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ABSTRACT . -
Nuclear magnetic rescnance (NMR) spectroscopy has been applied
to a number of problems in natural products chemistry and biochemistry.

Natural abundance 13; NMR spectra were used to differentiate \

‘the relative stereochemistry of several naturally occurring diastereomers

7
in the phtha]ideiséﬁuino]ine, protoberberine and spirobenzylisoquinoline
alkaloids. The data acquired from this.study aided the structural eluci-
dation of 10-oxocancentrine which is a new compound in the cularine-

morphine dimer group of alkaloids.’ . : : . ;}"

In order to assess the factors which influence the conformation |

-and base stacking of a dfnﬁcleotide an NMR investigation of the di- ) i

astereomers of 2'-0- tetrahydropyrany]ur1dy]y1[3'—pheny1 5'7 and

[3'-(2,2,2- tr1ch10roethy1) 5' ]2'-Ontetrahydropyranylur1d1ne was under- ‘
taken. The spé?1c effect of targe substituents on the ribose 2' oxygen

was found to be the dominant fadtor; ;n addition there is an indication .
of a sfacking interac%ion‘betweenxihe phenyl.e§ter groﬁp ana the 5'

uracil ringz < 4 ‘

Proton nuclear magnetic resonance was utilized to probe the

.
" vty urwm p

factors which affect the helix-goil transition of several synthetic

oligoribonucleotides. The complementary tetranucleotides GpApGpC:GpCpUpC

_were examined to confirm the correlation between the duplex'melting temp- N -

erature (Tm) obtained by NMR and that<from the extrapolafion of the UV

data. This was also the first TH NMR study of a non-~self-complementary

‘duplex formed by synthetic téirakibohuc]eotﬁdes. The self-complementary

iii
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s Can. J. Chem., 55, 3304 (1977). # o

© 3. Cancentrine V: The

sequences CpApUpG, CpApUﬁGpU and CpApUpGpA were examined to investigate
the effect of unpaired terminal dang]iﬂg bases on duplex stability.
From the Tm of 24 + 1°C for CpApUpG, the dangling U in CpApUpGpU causes

w*
an ingrease of +5.5°C and the dangling A in CpApUpGpA causes an increase

‘ A
of +11°C. A dangling U is similar in effectiveness at stabilizing a --

short duplex as an internal A-U hydrogen bonded base pair, while a
‘ A

dangling A is more efféctive. This work represents the first attempt

tothe effect of a dangling base on ribonucieotide double herlix
formatignr. S . -

~ -
1 ~

Much of the work preéented in this thesis has been previous]y“

reviewed. and appears in the literature under the following references:

1. JaC magnetic resonance spectra of some isoquinplihe alkaloids .

. . N
‘and related model compounds.

D.W. Hughes, H.L. Holland, and D.B. MacLean, Can. J. Chenm.,

k)

54, 2252*(1976).
]3CFnuc1ear magnetic resonance spectra of .the spirobefzylisg-
quinoline alkaloids and related model compouitds. ¢

D.W. Hughes, B.C. Nalliah, H.L. Holland, and D.B. Maclean,

. a

1 . ) 3
3C magnetic resonance spectra of cancentrine

{

.and some derivatives;:the st%ucturq of 10-oxocdncentrine. -~
Can. J. Chem. In press. .
. | : , : b
4. Proton magnetic resonance studies on short 5up1exes. I. Helix

-

form@tion'%n the duplex-set GpApGpC:GpCpUpC.
D.W. Highes, R.A. Bell; T.E. England, and T. NEILSON, Can. J.
Chem. , 56, 22437(1978).
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Proton magnetic resonance studies on short duplexes. II.
v The se]f—compleﬁentéry oligoribonucleotide CpApUpG.

P.J. Romaniuk, T. Neilson, D.W. Hughes, and R.A. B;?H.

Can. J. Chem.,-56, 2249 (1978).l Q

The stabi]iziéé effect of dangling bases on a‘short RNA doub]e

N [} &
helix as determined by proton nuclear magnetic résonance

spectroscopy.

P.J. Romaniuk, D.W. Hughes, R.J. Gregoire, T. Neilson, and

R.A.-B811, Jm. Chen. Soc., 100, 3971 (1978).

Lo
A

A

e

RSV TP MR e e

4

’ N
. i 5 i o WE o R ol e

T e B o Al

BT R



> ~
4
v
. . . )
ACKNOWLEDGEMENTS
- I would 11ke to express my gratifude and appreciation to the

v

" following people who have contr1buted to th1§ thesis.
My parents for the1r support and encouragement.

~Dr's. D.B. ﬁfﬁ?fan, R.A. Bell, and T. Neilson for their gdvice

and guidance during this project. .
Brian 6. Sayer for his technidal assistance with the NMR
-spectrdmeters. . },/

Dr's. Herbert L. Holland ang, Bala C. Nalliah for their col-
1aborat1on with the 1soqu1no]1ne alka]o1d work. |

Dr. Thomas E England, Pau] J. Romaniuk, and René J Gregoire
of the Department of Biochem1stry for thexr co]laborat1on with the 01190-
r1bonuc1eot1de studies.’

FadJar Ramelan for record]ng the mass spectra and for providing
many oﬁ!the d1agrams aqd photorgduct1ohs of the NMR spectra.
ﬁ;;]ine Horridge fgr‘typing fhjs manuséripﬁ.

r

The financial assistance of the Department of Chemistry is also

acknowledged..

.
et o gt PRI

-
’e ~ " - . -, 5 P
S ATt 2 gt A5, g s AR 7 i T

. >




L 7

~_/

TABLE, OF CONTENTS

DESCRIPTIVE . v vee oo et e, :

ABSTRACT .« e e eeereeeeneresarnanannns e
ACKNOWLEDGEMENTS ... ... v'uivsnn.. e, e ...
1.  PULSED FOURIER TRANSFORM NMR

1.1 Historical Introduction..........ovuvven...
1.2 Theory of Pulsed NMR...... Neerereennn P

2. CARBON-13 NMR ~

* 2.1 Introduction......... SURUSUTURS .
2.2 13C Chemical Shifts ....... e eeeerenaeenaes
. 2.2.1 13¢ Subst1tuent EffectS..veveenn...

2.2.2 Representative 13C Chemical Shifts. .

. 2.3 Assignment Techniques in 13C NMR........... “

3. 13C NMR OF THE ISOQUINOLINE ALKALOIDS

3.1 Introduction................ Ceiaasecsrasraas
v 3.2 Results and Discussion
3.2.1 Simple Isoquinolines................
3.2.2 Phthalideisoquinpline Alkaloids.....
3.2.3 Protoberberine Afkaloids............
3.2.4 Spirobenzylisoquinoline Alkaloids...
3.2.5 Cancentrine Alkaloids...............

4. NMR STUDY OF 2'-0- TETRAHYDROPYRANYLURIDYLYL[3'
PHENYL-5'] AND [3'-(2,2,2-TRICHLOROETHYL)-5']
2! -0~TETRAHYDROPYRANYLURIDINE

4,1 Introduction.........cvviiiiininiinnnnnnnn.
4.2 Results and Discussion

4.2.1 2'—O-Tetrahydropyranyiur&dwne ...... .
g 4.2. 2 2!-0- Tetrahydropyranylur1dyTyI
[3'-Pheny1-5']) and [3'-(2,2,2-Tri-
chloreethyl)-5'] 2'-0-Tetrahydro—
pyrany]ur]d1ne .....................

Page
9 N

wn—d

17

19
21

25 .

72

73

81

bt

o

PRSP N TR st

-

[



PAGE
5. PROTON MAGNETIC RESONANCE STUDIES ON SHORT.
DUPLEXES OF OLIGORIBONUCLEOTIDES
5.1 Helix Formation in the Duﬁlex Set of
GpApGpC :GpCpUpC .
5.1.1 Introduction...%............. R 95
5.1.2 ResUIES. . vt eiiiaiiieiietitenacnnnanas 97
5.1.3 DiscuSSiON....ccvriieinninenennnnnnnns ‘o 104
5.2 The Stabilizing Effect of Dangling Bases on a
Short RNA Double Helix
5.2.1 Introduction........ccviiieniiinnnnennn 109
5.2.2 CpApUpG....... SO s 1M1
5.2.3 CpApApUpG and CpApUpUpG...... e eeenaan 119
5:2.4 CpApUPGPA and CpApDpGpU........ Ceeeien. - 128
EXPERIMENTAL. .......... < ............................ . 140
. CONCLUSIONS.............3) ...... Creeeas Cevssessaaaanens 145
REFERENCES. ..... ceee e e 147
\
/
< \\
~
\
viii

N et . A T At s b <

-
PR e i)

[P

-

ey e

s e

.

o A o

{comrvior S g



"TABLE

.\IO\U'I

10.
11.

12.

13.

14.

15.

16.

17.

¢

LIST OF TABLES

Q
— .

b

. Properties of warious magnetic nuclei

Substituent effects for acyclic hyqrocakbons

Substituent effects in methy]cxélohexanes

13¢ chemical

]30 chem1ca1

13/
13

C chem1ca1

C chemical

13C chemical

32-39
13

'~

c chemi£a1
]3C chemical
alkaloids

]3C chemical

]36 chemical

Substituent (effects in monosubstituted benzenes

shifts of the simple i;oquino1ings
shifts of theigﬁthalideisoquinoline a]ka]o%ds
shifts of phthalide and its der1y§t1ves
shifts of the protoberberane a1ka]d\g§

shifts of the indanones and indandiones

shift ;;\:;e spiro-diones AQ and 41

shifts of the spirobenzylisoquinoline f

shifts of the cancentrine alkaloids

o~

shifts of the canceﬁtr{he model compounds

220 MHz }H chemical shifts and éoupling constants' for

cancentrine (53a) and 10-0Xocancentrine (53b).

220 MHz !

hydropyranylur1d1ne in DMSO- d6

]3C chemical

H NMR data for the d1astereomers of 2&-0-tetra-

shifts .of the diastereomers of 2'-0-tetra-

hydropyranyluridine and uridine (106)

Vicjhai coupling constants and torsion angles for 57, 58,

’lhnd uridine (107)

ix |

PAGE
16
22
23
28
30
35
37
42

49
51

54
61
63
67

75

79

. 80




18.

19.
20.
21.
22.

23.

24.

26.
27.

28.

29.

30.

31.

LY chemical shifts of the phosphotriesters in

DMSO-d 83

y coupling constants (Hz) of the phosphotriesters 84

]3C chemi%a] shifts of the phosphotriesters in ’

acetone-dg _ 87
]%C-3]P coupling constants of the phosphotriesters ' Sé—///
PhosphateJtorsion angles for the triesters . 92 5

Chemical shifts and coupling constants for the

derivatives of GAGC, GCUC and duplex at 65°C 99 -

GAGC ribose ring J]. 21 coupling constant changes

with respect to temperature " S0

>

Chemical shifts of the oiigoribohucleotides in

0,0 at 70°C 7 ; ik

v
/

Coupling constants (JI; 2.) for the oligoribo- /.

nucleotides at 70°C ' o S 3

Chemical shifts of the o]igoribonuc]gotides in .
020 at 70°C - v : . i2l
Coupling, constants (J1. 2.) of the-oligoribo-

N
N
. 1
.
. - f
T n P

—

oy

nucleotides at 70°C - 122

Chemicaii?%ifts.of the oljgoribonuc]eqtidgs in sz .
at 70°C . : o | ) 130
Coupling constants (J]‘,Z') of the o]igoribonuc1eo;
tides at 70°C . . SR 131

Melting temperatures and concentrations of the base

paired duplexes ’ . N K

4



\ LIST OF FIGURES °

El

FIGURE

1.
2.

E

(84

poaNm

10.

1.
12.
13.

14.

Larmor precessfon of the nuclear magnetic moment
Ihe effect of an rf pulse onwfhe magnetization Mo o
jn the rotating frame ‘ |

Block diagram of the Bruker WH-90 pulsed spectrometer
witﬁ quadrature detection

3¢ chemical shifts
Structures of the simple isoquinolines

Structures of tﬁe phthalideisoquinoline alkaloids
Stru;ture of phthatide (l§)~9ﬁd its derivatives

(a) Structures of the protoberberine alkaloids
| . ~

" (b)Y The reduction of berberine chloride to..

(1)--canadine-8,14-d2 ‘

Cpmparison\9f the ]BC chemical shifts of the aliphatic
carbons of mesocorydaline (25) and compound 28 (60)

13
cyclopentane (31) (74)

Structurés of the indanones and indandiones 34a-39
Structures of the spiro-diones 40 and 41

Structures of the spirobenzylisoquinoline alka1oid§

43-52

Structures of cancentrine (533)? 10-oxocancentrine (53b)

and 9,10-dihydrocanceﬁ%rine methine-0-methylether (54)

Xi

€ chemical shifts of the indanes 29-33 and methylene-

" pAGE

10
15
18
29

34
36
41

44

47

51

53



FIGURE

15.

)
2 .

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

’Stkuctures of the UpU triesters

Staggered conformat1ons of the C3.—03, and

( Ca]cuiated pos1t1ons of the phOSphorus atoms’ fo

the 90 MHz

~Structures of codeine (55a), cooeinpne (55b),

]O—OXOco&einone.k§§p), end culanine (56)

Mass epectrum fragnentation sqhemé’fof‘}b-oxoj
cancentrine , , ') '
‘Structures of the $.(57) and.Ra(ég) d%astereomer:r
of 2ZaO-tet?ahydropyrany1uridjne

Conformations of the ribose ring

1

5.—05. bonds

the tg conformations of,the C3.-04. bond of the -~ ™ .

triesters 60 and 62 !

Watson-Crick baée-pairs in ribenucleic acids

"Variable temperature Qersns,chemica].shﬁft plots .

for the base protoné of (a) GAGC and (b)'GCUC
Assignment of the base resonances in the. ‘90 MHz H

NMR spectrum of the m1xture of GAGC - GCUC at .65°C
Varwab]e‘temperature plots for (a) the nonrexchangeab1e
and {b) the exchangeab1e protons of the bases Yn\ﬁhe
m1xture of ‘GAGC -. GCUC . |
Chemical shift corre]at1on of the H resonances

for GA, GAG, afid GAGC . ' |

The a551gnment of the base and anomer1c protons in

1H~NMR spectrum of CAUG at 70°C

L

xii

-~ PAGE

62

69

74
77

g2’

90 -

. 93

96

-100

102

105.

114

Sehsln e e &

il et b s St



36.

<
FIGURE R e |
328. -Chem1ca1 'shift versus temperature plots for ia)
* CAUand (b) A S
29. Chemical shift versus temperatureveﬁots.for'(ak
the base and'(b) the ribose anomeric protone of
* CAUG (concentration 9.2 x 10—3ﬁ) |
'30.  The 90 MHz 'H MR spectra of (a) CAAUG and (b)
| _CAUUG in D,0°at 70°C . ) '
(3. The 90 MHz " R spectrum of the mixture of
' CAAUG and CAWG at 70°C - \
T 32. 'éﬁemical shift-versus temperature ﬁiot for the’
purine base protons of the dup]ex formed by
: CAAUG and CAUUG. :
’. 33. Difference spectra of G;) CAAUG and (b) CAUUG
‘ obtained by computer subtractwon of the correspond-
'; ing. pentar1bonuc1eot1&e spectra in F1gure 30 from '
‘ - the m1xtUre spectrum 1n‘F1gure 31 fly . |
i\ 34, _Fhe-90 MHZ. ﬁ NMR spectra of {a) CAUGA and (b) |
N CAUGU in D0 at 70°c : , L
‘ 35. V Chem1ca] sh1ft Versus temperatUre plot torlthe
‘base and r1bose anomeric prptgns qf (a) CAUGA
and (b) CAUGU ' o
D1agramat1c representat1on of the base stacking

interaction between.the dangling base and terminal
G-C base pair in (a) CAUGA and (b)'CAUGY

N

e © o xidi

PAGE

115.

116

123

125

137

vy

-



SYMBOLS AND ABBREVIATIONS

+

+

sébaration between two energy ]evéls

dc magnetic field : ’ Ay
inhomogeneity of Ho - .
macroscopic rf'field .

decoupling rf field

an effective magnetic field (equation 1.16)
PTanck's constant |

Planck"s constant divided by 2x

spin quantum number

square root of minus one

-

spin coupling constant between A and B separated by n bonds

-

Boltzmann constant
macroscdbic mégnetization
~alue of M at equilibrium
components. of{M in 1ab9;atony frame
gomppnents of M in rotating frame , [>
R .t .
magnetization as a function of aﬁgu]ar frequency
'mégnetization as a function of time ‘

édui]ibrium population of 1ower Zeeman energy level

popu]ationsfbf upper and lower energy levels, respectively -

" ‘angular momentum

term uséd in adsorption .chromatography expressing the ratio

of the distance moved by a compodﬁd to the distance travelled

by the solvent front.

_x © o Xxiv

e e
a

b e L et .
he A

. h R L

P e

Db b g 5

- 4‘«,‘ s it



\
v

. temperature 4 .

spin-lattice relaxation time

4

spin-sﬁip relaxation time . L
time for decay of FID in presehcé of field inhomogeneity

temperature at which equal.amounts of double stranded and single
T '
stranded oligoribonucieotides exist in equilibrium
]

.

tp time duration of a pulse
t time ' ¢
XyYs2Z X,y and -z axes in laboratory frame
x',y'sz' x',y' and z' axes in rotatin§ frame .
Y magnetogyric ratio
A dﬁémica1 shift range

chemical shift oflé nucleus in ppm
8 angle )
i nuclear magnetic momené
Vg resonance or Larmor frequeﬁé; in hertz )
Vy/2 line width at half-ma®imum intensity
T time between pulses in a pulse sequence :
Y, Zvvo, resonance frequency in radiaps per second

& ‘ 5

Abbreviations )
cwW ‘continuous wave ’
FID . free|induction decay J
NOE nuclgar Overhauser énhancemg@}

o

XV



.-..'(
’

R

1.  PULSED FOURIER TRANSFORM NMR
1.1 HISTORICAL INTRODUCTION:

Nuclear magpetic resonance’gNMR) is a branch of spectroscopy
that deals with thé rgdioffrequpncy induced‘g:ans{;ions betweeq}magnetic
energy levels of atomic nuclei. NMR evolved from the concep%ﬁ%¥ nucleat
spin since éwgp%nniqg nucleus would possess both an angular momentum and
a magnetic mohent. These magnetic properties were init1a11y postu}ated
by Pauli in 1924 to’éxplain th’e hyperfine splitting of atomic spectra.
Further evidence for the model of ﬁg;1ear spin was provided by the
Stérn—Gér]ach experiments for deférminiﬁb electron magnetic moments.

Rabi and co-workers (1) in 193%-modified this approach to measure nuclear

magnetic moments. A beam of hydrogenlablecules was first passed through

an ‘inhomogeneous .magnetic field and then a raqio-frequeﬁcy was applied to' -

the anm'in a homogeneous Field. It was found that energy was absorbed

~ .

at a ;becific fréquéncy and this resulted in a defiection of the beayz“’

This was the first observation of the NMR phenomena but was restricted’
v

.to molecular beams in high vacuum.

The more fami]igr experiments ‘on the nuclear magnetic resonance
of bulk materials were first conductgd‘py Bloch (2,3,;) and Purcell (5)
in 1945.‘ Initially the technique seemed to have little app]icabi]ity
to chemical problems but this‘situagﬁon é&dical]y chariged in 1949 when
it'became évident that the resonance frequency of a nyg\eds ié dependen
on its 1oca1¢e1ectronjc environment (6). This obserbation became krown
as the chemical shift and its signiffcance was demonstrated when the
proton NMR spéctrum of éthano1 appéared as threé Aistdnct~peaks (7).

| S
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Under conditions of higher resolution the ethanol signals displayed a

fine structure which was attributed to la spin-spin interaction or
i /’ .

| coup]%ng of neighbouring nuclei (8)\ These developments ‘culminated

in the NMR spectromefer becoming commerc1a11y available in‘the: me*——’/

1950's. With the instrumental advances that fo]lowed proton mag&£%1c

resondnce assumed a major role in the 1dent1f1cat10n, characterization

“and structural analysis of organic molecules.

