methyl groups,

and 0.089-0.179 s~! for hindered methyls. NOe enhancements
‘were quite consistent for unhihdered}methyls,.0.é3¥1.06, but
varied considerably for hifidered methyls 1.46-1.99. 13¢
.relaxation of freely rotating metﬂyl groups was ,about 50%
dipdler and 50% via Spin-rotation, whereas dipolar inter-
actions dominated (80-100%) the relaxation of all hindered

. AY
methyls. The R, values calculated from these data were




212

Table 7.1 15 d
v J
|

Normaltzed Methyl R, Values- Substituted Aromatic Compounds

.,l‘ Entry ' Normalized R, Value
- | . ’
A Subst s Free Hindered
2. — —
Toluenes . . . ’._
1, 2 F 1.32 1.30
3, .4 Cl 1.36 1.32
5. 6 Br 1.36 1.32
7’ 8 I 1036 ® 1039
9,. .10 CH 1.33 ¢ 1,30
11, 12 CES 1,30 1.29
p 15, 16 SCH3 1.32 1.36
17 ’ 18 * N02 1030J ’1'“3 \
19, 200 NH, 1,33 1.63
Xylenes .
2 ‘ CHy 1.38 1.43 (1)3
X | 3 : 1:46 (2)3
.22 ) CH3 1.51 (2) 1.59
.o 1.44 (5)
23 Oy 1.21 7 1.59
gz :gz 1.42 1.69 :
- . 1.43 1.66
ar .. Wb 1A, 1.6 <
28 . NH, 1.47 . 1.82
Larger Aromatics . ' T )
29, 30 Naphth. 141 ° 1.7
3 Naphth. 1.44 1.79
4.33

32 Bepza . 1.55.

-

1. Experiments carried out -on 0.1 M CDCl3 solutions
‘at ambient probe temperature (292% on~the average).
. Average of at least tho separate measurements.

2. R1 values normalized to a ring proton not adjacent
to the substituent. ' -

: v

3. Tentative assignments.

4, Naphth. = naphthaléne, Benza. = Benz[lalanthracene.
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microwave data i§ obtained by using a 3~fold meth'yl Jump

B kU R T - Y - . g

215

cénsistently in the range 0.05-0.06 s”! for unhindered

methyls, .but varied from 0.07-0.18 s=! for hindered methyls.'
The corresponding values of methyl rotation rates and

rotational b‘arriers are given in Table T7.3. 'These‘ derived\

values consistently indicate that the rate of rotation was/

]
’

faster and rotational barrier smaller for meta-positioned’
methyls. The range of rotation barriers of the unhindered

methyls was 0.5-1.6 kcal/mole (methyl jump, 6-fold rota-

tional barrier) and 0.2-1.3 kcal/mole (stochastic diffusion), ;
whereas the corresponding ranges for the hindered methyls

was 1.2-2.3 kcal/mole (methyl jump, 3-fold b;\rrier), and

1.4-2.6 kcal/mole (stochastic diffusion). These results

are inlagreement with determinations of methyl rotation

barriers by micro-waye spectroscopy for cis- and ‘trans-

propenes, where the barriers were found to differ by

approximately 0.75 kcal/mole.'®3 " The best agreement with

model in the high barrier regime and the stochastic. diffusion
model in the low barrier regime.
Both the stochastic diffusion and methyl-jump models

™~ .
have been utilized to calculate rotational barriers, because

there is no clear-cut evi@ence in the literature for -
favoring -one over the other. One’ author has mentioned

a practical guidelin\e of 1.4 kcal/mole,mu below which

- stochastic diffusion is preferred, above which the jump

model is preferred. Unfortunately, the reasons for this
guideline are given no experimental or theoretical basis,

80 ‘calculations have been‘~\ carried out using both models for

\
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3

methyl rotation.* In only a few cases have the results of

ompau'ed,96’10“°106 but since there are \

the two models been c
very little data availa{z on rotational barriers measured
by othe,r‘ techniques, therd are no reliable means for judging

which method gives more accurate results. Though most

authors have reported no consistent trends, in one published

' i 105 44

study, was stated that stochastic diffusion gave .

consistently higher rotation barriers. Studies on the wide

range of methyl groups reported here, show that this is only
true for unhindered methyl groups. The trend of relative )
values depends on whether methyl.rotation is hindered or

not. The stochastic diffusion model was found to give

consistent?y lower rotational,barriers than the three-fold
jump model for hindered methyls, but conéistently higher‘
barriers relatiVe to<the six- f‘o.ld Jump model for unhindered

methyls. The observed\differences reported both in the

TN literature, and in the studies described here, varied from

-0.2 to 0.2 kc:al/mole‘.12

These differences are on the order *
of the error in the calculated barrier, For the purposes of
the studies discussed here, it was only necessary to compeir'e

' rc}tat‘ional barriers for hindered and freely-rotating methyl
groups in the same [or very similar] moleculels]. By working

in this manner, the systematic errors due td differences in

experimental conditions, etec., are mininized, and qualitative

' conclu,sionl; can be safely drawn from. the 13¢ data.

’ . * Ref. 12 is invaluable for making a rapid comparison of"
the range of results reported in the literature.

L e, - v arrre - B o
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7.2.2. Methyl Relaxation in Benzene Derivatives

For'compounas 1-16, and 21 in Table'7.1, the metgyl
1H-R1 values are approximately the’ same for the methyls
adjacent to the substituent, and those which are "freely"
rotaéing. Thié’apparent lack of 1H—R1 sensitivity was
further investigated by anél&sis‘of 13¢ relaxation. For
all molecules studied, there was a significantly greater
13C-{1H] nOe5 and 1arger'rotational barriers for the methyl
Broup adjacent to the substituent (hindered methyl). _Our
measurements are in agreement with the 130-31 and nOe \\
measurements of methyl-sub;}ituted toluenes carried oﬁt %y
Grant and coworkers.107,108 few selected eiampies from
their work are included in Table 2. The nOe data imply that

13C dipolar relaxation is substantially greater for all

"methyls adjacent to a substituent, and the calculated rates

of the internal (methyl rotation)'diffggion constants and

methyl rotatfonal barriers, are clear indication that methyl

rotation is hindered, hence, in those molecules where the

difference in the observable 13C-R1 value between a hin-

"dered and a freely rotating methyl is negligible, the

1ncrease in R1d must be coincidentally equivalent to the
decrease in Ryg, (also associated with the slower methyl
rotation). It is reasonable to asaume that 1H and 13C data
can be correlated, certainly methyl,diffusion constants and

barriers to rotation can, so the lack of sen31tivity in the
v N ’ >

Y SN




¥

e e bt e -

» . 218

. , - , -
L4 . R * .

methyl 1H~R1 value to certain steric interactions can.be

attributed to the coincggentél;equivalence but opposite sign

of the changes in R,, and R;g., as observed in the '3C data. .