Several'ﬁéthods were developed to perform high resolution NMR

" experiments with the most common being the slow passage continuous wave

(cw) apbroach‘ This co;\'éts of p]aéing the sample in a Kixed magnetic
field and slowly sweeping thé rad1o -frequency (rf) field wh11e observ1ng )
the absorpt1on of energy from g\a\rf field. The principal limitation

of this method 1s its inab111ty to provide a su1tab1e signal/noise ratio
for samples of Iow concentratwon or samp]es wh1ch contain nuclei of 1ow
]3C. U

One so1ut1on was a var1at1on of the cw exper1ment known as adia-

isotopic abundance or sensitivity such as

batic rapid’ passage in which a strong”?f field is swept rap:d]y through

a part1cu1ar spectral regioh. These fast sweep rated - resulted in a loss
of resolut1on and consequently ]1m1ted the . usefu]ness of the method

In the 1960° s the most widely employed means of in¢reasing the
sensitivity of NMR was tiﬁe‘averaging of s]qw passage cw spectfa.v The
spectrum is repeatedly scanned and the datg;is then stored in digital

form in a computer of average trapsients. Successive ascumulation of

these’ spectra improves the signal/noise by § factor of the squaxe root

of the number of scans. ATthough'computer aVeraging haé made a signi=

« 1347

f1cant contribution to NMR spectrascopy, part1cu1ar1y in C NMR, the

considergbfevtimé required in some cases to produce a spectrum makes

.
[
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. NMR should surpass conventional methods in its ability to provide solutions

. . 3
{ . h C
.
) .

/
the technique extremely slow.”

1

* . An a]ternatﬁve method for abta1n1ng an NMR signal wh1ch was

' orwg\na}ly proposed by Bloch YB 4) aqﬂ first used by Hahn (9) is pu?sed

NMR. .A very short and powerfu1 rf pulse is applied to the sample and
the resu1t1ng signal is observed once the rf pulse is switched off. The

pulse technique has existed almost as long as the cw method but the Tack

@

of the appropriate instrumentation caused its slow development. It was

not until 1966 that Ernst and Anderson (10) demonstrated that the response
» L t
of a nucleus to an rf pulse is the Fourier transform of a slow passage cw

spectrum. Pulsed Fourier Eransfonn NMR wasialso shown to have twao major

. ﬁﬁvantages over the slow passage method in that it improves the sensi-

tivity by an order of magnitude and requires a much shorter time to obtain

"

a spectrum. a - TN .
f\\ ‘ ’ . h .
Since the introduction of the commercially available Fourier
transform‘spectrqﬁbte}\in 1969, there has been a substantial growth in

13

many\areés of NMR spectroscopy, in particular '°C NMR and in relaxation

i : : -
studies. As instrumental advances are made, pulsed Fourier ‘transfogm

~
»

‘ to both chemical and biochemical pnep]ems. .

|
> . A}

1.2 THEORY OF PULSED NMR:

The spin of a nucleus-corresponds to an angular momentum p which

can only assume valiues that are multiples of fi, where fi is Planck's constant

h, divided by 21. The maximum possible value of p is

) p = =Al e (1.1)

PUr IR
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The quantity I is the nuclear spin quantum Qymber which is either integral
or half-integral in value. A nucleus of spin I will have 2I + 1 energy"
levels. Those nuclei with 1=0 do not possess angu(;r momentum and thus
do not show magnetic.proberties. Nuclear magnetic resonénce_therefore )
deals with nuclei that have I#0. These nuclei also possess a magnetic.
o x] N
moment u which is a result of the angular momentum of a charged particle.
) This magnetic moment i3 a]igned=ai0ngkthe angular momentum vector as

L

expressed by the equation
1
Bo=yp = %%h' ' (1.2)

where y is the magnetogyric ratio. It is the interaction of this magnetic
moment with a radib—frequency field that allows the observation of magnetic
resonance. o u

) In‘the classical mechanical description of NMR, a nucleus that is
placed in a magnetic field HO will have its magnetic moment u irnelined at
an angle 8 relat{ve to the direction of Ho' The interaction of uAand Ho

creates a torque L which is a force acting perpendicular to the plane

) tontaining\f and H0 and is determined by the change in angular momentum

_ QE B o ,
L=gg = wxH | (1.3)

Due to the combined effects of the torque and the spinning of the nucleus, B
the magnetic moment will be pulled in the direction of the torque force
' fgsulting in a precessional motion about Ho as illustrated in Figure 1.

This motion of u can be descrigéd by the following equafion

. i% = dct! = Yu x H ‘?* (]-4)

1‘;"
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The angular velocity of this precession is given by .

Wy X W (1.5)

it

= vH — (].5)‘

where
0

OZ g:'g-

while the frequency is determined from the Larmér equation

, Ny E [woj - Y, . (1.7) o
. 2n 2w

It should also be noted that the energy of interaction betwgeh the magneffh

mament and H0 is dependent on the angle © .

E = -u'Ho = —uHOCOSO (1.8)

During the NMR experiment a'radio:frequency field H] is applied
in a plane perpendicular to H0 such that the magnetic vector of H1 will
rotate about H0 (Figure’1). The resonance condition is achieved when '

'}he frequency of rotation of this magnetic vector equals the Larmor
frequency of the spinning nucleus and an absorption of energy from H1 .
will occur. This causes the magnetic moment to tip to a different angle .,
© but it still maintains a constant precessional frequency. The NMR
spectrum can therefore be obtained by continuously applying H] andA
scanning the excitation radipefrequency through the nuclear precessional
frequencies and measuring the absorbtién of energy.. This is the slow
passage continuous ﬁiﬁﬁ: technique.

Quantum mechanics also produces ?he same equation for the pre-
cessional frequency which is.derived as follows from Ehe energy difference

" BE between adjacent nuclear spin energy levels

o, = pH = YhH (1.9)

g

I 2r

2
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b = py = YOHy (1.10)
O ———r—
2n
g = vy = Yo (1.17)
h 2n

13

For ]H and "~C with a spin of 1/2 there are two:of tﬁese energy levels

whose relative populations are determined from the.801£zmann equation

-

=

2 = exp(-2E/kT) o (1.12)

1 \

where N2 and N1 are the populations of the upper and lower energy levels

.

respectively.

l When a sample is placed in the magnetic field there is initially
no neé?hagnetizatfon because the nuclear energy levels are equally pop-
ulated. As the nuclei ingract amongst themselves and with their sur-
rounaings an equilibrium situation is achieved where there is a slight
excess of nuclei in the lower energy level with their magnetic moments
aligned along Ho' The equilibrium population of the lower energy level

is given by . ~

neg. = 1~ Ny - o (1.13)

The precession of this group of magnetic moments about Ho can be readily
1nterprete§ by adding the mo;;nts vectoriat]y and thus producing a net
magnetiiatigh_vector M along the z axis. At equilibrium this magnetization
is designated as'ﬁb.

Bloch (3,4) devé]oped:the following series of differential equations

in order to describe the motion of this net magnetization in an applied field.

dMx = y(MyH  + Mz H, sin wt)- ?5-
at 2
dMy = y(Mz H cos wt - Mx H))- B i

dt

= ot e

oy
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dMz = ~y(Mx H, sin wt + My Hy ~cos wt)- iﬂ%:ﬂg)
dt )}

Mx, My, Mz: magnet{zation in the x, y and z directions, respectively.
T], T2: spin-lattice and spin-spin relaxation time, - respectively.

The solution of these equations predicts the observed 1ine shape of the
NMR signal which is either the normal Lorentzian absorption §igna] or the
dispersion signal. ‘

Bloch also incorporated into these equations the rates for the
relaxation of these magnetization vectors back to their equilijbrium values
after perturbation by the radio-frequency field. \It &as formulated that
these rates followed a simple exponential decay. .

Pulsed NMR utilizes a high energy and extremely short (1-100 u
sec) radio-frequency pulse. The effect this ha; on the magnetization M °
is interprgted by using a coordinate system that rotates at the nuclear

\

precessional frequency corresponding.fo the.magnetic field Ho‘

. In the rotating frame the motisn of M.is defined by the equation

(dM) = vM X Hee (1.15)
(dt rot.
. . _ W
where the effectlve field Heff = Ho + v 4 (1.16)

The quantity"w/y,ﬁﬁaich arises from the effect of rotation, has the dimen-
sions of the magnetic field and is often termed a "fictitious" $§é1d.
Therefore in_ the rotating fréﬁe.£he magnetization will precess about Heff
réther than Ho. : ) .
. When the rf\puise is applied, the H] field vector is fixed a]ong;

the x' axis since H] also rotates at the same frequency as the frame. The
§

\\
" H = H +‘i+ai \ (t.17) - «
Y \

/ eff ¢/ /
<‘ //(

contribution of H] to Heff is given by



-

JAt resonance w = -yHO and-this-ﬁili cancel HO along the z axis

2 Hope = Ho 4 -H >y Hy = W, (1.18)
Y
. 8—’3 T M o (119)
. ro A .

since M can now interact only with H], M will begin to precess about the
x' axis with an angular frequency of yH] (Figure 2a). In a time tp (sec),

the angle @ through which M precesses is determined by
'é‘ N -
L8 = 4ty (radians) (1.20)

s

The H] pulse is applied for a period of:i}me Tong enough to tip M

towards the y'*ﬁxis and is then switched off. Originally, there was no

component of M in.the x'y' plane due to the lack of phase coherence of the

magnetic moments in'this‘plane. However, as a result of p;ecession about
’H], a component of M is generated afong the y' axis gMy' in Figure éﬁ?.
Tﬁé mohents‘cdhprising M now begin to exchange energy and dephase in the
;'y' plane (Fiéure 2c). My' will then decay to zero in a time Tz. This
is defined as the spin-spiﬁ or transverse relaxation time. Anotheﬁ factor
contribuéing t; the reduction of Myf is thagAEhe magnetic field H0 is noF
perfectly homogeneous. Therefore nuclei in dif?ereq@,parts of the\sample
will experience a range of va1ue§ for the magneticl%ie1d AHb ‘and precess
at different Larmor frequencies.: This results in some nuclei precessing
at a frequency eitﬁer faster or sidWer than that of the rotating frame.

- ', *
Overall My' will decrease as a function of T2 where -

0 I . YAH
N I I Y o - N
—_— = = + (1.2
‘. -sz* .TZ : z ’ ‘

[
[

-

.

g

vt 2 AN Rl o sns



hHO ‘ Ho 10

) z.'l}
Mo § .y
- z ___m
AN M= Mg ' . ;
1 ' ]
b -l y
My
- H .
\x\ x'
A ta) ) ' (b)
—
'Ho ) HO
p4 P z'

(e)

= 4

3

FIGURE 2. The effect of an rf pulse on the nlagnetization Mo in the rotating

frame.
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The nuclear moments also lose energy to their surroundings and

relax toward the z' axis. "The component Mz' will rgﬁax toward the equt-

v

1ibrium value Mo (Figure 2d-e) in a .time F] known as the spin-lattice or
Jongitudinal relaxation time. When the nuclear moments have returned to
equilibrium there is no component of M left in the k'y' plane. Thus T2

% : *
or T2 are never longer than or can be shorter than T1: T2 3 T2 § T].

The relaxation time‘T1 can be considered as an enthalpy process while T2

— -

is an entropy process.
4 -
The signal that is detected-by the spectrometer-is the net

magnétization igkthe x'y' plane a]ong“the‘y‘,axis only. The magnitude

b AN .
of My' determines the intensity of the signal which is known as the free
induction decay or FID. If'a;gﬁb radio-freddgncy pbigsﬂis applied at the

r - s

resonance frequency of a singlg”type of nucleus the ségﬂaY\W?{l\decay
+ N - . \

‘¥ e ~.> ’. . ) .
exponentially in a time TZ' Zhe decay pattern is a direct measure of the

~

decrease in My' since the instrument uses a phase sensitive detector

referenced in phase fo the applied radio frequency.

Consider the situation where a 90° pulse is applied at a frequency

different f;om the precessional frequency of the nucleus. Since the frame
rotates at EPE applied raaio frequency, the magnetjzation My' will rotate
relative to the frame. The detector will show not only the exponeniia1
decay but also an interference pattern similar in appearance to a démped
sine wave as My' and the feferggss\frquency alternate in and out of phase
with each ather. //,~_,,~—-—~3 ' , A‘ o

Theie;pe?imgdgidiscussed above 1is tota]iy’ana}ogous to axgy %emx
that contains.seve§a1 of the same type of nuclei ﬁﬁich hayggdiffe;ent

precessional frequéncies arising from differences in chemical shifts and

spin-spin coupling. This means that some nuclei precess afﬁffequencfes

.

e

+

e . -, \ ; -
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different from  that of the rotating fréme and the interference patterns
Vthét result are quite complex. “ ’

. Since the FID~contains all the spectrai«informatio& it must be
converted into a form that can be utilized by the chemist. This is
achieved by Fourier analysis-in thch a compiex wgveform is separated“
into its spectral components. 'fhe FID is a plot of intensity vs time and
is known as a time doma}n function whereas the corresponding spectrum is
a frequency domain function. Fourier analysis makes it poséiple'to trans-

form data from one domain into the other. The méthematical expression for

this transformation is: . .

-

f(x) = I%:(y)e'ixydy

™

(1.22) -
~ where f(x) is the Fourier transform of f(y) and the jnverse relation is

Fly) = o r?(x)e"xydx (1.23)

When applied to NMR it i$ found that the magnetization expressed
as a function of angu]érlfrequency M{w) is the Fourier transform of M(t)

which is the magnetization as a function of time (the FID signal).
; ‘ 1 -iwt,, .
1 : M(w) = M(t)e dt . - (1.24). -

Thus Fourier transformation of the FID gives a spectrum identiéél witﬁ
that obtained by continuous wave techniques.
Pu{se methods are usually applied to a system where the nuclei
have precessional frequencies covering‘:nﬁide range‘gf chemical shifts:
The rf pulse is applied outside tﬁe fegibn of chemica]nshifts. jAs mentioned

previously a pulse can tip nuclear moments precessing at a frequency dif-

ferent from the radio frequency. In order to gain further understahding

TR s e i 92
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) 61/2 is the width of the narrowes

of this point one must agéin cons the behaviour of the magnetization

in a frame rotating at the radj

from nuclei with Larmor frequencies w, p

N

ess about an effective field

-

t

given by
) ’ 1 2.1/2
lHeffl = ;{(Wi'w)2+ (YH])A / (1.25)

°
)

since the H] field is quite large, the term (wi-w) can be neglected for
any vé]ue of W,

YHy >> |wy-w] ‘ (1.26)

YHy >> 2nh (Hz) (1.27)

v

where & is the entire range of chemical shifts. This results in Horr = H,
which means that the magnet%zétion precess about H] for all nuclei with

Larmor frequencies contained within a.’ When & 90° pulse is used

5 = YH . (1.28)

- _l - i
t = ¥ — . (1.29)
p . 2 YH] :

& .
Co&bining equatioRs -{1.27) and (1.29) results ‘in

i -
N , oty <A () (1.30)

~.

~
Therefore ﬁUETg% with a Targe frequency range require the pulse time to

be short and the pulse power to be strong.

Ernst and Anderson (10) sﬁOWed that Fourier transformation of the
FID wo&]d provide spectral information more efficient]y than the continuous
wave experiment. The iﬁcrgasehin sensitivity in a single pulse experiment

is proportional to %;%72;]/? w

8% is the_total chemical shift range and

(5000 Hz)1/2 _

- ’ -3
}BC is given by“(-aﬂg—ﬁz) = 100. However in practice a

sensitivity for

-

-

13

cy w. The magnetization resulting

signal. Theoretically, the increase in

o e
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sensitivity enhancement of » 10 is achieved.

The primary advantage of Fourier transform NMR is the short time

14

required to attain a specified signal/noise. Genefa]]y a spectrum with a

&

given sensitjvity can be obtajned apgroximate]y 100 times faster thn by
continuous wave methods. This saving in time can be utilized in t%e
following ways:

(a) improvement of the signal/noise by repeating a pulse and co-
herently adding successive FID's befofe Fourier transformation.

(b) optimum field homogeneity can be maintained during the shorter
pulse experiment.

(c) specéra of short 1ived species can be obtaired.

(d) measurement of the decaying magﬁetization of indiviidual spectral
lines to yield T] and T2 values which are useful for chemical shift
assignments and provide information ;bout molecular motion.

N

The instrumental requirements for pdlséd Fourier transform NMR

A

are described in the following block diagram which outlines the essential

features of the Bruker WH-90 spectroﬁeter used in this work. Fé; more
detailed information concerning both the instrumentation and operation of
the pulsed spectrometer and, the theory 6? pulsed NMR fhese Teading ref-
erences shod1d be consulted: 10, 11, 12, 13, 14.

. , . ]

i
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2..  CARBON-13 NMR

2.1 INTRODUCTION:

-

« Natural abundance, carbon-13 nuclear magnetic resonance was initially

reported by Lauterbur (15) and Holm (16) in 1957. Although this,provided

, |
the means of directly observing the carbon framework of a molecule, the

growth of 13

C NMR was impeded by 'the limited instrumentation. The advent

of both field/frequency cdntrolled spectrome#efé and computer averaging

produced a significant amount of progress in the 1960's largely by the

<

efforts of P.C. Lauterbur, D.M. Grant, J.D. Roberts and J.B. Stothers.

2

Two instrumental breakfhropghs which essentiai]y revolutionized

* WL

the study of ]36 NMR occurred in 1966 when*Ernst (15) deve]obed broad-

" band heteronuctear decoupling and with Anderson (10) conducted the first

pulsed Fourier transform NMR experiments. When the pu1§¢d spectrometer

13

-

was_ﬁirét commercial}y produced in 1969,

as a routine analytical device.

In order to understand why 13

C NMR could then be utilized

C NMR hés taken farmlonger to deve1bp

than 1H NMR one must consider the factors that inf]uence the sensitivity

-

of the NMR expéeriment.

A

TEELE 1. Properties of various magnetic nuclei

et : % Natural ¥ x 1?‘3 .
) Nucleus 1 Abundance (rad G-!sec-!)
1y /2 99.985 26.753
3¢ 1/2 1.108 ¥ 6.728
9 1/E . 100 25.179
3p 172100 .10.840

a Sensitivity at constant field = 7.652 x 10

Frequency (MHz)

v

Relative

in 21,14 KG Field Sensitivity?

99,00

22.62
- 84.67

-

36.43

n3 (1 + 143,

o

1.00
1.59 x 107

" 0.83
6.63 x 107

<

2

2
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The first is the natural isotopic abundance (Table 1). Carbon-13

is the only isotope of ‘@@rbon that has a nuclear spin 0™<4/2 and has an

abundance of 1.108%. Although this appears quite small it is suff1c1ent
for the NMR exper1ment The low abundance has the advantage of e11m1nat1ng -
homonuclear sp1n spin coupling in uhenrxched samples.

Secondly, the sensitfwity is dﬁrectly proportionai to the cube
13 )3

of the magnetogyric ratio. Considering the ratio (y
P

determined that the signal from the ]3C ucleus is approximately 1/64

C/Y1H , it can be

of that of the proton at resonance A combination of the. low isotopic

abundance and magnetogyr1c ratio as welT as the fact that adJacent ]H

nuclei are spin coupled to the 136 nucleus resu]ts‘1n a signal that is

- 13 : R Iy

near1y 6000 times smaller in C NMR than inh "H NMR when obtained under

identical experimental conditions. . \

) ? :!.
This problem of low sens1t1v1ty has been .largely overcome by the

use of pulsed Fourier transform NMR whlch allows spectra to be obta1ned
routinely on samples of 50-100 mg. The recent devetopment of quadrature
detection (18,19,20) has oroduceq a sensitivity mmprovement oy a factor
of 1.4, Nhem q;?drature detection is used with the newly designed micro-;

probes, 3¢ Spectra'can be recorded on samples at the microgram level.

2.2 13CoCHEMMCAL SHIFTS:

Carbon chemiCalshifts cover approximately 600 ppm but most comoounds
resonate over a égo ppm range. With Fourier transform spectrometers the
natural abundance\{ C signal from tetramethylsilane (TMS) is used as a

1

reference in a manner analogous to the . H & scale.

-
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The accompanying chart (Figure 4) serves.to illustrate the range

13

of "“C chemical shifts for a variety of compounds. Some general trends

that are readily observed are sp3 carbons resonate at high field, sp2

carbons at low field and sp carbons apbear at intermediate field. Sub-

stituents with increasing electronegativity cause downfield shifts.

i
' !
!

C SUBSTITUENT EFFECTS: &
13

2.2 13

Much of the work in "“C NMR has been devoted to the examination

of the influence of substituents on carbgn chemical shifts. Analysis of
‘the‘empirical results have led t® both a:corre1ation_of the chemica]'shif%
with the molecular electronic structure ;hd the derivation of substituent
parameters for pred1ct1ng chemical sh1fts for closely re]ated compounds
Co1nc1denta11y, several theoretical 1nterpretat1ons of carbon sh1e1d1ngs
-have been developed but these have not been entife]y successful. A
detailed discussion of chemical shif£ theory will not be presented, how-

ever, this information can be found in the reviews of Stothers (21) and

Ditcn%?éxg (22).," . : .
In dealing with substituent effects three factors can perturb
the electronic enm{z?nment’of a nucleus and cause a chemical shift. The

fo]]bwing equatioﬁ

Nlustrates the contribution of these factors to the
13 e

C chemical shift [ - A

6]3C=6EL+5A’+6in£e”r | (2.1)

The electronic term GEL correspondsato changes in the electronic structure

- . # . .
. around a nucleus, SA is the. anisotropy term which accounts for the effects

of magnetic fields generated by the circulation of electrons on neigﬁbouring

"nuc1e1 and é

inter 15 the small intermolecular contribution arising from

1

&

[y

,/‘\.