For 17-20, 22,,23,\and 25-28,.methyl 1B-R1 values were
significantly greater (9-25%) for the hindered methyl. 1In

theée molecules, the 13¢ data indicate that the increase in

-

R1d is larger than the decrease in R1sr’ resulting in the

methyl TH- R1 exh1b1t1ng sen51t1vity to the steric 1nfluence

%ﬁﬁﬁs evident from a conSidégation of the R1 data on benzene

‘dé?ivatives 1-28 thatjthe*Sengiticity of the methyl 1H-R1 to
¥

LY

stériq factors depends on the "effective" size of" the

adjacent substituent.

—

The term “effective“ is of key importance, because

* 8tructural deformation or conformational preference may lead

to a considerable variation in the steric hindrande expe&ted.
fgom a substituent. The role of structur?l deforﬁation in
determining rotaﬁional bafriers is demo;strated in the methyl
1H—R1 values of the methyl bénzene derivatives (9/10, 21,

22, 23). In 9 and 10, and in 21, the difference in free

and hindered methyl R,'s is negllgible, and in 22, at 'che'
limlt of sensitivity (v10%). " In 23, the large differentlal
(25%) is the result of the extreme amount of crowding of
methyl groups. These regults can be rationalized in' the

‘

following manner.
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With two, and to some extent three, adjacent methyl
groups, !n-plane'distortion of bond angles reduces steric

strain. Thoﬁgh‘out-of-plane distortions have also been

“detected in the crystal state for such molecules, these

deformations are usually much smaller than the in-plane
distortions.199 In 23, where there are four adjaceﬁﬂ

methyls, bond angle distortion appearslﬁo‘no longer be.

sufficient to significantlg;feduce’the adverse steric
/ u M ~ ©

P

interagtions. ( s

In o-xylene, 10, the}methyl groups. each bend away
from each other.l so steric strain is somewhat reducgd.'
In 1r2,3,5-teq:?methyl-benzene, 22>, Me-1 and Me-3 bend
in oppqsfte-directions from Me-2. Me-2, however, retains
"normath geometry, sd tﬁerMe-j/Me-3 to Me-2 contact ‘is
somewhat thrter.thaﬁ in 10, The steric hind/ance to Me-1

>

rotation is correspondingly greater in 22 than in 10, and is

-

reflected by the larger 1H-R1 differential between hindered
and free methyl groups. The effect on Me-2 rotation (in 22)
will be somewhat more complex since both low Fnd high énergy
States are deétgbilized. Clearly, the "“inner" Me-2 has ;
small six-fold barrier, ;s indicated by its low 1H{—R1

vaiﬁé. In 1,2,3,4-tetramethylbenzene, 23, Me-1 and Me-2
bend in the opposite direction from Me-3 and Me-4. This

means that the "outer" methyls de-1 and Me-U4) have an even,

. shorter contact with the ™inner"™ methyls than in 22, so

L%

steric hindrance is expected to he greater, and is observed

‘in the significantly higher Ry value of the hindered

>~ . .
14
. ‘ -
o .
.
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methyls. Thg "inner“gme?hyls in 23 will also be more

{Fve?ely‘growded; but the effect on rotational barrier

is similar te that on Me-2 in 22,'name1y, a dgcfease in the

rotational barrierl Intérestingly; the differences between

éinner" aﬁd,"éuter" methyl groups 1ﬁdicate that there is'no

gear effecf?1o

in these methyl benzenes. The absence of a
gear ‘effect ;n.m;thyl tryptycenes has also been proposed on
thedbasis of 1H-R1 studiés of methyl }dtation Barr§ers in
the solid statg.n1
A réﬁuctioh in "effective"-size due to conformational
preference is demonstrated iq nitrobeézenes 18 and 24, which
have ortho-substituted methyl groups. In nitrobenzene, the
nitro®group favors a-conformation ;oplanar with the aromatic
-?ing112’113 to maximize orbital overlap. In compounds with
an adjacent substituent, expe%imental evidence indic;tes
tﬁat the nitro group rotates away from the favored con-

for"mation.ﬂz’113 A compromis€/preferred conformation

with a dihedral angle in the range 20-30° to the aromatic .

* ring plane has been proposed for molecules with an adjacent

mgﬁhyl group.112 The resultant steric interaction is
éonsiderably reaucedoﬁelative'to the coplanar eomformatiQn:
The observed differential in 1H-R1 values of 17/18 (10%)

and 24 (4%), is at.the limit of detectability of this
techﬁique, hence, much less than expected if the nitro‘group

‘

Spmained‘in a coplanar conformation,
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7.2.3. Verification of the Steric Effeat in Methyfanflinéq

" The most substantial differgntial in the methyl 'H-R,
valyes of mono-substituted toluenes wés observed for the
tolyidine isomers 19 and 20, hence, relax;tion of ‘methyl
grou; .adjacent to amino functiong' was further inve;tigated

in dimethylanilines 25 28.

Relakﬁtth caloulations, carried out assuming a
'completely Static spatial relatlonshlp between amino and '
methyl protorns, suggested thatlphe larger me}hyl 1H-R1
values could pos;ibly be due to relaxa?ion-to an amino
proton(s). This~relax5€idn pathway was found not to be,.

significant from measurements of the‘qH-—R1 values of the

N,N-deuterated analog, 27. In addition, an nOe difference

..‘!

experiment was carried out to measure the enhahcement of
the methyl group upon irradiation of the amiho protons. The
observed enhancéﬁent was very small, less than 3%. There‘is ’ w
a full '3c-{'H} noe (n = 2.0) for the methyl carbons whlch
are, adjagcent to the amine substituent, but a much smaller

nOe (n 3/3.0) for the ﬁfreely"'rotating methyl carbons, *
indicating that the hindered methyl is rotating more slowly

Qsee the rotation barriers in Table 7.3), hence, dipolar
[ N *

¥ The amino group electrdnically favors a conformatioq !h?qﬁ.
the amino protons are coplanar with the aromatic ring 1

but which maximizes the steric interaction in the adjacent
position. - In molecules- with an adjacent methyl group, the
balance of electronic stabilizatiomn and steric destabili-
zation appears to result in a conforpation with a high degree
of steric interaction, to which the H-R; 1is quite sensitive. , ;
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relaxation is more efficient. From these’experiments, it
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was possible to conelude that the 1H--R1 differential .

. was due to the sterié influence of the.supstituént. ®
H
! - ' T.2.4. Methyl Relaxation in Other Aromatic Systems.
| ' ¢
!