7

R
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changes in the magnetic fields associated with the nuclei of the medium
surrounding the molecule being observed. The electronic term which makes

the largest contribution can be elaborated further

+ 8

ep H¢

SgL = g st * Smis (2.2)

where
§E i; associated with changes in substituent or structure which
through re;onance or inductive effects can influence the electronic dis-
tribution of a nucleus.
- éEF is the electric field effect resulting from the through spacé
polarization of the eleétron density in the sigma or = bonds.

13

87 accounts for the increase or decrease in shielding of the '°C

nucleus as a result of steric interactions. The most common example of
Sor is the y-gauche sh%e\dingagffect fhié%a]]y observed in hydrocarbons,
- Carbons .in a y-gauche conformation are shielded as a result of the
polarization of thqygiectron density in éhe C-H bonds towards éqrbon
which is caused by the nonbonded repulsions between the sterically

" bound to these carbons (23).,

4 .
miscellaneous contributien not accounted for by the

crowded hydrog

5MIS is

previous terms such as a transannular interaction of functional groups

within a moiecu]e. The effect of changes in either solvent or molecular

geometry when a group is replaced by ; different substituent (24) has
" been neglected. Although the aBove substituent effects are well docu-
mented in the titerature, they are currently undergoing extensive re-
investjga}ion (25,26) in order to improve the theoretical understanding

v

. of the origin of these effects.

M

D
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13¢ CHEMICAL SHIFTS: -

2.2.2 REPRESENTATIVE

A survey of carbon shieldings for the compoun&? and functional
groups pertinent to this work is outlined in this section. More complete
discussi%ns of these data are available in references 21, 27 and 28.
ALKANES:

In their study of acyclic hydrocarbons Grant and Paul (29) found
thét these compounds have chemical shifts over the range of -2 to 43 ppm.
Regression analysis of this data indicated that the carbon shieldiné could

be determined from-the following equation &

’ 5ci =B+ szjNij (2.3) _
where Gci is the ith carbon shielding, B is a constant with a value of
-2.6, Aj is an additive shift parameter for position j, and Nij is the
number of substituents at position j. In .linear alkanes only five values
of A are required and these are designated as the a, B, Ys6 and e substi-
tuent effects. These parameters represent the change in chemical shift
upon fep]acemgnt of a hydrogen by a methyl group at the «, B, v, §, and
¢ positions along the carbon chain (Table 2).
’ Branched hydrocarbons caused deviations’from this additivity
relationship and additional variables had to be included in order to
correlate accurately the oBserved and ca]cuiated carbon shieldings. This
work was later modified by Lindeman and Adams (30) who derived a more
simplified equation based on the analysis of chemical shift data from 59
hydeparbonsL .

Additivity parameters for substituents other than methyl have been

determined in a similar fash§on and some examples are also included in

Table 2. . Ci\\E:::>
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TABLE 2. Substituent effects for acyclic hydrocarbons (28)
Substituent o 8 Y 8 €
N (4
CH3 9.1 9.4 -2.5 0.3 0.1
C1 31.2 10.5 -4.6 0.1 0.5
1°NH2 28.9 11.4 -4.6 0.7 -~
1°0H 48.3 10.2 -5.8 0.3 0.1
ALKENES:
Alkenes resonate in the 80-165 ppm region of the 13C spectrum
w%th ethylene appearing at 123.3 ppm. Using ethylene as a reference,
Roberts and co-workers (31) derived the following additivity parameters
to calculate the chemical shifts of the qlefinic carbons.
v, B8' a * a B v
C—C—(—C==¢ C c—¢C
1.5 -1.8 -7.5 10.6 7.2 -1.5 ‘
513C* = 123.3 +a + B+ v + xR+ v
For a cis alkene the factor -1.1 is included in the above summation. < -

Alkyl substituents on the double bond can convey their effect
either through the sigma bonds and deshield the substituted carbdn relative
to ethylene or through the = system and shield the adjacent unsaturated
carbon. Simfﬁar trends were found for polar substituents with unpaired
electrons such as oxygen or nitrogen. Reson?nce interactions of the type
CH, = CH - i’«-*'CHZ-CH=X+ were used to rationalize these results. Electron

withdrawing groups such as C=0 or C=N reversed the above trends.
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CYCLOALKANES AND CYCLOALKENES: .

The 13

C spectra of cycloalkanes showed very little deviation from
the chemical shift of cyclohexane (27.8 ppm) wi%h the exception being
cyclopropane (-2.6 ppm). From the study of various methyl substituted
cyclohexanes (34), additivity parameters were obtained (Table 3) and
subsequeﬁt]y verified from the Tow temperature spectrum of methy]c&clo-

hexane (35). ' ’ .

TABLE 3. Substituent effects in methylcyclohexanes (34).

Substituent . a 8 Y ) -
. , ‘ ‘

equat. CH, 5.6 8.9 0.0" ~0.3 3
axial CH3 1.1 5.2 . -5.4 -0.1 C ite
gem (CH3)2 - -3.4 -1.2 R & )
vic (CHB)Z(e,e)’ | -2.3

(a,e) -3.1

N

These parameters ;§g§ on increased significance because their value is

directly related to the geometry and conformation of the ring'system.

- — .

<

Substituent effects for other groups have also been determined (36,37,

).\

~ - Investigations of cyclic olefins (21) revealed that ring size has

“relatively little effect on the sp2 carbon shieldings which are usually

- . §
130-135 ppm. Théxexception is cyclohexene (127.2 ppm). Alkyl substi-

tuents on cyclohexene exert their greatestr effect on the double bond

e

shieldings when fhey aré;direct]y attached tg§ an unsaturatgd carbon.

3~
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AROMATICS:

Substituted aromatics cover a wide chemical shift range of 100-
170 ppm, with benzene appearing at 128.6 ppm. The early studies by
Lauterbur (39,40) demonstrated that the substituent effects on the
aromafic shie1dingsqwere additive. Substituent pa;ameters for numerous
monosubstituted benzenes were subsequently determined (21) and some |,
examples are provided in Table 4. The correlation between calculated
and observed chemical shifts is quite good, however, deviations occur in
ortho substituted benzénes.
' ‘ Closer examination of the data in Table 4 indicates the sensi-
tivity of the aromatic chemical shifts to the electronic effects of
polar substituents. The chemical shift changes gbserved for C-1 are a
ref]ectiqn of the inductive effect of the substituent. Resonance inter-
action§ between the substituent and the aromatic = system account for

the,shielding changes at the ortho and para positions while the meta J

.carbon is essentially unaffected.

\
TABLE 4. Substituent effects in monosubstituted benzenes.
, ' )
Substituent c-1 ortho meta para
CH3 10.0 . 0.8 0.0 . -2.5
OH 29.5 //—12.6. 1.8 -7.6
OCH, S 32.2 -14.0 1.6 7.1
c'Ot:H“3 9.9 0.4 0.4 4.7
NO2 . o 20.1 R : 1.0 6.6
2
\\
g
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Aromatic chemical shifts are also influenced by changes in concen-

tration and solvent (41).

CARBONYL CARBONS: | /’r\;l

Ca;bonyl carbons resonate at lower field (150-230 pﬁm) because of.
the polarization of the electron density in the n-bond towards okygen. The
follawing results illustrate the chemical shifts of some typical carbonyl
_compounds: ketones, 170-225 ppm; aldehydes, 170-205 ppm; carboxylic acids,
165-185 ppm; esters and amides, 160-180 ppm (21,27). '

~

~Conjugation of a carbonyl group with a double bond or aromatic
ring causes an upfield shift of the carbonyl resonance and a deshielding

+ v -
of the g8 carbon., The contribution of the canonical structuré::C—C=C-0 s
was used to explain this observation .(42).

3¢ nmR: -
13

5

ambiguous chemical shift assignments and the most commonly used{methods

2.3 ASSIGNMENT TECHNIQUES IN

- .
Several procedures have been developed in “C NMR to proyide un- -

ire summarized below. . : N

< =
1. quad—band or proton noise decoupling. This produces a singtet
' 13 T

for each carbon and gives the spectrum that provides the “C chemical

shifts (17,43,44).
2. Coherent sing]e-frequénéy off-resonance decoupling. This allows

the observation of a residual couph’ng.JR which assigns quaternary carbons,

s

methines, methylenes.and methyl groups as singlets, doublets, triplets and

quarﬁefs; respectively. The v%Tue of Jp is given by
¥
13T, ’ .
'\\\ JR - J CZ H v \(2.4) -
N . 4 i YHZ" . 4 - ’
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13, 1 13

C, H is the actual 1

where J C-"H coupling constant, & (in Hz) is the
frequency difference between the decoupling field frequency and the par-
‘ 1

ticular proton resonance frequency and yHZ is the decoupling field

stréngth (17,43,45).

r

3. Selective enhanéeément of quaternary carbons (46). ’
4.  Model compound studies (43). \
5. Isotopic labelling (ZH,]3C,]2C,]5N). Substitution of a hydrogen

by deuterium can essentially remove the signal from the directly bonded
carbon due to a combination of the spin coupling with deuterium and
saturation of the carbon signal caused by the increase in the spin-
lattice relaxation time of that carbon (43,44,47).

131,

6. Gated decoupling. This technique measures the actual
coupling constant without the loss of the nbc]ear Overhauser enhancement

(43,44,48,49,50),

-~

7. Selective ]H decoup]iﬁg. Irradiation of a specific ]H frequency
results in a singlet for the directly bonded carbon while the remaining -
carbons exhibit a residual coupling (43,44).

8. ]36*1H chemical shift cross-correlation. A plot of the résidual

" coupling J§ vs the decoupiing frequency permits the determination of the

t

TH chemical shifts from the carbon shifts (43,44,51), |
: 9.u Spinﬁlaitice relaxation time (T]). The T, correlates the mélecu1ar
motion and the number of neighbouring profons with the mo1ecu1;r structure
(43,44,52,53,54,55). " '

10.  Overhauser suppression. This determines both the ]3C nuclear

Overhauser enhancement and peak integrations '(43,44,52,56).

[



. the alkaloids.

1

3. 3C NMR OF THE ISOQUINOLINE ALKALOIDS

3.1 " INTRODUCTION
Since the-late 1950's proton NMR spectroscopy has contributed

immensely to many areas of natural products chemistry. With the avail-

13

ability of Fourier transform spectrometers '“C NMR is rapidly approaching

] <

the 1 of H NMR in its application fo napura] products structural

elucidation an _confogﬁationa] analysis. In the case of the isoquinoline

alkaloids several klasses have been investigated by ]3C NMR. Early

on the Amaryllidaceae (57) and protopine alkaloids (58).

More recently Wenkert et al. have reviewed work on the aporphines and

— ——

reports were ma

tetrahydroprotoberberines, the pavine alkaloid argemonine and cularine

. (59). Other pub]ications.have appeared on the tetrahydroprotoberberines <;

iiO) and the reduced proaporphines (61).
B b3

13

One aspect of the appiication gf' C NMR to the structural analysis

of the isoquinoline alkaloids not deait with in these pfevious studies is

that several alkaloids exist as pairs of diastereomers in nature. Thus

]3C NMR sp&ctroscopy in the dif- -

fhe objective of this work was to utilize
N - ¥

ferentigtion and assggnment"of the relative‘stéreochemiskfy of a number
of diastereémeric ghthalideisoquinolines, 13-methy1te;rahydr6 otober-
berines and spirobenzylisoquinoline alkaloids. Although4the i11at%vg
s€:?eoche$istry of these compounds can pé determined by othe; physical

methods, 13¢ NMR was found to be as effective as the other techniques |

-

. because_of its sensitivity to structural changes. Several model compounds
! ®

- o m——
-

were also examined in order to assist in the chemical shift ag;igﬁments of

L]

’
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The final section on the isoquinoline alkaloids will fllustrate

13

the contribution made by '°C NMR in the structural elucidatiog of a new

alkaloid in the cancentrine serfes.

3.2. RESULTS AND DISCUSSION .
3.2.1 SIMPLE ISOQUINOLINES

These stud{es begén with an examination of several simple iso-
quinolines since this structural unitcis common to all of these a1ka101ds.
Spectra were initially obta1ned on tg"ﬁ ,7~dimethoxy-1,2,3,4- tetrahydro—
isoquinolines 1 and‘Z, and 6,7-dimethoxy-3,4- d1hydro1soqu1no11nes 3 and
4 (Figure 5 and Tab?e 5). The assignment of the aliphatic carbons of 1

! . S
follows readily by éomparison with the resu]ts for piperidine (7) and

. tetralin (g) (21,62). Of the two carbons adjacent to nitrogen in 1,

C-1 is at lower field because of the sl1ght1y larger o effect gf the phenyl

group (21). The specific assignment of 'C-5 and C-8 was achieved by selective .

~
26. 30,3 24.3 T
137, !
7.9 241 28.2
N e 126.0 5687
N
129.6 48.9
H .- CHZ™"
. 7 8 9
7~ o~ Vand

proton decoupling. Although the protonﬁfesonaqce frequencies are separated
by only 8 Hz, C-5 and 0;8 were differentiated by running a series of spectra
in wh{ch the proton decoup]ing freqqugy was progressively inéreased over

the relevant freguency ranéel The deshielding effect of thé prtho-methoxy

S St i A rgingy

e e e
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FIGURE 5. Structures of the simple isoquinolines.
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TABLE 537 13C chemical shifts® of the simple isoquinolines
Carbon ) 2 i 5 8
1 47.8 57.6 159.5 164.6 43.6 48.2
3 43.9 53.0 47.4 50.5  “43.6  43.8
4 28.6 28.8 24.7 25.5 28.5 29.1  °
4 127.9 "126.7 129.8 132.3  129.9 136.1
5| 2.2 1.6 110.5 1N1.3 124.4 129.2
6 147.5  147.7 151.3 157.6  110.8 125.6
7 147.3 147.3 147.9 148.8  145.5 125.9
8 109.3 109.5 110.5 ‘NM5.7  150.3 ©126.1
Ba . 126.6 125.8  121.6 7.2 128.0 134.8
6 OCHy  55.9 “§5.9 . 56.0 57.0 . .
7 0CHy  55.9 55.9 . 56.1 57.2 55.9 -
8 OCH, - ’ * 60.0
eHy - 4.0 , 48.1 |
2 Chemical shifts in ppm from internal TMS (+ 0.1 ppm). SampHes-wére
. dissolved in CDC14 to a cbnéentration range of 0.16 M to 0.45 M. N R

$ . . . i
from C-4a and C-8a. Because of the nearly identical chemical shifts of

groubs readily d%stinghishés the substituied aromatic_;szons 6 and 7

C-4a anﬁ C-8, and C-6 and C—7? unambiguoﬁs‘assignments cou]& not bé_made.
J The’spectrum of g_rera1ed that the aromatic cqrbbnf undergo Qé;y

little change in chemical shift from those of 1, whereas C-1 and C-3 are

shifted danfie]d,by 9.8 and 91 ppm, respectively, because of the B N-

. methyl group (34). Simi1;r,resu1ts have been observed for piperidine (7)

and N-methylpiperidine (9):(21). .

-
- i
e » - . -
— . A
¢ . v .
'
by .
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The assignment of the C-3 and C-4 resonances of 3 and 4 are
appa;ent from the previous discussion, and those of'C-1 by virtue of
\_ its unsaturated character. Again C-5 and C-8 are readily differentiated
:lfrom the substituted afomatic carbons. Because 6fféharge delocalization
through resonance in g, carbons 4a, 6 and 8 should appear at lower field
thaﬁ their_ counterparts 8&, 7 and 5, respgctively. It ig for fhis reason
that the assignmen%?'shown in Table 5 have been made. Although 3 does
not bear a formal positive charge the same resonance arguments may be
applied in assigning the aromat1c s1gna1s ‘
Since many 1soqu1no11ne a]kalolds, notably the protoberberlnes,
contafn the 7,8-d1subst1tuted 1,2,3,4-tetrahydro1soqu1no11ne unit, 7,8-
dimethoxy—]1?t3,4-tetrahydroi§oquinoline:(g) was examined. With the eg—
ception of (-8a, the-cﬁemfca] shifts of the aromatic carbons of 5 cor-
relate wiFh those éalcu1ated by applying the shift parameters. for ortho-
dimethoxy groups to the observed spectrum of tetrahydroisoquingline (6).

‘ The nature of the deviation of the ca1cu1atéd shift for C-8a is discussed

at the conclusion of section 3.2.3. The assignments in 6 were made by

compéfison with 7 and 8 and have not been verified by other methods.

result of the steric pertu?bation at C-1 caused by the C-8 methoxy group.
/]
Ass1gnment of the signal aE;GD .0 ppm to the C-8 methoxy group was based-xa/

on._analogous resu]ts obta1ned by Dhami and Stothers on ortho- d1subst1tued

1

anisoles (63).- Experimental ver1f1cat1on of this assfénment is provxded
’ i
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o
by the similar system in rings C and D of canadine in the protoberberine

section. ) .

.

<

The calculation that was mgntioned in the previous paragraph was o

based on/additivity parameters derived from comparison of the chemic§4=

£
shifts of benzene (128.6 ppm) and veratrole (10) (C-1, + 20.8; C-2, -16.9;
Y

C-3, -7.6 ppm). In aimost all cases studiFd, these parameters exbressing

I

iy

° CHOQ9 s
rn

57

CH.O {10
~—

Cr— . . . .
Al

T ©

the combined effect of two ortho-methoxy groups gave a clBsér fit with
the observed chemicg] shifts than those calculated using parameters

derived from anisole. As'an'example, further §upport for the assignments ~~

-

Bin 3 is provided by applying the orthOrd%methoxy substituent parameters

to the reported spectrum of isoquinoline (21). The resulting calculated,

_carbon shieldings for the benzenoid ring of 6,7-dimethoxyisoquinoline are

very similar to those observed for 3.

>
v i - A o i« it VAl it mmadir b e G M pet e A e
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3.2.2 PHTHALIDEISOQUINdLINE ALKALOIDS . : " .

The phthalideisoquinolinés'were the first group of a]kalo%ds to
be consideréd.ﬂ'ﬁatuyally occurriné g-hydrastine (11) and its diastereomer
a-hydrastine (12), and the pair of natural diastereomeric bases, corlumine
(13) and adlumine (14) were examined (Figure 6 and Table 6).| |

The carbon resonances of rings A and B of 11 were tentat{veky
assigned by comparison with the previous data.(compounds 1 and 2 in fab]e‘
5) and with the spectrum of methylenedioxybenzene, 15. Phthalide (16)
and meconin (12} were used'és models in the assignment of the resonantes
of ring D (F{gure 7 and Table 7). The spectrum\of phthalide was inter-

preted as follows. By comparison with the calculated chemical shifts of

2-carbomgthoxybeniy1 atcohol (C-1,“]4314; C-é, 130.2; C-3, 130.45 C-4,
128.0; C-5, 134.3; C-6, 127.8) it was possible to assign €-3a and C-7a
with some certainty and C-5 and c-7 tentative]y.\;zge apsence of the signé]
at 128.5 ppm in the spectrum of B-Qeuteriophthalide (16b) confirmed the
qssignmenf of C-é. . Selective decoupifﬁg experiments on.16b assigned C-7
sinte the ﬁrbton oﬁ C-7 is downfield -from the other protdhs 1ﬁ fhé ]H
sbectrumg The obsérveq‘chem{ca1 shifts of 6-ni£roph§ha11deh(lz) and 6~
amihophtha]ide:(ig) agreed closely'with those calculated by @pplging the
‘app#opriate shift parameters to thé résonances)of phthalide, and so

strengthened the assignméhgs of phthalide.

-
'
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F;GU@E 6. Structures of the phtha]i}fdeisoquinoljne alkaloids.
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N T;\BLE 6. 13C chemical shifts of the phthalideisoquinoline alkaloids.
Carbon B-Hydrastines (11) a-Hydrastine (12) Corlumine (13) Adlumire (14)
1 66.0 66.2 65.7 65.7
3 49.0 51.3 49.5 51.7
4 26.7 29.3 26,5 29.1°
4a 124.5 125.3 123.4 123.9
5 108.1 “108.2 111.3. 111.0
6 146.3 Y 146.3 o482 14774
7 145.4 145.8 147.2 146.9
'8 - 107.3 107.4 110.7 110.0
ga T 130.0 130.0 - 129.5 128.4
1 82.7 81.8 84.9 82.1
3" . 167.0 168.0 167.2 , 167.7
’ 3'a 119.4 119.3 o 110.3 109.7

4" 147.5 147.6 144.5 1441 °
5 ~152.6 152.3 149.1 . 148.8
6 118.5 - 118.4 113.1 112.8
7 | 117.3 . 1181 115.5 . 116.1
7'a 140.4 14181 140.8 140.9
NCH, 44.7 44.9 45.1 44.9
6,7 0CH,0  100.5 100.7
4' OCH, 62.0 62.2
5' OCHy 56.7 56

-7 76 ocH, | 55.9 5.6

c 7 0cH, ' : ‘ . ss9 5.9

y 4%,5' OCH,0 R | 103.3 103.1
_ “
. , /



16a R=H
16b R=D
0
H3C()
0
H3CO v ;
19

FIGURE 7. Structure of phthalide (16) and its derivatives.

!
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TABLE 7. .13C-chemica1 shifts of phthalide and its derivatives.
Carbon 16 172 182 19 20
1 170.4 169.0 171.4° 168.7 1.7
3 69.5 70.5 69.6 . 68.5 71.8
3a 146.3 153.4 134.4 139.6 139.4
4 122.0 125.0 123.0 116.7 115.1
5 133.6 128.9 121.0 119.9 114.7
6 128.5 148.5 149.8 152.6 149.5
7 124.9 120.1 .107.3 148.6 145.6
7a 125.2 126.7 125.9\\ 118.1 108.0
6 OCH, 57.0
7 OCH, 62.3
103.8

6.7 08H,0

e

r\/

% Solvent:,DMS0-dg

< - —-\‘

Assignment of the aromatic carbons of meconin (19) was achieved

by comparison with chemical shifts calculated using the ortho-dimethoxy

%

7.138) form an

shift parameters.

——

Carbons 4 and 5 were verified by selective

coupling. A1th0ugh the protons at C- 4\\6 .976) and C-5 (

AB quartet the C- 4 proton was 1dent1f1§d by 1ong range coup]ang to the
-3 benzylic protons. '

In the alkaloids 11 and 12 the pattern observed for meconin-is

<

preserved.

ponding carbon of meconin,‘while.c-s' and C-7' have becomé more nearly

C-i' in'both alkaloids 1s-d9hnf1e1d reTative to the corres-

%gua] in_chemical shift.

and 19 were assigned in analogy with those made for the model compound S, .-

£

The signa1s‘of the methoxy groups in 11, 12

«

D)

s

L RSk
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7

the more hindered methoxy group being at lower field.

Similar reasoning was used in assigning the signals in the spectra

“of 13 and 14. For the phthalide portion' of these molecules, 6,7-methylene-

dioxyphthalide (20) was used as a modgl whosé calculated chemical shifts
(C-3a, 139.5; C-4, 115.2; C-5, 113.8; C-6, 147.7; C:7, 144.1; C-7a, 105.4
ppm) correlated well with the observed shifts (Table 7). This calculation
'was based on additivity parameters deriyeq‘froﬁ.methylenedioxybenzene (15)
(C-1, +19.2; C-2, -19.8; C-3, -6.8) and applying these to.thé phthalide
assignments. Se]ectivz%gyd?on decoupling confirmed the C—i and C-5

assignments. The corréspondinggfotons appear as an AB guartet (J = 8.0

Hz) at 7.27 & and 7.00 & with the C-4 proton being long-range coupled to
the C-3 hydrogens._ ;

Verification of the assignments of the unsuést{tuted:aromatic
carbgys in 11, 13 and 1§_wés provided by selective decoupling expefiments:
In fhe case of .11 the proton; on C-5 and é—7' were differentiated from
C-8 and C-6', respectively, by virtue of their long-range coupling to
Eénzy]ic protons. The assignments in 12 were made by comparison with 11.
In corlumine (13) the protons on C-6' and C-7' formrén AB qua;tet at
6.90 5§ and 6.14 6 while the corresponding ad]uminé (14) protons appear at
6.84 6 and 7.13 6. ~ Aga1n the C-7' proton in both compounds is 1ong\range
fcoup1ed to the c-1' hydrogen a11ow1ng the differentiation of C-6' an3\C 7'.
Similar experiments established carbons 5 and 8.

A close examination of the diastereomeric pairs‘11 and ]23 and 13

13

and'lﬁ_shows that the isomers maj be distinguished by C NMR. fn 12 and

~ 14 hoth C-3 and C-4 are deshielded relative to the corresppnding carbons

¢

in 11 and 13 whereas the opposite effect is observed at C-1'. The chemical

- N

-
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shifts at C-3 and C-4 are therefofe diagnostic of the relative stereo- |
chemistry of these systems and 186 NMR may thus be used to assign tHe
relative configuration to é pair of diastereomeric phthalideisoquinolines.

It should be pointed out that similar stereochemical assignments have been

made from analysis of proton spectra (64) and that the ]3C NMR results anﬁx//—

Y

in agreement. -

Comparison of the spectra of
demonstrates that structural elucidation of the phthalidejsoquinoline

]QC NMR. For example, the chemical shift of

alkaloids is facilitated by
C-3'a is characteristic of tpe presence of either methylenedioxy or ortho-
dimethoxy substitution at C-4' and C-5'. 1In 11 or lg;'the appearance of
the C-3'a resonance at Ea. 10 ppﬁ Tower fjeld than theﬁcorrespgnding carbon
of 13 or lgrmay‘ﬁe attributed to a steric perturbation by the C-4' and.C-5'
methoxy substituents. Such steric crowding is absent when the substituent

at C-4' and C-5" is methylenedioxy. This effect is elaborated on further

at the end of the protoberberine atkaloid section.

3.2.3 PROTOBERBERINE ALKALOIDS : .

The protoberberines are tetrac&c]ic alkaloids that are derivatives

: !
. of the dibenzo (a,g) quinolizidine system., The majority of compounds in

this group carry pxygén substituents on the aromatic rings but are other-
wise unsubstituted. There is however a small group of compounds with a

methyl group at C-13. These alkaloids exist as diastereomers and sévera1

examples were examined to determine if their stereochemistry could be

assigned by ]30 NMR.

P e
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The assignments for canadine (21) (Figure 8(a) and Table 8)
were made by comparison with the mode] systems in éection 3.2.]1 and the
phthalideisoquinolines, and also through the study of several deuterated
derivatives. Reduction of berberine chloride with NaBD14 yielded (#)-
canadine labelled with deuterium at C-8 and C-14 (Figure 8(b)). In the
spectrum of the labelled compound the signals at 59.6 and'53m4 ppm Qeke
virtually absent and these were assigned to C-14 and C-8,vrespective1y.
Canadine bearing deuterium in the 9-methoxy gfoup was pFepared by treat-
ment of nandﬁﬁine (22) with diazomethane and DZO‘ This removed tﬁe
resonance at 60.1 ppm confirming the assiénment of the C-9 methoxy in
canadine. There was not sufficient’in%ormati&n to differentiate C-2 ‘
from C-3, C—4a‘from C-l4a, or C-8a from C-12a. The spéctrum of nandjnine
differs from that 6f canadine only in the aromatic siénals of ring D,
particu]ayly tho§e of,q-Sa and C-9. It is noteworthy that thé signal
from C-8 remains gnaffected déspite removal of the methyl group from the
methoxy of C-9.  The shift of C-8a to higher %ield may be attribhted in
bart to a release from steric crowding, discussed’above} cpuséd by the
C-9 methoxy grdup of '(21). Tetrahydropalmatine (23) served as a model
for thé corydalines discussed below and its assiénﬁents are in accord ‘
with those of canadine:

Corydaline {24) and mesocorydaline (g§) (F{gure 8(a)) are dia-
stereomeric 13-methyltetrghydroprotoberberines. It is known'from ]H NMR
studies (65) that corydaliné is a trads-qhino]jzidine and mesocorydaline
a cis-quinolizidine, in which the. methyl groups‘a;e axial and equatorial,
respectively, in ring C. The change from a trans‘to a cis configurat%dn

a in going from 24 to 25 is evident in the upfield shift of carbons 5,6,8
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2% R=R;=CHy

. Ry+ Ry*CHy °
26. R+ Ry"CHy

: H/H.0
CH,OH/H,

b

FIGURE 8. ‘a) Structures- of the protoberberine alkaldids. (b) The

reduction of berberine chloride to (#)-canadine-8,14-d,." °
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TABLE 8. ]3C chemical shif?s ?f the protoberberine alkalotids.
Carbon - 21 2 23 24 2 26 27
1 105.5  105.7  108.9  109.0 112K  108.8  112.0
2 46,0 1461 147.6 147.3 }46k§] 147.3 146.6
3 146.2  146.2  147.6  147.8  148. 147.9  148.0
4 108.4  108.5  111.5  111.3 1111 1113 110.9
4a 127.8  128.0  127.8°  128.5 . 7127.7 128.5  126.3
5 29.5  29.7 29.1 29.4 28.1 29.3  '27.6
6 51.4°  51.4 51.5 51.5 47.0 51.3 46.9
8 53.4  53.5 54.0 54.5 51.1 53.4 49.8
8a 127.8  121.4  126.9  128.6  126.5  116.9  115.8
9 150.3  141.7.  150.3  150.2  150.2  144.8 . 144.8
10 145.2 1‘44.?_"F 145.2  145.1°  145.4  143.% | 1431
1 M1.1 1091 111.T N7 N 106.8 ©  106.8
12 123.8  119.4  123.7  1264.1 123.2  121.3  120.3
T2a . 1287 28,1 1287 | 131 133.0 1361 1335
13 36.4« 36.5 136.4° 38.4 34.6 38.7 34.2
14 59.6 - 59.7 ' 59:3 63.1 64.2 63.2 63.8
14a 130.9  131. 129.9  128.6 1307\ 126.5  130.3
2,3 0CH,0 100.7 . 100.8 ‘
9 OCH, 60.1 60.1 60.1 60.4
10 0CHy;  55.8  56.2 56.1 56.2  56.4
2 OCH, | 55.8 55.8 5.9 55.9 55.9
3 OCH, 55.8  55.9 55.9 56,1 56.1
9,10 0CH,0 101,71 101.1
13 CHy 18.4 2.4 " 18.5 22.4

b Aty o

o v e sanety e A Gy woibd i e e st &l gl oty

v vty PO s

P

P

T et

P




© 43

and 13 and is attributed -to y-gauche interactions (33,66,67) in the‘cis

compound. Carbon 14, however, moves slightly downfield, a trend also
W

observed in the quinolizidine systems of Qhe Nuphar and Lycopodium a1ke~'
loids .(68,69). The methyl group also moves downfield as it changes from
an axial to an equatorial position. A similar shift is observed at C-].

It is of interest that the same downf1e1d shift is obserV/d in the proton

-

spectrum for the methyl group. Th1s is a reflection of a change 1n both
the steric environment and anisotropic shielding of the methy;/éroup.
The analogous diastereomeric pair, cavidine (26) and ha]icfri<

( f011ne (27) were also examined and gave similar results. It is apparent

13

\then that C NMR may be used to assign the relative configuration to

L]

the 13-methyltetrahydroprotoberberines.

s ., ]
.

Kametan1‘et al. (60) have used C NMR as a probe to study the

. effect of subst1tuents at C-1 on the stereochemistry of the qu1no]1z1d1ne ’

system of alkaloids of the protoberberine group. When a methoxy was
present at C-1 they concluded that the quinolizidine system was prefer-"
entially 1n“the cis form. This conc]usioq was basedvon the upfield shift
of the signal for C-G: CompeerOn of the pubiished results of 28 (Figure "
'9) with those of gg,?ggﬁ 26, and 27 reveals some interesting differences.
. In the cis 13-methy1tetrahydroprotoberﬁerines C;5 C-é‘ Cc-8, and C-13 dl1
undergo upfwe]d shifts relative to Ehe trans compounds but only Cc- 6 and

C-13 are apprecjably affected in 28. Carbon 14 in,28 is "shifted upf1e]d

relative to 23 in a manne a]ogbus to that discussed previously for C-1

in compound 6 and this stéxjc efifect probably outweighs any c¢hange associ-
ated with a cis- tr%ns interc nVersion fﬁterest1ngly, C~ 5 and C 8 of 28
do .not exper1ence an upf1e1d shift as they do in the 13—methy] compounds

\A1though the nature of these differences has not undergone aAdeta1Jed .
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H CO 28.1 H C 0 ) 30.0
OCH
5
. ‘ OCH3
< 25 : . 28
P~ ) o~
. - (C;

FIGURE 9. -Comparison of the 13¢ chemical. shifts of the aliphatic carbons

of mesocorydaline (25) and compound 28 (60).
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.investigation, it can be con¢luded that the conformations of the cis ~
compounds resulting from C-1 methdxy substitution must differ from the
cis C-13 methyl compounds.‘
Throughout this work use Has been made of calculations based on
the shift parameters fqr ortho-dimethoxy or meth}]eﬁédioxy substituents.
. .Chemical shifts é31cu]ated from these parameters ére generally in good
agreement with observed values, with the exception éf the calculated
shifts for a substituted aromatic-carboh ortho to two adjacent methoxy
groups. Examples are §-8a of §,‘é-3‘w'of 11 and 12, C-72 of lg_énd
£-8a of 21 - 25, where the‘va1ues calcu]ated'a§ described above’are ca.
10 Rpm Tower than thoieoobserved. A similar discrepancy has been noted
by Dhami and S?othersé(63) in the case of ortho-disubstituted/anisoles
and attributed to stenic perturbations. Thelobservatgoé that the less,
* bulky méthy]enedipxy substituent gives ;a]cu]ated shifts which are in
close agfeément with gbserved values at a sibstituted ortho cabbon; such
as C-7a of 20, and C-8a of 26 and 27 supports this conclusion. As noted
preQious]y, th{s difference betweenrthe ortho-dimethoxy and methylene-

\

dioxy substituents is of diagnosfic value in structural assignments.
R . " . -

3.2.4 SPIROBENZYLISOQUINOLINE ALKALOIDS
L 2 ) '/ N\

" The spirobenzylisdquinoline alkaloids are a relatively small
group of compounds within the fsoqhinoline family. Their structure and
ihem1stry were recently reviewed (70,71). Ochotensimine (43) was the
first member of this group to be 1nvest1gated and it and ‘ochotensine (70 71)
are the only alkaloids. that carry an expcyc]1c methy]ene on. the spird ring.
More common are the alkaloids that are oxygenated in the five-membered ring

and carry these\oxygeﬁs in the form of carbonyl, hydroxy, or acetoxy groups

4
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~
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on one or both of carbont 8 or 13. The structures of the alkaloids of

this group and synthetic analogues used in this study are shown as the

[y

formulas 43-52 in Figure 13.
L.
The appropirately substituted 1,2,3,4-terrahydroisoquinolines

served as models for rings A and B. Several indane derivatives were

13

preparéd and their spectra aided the assignment of the "“C resonances

in rings C and D of the spiro compounds.

Chemical shifts for both indane (29) and 1,3-dimethylindane (30)
(Figure 10} have been pub]ishea (21,72), and the indane results were
recently verified (73). Using indane and methylenecyclopentane (31)
(74) as models, the shift assignments for 1-mefhyleneindane (32) we
ﬁade Of the two substituted aromatic carbons in 32, C~7a was ass1gned
at -Tower f1e1d because of &&subst1tut1on at C-1. In dealing with~ the\
unsubstituted aromatic carbons, the signal at 120.6 ppm was ‘assigned to
C-7 because of the y-steric efféét of the C-1 ;ubstituent. Whilé the
signal at 125.3 ppm could not be upambiguously differentiated from that
at 126.4, it was assigned to é-4msinqe this carbon is A an eﬁvjronment
analogous £o that in {ndane 0f the two remaining signals, that at lower~-

field is tentat1ve1y 6551gned to C-5 because it is para to the double

bond system The’ aromat1c chemical sh1fts of 4,5-methylenedioxy-1-

thy}ene1ndane (33) (F1gure 10) were then calculated using the sub-
st1tuent parameters for a methy1ened10xy group and it served as a madel

for r1ngs C and D of ochotens1m1ne

Severa] derivatives of 1-indanone (34a) were exam}ned to serve

)
e

as models for the alkalo1d§/bear1ng a carbonyl group in r1ng C (Figure 11

. . - 1 - . . . "
and Table 9). In the case of T-indanone itself, C~3a21§ at lower field.

2
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28.9

FIGURE 10.

P

126 4 :
28.8

T 1283

]3C chemical shifts of the indanes 29-33 and methylene-

’ cyc]opeqtane (31) (74).




FIGURE 11. "Structures of the indanones' and indandiones 34a-39.
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" TABLE 9., 130 chemical shifts of the indanones and indandiones 34a-39.
Carbon 34a 35/f‘\*'//§__ | 37 38 39
1 206.5 205.2 204.1 197.3 19842 200.8
2 36.0 - 36.4 37.3 45.0 59.8 73.5
3 25.5 22.5 25.8 197.3 198.2 200.8
3a 155.Q 145.6 148.3 141.5 142.8 1428
4 126.6 147.9  118.9 123.8  123.8 . 123.1
5 134.4 157.6 114.3 . 136.4 136.0 136.4
6 127.1 112.5 147.4 136.4 136.0 .  136.4
7 123.4 120.0 143.6 123.8° 123.8 123.8
7a 137.0 131.2 . 120.4 141.5 142.8 142.8
4 OCH, 60.3
5 OCH, . 56.3 |
6,7 OCH,0 103.0 ‘
1 ) R 1332 136.3
2',6' 125.5 127.5
31,5 1284 129.Q
4 ‘ - | 127.9 . 128.8
NHCH - 3.6
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than C-7a due to the electron withdrawing effect of the carbonyl group.

_The assignments of the unsubstituted carbons were verified by examination
of the spectrum éf 6-deuterio-1-indanone (34b). In 34b the signal at 127.)
ppm had yirtua]ly disappeared so that the assignment at C-6 was secure.
Carbon 5 follows from consideratign of the substituent effect for a carbonyl
group on a para carbon. The reﬂéf:lqg positions C-4 and C-7 were deter-
mined from the gated decoupled spectrum sincé deuterium substitution at
C-6 removes the 7.0 Hz meta coupling between C-4 and the C-6 hydroéen.n
With Fhe spectrum of 1-indanone established, the resonances in the sub-
stituted T-indanones 35 and 36 cbuld be assigned by making use of the
Eubstituent parameters for o-dimethoxy and methylenedioxy groups. The
calculated chemical shifts showed a reasonable agreement with observed
values except for the expected débiafion at C-3a in the dimethoxy compound.
The assignments of the‘protah?ted aromatic carbons were verified in all
cases by selective proton gecoupling.

Another-series of models, the 1,3-indandiones, were also studied.

The diones have been prepared as intermediates in several synthetic
approaches to the spiro atkaloids (70,71) a&d their spectral data is also

“ includedg The compounds examined are shown in Figures 11 and 12.. In two
of them (40 and 41)-the complete skeleton of the spiro alkaloids is present.

a The spectra af -the 1,3-indandidﬁes 31; 38, and 39 were used in the
inﬁerprgtation of the spectra of %he spiro compounds ggﬁgnd 41.. Assignmeﬁt
of the resonances of gz_was made wifﬁout difficd]ty becahse of the symmetry
of tpis molecule and by, taking int& account the substituent effects of the
two carbonyl. groups jTable 9). As"C-Z bécomesrmoﬁe substituted in going
frgm 37 to 39, its chemical shift moves dognfield as expected. ~qust1tu£10n

at C-2 also deshields the carbonyl carbons but has vegy Tittle influence on

i
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FIGURE 12.

TABLE 10.

i3

Structures of the spiro-diones 40 and 41.

\

C chemical shifts of the spiro-diones 40 and 41. A

51

Carbon

9, 12
10, 11
]4 \‘o
14a

2,3 OCH,0

NCH3

A=

131.

40

———

105.3
1464
147.3
110.1

29.
40.

mand

200.
142.
124.
136.

66.

136.1

101.6

~

S O

N W o O O

.

41

105.
146.
147.
109.
129.

29.

« 48.

202.

¥

142.
123.
136.

71.
137.
101.

40.