A signifisant. and consistent difference in methyl 1H-R1
' e

values _in the A and B positions has béen observed in methyl-
{ . naphﬁhalenes 29-31 (Table 7.1). The 1aék of’a siénificant
. nOe enhancement bf methyl-1 .in 31, upon pre-saturation of
either H2 or ES, indicated that the Ri.effect was not due
o to an increase in external dipolar contributions, but to é

change in methyl rotation rate. The 1H-R1 value of HB; in

both 30 and 31, is 20% larger pﬁéh the other ring protons,
and the '"H-{'H} hOe enhancement of H8 is substantially °°
larger than that of H2, upon pre—?aturation'of methyl-1.,
These differences in relaxation parameters reflect the ﬂ
differences in distances to the methyl group; H8 (peri) is
R - closer to Me-1 than H2 (viecinal).* These data verify ihati
| the 9bsenved diff%%ential in the methyl 1H—§1 values is

attributable to a steric influence.

. ‘ e I
¥ This can be observed by iq)pecting molecular models, and .
/ ' has been verified by X-ray and neutron diffraction1?§udies
of a number of naphthalenes and related compounds,

St 0 [ .

B . LU DU - - - [ . e - e
»

- by [ TR T R e I

%



e

[

223

The most substa&tial steric effect on a methyl 1H-R1
value in ‘this study has been observed in 7,12-dimethyl
benz{ alanthracene, 322 'If complete planarity were assumed, -
methyl-JZ and H1 would be located only 0.4 A° from each
other.28 Though the non-planarity of this system is well
document:ed,L16 the structural deformation is not sufficient
to completely nullify the adverse steric inperaction, as in-
digated by 'the ve}y\high barrier to rotation that has been
méasured Sy 13C-R1 a%alysis.28 Since the methyl rotation
rate is very SISGT—:; is very lafge, and a correspondiggly
high kH-R1 is expect;d and observed, for Me-12, relative to
Me-7 (Table 7.1), Tp verify that the large methyl-12 Ry was
due to motional effects, and not due to relaxation to H1; a

| . .
measure of the nQOe ?nhancement of methyl-12 upon saturation

1]

of H1 was made, and was found to be less than 3%. The

O - - -

A}

elevated 1H—R1 value for H1, and the large nOe en‘Fncement )

observed ubon saturation of methyl-12, gave further evidence
of the close proximity of H1 and methyl-i2. The nearly
threefold dynamic range of methyl 1H-R1 values in 32 indi-

. A

cates a substantial steric influence oq;g;thyl relaxation.
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7.3, Methyl Relaxation in Non-planar Aliphatic Systems
7 Y

As part of the overall strategy of research into the

steric effects on methyl relaxation, an investigation of
the steric effects of geminal‘suBstituents on methyl group
1H=R} values was in order. ﬁ;number of relatively high 1H’-R1(

values had been observed for gem dimethyl groups in previous
",

a

gave an indication that the steric effect from a geminal -

1H-R1 studies b& this laboratory. These observations
substituent may be significant. Further investigation to
fully charfcterize such interactions 1s clearly warranted,
and is a log}cal extension of studies of steric effects
from adjacent substituents, A description of_preliminary
investigations is given here.

1"

In one previous study by this laboratory, methyl

1H-R1 values in steroids were correlated to thHe number and
. J

relative locations of 1,3-diaxial interactions. This study
demonstrated that methyl 1H-R.1 values could be interpreted

in a manner similar to the previously reporpedt13& relaxation

100

analysis, wheiehdifferences in R, values were rationalized

in terms of steric effects on methyl rotation rates. It was,.

: thereforé, necéssary to consider both the effects of the gem

substituent and any 1,3-diaxial interactions. To this end,

. ) .

it was decided to examine some simple model compounds, where s
such effects might be separablé.' Conformationally biased

1-substituted-4-t-butylcyclohexanes and dome 1,3-dioxane

analogues (Fig.. 7.2) were chosen because the number and the

.magnitude of 1,3-diaxia1.inﬁeractions.with the axial methyl

¢

T b i
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groups would be kept to a minimum. The 1,3-dioxanes were
selected to complement the studies of the cyclohexane

N ¥
derivatives because these compounds have very similar

structures, they are readily available (see Chabter 9), and

‘their H .nmr spectra are simple and well dispersed (Fig 7.3)

relative to corresponding cyclohexane analogues (Fig. 7.4).

In addition,\a co ’ast-between cyclohexane and 1,3-dioxane -

analogues wou allow for a determination of the relative
magnituges of 1,3-diaxial proton (A- cycloheéxanes) and the
1,3-1lone-pair electron .(B- 1,3-dioxane§7‘interactions with

axial methyl groups.

’ 3 ‘ | ———“‘icph

¢-Bu

>
(=~}

In the 1-cyclohexéne derivative, 34, there is no geminal

substituent, but in all other deriwatives, an increasingly

larger geminal interaction is expected (H < OH < CHB). Note

o
that in all mono-methyl derivatives, there are two isomers

possible, denoted as cis and trans. Since the bulky t-butyl

group will invariably occupy an equatorial position to
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minimize steric interactions in thé ring, the cis compoundé
(35, 36,% 40) have an axial methyl group, and th; trans '’
isomers (36, 39,% 41) an equatofialrmethyl. 1,3-diaxial
1nteractions may affect the relaxation of an axial meth§1
group, ;; the identification of the steric effects must be
made separately for axial and equatorial methyls. For
example, the axial methyl group in gem-digéthyl derivative,
37, must be contrasted to the methyl group of the cis mono-
';ethyl ;ompound, 35, whereas the equatorial methyl of 37
must be compared to the trans mono-methyl compound, 36, in
oéder to determine the effectsbof a geminal methyl group.’
Comparisons to compounds‘34 and 38/39, allow for charac-
terization of the relative st?engths of the steric effects
from other geminal substituents. Results from 1,3-dioxane
derivatives, 40-42, we#e expected té closely parallel those
frém cyclohexéne analogues, Finally, a determination of the

relative strengths of the 1,3-diaxial (both protons and

electron lone-pairs) and geminal interactions was expected

* from the comparison of correspon&&ng 1H—R1 values for axial

and equatorial methyl groups.

Partial 1H nmr assignments for M-t-butyl-1,1-dime;hy1-

"7 118

cyclohexane and all 1,3-dioxanes used in these studies

have been reported in the " iterature. All other assignments
were made by the standard methods. In Table 7.4, the results
of 1H-R1 studies on model cyclohexane and 1,3-dioxane systems

3

are given. The ranges of R, values observed for these

¥ Note that 38 is, in fact, the trans-cyclohexanol and 39,
the cis isomer. Abnormal nomenclature is utilized here to
accentuate the position of the methyl group of .interest.

/
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.compounds were 0.49-0.63 s=1 for t-butyls, 0.U44-0.64 s~V . ‘

for axial methyls, and 0.44-0.63 s~ for equatorial methyls.