Now N
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the aromatic carbons of the indandione syst

In the spiro compounds, 40 and 41, the indandione part of the
molecule retains its symmetry and chemical shii};,are observed which are
similar to the models 37, 38 and 39. The reson;nces of the ring A carbons
are very similar to those found in other tet'!hydroisoquinolines. The
assigéments made for C~4a and C-14a are based on £he argument that C-14a
has the greater number of g8-substituents. ‘In the proton spectrgp of 41
the'hydroge;‘at C-1 is shielded relative to that at C-4 (75) an; it was
théough selective proton decoupling that the Yesonances of these carbons
were established. The ﬁajor difference between gg_and’ﬁl\1ies in the

<

chemical shifts of C~6 and C-14, both of which are/dééhielded in the N~
methyl relative to the N-H compopnd. Ca]cql§;$6ﬁ;, using the 8 equatorial
methyl parameter deri;ed from methylcyclohexane (34}, work well for C-6
but because of the highly substituted nature of C-14 there was a deviation
between the observed and calculated chemical shift.

. Turning now to (+)-ochotensimine (43 in Figure 13), this alkaloid
is distinguished‘from the others examined in thi¥~¥tudy by the presence
of an exocyclic methy]ene.atTC-IB. The assignments (Table 1]) in rings

A and B were made by comparison with the spectrum. of 2 (Figure 5 and .
N .

" Table 5). Carbons 1, 2, j, 4, and 4a are not greatly different from the

model and the assignments o% é-] and C-4 were differentiated from C-11

and C-12 by selective proton decoupling. Since carbons 2 and 3 are

separated by only 0.2 ppm unambiguous assignments could not be made.

C-14a and C-12 cannot be differentiated but it is Hoteworthy that"relatiye\

.‘ . »
.to the model C-14a has shifted considerably downfield. This shift is

attrituted to the greater 8 substitution at C-14 in 43 relative to 2.

%



é}?fiRl + RZ}(3H2;|?3f f?4=‘CH13 } 46 Rl'ffqu Cfﬁz; R3'= 4
47 R, + Rp=Ry+R,= CHp R1+ R2 Ryt R, = CHy

sl RI+R2 R3+R4

Ct12

FIGURE.13. Structures of the sp1robenzy11soqu1no]1ne alkatoids’ 43-52.
(The abso]ute stereochemistry is not 1mp11ed in this figure).
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; TABLE 11. C Chemical Shifts of the mﬁ4ﬁocm:~<~AmoncA:odw=m Alkaloids

Carbon 13 ) 15 46 a7 18 49 50 .5l 52
1 110.5 104.8 ~ 107.2  105.7 106.9 105.8 110.7 110.7 . 109.7 110.1
2 147.5 146.5 146.9 146.8 147.4 146.9 147.2 1485 146.2 147.3
3 147.7 146.5 146.9 146.8 147.4 . 146.9 148.9 148.6 146.8 148.3
4 . 10,5 108.5  109.1 108.2 109.6 108.2_ 112.5 1.4 1100 113.0
4a 126.1 128.3 125.9  © 129.3 125.0 129.3 -+ 124.0 128.7  126.0  124.9
5 C294 29.4 28.9 29.4 29.2 29.5 28.5 29:3 . 22.8 22.0
6 48.1 48.4 . 48.7 50.3 48.9 50.2 48.9 . 50.3 .  47.6  47.8
8 7.0 ° 373 70.5 75.9 70.3 75.0 70.1 75.1 ~ 73.8. 73.4
8a 123.8 145.4 145.4 146.7  132.7 134.3 132.9  134.6 121.5 1215
9 143.0 145.6 145.5 147.0 146.1 144.4 145.0 ° 1444 1447 144.9
10 148.2 158.5 159.2 159.3 154.8 154.5 154.5 154.6 148.6 148.4
1 1108.0 113.8 114.5 114.3  110.9 110.6 - 1104 109.5  107.1 109.7
12 113.6 121.1 120.6 120.4 119.9 119.6 119.5 119.6 116.1 115.7
12a 136.1 131.0 130.0 130.1 132.5 131.2 . 1325 < 131.3 - 140,0 140.9
ﬂmx/v 155.5 206.4 202.4 202.7. 2015 202,2 2017 202.7 - . 79.5 79.0
14 71.9 7.2 76.8 2.0 7.2 70 76.9 72.0 75.2 © 75.2
142 137.2 131.8 130.9°  130.1 130.6 - 129.8 129:7  128.7 129.5 ° 128.3

NCH, 39.0 39.2 39.4 41.8 39.7 41.7 39.6 . 41,9 37.7 ° 37.9

2,3 OCH,0 100.9 100.9 101.0  “101.3 101.1 . . 101.0

9,10 OCH,0  101.3 103.2 103.1 103.1 103.2 101.9 101.8

2% OCHy 56.1 : 7 56. 1 56.1 . 56.0

3% OCH, 55.8 . 56.0 56.5 \ - 55.5

9 OCH, . 60.4 61:3 61.2 , . :

10 OCH, . 56.3 56.4 56.5 S , - )

13 = CH,, 106.7 : o :

*
Tnese assignments may be reversec.
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In ring B the changes between g:and 43 are as follows: c-14,
+14.3; C-6, -4.9; C-5, +0.3; N-CHj, -7.0. The shielding of both C-6
and the N-methyl group may be attributed to the y—gauche effect of both
C-8 and C-13. Geminal substitution to create the spiro ring junction
at C-14 causes a significant deshielding in a manner analogous to that
observed!for the spiro carbon in spiro[4.5]decan-1-one (42) (76) rel-

ative to cyclohexane.

27

23.8
33.3
. 497
0 383
221.0
. 38.0 20.0
42
—~

Chemical shift assignments for rings C and D:were determined
with the aid of model hompounds 32 and 33, already discussed. The
calcu1ated shifts ef 33 served as a guide in assigning the subsxitntedq
aromatic carbons of ring D. Se1eetive proton decoupling differentiated A
between C-11 and"C-IZ. Identification of the exocyclic methylene of
ring C nas provided by a gated de60up]i g experiment% ~This carbon
appears as a triplet centered at Laé/;/me with ]J13c 1H = 160.6 Hz.

-The synthetic sp1ro ketone 44 was examined as a model for the
sibiricine typealka]o1ds where three d1astereomer1c pairs were studled

the compounds 45 and 46 sibiricine 47 (77) and corydaine 48 (78), and
raddeanone 49 (79) and yenhusomidine 50 (80), all of estab11shed
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stereochemistry (Figure 13 and Table 11). The carbqn resonances of
rings A and B in 44 were assigned through comparison with other iso-
quinoline alkaloids that carry methylenedioxy subs;itution in ring A:
e.q. B-hydrastiqe (11) and canadine (21). Séleé%ive #roton decoupling
confirmed the assignments at C-1 and C-4. The fact that C-1 and C-4
are Ho; equivalent as they are in ochotensimine may be a réf]ection of
the difference in anisotropic shielding between the exocyclic methylene
in 43 and the carbonyl in 44. Carbons 4a and 14a follow the same trend
observed in 43 but C-14a is less deshielded.

The chemical shifts of the gliphatic carbons of 44 are essentially
identical with those of 43. The indanone 35 serves as an excellent model
for the carbons of rings C and D of 44; however, one cannst differentiate
between C-8a and C-9- because of their similar éhiftg.‘ |

Alkaloids of the sibiricine group differ from 44 by the presence
of a hydroxy function a} C-8 and these may exist in é%astereqmeric forms.q
‘Chemical shift assignments for the synthetic compounds, 45 and 46 follow
directly from the model 44. The ring D assignments for the pafrsngz_and
48 and gg:and 50 were made by selective proton decoupling and by comparison
to chemicah,sshifts ca]culatéd for 4,5-methy]enedioxy-l—indangn : C-3a,
135.2;‘6-4, 145.8; C-S; 153.6; C-6, 107.3; C-7, 116.6; C-7a, 12%.2.

: In 45, C-8 and C-14 show the expected downfield shifts retative
to Qé_because of the a- and g-OH substituent effects, resagiiive]y. The
carbonyl éroup is shielded by -4.0 ppm. There are.a.number of significant

changes in 46 relative #o its ‘Pastereomer. Hydrogen bonding bétweén the

-

hydroxy- group and the nitfbgeﬁ (78) causes slight conformational and
electronic chahges,in the system resulting in a deshié]ding of C-8, C-6,
_and the N;methyl._ At-the same time C-14 s appreciably shielded.

|
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Differences of simiiar sign and magnitude are also observed between
sibiricine(47) and corydaine (48) and raddeanone (49) and yenhusomidfne
(50) |
| Ochrobirine 51 and yenhusomine 52 (80) carry hydroxy groups on
each-of C-8 and-C-13 and they represent another structural variation.

The problem here'wa; to determine if 13

C NMR could djfferehtiate between
C-8 and C-13 fﬁ these compqunds'and be used to assign the configuration
"of the hydroxy groups.'

_ The data’presentedggg?Table 11 shows that several imporf%nt
chemical shift changes occur whenbcorydaine (48) is transformed into
ochrobiringﬂ(§i). Upon replacement of the carbony[_funct%on by hydroxy,
the aromatic caﬁbon C-1 is deshielded by 3.9 ppm relative to éorydaiﬁe
while C-12 is shielded by -3.5 ppm. “Examination of the aliphg%ﬁc carbons
of §1.1ndicates a distinct djffereﬁce between: C-8 and C-J;. Selective
proton decoupling was uséd to }q§olve these assignﬁents singe in the ]H NMR

* spectrum of 51 the C-8 and C-13 hydrogensrhppeﬁﬁ at 4.88 and 5.42'ppm,
respectively (7b,81f- Although é-8 is shielded relative to that in
corydaine (48), C-8 is still downfield from ghe’correséoéding baéﬁon in
sibiricine {47) which indicates a retention of the corydaine relative
eonfiguéation. 3 ‘
of the ring B catbohs éf ochrobirine (51), only C-14 has undergone
a aownfjeld ;hift whereas C-5, CLG;‘and the N-methyl aré shielded by -615,
-2.6, and +4.0 ppm respectively, relative to corydaine. Thé'y steric
effect of the Sp3 ce;tre at C-131accounts for the shie]ding éf C-§ and .
‘the N-methy].‘ Examination,éf molecular models aemonsﬁrates that theyCe]}

hydrogen and both Fge N-méthy1_and pseudo-aﬁial C-6 hydrbgen are quite

=
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sterically crowded when ring B adﬁpts a half®jain conformation.
Distortion of the B ring half-chain to a slightly more flattened con-
formation pgrtial]y'relieves these stefic interactions while maintaining
the internal hydrogen bond. Th%; conformational change may contribute
to the upfield shift of C-5. |
- Yenhu;bmine (52) is a trans diol 1ike ochrobirine with the hydroxy
.at C-8‘hydr09en-bonded to nitroggnf The changes that occur in going from
yenhusomidine (§g} to yenﬁusomine exactly parallel those that take place
in the corydaine to ochrobirine transformation. These results demonstrate

13

the value of '°C NMR in the assignment of the relative stereochemistry of

the spirobenzylisoquinoiine alkaloids.
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3.2.5 CANCENTRINE ALKALOIDS <

The cancentrine alkaloids were first isolated by Manske in

1932 (82) and in 1970 the structure of cancentrine 53a was elucidated

. ~ - .
(83). It is composed of a morphine-derived unit and a cularine-like
unit which are fused togEther as shown in Figure 14. Other alkaloids
in this. series are the dehydrocantr1nes, A and B (84). The former has,

a double bond between C-8 and C-14 while the B compouhd has a doub]e

13

bond between C-31 and C-32. The data obtained from the "“C spectra of .

cancentrine, the de;;;;;¥ve 54 and the codeine model compounds 55a-c

" / . .
was used to e]ucidﬁté’%he structure of the new alkaloid 10-oxocancentrine
53b. '

13

The interpretation'of the '“C spectrum of canceritrine (Table 12)

was aided by re%erence to the published spectra of codeine 55a and

cularine §§_(Figﬁre 15 and Table 13). Comparison of the aliphatic region

- of the codeine (55a) spectrum (85) with that of cancentrine (53a) allowed

/

the ass1gnment of resonances for C-10, C-15, C-16, and N- CH3 which were
substantiated by the off-resonance spectrum. The high field resonance
_.of C 10, a benzylic carbon, has- been ascribed to.a - ster1c interaction
w1th the N-CH, (85). The other h1gh fle]d signal in the spectrum of
53a at 29.0"ppm has been ass1gned to C 31 by reference to “the cu]ar1ne
§§~spectrum (59). The off—resoqence spectrum of 53a showed a singlet
at 51.4 ppm, a doublet at 46.2 ppm, and a triplet at 40.2 ppm that are
attributed to carbon atoms 13, 14, and 8, respec??yefy. The trénsfor-
mation ef the six-membered ring C of codeine 'to the five-membered ali-
cyclic spiro ring present in cancentrine has taused a deshielding of

C-13 and C-14 relative to the correspoﬁdihg,carbon atoms of cheine.
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R]=R2=H

R1+Bz=0

H3CO

Structures of c%ncentrine‘(§§g), 10-oxocancentrine (§§p);“

. : , . i
and 9,10-dihydrocancentrine methine-o-methylether (24).
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C chemical shifts of the cancgentrine alkaloids

TABLE 12.
Carbon 53a é 53b . 94
1 119.7 120.2 119.9
2 115.3 115.3 116.0
3 142.7 146.6 142.5
4 145.1 143.3 146.9
5 97.5 96.7 99.3
6 79.7 78.3 79.2
7 194.0 193.2 193.3
8 40.2 40.0 . 40.1
9 58.8 68.0 23.7
10 20.4 196.3 26.2
1 127.4 124.4 127.3
12 127.7 135.6 128.8
13 51.4 52.5 ° 56.4
14 46.2 48.9 41.9
15 33.2 32.1 33.3
16 46.6 47.3 45.5
a7 124.3 124.2 124.2
18 116.3 115.9 116.8
19 149.8 149.5 152.3
20 138.0 137.8 147.8
21 146.8 146.6 151.2
22 109.2 108.9° '109.1
23 116.6 15.9 121.1
24 104.3 104.3 104.2
25 160.1 160.4 160.6
26 121.4 121.0 121.8
27, 147.7 146.8 147.6
28 140.7 140.5 141.7
29 - 119.7 119.2 121.0
30 127.8 127.5 128.1
3 $29.0 28.8 - 29.4
32 57.8 57.3 55.8
3 OCH, . _ 56.5 56.3 56.4
19 OCH,  56.5 56.3 57.7
20 OCH . 61.5
21 OCH3 56.5 56.3 56.7
NCH 43.2 43.3

-

P . ..



552 Ry=R,=R;
55b  Ry=R,=H; R3+R4=1 56

55¢  Ry*R,=R4+R,=0.

=H; R,=0H

FIGURE 15. ‘Structures of codeine (55a), codeinone. (55b), 10-oxocode-
inone (55¢) and cularine (56).
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@ Assignments from reference 85

b Assignments from reference 59

" TABLE 13. 13C cﬁemica] s:ifts of the cancentrine model compounds.
Carbon 554° 5502 55¢ Carbon 56°
1 119.3  119.7  120.0 1 56.7
2 2.8 114.7  115.0 3 47.5
3 Y 0 1423 149.6 PR 26.0
4 1462 1446 144.9 42 126.3
5 - 91.3 88.0 87.7 5 124.3
6 66.4  194.1  193.2 6 110.4-
7 133.2 132./5 1327 7 L1489
8 1281 1461 148.3 8 144.8
9 58.7 58.9 68.5 ga 132.5
10, 20.4  20.4  190.4 g 35.3
1 127.0 126,17 125.1 1 118.3
12 130.9  129.0 137.1 2! 113.6
13 430 43.1 44.6 3" 144.8°
T 40.7 4.4 44.4 4 147.3
15 i.s 33.9  33.9 5 1051
16 6.4 46.7 47.2 6 148.4
30H, © 56.2  56.7  56.3 7 OCH, 55.8 ¢
NCH, 430 42.9 43.4 3’ 0CH, 56.0
4 OcH; 56.0
' NCH, 42.4.

w PP
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°A similar effect is observed at C-5. A]thoubh the splitting patﬁern§;pf
C-9 and C-32 in the off~resonance spectrum are partially obscured tﬁ}“thé
overlepping—methoxy] resonances at 56.5 ppm, C-9 was assigned to 58.8 ppm
.and C-B? to 57.8 ppm. The remaining signal at 79.1 ppm is assigned to
;he spiro carbon, C-6. l ‘

The oxygenated aromatic carbons of cancefrine all fall in the
range, 135-150 ppm while the remaining aromatic carbons,‘whetnen sub-
stituted with H or carbon, resonate in the 100-130 ppm region.; By off-
resonance decoupling it was possible in most cases to differentiate the
protenated from the non-protonated carbons. For those cases where over;r
lap of signals made this difficnlt or impossible the technique of sel-

ective enhancement af quaternary carbon signals (46) was used. A low

power and modulated decoup]ingﬂfie]d was applied to the sample, producing

essentially a bnoad«band‘spectrum composed only of the quaternary carbons.

From a combination of the Tow-power decoupled and off- resonance spectra,

‘the.signal at 119.7 ppm was found to resuit from the overlap of both a

protonated and carbon-substituted aromatic carbon.

" The aromatic carbons of the\morphine half of cancentr1ne (53a)

were assigned by comparison to codeine The ass1gnment of C-4 to 145.1

ppm rather than 146.8 ppm was based on the correlation noted by Terui et al.

(8%) befween peak intensity and the spin-lattice relaxation t§mes, the
latter determined by Wehrli for codeine (52). Carbon-4 of 53a does not

have any, ne1ghbour1ng protons to provide dipolar relaxat1on and’therefore

4.

shou]d have ar longer T]‘and a Iower 1ntensity because of saturat1on The.

s;mTTarity in chem1ca1 shifts for carbons 11, 12, and 30 did not allow un-

&

AN

ambiguous assignments to’be made.
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Reference to thelcdﬁarine (56) data in Table 13 allowed the

® L

- tentat%yé assignment of the remaining aromatig signals. The chemical
shifts of C-30 and C-26 were_ass1gneilin reverse order to the corrE§;
ponding cularine carbon atoﬁz, 8a and 4a. Since C-26 does not have A\<\“\
any neighbouriﬁg hydrogens this would account for the low intensity

of the peak at 121.4 ppm. Of the carbon atoms containing oxygen shb-
stituents, C-20 was asgigned to 138.0 pﬁh because the hydroxy group
desh{elds\the directly bonded carbon atom less than a methoxy group

(21, 43). The signals at 194.0, 160.1, and 104.3 ppm are attributed

to the carbon atoms of the a,8ynsaturated &arbenyl system, C-7, C-25,

and C-24, réspective]y.

Further evidence for the cancentrine chemical shift assignments
was provided by an examination of the spectrum of 9,10-dihydrocancentrine
methine-o-methyl ether(54) (86). Fission of the bond to nitrogen caused
C-9 to shift ﬁpfie]d from 58.8 ppm in cancentrine af to 23.7 ppm in
54. Cérpon 14 was also shielded relativeto 53a/because of the elimi-
nation of the 8 nitrogen substituent effect. Ca&pon 10 was assigned-to
26.2 ppm; it is deshie?;ed relative to Eanéentrine‘b@cause of removal of
. the y-steric 1nteraction with the N- CH3 The chemical shift equ1va1ence
of C-16 and the N(CH3)2 group was confirmed by the off—resonance spectrum
ih whlgp the methylene triplet of C-16 was ceptered in the methyl quartet.
The off—resonange spectrum also enabled the peak at 61:5 ppm to be assigned
to the C-20 methoxy group. This dss{gnment_is consistent with the pre-
viously discussed,alih]oids'containinéhg sterically crowdgd methoxy group.
"Carbon-32 could only be feniatively assigned to 55.8 ppm because of the

overlap of its coupling pattern with those of the methoxy carbons in the

off-resonance spectra. By the technique of se1ect1ve enhancement of

i~ - -
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quaterna}y carbons the signal at 56.4 ppm was assigned to C-13/

Using the'procedure.despribed-in the analysis of thé aromatic
regionﬁbf the caﬁcentrine spectrum;\tﬁe corgesponding'aroma;ic carbons
.of the morphine part of §§.wéFé readily assigned. Similarly in the cul- .
‘arine portion of §§_£he carbon atom$ of £he’ring containing the ;fngle QTA\\\\
methoxy substituent at C-19 ;emain essenpia]\y unchanged relative to ‘
53a except for C-1§ itself which ig deshielded. 'The conversion of the
hydroxy group at C-20 to a methoxy shifted the peak at 138.0 ppm in the
spectrun of 53a to 147.8 ppm in 54. There was-also a déshiel@ing of ‘the
- resonance for C-23 whicp now appears at 121.] pﬁm. The\signé]s-at 151.2
and 152.3 ppm can be assigned'to either C~21-or C:19‘ these signa]é were
more intense than the signals of the other oxygenated carbons because of

-

the dipolar re1axat1on prov1ded by the neighbour1ng protons on carbons 22

I

nd 18, respect1ve]y Y

"+ DISCUSSION

10-Oxocancentrine

¥

The new cancentrine al f?"d ‘desigriated 10 oxbcancentr1ne

had the following épectra]-p,’ﬁﬁiﬁ_ﬁs. In the 220 MHz H NMR spectrum
theéé were na signals at Zafjf{ndMB 18 ppm corresponding to the 10a and

108 protons, respective]y, in cancegtrine (83) (Table 14) There was

also a s1mp11f1cat1on of the mu1t1p1et coup]1nq for the C-9 proton now .
appearing at 3,39 ppm. The aromat1c reg1on of the ]H spectrum of cancen-

trine (53a) contains three pairs of AB quartets whose chgm1ca3:sh1ft
assignments were Qetérmipéd‘py both NbE experiments and acetylation shifts
(83,86). 1ﬂ cancentriné the two.high field aromatic doublets at 6.65 (J=8.8 -
Hz} and 6.70 épm:(d=8;a Hz)‘were éssjgngd to H-1 and H-22, respectively. Thez;

a" ﬂ%
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TABLE 14. 220 MHz 'H chemical shifts and coupling constants for

cancentrine (53a) and 10-oxocancentrine (53b).

Proton “ 53a

H-5 4.88

H-9 3.41

H~10a 2.37

H-108 3.18

3-0CH, ' 3.97

w

19-0CH, 3.93
21-0CH, 3.86

H-1 6.65

H-2 6.86 )
H-17 6.97

H-18 -7.04

H-22 .6.70

H-23. | . 7.49
104,108 18.5

i

.2 _ . 8.8

hras . 8.5

J ‘ 8.4

22,23

53b
4.84
3.39

.00
.03
.09
.67

~ o ~J ~N N ~5

.49

8.7
8.7

.45

67
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spectrum of 10-oxocancentrine (53b) has only one doublet at 6.67 ppm
(J=8.6 Hz) and a new doublet centered at 7145 ppm (J=8.;-Hz). This new
Tow fieid doublet is attributed to H-1 because it is now deshielded by
- the carbonyl group considered to be situated at C-10. “The remaining {
ﬂaromatic resonances nf 53b show the same spectral pattern as cancentrine
except for a slight deshielding (Table 14).

) The mass spectrum of 53b shows a molecular ion at m/e 620 with
a composition of C3gHaoN,0q.  This fon Toses CHy (m/e 605, Ca5HogNo0g) )
and OH (m/e 603, C36 3]N 0,). Peaks which provided important structural
information occurred at m/e 257 and 363 w1th comp051t1ons C]5 ]5N03 and
2] ]7N05, reepect1ve1y. These fregments in analogy with the mass spectrum
of cancentrine, are considered to correspond to the morphine (m/e 257Y’
and cularine (m/e 363) portions of the molecule and result from a fission
of the bonds merked a and b jn Figure 16. Cancentrine undergoes an
identical fragmentation (86) to produce ienskat m/e 243 (C]5H17N02) and
m/e 363 (C21 ]7N05) 1 This difference of 14 mass units in the morphine
fragment can- be accounted for by the presence of a carbony1 oxygen in 53b -

1

. 2
a rep]ac1ng the C-10 methylene of cancentrtne.
v 3

The IR spectrum was similar to the other cancentrine a]ka1o1ds

r¢

,(83 84 86) a pheno]1c OH stretch at 3450 cm -1 and a carbony] absorpt1on

at T668 cm 1. The single absorptaon at 1668 cm -1 1nd1catesethat if two

carbonyl groups are-present both must be adjacent to e1then a double bond
or’ aromatlc ring. S1nce‘the ]H and mass spectrum data c]early show a-
change in functionality only at C-10, structure 53b was proposed %or

- ‘ .

10-oxocancentrine. ‘ ' - :

" ,
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ot

- =
Fissions {(a + b)

: m/e 257"

Cis Hig NOg
W
C3eHaoN>0g Fissions
' ‘ (a+b)
+- ”
-

|
. m/e 363 RS

°21~H'|7N,°5 - L o

b

_FIGURE 16. Mass spectrum fragmentation scheme for 10-oxocancentrine (53b)
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' C 10 even though 1t 1s desh1e1ded relative to C 10 in the mode1 55c

L o)
70

In order.to gain further evidence for structure 53b, a 3¢

spedtrum was obtained as we11 as a'spectrum of the model comhound
10-oxocodeinone (55¢). The chemical shift ass1gnments of 55¢ were
made by comparison to the pub11shed data for codeinone (55b) (85).

The new carbonyl signal of 55c appears at 190.4 ppm indicative of a
conjugative inferaction with the aromatic ring and this substantiated
by both the IR carbonyl absorption of 1675 cmf'l end a deshielding of
carbons 3 and 12. The only a]iphatic carbons that show a significant
change relative to 55b are C-9 and C-14 which éee deshielded as a
result of_the « and 8 sﬁhspituent effects'of.the\c—lb cerbonyl grdupf

Examination of the .aliphatic region of the 3¢

C spectrum of 53b
showed the absence of a signal at 20.4 ppm corresponding to that of’
C-1071n cancentr1ne. There was also a deshielding of the C-9 resonance.,
at 58.8 ppm in cencentrjne to '68.0.ppm in 53b. The other’ a11phat1c
carbons of 10-ox0candentrine are essentially unchanged relative to

cancentrine except for a deshie]ding'of C-14 to 48.9 ppm. The deshie?ding

of’canbons 9 and 14 is similar in magnitude to that experienced by the

. corresponding carboné in 55c. These results corre1ate with the pfoton

data in locating the carbonyl - at c-10. '

‘Because of the 1imited quaqtitie; of materia1 the microprobe
spectrum of 10-oxocancentrinehhad a re]atiye1y 16w signal/noise ratio
for the substituted Qrbmatic earbdns and as a result only tentative,
assignments were made. At.the low field end of the epeetrum a pafF'bf
signa}e of approxinate1y equai intensity appear.above the noise at 193.2
and 196.3 ppm. éince the peak at 193.2 ppn correlates with the chemica]
shift of €- 7 in 53a and 54, the other signal of 196 3 ppm was a551gned to

@

-
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The aromatic carbon chemical shift assiénments for-the cularine
portion of 10;§xocancentr1ne were determined by compérison to 53a. The
shifts for the codeine ‘substituted aromafic cdrbons could not be accurately

-

assigned but are expétted to show a‘trend similar to those of 55¢ because

of the effect of the C-10 carbonyl group.

2

* .
These spectroscopic studies support the proposed.structure 53b for

10-oxacancentrine.

s
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4. NMR STUDy OF 2'-0-TETRAHYDROPYRANYLURIDYLYLE 3'FPHENYL-5'] AND

{3'-(2,2,2-TRICHLOROETHYL)*5']2'~0-TETRAHY YRANYLURIDINE
v ~ y 7

- 4.7 INTRODUCTION

The current interestuin the structure ofJnucleic acids has
resulted in the widespread applicationjof NMR spectroscopy in the
study of the conformation oﬁTginucleoside monophasphates in solution.
Dinicleotides serve as models -for the interact%ohs experienced at the
nearest neighbour level in polyribonucleotides. Early pob]icexions
have reported on the conformaﬁion (87) and intramolecular basfgitacking

(88) of several ribodinucleotides. More recently, Sarma and co-workers

(89), thréugh the use of high-frequency Fourier transform NMR and computer
] .

31

" simulations have completely assigned and analyzed the 'H spectra of all

the dinucleotides except GpG. Carbon-13 (90-93) and *'P (94,95) NMR are |
now providing additional’conformotional data.

A further understanding of the factors that influence .dinucleotide
conformation and base~stack1ng can be obta1ned from studies of modified
systems. Examples of the’ mod1f1cat1ons that have been used are chang1ng
the phosphate 1linkage from,the natura1‘3' +5' to 2' » 5!, esterification
of the phosphate and p1acing.sub9tituents on the ribose C-2' oxygen‘ ‘The
phosphate tr1esters are of particular interest because the addition of an
ester group causes the phosphorps to- become ch1ra1 and generate a pair of .
diastereomers. Ester1ficat1on also’ produces a neutral molech]e wh1oh
elihinatés any intermolecu]ar electrostatic interactions.' Ts'e and co-

workers have used the H NMR of the triesters of dTpdT and dApdA.(96 99)

to show that the reduct1on of the phosphate shielding prov1des ev1dence

1
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|
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for the anti-confor rpn'bf the base in the 5' half of the dinucleotide

and that the chemical shift differences between the esterified and non-

" esterified dinucleotides gives information on base-stacking.

The phenyl and 2,2,2-trichloroethyl esters_of UpU were examined
to determiné if any st?cking exists between the phenyl and uracil rings
and to observe tﬁe effects of sterically bulky groups on-the confor-
mation of the dinucleotide. Thege dinucleotides were further modified

by the presence of tetrahydropyranyl (THP) groups bonded to both C-2'

oxygens. Because of the numerous substituents it was necessary to study

initially the qffect of the THP group on the conformation of the u%idine

. mononucleoside and then use this system as a model for the triesters.

it

4.2 RESULTS.AND DISCUSSION

-4,2.1 2'-0- TETRAHYROPYRANYLURIDINE

/

2'-0- Tetrahydropyrany1ur1d1ne exists as a pair of S (57) and.R

(58) diastereomers (Figure 17) with the new chiral centre being C-1 of

the THP ring. These compounds are characterized by quite different NMR

spectra and chromatographic behayviour. The 220 MHz }H NMR data are

¥

- given in Table 15. Chemical shifts and coupling constants were determined
by. comparison to the reported shifts for uridfne'(100) double irradiation
experiments and by computer simulations. The abso1ute stereochem1stry was

’ estab11shed prev10us]y by both’ NOE experiments (101) and by X ray crysta1-

\Lography (102). &

Exam1qat1on of the urac11 resonances revea1s a desh1e1d1ng of H-6

1a‘fhe R isomer (§§),relap1ve to the S (57) by +0.068 ppm. This appearq

5

to *indicate a change in the glycosy!l torsion angle defining the relative

orientation of the base and ribose ring (more conclusiyé results are )

‘pravided in the 13C discuss1on) In cases wbere dry qyso—hs was used as

-«



" FIGURE 17.

Structures of the'$ (57) and R (58) diastéreomers of .

2'~0-tefrahydropyranyluridine.

- is not implied in this figure).
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(The absolute stereochemistry
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TABLE 15. 220 MHz JH NHR data for the didstereomers of 2'-0-tetrahydro-
pyranyluriding in DMSO-d¢°.
Chemical Sh1ftsb (ppm) Coupliing Constants® (Hz)
Protqn 57 ‘58 57 58
NH 11.400 ° 11.390 N 8.0
H-5 5.695 5.668 I g0 4.5
H-6 7.943 8.01 Jpr g 4.6
‘ I3 4 4 5.1
BE 5.999 5.872 g g 4
H=2! . 4.220 4.188 T ‘
. H-3' \\\*/ 4.147 4,107 © g g e -11.3
H-4" 3.918 3.928 - )
H-5" . 3.618 3.700 Js s 2.5
H-5'" 3.584 3.613 Jgo gy 51 N 5.1
=N = Jst0H 4.8
T 218 5033 Jgii gy 4B
5' -OH 5.173  5.241 , v
THP K-1 : )

4.609 °  4.761

THP H-2,-3;-4 1.432,1.625 1.455,14795

THP H-5

3.355 3.386

‘?~60ncenfratfon: 0.2 M

b

Chemical shifts are in. ppm re1at1ve to 1nterna1 ™S and are, accurate
to +0.005 ppm. -

B

C'Accurate to +0.1 Hz

ditines too broad ‘for.coupling to ‘be observed.

?
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solvent, the H-5 sjgnai appeared as a quartet with the additional

c0upf{ng heing 2.5 Hz. This splitting was removed when 020 was added.

Four bond coupling to the exchangeabTe proton on N-3 would account for
[

this observation.

In order to define the conformat{o; of the ribose ring two
Eﬁproaches can be used. The first considers the ribose ring existing
as an envelope of conformat1ons rapidly interconverting by pseudo-
rotation in solution. This permits the\\wbose conformat1on to be des-
cribed by a two-state equilibrium between the C-3' endo and Q-Z' endo
forms (103) (Figure 18). Altona and Sunda}a]ingam ‘(104) have derived
an alternative scheme in which the.phase angle of pseudorotation and
the degree of ring ﬁucker determine a sﬁecific ribose conformationé]
state on a pseudoroéatioﬁ.ciﬁcuit: These conformers exist in a dynam%c
equi]ibr%um with the more favoureéd states being either the’C-3' endo
.ﬂType N) or C-2' endo (fyﬁe S). A detailed errvor analysis by Evans

~and Saﬁmq (103) and Davies aﬁd Danyluk (105) revealed that thé‘pseudo-
gotatioh concept could not define the ribose conformation any more

+ accurately than the twg-state equilibrium proposal. Since a- - two-

.state equ111br1um prov1des a more s1mp11f1ed ana1ys1s of the f1bose
conformat1on, this approach w111 gé used. The equ111br1um d1str1but1on
of theseztwo conformat1ons is determlned by the magnitude of the

.
¥

}foup11ng constant J]. 2 K

"

Computation of the 2E and 3E conformer p0pu1at1ons 1nvolves

determ1n1ng the sum J]. 2 + J3.:4. and using this in ca]cu1at1ng the .

2

percentage of each conformer: % “E = 100 x 9y ./J1. 2 + J3. 4 (89)

< .
. From the data in Table 15 the average value of J]. 9 + J3. 4 for the

d{astereomers_is 9.5 #+ 0.1 Hz. The percentagé of C-Z‘l endo conformers

k
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FIGURE 18. Conforma%ions of the ribose ring.
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was found to be 70% and 47% for 57 and 58, respectively, and 44% for

uridine (100). These resutts indicate that substitution at the C-2°

oxygen can have a consliderable effect on the ribosé conformation,
especially in 57. Moletular models of 57 show that the S configuration
of the THP C-1 causes nohbonded } teract1ons between the THP H-1 ‘and
the H- Z' and H 3' on the rlbose r1ng This steric crowd1ng can be
relieved by adopting the C-2' endo conformation. In the case of the
. R stereoisomer 58 the THP ring is in a conformation which allows a
very weak hydrogen bond to form between the C-3' OH and the THP oxygen.
This interaction reduces the contribution of the C 2' endo form until

there is a sﬂ1ght excess of the C-3' endo conformat1on Add1twonal

evidence of the proximity of the THP ring to the C-3' OH is provided

by the change in OH chemical shift: 57, 5.218 ppm; 58, 5.033 ppm. The

S configuration of the THP ring in 57 makes the C-3' OH more accessible
for hydrogen bonding with the Solvent. 'Since the THP group is much
closer to'the OH in 58, this hinders the interactioh with solvent and
causes the observed upfield shift.
Th 13(: spectra of the two diastereomers were then recorded
) ;nd these results are presented in Table 16 together with the data for
uridine (106). Chemica}“shift assignments We;e made by reference §o i
uridine and tetfahyd;opyran (21}, and by §e§ective proton Qecoupling
:exper%ments. . . { J . e '
P]aéiﬁé the THP ring on %he C-Z' ox&ben of uridine Lcauses a
number of ;hemlcal shiift chgnges common to both d1astereomers Carbons
1' and 3" are both shlaldediby the y effect of the THP C-1. The 8 THP

|
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TABLE 16. '3C chemical shifts? of the diastereomers of 2'-0-tetra-
hydropyranyluridineb and uridine® (106).
Carbon 57 : 58 Uridine
\§:j:::tjj) 150.8' - T 1s0.6 152.5
163.2 163.2 164.8
5 102.1 : 101.9 103.1
6 140.8 140.4 : 142.3
1 85.8 86.6 1 89.2 |
2" 77.0 78.0 74.9 “
3 68.8 69.2 71.6
4! 85.8 85.0 86.0
5 61.2 « 6.7 . 6.3 ‘
-
\
THP . \
. 96.8 97.4 f
2 29.7 = 30.2 J"
3 18.8 "18.8
~ 25.0 25.0
5 60.7 60.7

r

@ Chemical® shi

b

fts are in ppm from external TMS and are accurate to + 0.1 ppm.

b Cbncen;ra;:;:§~in DMSO-dc: 57,-0.38 M5 58, 0.31 M.

C-$olvent: D

2
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C-1 deshields €-2' but tﬁe magnitude of the 8 ef%ect is reduced by the
vy THP oxygen and C-2. Comparjngxthe spectra .of 57 and 58 shows carbons
1', 2', 3', and the THP C-1 all undergoing a slight deshielding with the
change in THP configuration from S to R.  Despite this deshielding the

]36 chemical shifts were not very definitive in distinguishihg the

relative configurational and conformational difference of these dia-
stereomers.
. - 13,
Conformational data can be obtaine® from the ~C-'H coupling
constants. Lemieux et al. (107) have shown that a Karplus relationship
exists for the three bond coupling between the ribose H-1' and the uracil
C-2. The value of this vicinal coupling constant provides a measure of

the torsion angle about the glyco§id1c linkage between the uracil and

80

ribose rings. Ffrom the gated decoupied spectra, the uracil C-2-resonances

had the coupling constants detailed in Table 17.

a =
TABLE 17. Vicinal coupliing constants ana‘tsrsion angles for 57, 58

) \
and uridiqeb (107). e '
3J13 ] To;;ion Angle (°)
s C, H

C-2, H-6 57 8.3 P 180
58 8.7 180
uridine : 8.0 180
-2, H-1" 57 2.2 -45
58 1.7 -53
uridine * 2.4 -45

2 Accurate to + 0.2 Hz

b Solvent: DZO

J
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The estimated torsion angles indicate the anti—confogmation'f091 ¢
. Le !

the uracil rings. As the configuration at the THP C-1 changes from §1/-

to 58 there is an increase in the glycosyl torsion angle. These results
are in full agreement with the NOE experiments.(101). Triple irradiation
of H-2' and H-3' causes a 17% increase in the intensity of the uracil H-6

resgnance in 57 while in 58 the same experiment producéd only a 10% NOE.

S T e b i W

The larger glycosyl torsjon angle in 58 has increased the distance betweeﬁ

H-3' and H~2' and the uracil H-6 and this accounts for the reduction in

]

NOE.

R SN S N S

4.2.2 2'-O-TETRAHYDROPthNYLURIDYLYL[S'—PHENYL-S'] AND [3'-(2,2,2-TRI-
CHLOROETHYL)-5'] 2'-0-TETRAHYDROPYRANYLURIDINE |
The conversion of 57 into the phosphotriesters shown in Pigure 19
" produces a pair of neutral diastgreomers which can be characterized by
thejr differénL@rmﬁESMTa‘im\(gg and 61, high R.; 60 and 62,
Tow R;k*v The 220 MHZ 1H chemical shift;/anq coﬁp]ing constants are pre-

b 2t B i o o

sented in Tables 18 and ,frespectively. <>

A.combination of s 8}1 overlap and 1%ne broa&Ening due to solvent
viscosity prevented the definite assignment of the protons on carbons 4'
and 5'. - Double irradiation experiments confirmed the remaining ribose
protons since the 3' phosphate dgshie1de the 1',2', and 3' prbtons in
the'A uridine moiety while these protong in the B half of the dinucleotide
were similar to those ofﬁgz. The assignment of the ;wd pairs of uracil H-5
and H-6 resonancé§ was madgﬂby spin decoupling and by the fact that the
phosphate and jts ester group should only.affett the chemical 'shifts of the

B uracil protons.
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HO OTHP HO- OTHP
61 R=CLC c)-«é | - R‘= Cl CCH, *

FIGURE 19. Structures of the UpU triesters. (To simplify the nomenclature,
the uridine containing either the 3' phosphate or the 5' phosphate

/ .
Qj%ﬁ be designated as either the A or B mojety, respectively, of

the dihucleotide).
rs
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TABLE 18. 'H chemical shifts® of the phosphotriesters in DMSO-dg’
Triesters  1' 2! 3! 5 6  OCGH; OCH,CCl, THP HSI~
59 Up 6.034 4.492 5.030 5.768 7.875 7.455, 4.723

7.273 ‘

pU 5.952 4.268 5.607 7.659 ®

60 Up 6.075 4.495 5.086 5.676 7.864 7.398, 4.718
Y 7.273

pU 5.927 4.180 5.589 7.511
61 Up 6.059 4,502 5.027 5.773 7.914 g 4,790 4.750

pU 5.964 4.245 5.677- 7.728
62 Up 6.075 4.498 5.022 5.773 7.886 4.795 4.759

pU 5.961 4.273 5.689 7.700
a s N -

Chemical shifts are in ppm relative to internal TMS. The protons on carbons

3'w4', and 5' appear as broad multiplets in the Eeg?Bﬁ‘of 3.3-4.5 ppm.