1

It i3 obvious from inspection of Table 7.4 that methyl 'H-R

1
values of these model compounds were very insensitive;to
" the steric effects from both the geminal and 1,3-diaxial
ingeractions. This lack of sensitivity 15 somewhat sur- ’

prising in light of the past results. . : §

" Table 7.4 L

N

_ Normalized Methyl 1H-R1 Values
Conformationally “Biased Cyclohexanes and 1,3-Dioxanes

Entry . ~ Normalized R; Value
Axial-Me Equatocial-Mg' t-Butyl (s°1)

Yo T 78 (.56)

353 .9u" - | (57"
~ 363 - - R (.49)
| oy .94 it Y gy
| 38 - o .- C o (.63)

i 39 I e
{ 403 1.02 - (.52)
| ‘ e - 102 (.52)

42 ' 1.05 1.03 o (.62) &

“ 1. Measured from 061 M CDClB;solutions at ambient probe
temperature (292°K on the”average). Methyl R1 values are
normalized to the t-butyl R, in parenthesis (').

A 2. R,'s determined by two-parameter, non-linear regression

e an;lysis unless specified by "n", which indicates that the
R1,value could only be determined by the null-point method.
®'= accurate R1 was not measurable due to overlap.

-3. Measured from a mixture of cis and tFans isomers. ' - ,l
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For the cyclohexane deriyvatives, there were severe

Qroblips concerning the lack bf chemical shift disﬁersion
in the spectra. For example, in 37, the t-butyl and the equa-~
torial methyl were almost co pletﬁly overlapped in CDCl3,
CDCl3 + 06D6, and.CDCl_3

+ (C 3)2Cd solution. The larger
: ‘ ’
t-butyl group swamped the methyl group, so it was impossible

to measure an accurate R1 for| the methyl. 1In addition, in

‘ any compound with a t-bufyl g}oup, there is a dynamic range ; 1f 7
problem ‘due to the presence o} a sharp t-butyl singlet of 9H .‘
intenéity. This greatly reduces the accurac§>6f R1 meaéure- S |
ments of low intensity resonances (eg. mgltiplet resonances), .
and prevented a possible corroborative analysis of ring ﬁroton
‘1H;ﬁ1 values. Being fully aware of these adverse factors
before carryingiout the experiménts, the final;resultﬁ .
were, nonethelegs, very disappoibting. Cértainly the lack ‘
of consistent trends in tge data was not expected. |
In an/attempE to gain furthqr'insight into the 1H-R1 o
results, 13C relaxation experimen#s on the 1,3-dioxane
derivatives were undertaken. Theimethodolgy for thea13C
studies parallels that ﬁtilized for the planar aromatic
sttemsrAescribed in the previousfsection. 1,3=-Dioxanes
were chosen on the basis of chemifal shift dispersion and o "73

'simplicity'in their 13C spectra.; In addition, there were

not sufficient quantities of the cyclohexane derivatives « .
3¢ o

to carry out a 130 analysis. The values measured for

/

relaxation parametérs are listed in Table 7.5. The t-butyl® %\fﬁ
1

R1 values wefe in the range 0.376-0.410 S’ , whereas ring  ° ﬁ‘“*




. — et sttt o = e

~ 232

methyls ranged from 0.282-0.403 s='. The '3c-{"H} noe’v3lues,
1.8-2.0, indicate the dominance of the dipolar mechanism.
‘hesults of the '3¢ experiments-are given ;p Table 7.5. -
These data are consistent in Qemonstra£ing sqﬁsitiﬁity to - 'f”
the steric interactions described above. There was a sig- -
nificant (>10% in both 1-methyl anq 1,1-dimethyi derivatives)
differentf;l in the R1 values of a;ialhanduquatorial meth&i
groﬁps which can be correlated to the slowgr methyl‘rotation
that arises from 1,3-diaxial interactions Qith oxygen lone- |
palr electrons. There is also a significgnt (>]0$ for tﬁe ‘
equatorial methyl and 7% for the axial) differentia}jbet@een A
the corresponding mono-methyl and gem-dimethfl metﬂyl 13C-R1
value?, which demonstrates sensitivity to the/geminal steric
interaction. The data gi&%n here, though onl',on a limited
number of coﬁpounds, indidate that 1,3—diaxia§>fn£erachioﬁs y
are of the same. order of magﬁ;tude as the interactioﬁ‘with

a geminal methyl™group. ;S &

Table 7.5
Normalized 13C-31'_and Jgdé Values of Some 1.,3-Dioxanes1 § ?ﬁ )
Entry Axial Methyl '« Equatorial Methyl .
' ) R, - n_ wbnlﬁ ' Ry n Rig_ |
' ‘[ o 127 1.8 1.2 - - -
"o - - - .12 1.8 7 1.0 :
' e, & . .
42 1.36 1.8 1.2 1.23 © 1.8 1.1

! . v

1. Measured from 1.0 M CDC1l, solutions with 1 W broadband ©
proton decoupling at ambiént temperature (3027K).
R1 values. are normalized to C-2/4, « N !
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ﬁ The results of the 3¢ relaxation data maﬁe‘%he }esulks
Aof 1H data appegé‘even more pdzzliqg, parficulah}y in light
of the previous Succesiﬁin analyziﬁg the 'H and '3C methyl
relaxation data from steroids. At the present time, there
is ;o satigfactory explanation of the lack of sensitivity in
the 1H-R1 values of these model compounds. Suffice it to say

A
that this subject requifés a more detailed investigation. 3

~

7.4, Conclusion: g
e / .

rS

It is clear from thedata presented.in this study £hat.
r R

methyl 1H-R1 values can be sensitive to steric influences
B L

in model Eystems. In simple toluene and xylene derivatives,
for certain substituents there is a reduction in the R1sr
contribution and an offsetting increase in R,,, thus littlé

effept is observed on the overall R1 of a methyl groﬁp in "

(9

ah adjacent position. In such instances, the deégrmination

of Ri4 and Ryg, contributions is necessary to completely
charactgrize the effect of the substituent. For\larger

-substituents, and in molecules with 3terically-crowded
* ' \

frameworks, a direct effect on the 1H-R1 is o%served, and |

« |

can be correlated to the strength of the steric interaction. ™
¢

s

|

hexanes and 1,3-dioxanes was not expected, and\{equires aﬁ?
4

mqore thorough investigation.. \\_,_“_~,~__/
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.13C-R1 experiments are, however, limited by the much lower
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. For most molecules in this study, methyl 'H- and

1 .
\:BC*R1 values measured for the same comgﬁund followed similar

trends., The facility with which the contributions to m;thyl

relaxation can be separated is' a 3istinct advgntage for 3¢
measurements, particulérly if quantitative information is

required (eg. calé:Thgagn of methyl rotational barriers).

s L]

relative sensitivity and longer relaxation times of the

13C hucleus. Further'exberimenbal characterization of

methyl 1H-R1 values in a wide'range of molecules can now QS

carried out using the results reported here as a guide for

interpretation of rélaxation.data in more complex compounds.
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) ’ 1H— and 13C-R1 values measured for the same compound will

Chapter 8

a

]

SUMMARY . N

The’overall straéegy of rééearch in this laboratory
on spin-lattice relgxation has’been to demonstratg, to %he
practising chemist, the great,val&e of 1H spin-latticg
relaxation parameters for the determination of structure and

stereochemistry of organic molecules. For most molecules,

follow similar trends. The facility with which the various . -
contributions to relaxation can be séparated is a distincth

advantage for’13C measurements, for example, if R1 data are

required for a quantitative analysis of methyl rotation.

.13C-R1 experiments are, however, limited by the low sensi- ) Lo
tivity and long relaxation times of the 13C nucleus. Accurate ">
1H-R1‘va1ues]can be obtained extremely rapid%y; even on sub-

.@;lligram quantities, thus, for . qualitative studies to‘probeﬂ : ' if’
molecular s;ructﬁre, it would be highly desirable to utilize ‘
these more efficient measurements. .

"H-noe measurem;nts; 6%€a£ped in the difference mode,
require a consideraply greater amount of time to‘set-up and

acquire than the 1H-R1 experiménts, but can also be carried

out on ‘small quantities. They offer the advanatage of giving
“

in?g:;gkion on specific pairwise dipolar interactions. Since !
‘ rglaxation parameters prowide sbatihi information that cannot

be obtained from the standard chemical shift and spin-spin

coupling constants,,1H;R1 and -nOe measurements are rapidly

becoming standard tools fdr'stgtifural analysis by nmr.
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: ' 1
In this thesis, a conscious effort has been made to

[y

present thq’theory,(Chapter 2) and practice (Chapter 3)
of nmr measurement of 1H'spin-lattice relaxation in an o
illustrative ‘manner. A clear understanding of relaxation

theory is required to fully cbmerhend the utility ofvthe R1

§

and nOe values, however, a rigorous mathematical tfeatment
is often too complicated to impr6ve the compfehen;ibility of
the subject. As a result, an attempt has .been made here to
give a thorougﬁktreatment, but without complete masgfmatical
derivation, in terms that can be easily understood by the

practising chemist,
e s

Now that 1H-R11}g@nq~-no%d23’33 experiments ‘can be.car-

-~

ried out in. a reutine manne}, it is ﬁarticularly impdrtant
to demonstrate the generality of theie techniqueSrfor:
structural analysis. To this end, the studies/described

in Thapters 4-6 demons%lat?\she potential of 1H relaxation
parameters for structural ahalysis of alkaloids (Chapters U4
aqd 5) and of some synthetic products (Chapter 6). The
author feels that the relaxation pathway analysis technique,
developed in these chapters, is a useful conceptual appro?cy,
accentuating the sensitivity of relaxation parameters to’
local environment (molecular "geometry) and clarif{%ng the
relationship between the R1 and nOe measurements., From the
survey studies published here on alkaloids and elsewhere on
steroids,10 it is clear tﬁat systematic investigations-of
spin-lattice relaxation in other types of natural products

are warranted, and should prove to be an interesting and

rewarding area of future nmr studies.
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v

fhe introduction of the'relaxation pathway analysis
technique is particularly relevant at this time, in light of
the rapid growth iﬂ application of the IH-nOed experiment to
structura}‘analysis in a wide variety of compounds.® With a
more general realization of the potential for characterizing

specific relaxation pathways via the nOe, the utility of the

3R1 experimenﬁ for rapid structural analysis is being somewhat

P

'overlooked. As described in sectionh 2.5 and demonstrated. in
Chapters 4 and 5, 1H-R1 values often supply sufficient infor-
mation for the determination of molecplar structure and
stereachemistry. Since 1H-R1 values can be obtained more
rapidly (and with greater.accuracy and precision) than a set
of nDe enhancements, it is strongly advised to attempt the
sgructural anaysis from the R1 data (in conjﬁnction ith
some form of ‘molecular modelling), before*ﬁe;orting/to the

more time-consuming nOe measurements. The greater sensi-

\

tivity of the nOed experiment can then be uti ized in an

»

efficient manner, by selecting only those exberiments
»
involving the specific relaxation pathways of interest.

There is a second, more fundamental reason that the
IH-R1 values should be measurea before attempting nQOe ex-
perlments. Since the n0Oe is a function of the sum toial of
all available relaxation pathways to a particular proton,

as well as the ﬁarticular pathway being observed, it is‘

necessary to evaluate the relative relaxation rates of the

¥ Nmr double resonance difference spectroscopy has been
recently reviewed by Sanders and Mersh in Ref. 23.
‘ . \

¢ ' . co

.,ﬁ.
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protons under*%tudy beforJ attempting to interpret nOe en-
hancements. Erroneous conclusions have been published in
the literature (see Refs. 40 and h1), though discussion
of this subject in a recent review article by Sanders and
Mersh,23 should be of help in this area-in the future,
Investigations into determining the potential for
meth;l grpup R1 values as prpbes of molecular structure in
*8olution have bgen describeduin Chapter 7. The results on
Mmodel planar systems demonstrate unequivocably’that steric
interactions can play a major role in detéémining 1H-R1
values. Steric interactions;from an adjacent position have
been shown to be dependeqt on the "effegtive" size of the
substituent.’ This work must be.extended beyond the stage
of model systems-to include molecules of greater complexity.

In 'the investigation of the effect of geminal steric inter-

actions, the results on conformationally~biased cyclohexanes-

aﬁd 1,3-diexanes were inconclusive. The lack of consistency
in the 'H and 3¢ data was particularly puzzling, though the
1H data are somewhat more suspect for experimental reasons.
In additie&s the apparent observation of geminal steric
effects ﬂ?ﬁ%ethyl'1H-R1 values in previous studies by this
labor‘atory,g1 indicate that this subject ;equires é more
detailed examination. 3¢ experiments on the cyclohexane
models would help to(clarify the situation, as well as an

attempt at finding suitable solvent conditions (mixtures

of two or more solvents) whefe all 1H signals of interest
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would be‘well dispersed, so that reliable i?-R1 values could
be measured. Studies of other cbnformationally rigid ali-
phatic ring systems could be used as a complement or alter-
nati‘g to the présent studies. The bicycld [2.2.1] system
in molecules sﬁch as ,camphor appears to be an ideal choice.
Finally, another closely-related subject of interest
and a potential new source of relaxatiqn‘data, is the contri-
bution of methyl protons to the relaxation éf other protons
in the molecule. The "centroid model"119 has proven to be
useful in'a very qualitative sense,® but this approximation
takes nd account of the differences in methyl rotation rates.
John ané McClung have derived expressions for the R1 of a
nucleus experiencing intra-molecular dipolar interacéions
which are modulated by internal motion.~120 They have shown
that modulation of the internuclear diitance can give rise
to substantial effﬁcts on the nuclear R, in certain molecular
geometries. In the model toluene derivatives studied here,
differentials in the méfhyl group contributions to ring
proton relaxation have been observed, suggesting a cor-
relation between methyl 1H-R1 and relaxation contribution.
More detailed study was hindered by the undetermined
contributions from cross-correlafion effects in tthé

semi-tightly coupled spin systems. .