The THP protons on carbons 2-4 resonate at 1.3-1.7 ppm and’ the C-5

protons at 3.3-3.6 ppm.

concentrations: 0.Q9 M.

»
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TABLE 19. du coupling constants® (Hz) of the phosphotriesters

Triester 1,2
gg Up 8.0

pU 6.0 \
60 Up 8.1

pu 5.5
61 Up . 8.5

pU 5.5
62 Up 8.0

pU 6.5

21,3 5,6 3',p
5.0 7.5 8.0
8.5
5.0 " 8.0 7.5
" 8.0
5.0 8.0 7.5
8.0
5.0 . 8.0 8.0
8.5 ; w

Accurate to + 0.3 Hz.

N

Y
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The é;nf1gurat1on of thé~phosphate in these diastereomers was
determ1ned by observing the differences in chemical shifts for the B
urac11 protons and by considering the results obtained by Ts'o -and co-
workers on the esters of TpT (97). Examination of the B uracil
resanances in Table 18 shows that ihe H-5 and H-6 protons in 60 are
shielded b} -0.018 and -0.148 ppm, respectively, relative to 59.  The
. phosphate configuration in 60 must therefore allow the‘phenyliring to be
close enough t6 be the B uracil in order éo shield these protons. Mole-~’
cular models confirmed this observation since an R configuration of the))
phosphate substituents.directs the phenyl ring towards the centre of the
dinucleotide and perm1ts a weak.stacking 1nter@ct1oﬁ w1th the B uracil.
Alternatﬁvﬁ]y, an § configuration directs thg phenyl ring away from the
" dinucleotide and this would accodnt for the deshig1ding‘of.the B Uracil
protons in 59. In the S conf1gurat1on the unsubst1tuted phosphate oxygen
is.pointed towards the A ur1d1ne A s11ght deviation of the A 5! hfafo-
Xyl group from its gauChe-gguche cqnformat1on "(100) may’ result in an
inteéna} hydrogen bond between this hydroxyl and the phosphéte oxygen.
Thus a combination of the phenyl ring being on the outside of éhé di- ¢
nucleotide structure and internal hydrogen.bénding would reduce any
polar interactions between the molecule and chromatographic.adsorbent
and result in a high R value. The 2,2,2-trichloroethyl esters are
~ expected” to have the same spatia{ arfaugement of the g}dubs ardund-tﬁe
phosphorus. However, the change in’ the Cahn-quo1d-Pr§1og priority
ranking of the Z;Z,Z-trich1oroethx1 group causes the high Rf diastereomer .

61 to have an R configuration and 62 to be S.
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Comparison of the H-1' and H-2' coupling constant of 57 with
those of the four triesters (Table 19) reveals a significant change in

the ribose conformation espééia]]y for the A uridine portion of the di-

LU
nucleotide. The J1 g “value of the A uridine .shows an increase of 1.4-

1.9 Hz while the B uridine J 1y decreased by 0.1-1.1 Hz relative to 57.

A
These results indicate that the A ribose ring exists predominantly in

2

the C-2' endo conformation {ca. 84-90% “E). In contrast, the B ribose ]

ring remains similar to 57, as in §§‘and 62, or shows a decrease in the

percentage of the C-2' endo conformation (ca. 58-68% 2E). This difference

is due to the A ribose ring being forced to adopt the C-2' endo confor-
mation in order to minimize the steric inte}actions between the A THP
group and the B uracil. h .

The ribose conformation also appears to be influenced by the
phosphéte confjgufation. In. the phenyl diastereomers the'Ehange from
59 to 60 causes a reduction in thé Jl‘Z' for the'B uridine.,'The 2,2,2- -
trichloroéthy] diastereomers exhibit a reversal of the above trend with
the J] X of the B uridiAe in 62 being.larger. The exact nature of these
conformational changes cannot be ascertazned directly from the NMR data,
however, these observations may result- from the 2 2,2 tr1chloroethy]
group being a bulky Sp3 two carbon unit which in the S phOSphate con-
figuration is s1tuated approximately between the nucleot1des and is

€

forcing the. nuc]eot1des into a more unstacked conformat1on

13

The “C chem1ca1 shift assignments (Table 20) were made by

‘_compar1son with the data for UpU (91 93) and 57. " In genera] the carbon -

shifts were 1nsens1t1ve to any changes in phosphate configuration as

illustrated by the nearly identical shifts observed for phé pheny1l

L3
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TABLE 20. 13¢ chemical shiftéa’b“of th; phosphotriesters in acetone—d6C
Carbon 59 . ) 60 : 61 - 62
up 2° 150.9 151.0 150.9 150.9
4 163.0 <: 163.3 163.0 163.1
5 102.5 102.5 102.5 102.6
¢ 6 140.9 140.8 140.9 140.9
1 88.6 88.3 88.9 88.9
2! _ 76.4 76.3 76.4 76.%
3 - 977.0 77.3 77.2 77.3
4 84.8 84.8 n8%.8 84.8
5" 61.5 61.5 61.6 61.5
pU 2 151.3 151.4 7 151.3 151.3
‘ 4 163.0 163°3 ©163.1 163.1
5 102.7 102.7 102.8 . 102.6
"6 140.9 140.9 141.4 141.3
1 . 8621 85.7 86.3 86,1
2" 77,5 77.7 77.6 77.3
3 69.5 9.2 69.6 69.3
4 o82.7 " 82.8 -824 8 " 82.8
5 68.6 67.9 68.6 68.2
- 0CgHg T 1500 151.0
2,6 120.8 - * 120.6
3,5 130.2 130.2 : : .
4+ 125.7 125.7 _ \\

N\ 2 Chemical shifts in ppm relative to external TMS and are accurate to
+ 0.01 ppm.. '

b THP carboqsAshowed'essentjally no change from those of 57 and are not

included. 'The_Z,Z,Z-trich]proethy] carbong could not be accurately
assigned and. are expected to have shifts similar to those in reference
108.

.
FEN

Concentrations: Of}2—0.13 M.
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TABLE 27. 13C P coupiing constants? of the phosphotriesters
+
Triesters 2',P 3',P . 4',P 5',pP Phenyl C-2
59 Up 2.6 4.1 5.3 4.9
pu 7.9 5.5
60 Up 2.3 3.4 4.7 . 4.3
puU 8.5 5.4
61 Up *3.8 3.6 5.1
pU 7.6 6.5
62 Up 4.2 3.2 3.4
pU 7.3 6.1
3 "Accurate to + 0.3 Hz.
Y
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carbons in 59 and 60. The uracil resonances of the four triesters also
showed very little change relative to 57. A definite assignment of the
uracil signals t6 either A or B half of the dinucleotide could not be.
made. The carbons of the‘2,2,2-trich1oroethy1 group in 61 and §§_Qere
obscured by overlap with the ribose C-2' and C-3' resonances aAd bchTI

of the THP rings. .

Assignment of the ribose carbons was facilitated by the deshield-

]3C—3]P spinospin’coup11ng

ing effect of the phosphate and the presence of
(Table 21). Phosphorylation of either ithe 5' or 3' hydroxyl groups of 57
causes an average Jéshieldjhg of +7.1 and +8.4 ppm, respectively. The 2'
" and 4' carbons were differentiated by thé magnitude of the conformationally
dependent three bond coup1iqg to the phosphorus. Carbon-2' in the B uridine
shows no coupling. The 4' carbons have significantly different values of

3J13C,31P with that of the B uridine being larger than that of the A uridine

13

(91,93). The '“C chemical shifts are not indicative of the conformational

change in the A uridine ribose ring to the C-2' endo form as was the case

1

in the 'H spectra.

CONFORMAT IONAL ANALYSIS OF THE PHOSPHATE’BACKBONE

“ Several physical and theoretical studies have deménstrated that the
phosphate bhackbone is critical in determiningathe overall conformation of
nucleic acids. Of the six torsion angles describing the géﬁ%ormation of the
phosphate Q9ckbone; the angles ¢' along the C3.-O3. bond and ¢ along the
Cs.-os.’bond can be examined by NMR. These angles are represented by the

stéggered rotamers in Figure 20 where ¢' and ¢ define the angle between

C-4' and the phosphorus. The angles in these rotamers. can be determined

~,

\
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" H-3° H-3" H-3'
P P
. . C3'|’O3'
4t X < c-2" o .
c-4 C-2'¢c.q g C.Z
P . ]
qg ) tg gt
6 60° 300° 180°
p
I =5! - "
H_5| _5" H'S _5" H 5 H"S
CS'-05|
p P
1
I . - A
c-4' c-4' c-4' -
g|g| ! ’ \? tlgl . gltl -
5 180° 3000 " 60°

FIGURE 20. Staggered\cdﬁ?arﬁqffons of the Cq,-05, and Cg,-Og, bonds.
\
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from the vicinal coup11ng constanms JH3., 31> JCZ.,P3., 3JC 1P, and

3

3 ]
JC4. 5, by ut111z1ng the appropriate Karplus equation.

Recent H (89) and ]3C (93) studies of ribodinucleotides indicate -
that the conformation about the C3.~03. bond invoives a rapid equk]ibrium

‘between the gt and tg forms with the ¢' angles being 210° and 270°,

respectively. This two rotamer model provides a better correlation

1 13

between the conformer populations determined from the 'H and '°C data.

In addition this equilibrium is shifted towards the gt conformer where

s y .
there is a high degree of base-stacking (93). The gg rhggner is the
pre%erred conformation for the CS.-OS. bond (89,91,93,109). -

From the coupling constant data in Tables 19 and 21, the angles \

“ .

J
in Table 22 were calculated using the following Karplus equatigns:
3J = 18.1 coszo - 4.8 cos O (89)
H,P ) ) )
3 2 )

i

Jc P 9.5 cos"® - 0.6 cos @ (93)

The value of @ calculated from the vicinal 1H-3]P coupling constants
measures the dihedral angle between H-3' and P-3'. On’tﬁe basis of X-ray
and thePreticaI studies (89,93) the gg conformat1on of the Cs -03. bond
is sterically unfavoured and th1s'a1lows the angles of + 121.6° and

. i_123.1°~to be neglected. The remaining anglies of + 35.9° and + 37.8°
are nearly identical to the angle of + 35.1° determined for OpU (ég).
‘This places the phosphorus approximately half way between the ﬁ-3' and
the P-3! 1n e1ther'of the staggered tg or gt rotamers in Figure 20 which

is in ?ccord w1th the two rotamer model (89 93)
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TABLE 22. Phosphate torsion ang\esa for the triesters.

—

6
Triester H-3',p-3'  C-2',P-3' Cc-4',pP-3' C-4',P-5"
59 -+ 35.9 + 55.9 + 38.8 ¥ 19.3
+123.1 +119.3  +135.7 +151.8
60 + 37.8 + 58.7 + 42.3 + 12.0
"+ 121.6 +117.4 +132.1 + 156.2 .
61 + 37.8 & 48.3 + 40.1 +22.1
+121.6 +127.0 + 134.6 + 149.7
62 + 35.9 + 45.8 £ 44.8 + 24,
+123.1 C+129.4 + 130.5, + 1417

R ad

7

-

&0 measuyed in degrees.

T

When a molecular model is ponst{ucted using this torsion ang]é,

*

placing the phosphorus in the gt conforhation (Figure 20) results in a
considerable amount of steric hindrance between the A uridine, THP. group f
andrthe B ugidine. It is only when the phosbhorus is in the tg conformer
that these gfg}ic inﬁeractions are relieved. The tg conformer also
minimizes base-staé@ing gpd £his is supported by the‘hiéh percentage of
c-2' éndq rjbose cbnformations. Therefore it may be concluded that the
steric hinderence created by a lérge substituent on«the 2' oxygen of the

A uridine is one of the major factors influencing the overall conformation

of the dinucleotide.

/ ’ 3
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FIGURE 21. Calculated positions of the phosphorus atoms for the tg
i@Q conformativns of the C5,-05, bond of the triesters 60 and 62.

In order for the C3.-03. bond to be in the tg conformation, the

13,31

angles‘calculated fram the P coupling constants must range from
Q\ .

+ 119.3° to + 129.4° relative to C-2' and + 38.8° to + 44.8° relative to

7
C-4'. These results are summarized in Figure 21. for the triesters 60

and 62. Although the position of the phosphorus predicted from the ]H

]3C data do not exactly coincide, the ang]e.Pc4.0 PC3' may be inter-

and
_pretéd as specifying a région in space for the most probable location of
the phosphorus. In this case the region within the 1imits éf the tg
conformervis more populated. The 6 values of + 147.7° to + 156:2° for

the C4.—05, bond places the phosphorus in the gg conformation (Figure 20).
Since these angles were determined from a Karplus relationship,
©o-it t be»empﬁhs{;ed that these results only give a qualitative repre-
sentatidn- of the phosphorus conformation. As pointed out by Karp?us (110),
a numpqr of factor§ such as substituent eJectronegatiQity, hybridization ,

and boﬁd length will affect the victfial coupling constant and produce in-

,accurate angle calculations if not properly taken into account. A major

~

-
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source of‘error in the above calculations lies in tﬁe use of Karplus
equations wh%ch were derived for a singly charged phosphorus. The tri-
esters are neutral and the phosphorus now has a different electronic
environment which ﬁay also be influenced by the type of ester group.
These additional constraints will no doubt affect the vicinal coupling
constants and a further refinement of the Karplus parametérs in the

equations that were used for these ca]cq]atigns will be necessary.

y
’

P TP
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. 4
5. PROTON MAGNETIC RESONANCE STUDIES ON SHORT DUPLEXES OF
OLIGORIBONUCLEQTIDES ‘

7

5.1  HELIX FORMATION IN THE DUPLEX SET GpApGpC:GpCpUpC'

5.1.1 INTRODUCTION .

In order to probe the so1utiqn properties of E;RNA, considerable
effort has recently been expended on the NMR analysis of base-pajring in
short strands of nuc]eﬁc acids (111-116). The first definitive study of
helical ribonucleic acids was reported by Kearns and Shulman (112} who
examinéﬁ the NH protons of N-3 (uracil) and N-1 (guanine) which are in-
volved in the hydrogen bonaing required for base pair formétion (Figure 22).
At tow temperaturés thesg(protons show pronounced downfield che@icaT shifts
and their shift changes with respect to tehperature have given useful info-
. rmation oh’?ﬁghhélix-coil transition for self-complementary nuc]eotide§
(113,115). At higher temperatdres chemical exchange causes extensive like
broadening and the utility of thg NH protons .is Tost. It should also be
notet\that the NH chemical shifts contain very 1ittle information about the
s '

confor;;%ion Qf the helical duplex. ) /

. Ad

The work of Borer et al. (1]4).on the §e1f—comp¥ementary hexaribo-

*

nucleotide AAGCUU has shown that the carbon bound protons of the bases and

- »

" the anomeric protons of the ribofuranoside ring may be used to define the

’\:‘h

helix-coil transition. Moreover, the observed chemical shift chagbes of the
base protons were consistent with the duplex adopting either the A or A'-

RNA helical structure.

! Abbreviations used: GAGC, ribosyl 5'-GpApGpC-3'.

Otigoribonucleotides are written in the normal 5' + 3' sequence and in

the duplex the base pairs are numbered from left to right:

5'-GAGC-3'
1234



1~

URIDINE (U) ADENINE (A)

* FIGURE 22. Watson-Crick base-pairs in ribonucleic acids.

-
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A proton magnetic resonance study was under;aken to investigate
the duplex formation by the complementary nuc]eotides:GAGC and GCUC. These
sequences were chosen because they correspond to natural sequences common
to several t-RNA mo]ecu}es; in particular they represent a proposed partial
recognition site for yeast phenylalanyl-t-RNA tigase (117). In addition the
duplex formed by the GAGC-GCUC set is the first simp1e example of a duplex
formed from synthetic non-self-complementary tetraribonucleotides containing

an internal A-U base pair. Since the proton spectra were obtained at 90 MHz,

- it was.only possible to assign the lowfield aromatic protons of GﬁUC; the

andmeric ribose ring protons'were too complex to resolve adequately. It
was possible hgwever to completely assign the aromatic profbns and the
anomeric protons for all four units in GAGC at 65°C.

. England and Neilson (118) have used u1£ravio1et and circular di-
chroism studies on these two tetfanuc]eotide sequences to show that duplex
formation occurs, and the authors have employed melting temperature (Tm)
versus concentration studies to eVa]uatg the enthalpy change océurring for
the single strands tﬁrough the he]ik—coi] transition. It was of.interest to
determine if the NMR experiments &ghld produce a Tm similar tojthat obtained

from extrapolation of the ogticé] data.

5.1.2 RESULTS _

fhe chemical shi%ﬁ assié%ménts fér thé 1owfie]d'protohs of GAGC
were made by cbmparison with spectra of GA and GAG @hich were recorded. at
65°C. These data are presented in Table 23 which a156 includes the shifts

of GCUC and the mixture of the two tetranucleotid®s.

¥
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TABLE 23. Chemical shifts? and coupling c0nstantsb for the derivatives

of GAGC, GCUC and duplex.at 65°C.

5

98

- — > GAGC

Proton GA GAG ~ 6AGC . GCuC cuCG
6(1)H-8 7.789  7.802 7.871 7.870
A(2)H-8 8.347  8.393 8.257 _/ 8.264
A(2)H-2 8.243 ' 8.252 8.146 8.142
G(3)H-8 1 7.948 7.890 7.890
C(4)H-6 7.738 7.729
C(1)H-6 . 7,779 7.786
U(2)H-6 7829 7.829
C(3)H-6 / 7.779 - 7.786
G(4)H-8 7.965 7:965
G(1)H-1" o 5.734 5.752 5.729

A(2)H-1" 6.102 6.129 - 5.983

G(3)H-1" 5.916 - +5.870

C(4)H-1" '5.780

C(4)H-5 5.848

360 60 5.0 4.1

3 5AQ) 5.2 5.5¢ 3.8

Jqs 216(3) 60¢ 3.4

Ipr piC(4) 5.1

Jg ¢C(8) 7.5

@ Chemical §h1fts in ppm from DSS using internal t-butyl alcohol-0D as

reference (+ 0.005 ppm).

Accurate to + 0.2 Hz.

€ From spectra-recorded at 220 MHz.

d

.
ot

»

Couplings not well resolved and accurate to + 0.5 Hz.

Id
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Prior to,recofding the spectrum of the mixture of the tetranuc]eo—‘
~ tides, the temperature depéndence of the aromatic resonances in each tetrg-
nucleotide was obtained over the range of 65° to 15°C. These resylts are
shown jﬁ Figure 23. In both cases linear and predominaﬁtly,upf{g]d chemical
shift changes were obServed. OFf the anomeric protons only A(Z)H;1'ﬁgﬁd 2
G(3)H-1' in GAGC could be followed to lowen temperatures. There was a
considerable reduction in the magnitude of Jl‘,Z' for these reéonanceg until
at 15°C they appeared as broad gihg1éts (Table 24).

The aromatic portion of the spectrum of the miged tetranucleotides
(concentration 6.7 x 10'3 M) at 65°C is shown in Figure 24. These resonances$
displayed both.non-1inear behaviour and rapid 1ine broadening a£ lower temp-
eratures. Thus a spectrum’which bore a satisfactory sigpaf/noise ratio at
65°C could be accumulated in 250 pulses, but required over 2000 pulses at
25°C. The A(2)H-2 pcotBn remained relatively sharp throughout the entire
temperature range while the remaining aromatic protons displayed a lin;-
broadening at lower temperatures of 5-20 Hz. . The shift changes with respec;

. to temperafure of the mixed tetranucleotides are shown.in Figure 25.

The melting temperature, Tm’ of the GAGC-GCUC duplex was estimated
from the m?d-pofnt of the chemical shift-temperature curves when they were
rgasonably comp]ete.AsThe values a1l lay within the 42 % 1°C range which is

-in good agreement with the Tm of 43.5°C predicted from ultraviolet absorption

studies (118).

‘> G
.
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TABLE 24. 'GAGC ribose ring J]. 21 coupling constant changes with

respéct to temperature.

ik ¢ .