1. The "centroid model\"120 assumes that the relaxation
contribution from a methyl group is equivalent to the
contribution of a single proton located at the centroi

of the CHj pyramid. /
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Further investigation is warraand in lightvof the
growing popularity of’ using 4- R 9 and -nOed23 experiments
for structural aqalysis, the application to increasingly‘
;ore difficult problems, and the corresponding need to -

A

Aatilize all conceivable relaxation sources for obtaining

“the desired structural information.
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'9g.1. Materials

Chapter §

EXPERIMENTAL
¢

¥

“
The compounds used for studies described in this thesis

were obtained f}‘om commercial sources, as gifts, ‘or were

prepared by simple -;synthetipc schemes, as will be outli‘ned

below. The identity of all compounds w;s routinely verified

by boiling or m;lting points, and by 60-MHz (V.arian T-60)

or 400-MHz (Brukerj WH-400) nmr. Deuterated solvents were

purchased from Merck, Sharp, and Dohme, Canada. .

9.1.1. Benzene Derivatives

Y

A11 methyl-substituted toluenes, anilines, halo- ?

"toluenes and naphthalenes, as well as o- and m-nitrotoluene

"and 7,12-dimethylbenz[a) anthracene were commercially

available (Aldrich Chemical Co.). The solid compounds had
satisfactory melting points and were used without further
purification.* Liquid compounds were routinely purifiéd by
distillation, just prior to use. 2 '

The preparation of o~ and m-methylanisole (11; 12)
and o- and m-methylthioaniscle (‘13, 14), was carried oﬁt
by'methylation‘of‘ the corresponding cresol or thiocresol

(Aldrich), using standard tliet',l'nocis.121'122

The compounds
were identified by b.p., and the disappearance of the
6H or SH signal (integrating to one prpton) and the
appearance of the O- 'or S-methyl signal (integrating' to

three protons) in the nmr spectra (Table 9.1).




*

Table 9%.1.

Physical Properties of Methyl-anisoles .and -thioanisoles

» <
- N T - L v L o
; y
| 1 168-170  170-172 123 3.73 6.2
| 12 172-178  175-176 123 3.68 6.3
; 13 203-204 104 (34) 124 2.36 3.0%
W 210-212 110-11231) 122 2.3 3.2

1. Boiling points measured in- vacuo, with pressures given

in parentheses ( ). . - \
. N
2. 60-MHz nmr spectra, samples of 50 mg in CClu*with

1% TMS for referencing.

. N,N-Dideutero-2,4~dimethylaniline, 25, was prepared
from 2,4~-dimethylaniline by acid catalyzed deuterium
' \ ~ exchange in D20. The product was identified by/ the
disappearance of the NH2 signal in the nmr spectrum.
. 2=Nitro=-p-xylene, 22, was prepared by standard mixed acid
. ‘ ‘ (HZSQuI/H'NO3) nih}atiop of p-xylene. 'The product was
- identified by b.p. 235-237°C (239.5-241°C)'23 and by the
' characteristic signals in the nmr‘ spectru}n (50 mg in CcCl4
.+ 1% TMS: H-3, d, 7.69 ppm; Me~1, s, 2.51 ppm).

‘i
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Scheme’ | (cont.)
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9.1.2. Preparation of u-t-Butylcyclohéxanes

3

~ The prgparation of the six conformationally-biased.‘
cyclohexanes was designed to give all the desired productq
from a single.stafting material, d-t-butylgyclohekanol,'43.
Scheme 1 outlines the synthetic steps to each éf the
products, physical properties ére summarized in Table 9.2.
In the first step, the alcohol was oxidized to the .
corresponding cyclohexanone witp_chromic acid,126 which

125 methyl-

upon ‘treatment with the Grignard reagent,
magnesiumiodide, gave a mixture of cis- and trans-
u-t-buty1-1—methylcylclohexanoi, 38 and 39. A portion Bf
this mixture was separated by columnichromatography on
siiica gel using 1:1 benzene:ether as eluant.126 The

The unpurified mixture. of isomers was dehydrated'to glve
the corresponding cyclohexene,\3u,~using POCl3 in dry
pyridine. A 7:1 mixture of endocyclic to exocyclic (45)
olefin was fqrmed, as reported in the literature.127
The sample used for nmr studies was enriched to about
95% exo-olefin by fractional distillation. The olefin
mixture was directly'hydrogenalized'with Raney nickel

in abs..ethanol, to give a mixture of ‘cis- and trans-

"l-t-butyl-d-methylcyclohexane, 35 and BQA 1H-R1 measurements

were carried out directly on the mixture of isomers..

The dimethyl cycloheane, 37, was prepared in two steps
from the olefin mixture. A modified Simmons-Smith reaction
using Cul ;s‘ééfalyst;128 gave the correspodding

cyclopropane derivatives (shown in Scheme 1) in about 508

1
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yieid (estimated by nﬁr). The reaction migture was then |
: ' ) treated a second time-under idéntical conditiéns, and the
yield improved'to 70% (es£imated by nmr). The pfesence of v
! - desired products was élearly identifiéd by the high-field \‘)j
| signals (0.1-0.4 and 0.5}6.9 ppm) in the ‘H nmr Spectruﬁ,
. and corroborated by mass spectromet}y (m/z= 166). The\_
unrégc%ed star;ing material could also be identified in
" the. nmr spectrum, from the charaoteristic vinyl signal at
. 5.35 ppm (see Table 9.2). Hyd(égepatiqg;pg’the product
" ' mixture with PtO, catalyst under 5 psi of Hy* in acetic
acid,'?d gave approi}matleyj?O% of the desired product, e
o C 1-t-b&tyl-u,u-dimetﬁylcyclohexane, 37, as estimated by
\ )z gas chrométography (GC). The remaining 30%.of producf )

N .~ ’'was ldentified as the mono-methyl derivatives, 35 and 36,

~
- 3

* from retention times in the GC analysis. Compound 37 was

purified by'preparative GC, and identified by its mass
spectrum (m/z= 168, characteristic peaks at 153, 111, 57).
e The reaction sequence from the cyclohexanol starting

©

material, 43, to the olefin mixture, 34745, was repeated,'

‘) B n ’
- and the final two steps in the preparation of 37 was ‘ ’
carried out by Mr. Paoclo Bouca under the author's.direction. ‘
[4 ’
' . ' ’ S
> ¥ The author is indebted to Ayerst Laboratories for - .
. supplying facilities to carry out this hydrogenation. ) j e
f , . . ‘Q“\e .

>
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Physical Propgrties of t-Butylcyclohexane Derivatives

0.813 (eq-Me), - 130

. \' //z o - 0. &58 ‘(ax=Me)

!

1. Pressure indicatgd in parentheses (’7'for boiling p01nts
measured in-vacuo. - '

o
-1 4
N

.

2. IR data on CHCl solutions, given in units of cm™ . .
Nmr data from O. M M_CDCIl3 solutions, given in ppm downfleld
from 0.1% internal . TMS.

3. Reaction carried out on very .small quantity i’

4, New compound { Mass spectrum: m/z= 166, characteristic .
. peaks at 151, 109, '57. ¥

‘,

Table 9.2 ’ N . < 2} l

: #
Entry Yield M.P./B.P.' Lit. Spectral Data® Ref.
(5) (o0 (oC) \
uy 80 "+ 47-49 51.8-52  IR: 1688 (Cz0) 126
38/39 . 99  55-56 57-58 IR: 3420 (OH)  &. 126
38 95-96 97.8 NMR: 0.865 (t-bu), '~ 126
, o 1.210 (Me)
39 67-68 T1 NMR: 0.868 (t-bu)/ 126
. ' - i 1.200 (Me)
34/45 76 58(H). 70-71(7) , 127
- 34 - : ' NMR: 0.535 (vinyl), . |
. ' 1.62 (Me) - \
45 : . NMR: 0,456 (vinyl) |
' v r iR ¥ I
35 -3 -3 . NMR: 0.85 (t=bu), -
: o < - 0.794 (Me) '
- 36- ) o . ~NMR: 0.85 (tebu),
/o 0 0.931 (Me) - .
k6/47 , 67 68-70(10) ‘ -4 NMR: 0.1-0..4 (propyl), —
v 0.5"0097 (prop)'l) Lo
37 78 - -3 . . NMR: 0.811 (t-buw), 117,130
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9.1.3. Preparation of 2-t-Butyl-1,3-Dioxanes

+ ' 5,5-Dimethyl-2-t-butyl-1,3-dioxane, 40,

and a 1:3

mlxture of cis- and trans-5-methyl=2-t-hutyl-1,3-dioxane,

T,

HOfand 41, were|prepared by the standard acid-catalyzed

as reported by Eliel. 18" The starting materials

"condensation of the appropriate diol and carbonyl compound,

dimethyl-1,;3-propanediol and 2,2-dimethylpropanal, were

commercially available (Aldrich).

was prepared by LiAlHu reduction of diethyl methylmalonate

(17mm))‘23, nmr, 40 mgs in cnc13 + %1 TMS: d, 3H, 0.77 ppm;

m,

ﬁin >95% yield (b.p.

112-115°¢ (20mm)

(1it. 111=-1149C

2-Methyl-1,3-propanediol

H, 1.75 ppm; m, 4H, 3.55 ppm; broad s, 2H, 4.02 ppm).

;T} products were isolated in high yield and were iden-

tified by 400 MHz nmr (Table 9.3), and boiling or?%eltlng
4%, m.p. 57- 589C (1it. 72%, 58-58. 590118,

point (42:

70%,

40/41:

Table 9.3

b.

p-

»

162-167°C (lit.

85%,

-

162-166°¢) 118) .

‘Chemical Shifts of Methyl-substituted 2-t-Butyl-1,3-Dioxanes

5,5-dimethj1 cis=5-methyl trans-5-methyl
- Proton (ppm) ‘ (ppm).s (ppm)
2-ax 4.00 4.09 4,01
2-eq (t-bu) ‘'0.93 ‘ 0.92 0.90
h,6-ax 3.60 3.81 3.25
4,6-eq 3.39 3.89 4,03
5-ax 1.16 (Me) 1.25 (Me) 2.02 (H)
5-eq 0.70 (Me) 1.52 (H) 0.68 (Me)
. §00 MHz nmr spectra of 0.1M CDC1; solutions referenced
to 0.1% internal TMS. }
I \
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9.1.4. Alkaloids and 7-Hydroxyindene Dimers

Tropine, atropige-sulfate,‘brucine; strychnine, and / )
the four cinchona alkaloids were obtained from commercial
sources (Aldrich, Sigma). Strychnine deri;atives were
obtained through a colléboratiqh with Dr. J.T. Eq§ard of
MeGill Univergity. The prepafation of these compounds has
been aescribed else#ﬁ%re.79’ 131, 132 Morphine alkaloid
and cocai;e—HCl studies were made in collaboration with
the Center‘for the Study of Drug D?peqdence, Psychology
Department, Concordia University. Spopo%amine was a gift
from Dr. R.K. Ibrahim, Biology and Chemistry Departments,
Concordia University. The 7-hydroxyindene diﬁers Wwere ob-
tained from the laboratory of Dr, B.R. Davis, Chemistry
Department, University of Auckland, New Zealand, ,Their
prep;ration i? to be described elsewh:re.133

All alkaloids were dr{ed overnighé in-vacuo over P,0;
or fresh Drierite, Temperatures o% 40-120°C were required
to ensure that all watertof crystallizatioﬁ~w3§ removed.

For man§ of the alkaloids, it was extremely beneficial
fér assignme;t purposes, to study solvent shifts in the
nJ; spectra., For this réason: and since most compounds were
obtained as salts of the free-base which were not soluble
‘;1n)non~polar~solvent§ of*interest, certain}alkaloid sa}ts
were trfated with aq. 5% NaHCOB, then concentrated aq. NaOH,
until the f;ee-base’hgd completely precipitated. N

’

’

»

. .
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19.2. NMR Sample Preparation
IJ | g
For -acquisition of a11-1H spectra, the required amount
of compound to make a 0.1 M solution was dissolved in
0.4-0.5 ml of deliterated solvent, and filtered through
sintered glass, glass wool, or cotton, into a 5 mm tube.

For the control experiments to determine the contribution

*

to ﬁ1 from dissolved atmospheric oxygent\uegassing was
éarried out by subjecting the sample to five freeze-pump-
thaw cycles, then sealing off the tube J;der vaeuum, )
Water-soluble alkaloid salts which had been previously
oven-dried In-vacuo were prepared in 99.5$,DMSO-d6 or 99.8%
D20, while all other samples were dissolvgd in 99.8% cﬁ013
or, only if necessary, in DMSO—d6.
All samplgs for 13C experiments were prepared in the
‘ me mannep”as the samples for 1H studies, except that
\::>\56Tﬁfﬁons were made up to 1.0 M in 2.0 ml of CDCls.
13

These .samples were not degassed, since C-R1d values

were significantly larger than the oxygen contribution.wu

i Corroborative evidence for not degassing was providgd by
the observation of full 200% 13C-{1H} n0e enhancements of ,

all protonated ring carbons in all molecules studied.

\
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9.3. NMR Measurements

Y

|
|
The hOO MHz 1H.spectra were oblained on a Bruker WH—406

nmr spectrometer (at the Montreal Regional Centre for High |
Field NMR) équipped with an Aspect 2000 computer and two
Diablo hard disk driveé. Thzs instrument proviges for coﬁ-‘
plete computer control of the.rec;iver, pulse tfansmitter,
énd decoup;er, and automated multi-step experiments.

“

All 1H-R1-data were obtained by the standard inversion-

1

recovery pulse sequence, The partially Eelaxed spectra

were obtained by Fourier fransformation of the stored free

induction decays (fids), after applying a 'standard exponential

multiplication corresponding to 1-2 X (Hz/pt.) Hz of line=-
broadening. A constant phase correéction was made to all
spectra just before either stackplotting to determine null-
\points or obtaining a coméuter liéting of all peak heights
for a regression analysis of the data. Two-parameter,
non-linear regression analysis was applied-to ail the

1H-R1 data, using a standard program, NLNRX,* on an HP-1000

computer. The peak heights of all multiplet resonances were

h

1

co-added by computer to obtain a value for the total magneti-

zation of the resonance. These values were then utilized,
along with their corresponding t values, to determine R1's,
In a typical 'H-R, experiment, eight scans from a 0.1 M
solution were acquired into 16K data blocks over a spectral
window of 4000 Hz. The ;ggjbg;se width on the WH-400 was

6.2-7.0 us. A pre-equilibration period of 5XT; of the

¥ NLNRX was written by Dr. L.D. Colebrook

|

oy
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o

slowest rela;ing proton in the molecule was allowed before
the écquisition of each scan. KA minimum of fifteen dif-
ferent experiments were run, while ensuring thét‘at least
eight data points for t less than the null-point ;f the

- fastest relaxing proton in the mol;cule could be obﬁained.

To compare data from different molecules, the R1 values
were normalized. This procedure accounts for cﬁanges in
operating conditions, and differences in tumbling rates
(caused by the differe;ces in molecular size and Shape)i
Fér example, an aromatic ring proton situated such that the
two adjacent positions are éccupied by protons, is an i&éal
choice for normalization.' Relaxatign for such a proton is
dominated (>95%) by dipolar interactions with the twe near
neighbors, The R1 values of such protons in different
Gmolecules will be independent of structural variations in
the other parts of the molecule because inter-proton dis-
tances in the rigid, planar aromatic rings will not vary BQJ
much. Since the principal relaxation vectors are invariant,
.the R4 values must vary only in reééonse‘to d}fferences
in tc, thereby accounting for differences in tumbling or -
oﬁefating conditions. '

NOed experiments were acquired under complete computer ’
control of decoupler power and frequency, and with variable
irradi%}ion periods, thereby‘tailoring each experiment to the
protons of interest. Separate disk storage of each enhanced

and control spectrum maximized the flexibility in data pro-

cesssing. The high stability of the superconducting magnet

K3
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-§pectra, using a single coﬁirol, thereby significantly

r

increasing the efficiency of the experiment.

The procedure for obtaining the-nOe spectrum consists

of saturating a particular resonance for a period of time

R

equal to 1-5 times its T, value, then applying an observation

pulse while sending. the saturating field far off-resonance,

‘and detecting the signal. The first few (2-4) transients

were not stored as the system reached a‘steady state. The

L3

process was repeated until eight scans had been stored on

disk. The decoupler frequency and power were then reset for

a different resonance (or far from all resonances for the

control experiment), and the cycle repeated. The entire

process is supercycled until sufficient S/N has been acquired.

This requires between 80 and 1200Jscans/experiment, deﬁending

N

on the experimental conditions, the magnitudes of the

enhancementé, and the desired precision in the measurements.

The difference spectra are obtained by subtracting the

control fid from the fid containing the nOe information,

after applying an exponential multiplication corresponding

to 0.8-1.5 Hz of line-broadening to both fids.

The line-

broadening has the effect of reducing the resolution, but

considerably improves the quality of the subtraction, par-

ticularly for tall sharp lines.

If the multiplet splittings

in the spectrum are of %Eterest, a second difference spectrum

can be obtained with a considerably smaller amount of line-

broadening.

A more elegant, but considerably more complex

A\
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correction, SUDSY, can be implemented to improve the quality
of subtraction without affecting resolution.'3> The difference
fids are Fourier transformed and phase corrected, resulting
in a spectrum which contains the irradiated proton(s) fully
inverted, and thosé signals that have been enhanced in an
upright position. The intensities of the enhanced signals
can be 1ntegraﬁed ;gainst the irradiated broton, or more
precisely, relatiye to the enhanced signal in the control
spectrum, ' s

3¢ spectra were measured at 20;13 MHz on a Bruker
WP-BOSY‘spectrometer, equipbed with an Aspect 2000 computer
and a CDC-CMD32 hard disk drive. Typically, 80 scans from
a 1.0M solution were acquired over 4000 Hz into a 16K data
block, with 1 W of broadband proton decoupling. The 90°
pulse width was 7.0-7.2 us. The classical inversion-recovery
pulse sequence1 was utilized for 43C-R1 measurements, using
the same conditions as mentioned above for the selection of
t values and the pre-equilibration period. \5'total of 80

\-\
saans were collected for each experiment (t value) using the

' 1H procedure (éight scans/ experimentg and supercycling ten

times. Al; 13C-R1 data were calcdlated by three-parameter,
non-linear regression analysis directly on th; Aspect 2000.
The 13c-{'H} nOe enhancements were measured by the
gtandard gated dgcoupling method136 with the following two
refinements. To minimize decoupler heating effects, the
decoupler was not gated 6ff, but was placed far off-resonance

(>20 KHz)(and shifted from broadbana to single frequency

»
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irradiation. Fids éorresponding to broadband proton ir-
radiation were acquired alternately (after suitable pre-

equilibration) and stored separately on disk. This reduces

~the effect of instrumental drift over the long periods of

data acquisition (typically 20 hrs.) required for high

In a typical experiment, for 5XT1.of the slowest re;
laxing carbon, 1 W of broadband decoupling was applied in
the 'H spectrum. The decoupler power was then increased to
3 W as a 90° observe Sulse was applied and the signal
detected. This procedﬁre was repeated twelve times, the
ffrst four cycles for establisﬁing a_steady-state, the last
eight stored on disk. The twelve cycles were then repeated,
except that during the saturation period the decoupler was
set to single frequency irradiation, far off-resonance
(>20 KHz). fhe nOe and control spectra were alternately
acquired %n this manner, until sufficient S/N hgd been
obtained (typically, 400-800 scans for high qualiiy measure-
ments). Since the 13¢ signals were well dispersed and the
enhancements were invariably quite largeh(100-200$), it was

. b
not necessary to utilize difference techniques to increase

. 8ensitivity. The difference technique did, however, allow

for a rapid distinction of those resonances which are not

relaxing strictly via the dipolar mechanism, for example,

rapidly rotating methyl groups (see Fig. 9.1),
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