{
101 1

>,

— % i
. a (]
J]',Z' (HZ? %
Temperature (°C) G(1) A(2) G(3). c(4) i
—~ " : i
P 6 4, . : o4, ‘
35 5 4.1 3.8 3.4 4.7 E
J 55 3.5 3.8 3.0 4.0 ‘
a5 P 2.9 2.5 0 :
35 2.2 2.4

15 ' . o <10 <1.0

240.2 Hz.

® | ines too broad for coupling to be observed.
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- FIGURE 24. Assignment of the base resonances in the 90 MHz 'H NMR

“spectrum of the mixfure of GAGC-GCUC at 65°C.
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5.1.3 DISCUSSION
- The assignment of the lowfield reésonances of GAGC was undertaken
following the method of incremental ana{ysis (114,119). This method
assumes that as fragments are added to ; molecular species, the chemical
shifts of the protons already present will remain essentially constant
since the spectra are recbrded at femperatures high enough to minimize
inter- and intra-strand effects. Ihat this assumption ig reasonably valid
in the present case is evident from the chemical shift correlation diagram
of GA, GAG, and GAGC shown in Figure 26. The shift assignments for GA
were consistent with those reported by Lee et al. (89) and the positions
of G(1)H-8 and A(2)H-8 were confirmed by a deuterium’iéotope exchange experi-
ment (120). In GAG three of the signals in the aromatic region were
virtually identical with those of GA and the new signal at 7.948 ppm was
therefore assigned to G(3)H<§. Further confirmation of this assignment
was obtained from ; relaxation time (T]) measurement in which the line at
7.948 ppm showed a shorter relaxation time (ca. 3 sec.) than the signal at
8.252 (ca. 5 sec.).which was assigned to A(2)H-2 (97). Similarly the
anomeric proton doublet of G(3)H-1' was clearly discernable at 5.916 ppm

(J = 6.0 Hz) in the presence of the doublets for G(1)H-1' and A(2)H-1'.

]l’zl
The anomeric region of GAGC was complicated by the overlap of the

C(4)H-5 doublet at 5.848 ppm o%fo both of the C(4)H-1' and G(3)H-1' doublets.

r’e

However, the-Jowfield C(4)H-6 doublet at 7.725 ppm (45 6 ° 7.5 Hz) was well
" separated froi\the remaining four artfat1c signals and a double irradiation
experiment was sufficient to locate clearly the C(4)H~-5 doublet.

As the temperature was decreased the A(2)H-8, A(Z)H—Z, G(3)H-8,

and C(4)H-6 protons showed linear, upfield shifts while the G(1)H-8 proton
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was shifted downfie1d These Ehanges aré attriSuted to siﬁg]e strand
base- stackﬁng Further evideQCe of base~stack1ng is provided by the
reduction of, J]. 20 for the A(2)H-1' and G(3)H-1' in which the base-
stacking c§u9e§ the ribose rings to adopt the E or C-3' endo confor-
mation. T;}§ %s consistent with the molecule having either the A- or
A'-RNA'structurE. Although the anomeric protons were not adequately
resolved in éCUC\and the. duplex, it is expected that the ribose confor-
mational chéﬁges in these systems will parallel the tnsnd oSserved in
GAGC.

The anomeric region of the spectrum of the tetranucleotide
GCUC showed a complex oxsrlapping set of lines derived from the four
anomeric protons plus the three H-5 protons of C(2), U(3), and C(4),
and assigﬁﬁent of'these resonances was not a%tempted. ‘The é?omatic
region however was simpler and showed only a singlet at'7.965 ppm
(aﬁsigned G(&)HiS) and four Tines between 7.7 and 7.9 bpm. Assignment
of U(2)H-6 at 7.839 ppm (JS,G = 7.6 Hz) and C(3)H-6 and C(1)H-6 at 7.780

ppm (Js 6 " 7.4 Hz) was based on intensity ratios and coupling constants

expected for the uracil and cytosine residues.

The GCUC strand exhibited more variable changes with temperaturef

The U(2)H-6 and C(3)H-6 barely moved while G(4)H-8 moved downfield and

C(1)H-6 shifted upfield (Figure 23). Presumably a process such as inter-

molecular end-to-end base stacking may be responsible for these latter
"~ shifts. Although the equivalence of the 6(3)H~6 and C(1)H-6 signals was

removed at lower temperatures, no unambiguous assignments could be made.

However, it is probable that the signal showing the greater upfield'éhift

¢
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’
at lower temperatures (7.729 ppm at 25°C) belongs to C(3)H-6 as any

stacking interaction between G(4) and C(3) would be expected to result
in/gfdﬁaméaﬁéigi‘s@ift of the C(3) protons.

' The spectruin of the mixture of GAGC and GCUC at 65°€C (aromatic
region shown 1in Fig;re 24) was quite close to the sum of the spectra

of the two separate}strands and emphasized the complete absence of

inter- and intra-syrand effects at this temperature. It was only by
comparison of the spehtrq where the G(1)H-8, A(2)H-8, G(3)H-8, and
G(4)H-8 protons had undeigone deuterium exchange (120) to the spectra

of the fully protiaté& species';ﬁat reasonable assignments of the
remaining aromatic proto&%‘could be made particu?a}1y at the lower temp-
eratures. The sﬁifts of the aromatic protons varied widely with decreas-
ing temperaturé, with those of A(2)H-2 Being the most dramatic. Unfort-
unately, because of the severe 11ne—6?5§dening éxperienced at lower temp-
eratures, the full sigmoidal curves of only C(])H-6, G(1)H-8, A(2)H-2,
U(2)H-6, C(3)H-6, and C(4)H-6 were vizjb]e. These lines with the except-
ion of C(3)H-6 all gave T values }ying within the range 42 + 1°C. The

agreenent between this Tm and the extrapolated value expected on the

basis of variable concentration-UV studies (118) -is remarkable but in

107

- conjunction with the similar correspondence in Tm values noted by Arter .

t al. (113) and ‘Borer et al. (114) it must be concluded that NMR is a
vaﬁid tool for the measurement of Tm values.
k‘. .
The three protons A(2)H-8, G(3)H-8, and G(4)H-8 whose resonances

could not be followed down ‘to 25°C because of excessive line broadening

coupled with thesproblem of intensity loss arising from deuterium exchange,

»

showed a differential behaviour. The resonance for G(3)H-8 probably has

b e Y et . -
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a T close to 43°C, but both A(2)H-8 and G(3)H-8 had barely begun the
expected upfield movement at 42°C. Although these low Tm %e&ues appear

at first to be unusual, it must be pointed out that the aromatic protons

are experiencing a variety of 19ca1 diamagnetic and paramagnetic effects
which are exerting their influence over a spatial reéion that is close

to these protons. F;ctors such as base ring current shie]d;ngs or de-
shieldings, furanose ring conformations, glycosyl-base ring conformations,
phosphate group anisotropies, and inter-strand hydrogen bonding are all
contributing to the screening constant of each hydrogen. In addition, as
the T is approached there ig~an averaging effect arising from the dynamic
interconvers1on,betwe€n the various intermediate’ states where dnly some of
the bases are~hydnbgen bond1nge _With these factors 1n _mind 1t is not so
much surprising that A(2)H-8 and G(4)H-8 show ]ow T vaTues, but rather .-

that the remaining seven protons should show Tm\va1ues S0 c]oSely grouped,/"

together. . v .

From the data obtained on the'GAGC-GCUC duplex there is no evidence
of the fraying process noted by Borer et al. (114) and Ts'o et al. (119)
in their ehamination'of pbe‘EET?bcemglementary sequence AZGCUZ. It is
reasonable to suggest ihat with theﬁwe;ker A-U interaction beﬁng an interior
on% in the®present dupiex, the tendency for G-C end fraying 1is reduced.
The line broadening observed in the duplex spectra appear to be

characteristic of oligonucleotides at high concentrations and low temper-~

_atures.  In the base-paired duplex the correlation time for moltecular

motion would be much greater than that of the single strands. Thjs results

in a considerable reduction in the relaxation time of these protons and

would contribute to the line broadening: It has also been suggested by

=
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Borer et al. (114) that the high salt concentrationsApromote end-to-end
interduplex base-stacking. Since guanosine exhibits a hibh degree of
base-stacking with cytosine (89}, end-to-end aggregatign would be favoured
in this case. The even 16nger corré]%tion time for these aggregates would

further increase the line broadening.

5.2  THE STABILIZING EFFECT OF DANGLING BASES ON A SHdRT RNA DOUBLE HELIX
5.2.1 INTRODUCTION

The secon&ary structure of native RNA is composed of short helical
regions separated by hairpin or‘bulge loops consisting of non-complementary
bases. The stability of these helical regions is considered to arise from
a combination of two interactions. The first is the Watson-Crick hydroden
bonding which contributes a free energy upon base pair formation. A second
stabilizing factor is the-sequence dependent base-stacking interaction. |
This is a form pf van der Naa]'s‘interaction Betwgen the bases which are
Fixed in roughly parallel planes separated by 3.0 A. )

Attempts to predict the most stable secondary structure of an RNA
from ité ﬁrimary sequénce have relied on maximizing the base pairing inter-
actions (121) while base stacking was origingl]y thought.to have only a
minqr contribution. However, as the primary sequence ‘of the RNA got longer,
it became ingreasing]y more q1fficu1£ to determine which of a number of
possible secondary structures was thé most-;%ab1e. Tﬁis was due to the
fact that the effect of ]oqp regions or dangling Baseé on helix stability
was not well understood.

Early gxpefiments désigned to qdantify these effects of loops and
dané]ing bases were céfﬁied out by Uhlenbeck et al. (122).‘ They showed by

opticaT methpds ‘that the terminal dangling bases in the block copolymers of‘

)
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composition (Ap)n (Up)n_] U increased helix stability. More recently,
Crothers and co-workers, utilizing temperature-jump relaxation, found

he Glu to be a

the anticodon binding of yeast t-RNAP'® and E. coli t-RNA
factor of 106 greater than the binding of the two corresponding tri-
nucleotides (123). Crothers suggesteé that the dangling bases at the
ends of the anticodon helix formed by the t-RNA's is one of the major
contributors to this high degree of binding. It ;as further proposed
" that the binding of a t-RNA to the m-RNA in the ribosome is facilitated
by the dangling bases along the m-RNA strand (123).

In order to further investigate this effect of a dangling base,
a ]H NMR study of the helix formed by CAUG which contained either an
unpaired U or A at each terminus was‘undertakeﬁ. A self-complementary
sequence was chosen as a reference bécause the symmetry of. the du61ex
reduces the number of resonances and this usually allows the complete
assignment of the base and. ribose anomeric proton chemical shifts. In
addition to these sequences the complementary pentamers CAAUG and CAUUG
wefe'gxamined in order to compare the effectiveness of any helix stabili-
z;tion provided by a dangling base relative to. an additional internal A-U
base pair. ’

Nuclear magnetic resonance was particularly useful in this study
since th cheﬁfba}f§hift and coupling constant data provides information
about %hé conformational environment of individual nucleotides. Optical

methods and temperature-jump only allow the overall conformational changes

of the entiye oligoribonucleotide to be observed. ,
IA
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5.2.2 CpApUpG
RESULTS
The base @and ribose anomeric proton resonances of CAUG were

assigned by comparison with the spectra of CA, CAU and AUG all of which

. were recorded at 70°C. These data are-presented in Tables 25 and 26.

The 90 ﬁHz spectrum of CAUG at 70°C is shown in Figure 27 to illustrate
the chemical shift assignments. -

The effect of temperature variation on the proton resonances
of &AU and AUG was examined, and the results are summarized in Figure 28.
The trinucleotide resonances varied linearly with temperature err the
randefof 17° to 70°C. In CAU all the protons were shielded with de-

-

creasing temperature, except for CH-6 which was deshielded. Similar
results were obtained for AUG with all the resonances being ;hie1ded.
At high temperatures the UH-1' and GH-]' signals were equivalent but
began to separate near 50°C with UH-1' being tentatively assigned to
the more shielded resonance. . ‘ .

At high temperatures the proton spectrum of CAUG showed essenti-
ally a linear variation with temperature but at 45°C and lower, non-
]1nea§;behaviour was observed (Figure 29)}7 There was a rapid broadening
of the resonances as the temperature was decreased below 3§°C. The AH-2
signal showed the largest chemical shift’change and also remained re]ative]y
sharp throughout the temperature range. A reduction in the magnitude of -
the ribose H-1' and H-2' coup}ine constan't was obéerved until at 20°C
these resonances appeared as broad sihg]ets.

The average melting temperature, T » of the CAUG helix as determined
from the temperature chem1ca1 sh1ft curves for AH-8, AH-2, and GH-8 was

found to be 24 j_1°C.



© TABLE 25. Chemical shifts®of the oligoribonucleotides in D,0
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b at 70°C.

Proton . CA
- CH-6 7.660 7
AH-8 8.377 8
AH-2 . 8.260 8
UH-6 7
GH-8
CH-1" 5.779. 5.
AH-1" 6.093 6.
UH-1" 5.
GH-1' -
CH-5 5.958 5.
UH-5 : 5.

CAU

687
.382
250
.744

768
088
856

925

746

fad

7

/
3 Chemical shifts aré-in ppm

CAUG

7.662
8.346
8.196
7.692
7.962

5.765
6.039
5.845
5.813

5.912

5.738 |

&

AUG

8.276
8.198
7.730
7.963

6.024
5.841
5.84]

5.772

relative to DSS using t-butyl alcohol-0D

- as an internal reference.and are accurate to + 0.005 ppm.

b

1.3 x 1072

M; CAUG, 9.2 x 10~

3

M.

pD = 7.0; concentrations: CA, 1.6 x 10

2

M; CAU, 1.0 x 10~

2 AUG,
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TABLE 26. Coupling constants® (J]. 2.) far ‘the oligoribonucleotides at 70°C.

.

Proton CA CAU " CAUG | Au . .
CH-1* . 4.4 4.0 3.8
AH-1" 4.6 - 3.7 4.4 5.0 ° ’
UH-1' "~ . 4.6 ’ 4.8 4.6
GH-1" < o 5.3 4.6

- . A

a Accurate to + 0.2 Hz.
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DIéCUSSION

Chemical shift assignments were determined by incremental
analysis in which the base and ribose anomeric protons of CA, CAU, and
AUG were corre]at;d with those of CAUG. The CA shifts were in agreement
wiéh the results published by Ezra et al. (89). Addition of uridine to
form CAU rgsu]ted in three new doublets appearing at 7.744 ppm (UK-6,
J5,6 = 8.2 Hz)t 5.746 ppm (UH-5, J5,6 = 8.2 Hz) and 5.856\ppm (UH-1"',
J]',2' = 4.6 Hz). The cytidine and uridine aromatic protons were again
differentiated by the magnitude éf the H-5 and H-6 coupling constant:
cytidine,‘dé,s = 7.6 Hz; uridine, Jg o = 8.2 Hz. The uridine H-5
resonance was distinguished from the anomeric protons by irradiation of
H-6 which cagsed the collapse of the doublet at 52746 ppm.

The lowfield signals of AUG were as;jgned by comparison to AU
and UG (89). The anomeric regioé}of the hid% teﬁberature spectrum was
comp]iéated by the overlap of the UH-1' and GH-1' douélets and it was
_only at 10wer,tempera§gyes that these resonances separated. "The lower
field signal was tentatively assigned t6 GH-1' since this proton should
only be slightly shielded due to the'weak stacking interaction between
the U and G bases (89). r

Using'the‘chemica1 shift assignments of the trimers, the aromatic
" resonances of CAUG could be readily determined (Table 25 and Figure 27).
Assignment of ;he anomeric protons was made difficult by the overlap of
CH-5 (5.§1é ppm) and UH-1' (5.845 ppm), and GH-1' (5.813 ppm) with CH-1"
(5.7650ppm) and UH-5 (5.738 ppm). The observation that CH-6 and UH-6
become equivalent near 60°C allowed the simultaneous irradiation of
both pyrimidine H-6 resonances and thé}2011apse of both H-Shhoublets

facilitated the anafysis of the anomeric region of -the spectrum. A

5 P

S
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direct result of this double irradiation experiment was that phe UH-1"
and GH-1' signals were found to be non-equivalent in the tetranucleotide
as they‘were in AUG.

The variable temperature experiments on CAU and AUG produced
linear anq predominantly upfield chemical shift changes (Figure 28)
which are the result of intramolecular base-stacking and are not chara-
cteristic of base-pairing (113,114). The degree of base-stacking can be
monitored by the reduction of JliiZ' (89,109). This corresponds to a

3

shift in the ribose conformational equilibrium towards the “E or C-3'

endo structure. (AU displayed the largest conformational changes sinée
at 17°C all the anomeric doublets had collapsed to‘broad singlets with
J]',Z' less than 10 Hz. In contrast, the AUG anomeric couplings at
17°C were still_we{l resolved with a range of 2.0 to 4.5 Hz.

The behaviour of the CAUG resonances with respect to temperature
- was quite different from that of the trimers. Above 45°C there was a
linear change with decreasing temperature for the base and anomeric
protons which is attributed to single strand intramolecular base-stacking.

Below 45°C there was a general non-linear variation which is associated

with the formation of the following base-paired duplex:

i
5' - CpApUpG-3'

3'-- GpUpApC-5'

Of the aromatic proténs, AH-8, AH-2 and GH-8 a]l‘produced well
defined sigmoidal curves. The average T, was determined to be 24 + 1°C.
It is interesting to note that the pyrimidine H-6 resonances follow
essentially the\same~£rend thaigwas observed {n CAU. This appears to

base-stacking interactions in CAU and

-

be a result of the similarity 1
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CAUG. - In the anomeric region of the spectrum the AH-1', CH-5, and UH-1'
resonances all undergo relatively small shielding changes when compared
to GH-1', CH-1', and UH-5. Although the curve for GH-1' is not as well
defined as those of the aromatic protons, a T of 26 + 1°C was estimated
which is close to the value obtained for the aromatic protons.

Two aspects on the stability of the duplex formed by CAUG arise
from these data. The first is the similarity in Tm values for the major-
ity of resonances of both the terminal and interior base-pairs. This may
be an indication that the presence of terminal G-C base pairs has reduced
any fraying effects. Secondly, increasing the number of A-U base pairs
in the interior of the duplex causes a lowering of the Tm value. This
is demonstrated by comparison to the duplex formed by GAGC and GCUC
(Tm = 42 + 1°C) which has only one internal A-U base pair.

The Targe reduction in the coupling constant of the anomeric
pr?tons as the temperature was lowered (Jl',Z' less than 1.0 Hz at 20°C)
isvindicative of a high percentage of the C-3' endo conformation of the
ribose rings. This conformational change is associated with a high
degree of base-stacking which appears to be an integral process involved

*in double helix formation and may make a significant contribution to

helix stability (124).

5.2.3 CpApApUpG AND CpApUpUpG
RESULTS: “

The chemical shifts and ribose anomeric proton coupling constants
for CAAUG and CAUUG and their mixture along with those of CAUG are pre-

sented in Tables 27 and 28. The spectra of the separate pentanucleotides
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and the mixture at 70°C are shown in Figd}es 30 ‘and 31, respectively.

As the ;emperature of the mixed sample was réduged the purine
resonances displayed linear and upfield shift changes until at 40°C
nonlinearity was observed (Figure 32). The line Qroadening aqd signal
overlap became so severe that the low temperature spectra had to be
obtained at 270 MHz before the temperature-chemical shift curves could
be completed. The)dbublets corresponding to the H-1' signals collapsed
to broad singlets below 30°C. )

The average Tm determined fram the plots of the purin€ base

protons was 28.4 + Z.1°C.
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TAELE 27. Chemical shifts of the oligoribonucleotides” in 020 at 70°C

CAAUG
Proton CAUG CAAUG CAUUG GUUAC
C(1)H-6 7.662 7.623 7.630
A(2)H-8 8.346 8.268 8.274
A(2)H-2 8.196 8.134 8.141
A(3)H-8 8.255 ) 8.261
A(3)H- 8.079 8. 089
U(4)H-6 7.692 7.654 7.661
6(5)H4-8 7.962 7.942° 7.945
C(5)H-6 7.659 7.661
A(4)H 8 8.359 8.362
A(4)H- 8.206 8.209
(3)H-6 7.731 7.736
U(2)H-6 7.716 7.718
G(1)H-8 7.978 {' 7.981
C(1)H-1" 5.765 5.777 . 5.780
A(2)H-1" 6.039 5.974 5.989
CA(3)H-1 5.924 5.940
U(4)H-1" 5.845 5.831 5.837
G(5)H-1" 5.813 5.796 5.806
C(5)H-1" 5.770 5.780
A(4)H-1" 6.062 6.065
U(3H-T' | 5.858 5.863
U(2)H-1" 5.888 5.884
G(1)H-1" 5.818 5.821
C(1)H-5 5.912 5.865 // 5.875
U(4)H-5 5.738 5.695 5.704
C(5)}H-5 5.917 5.922
Y(3)H-5 5,764 5.765
U(2)H-5 5.855 5.857

3 pD = 7.0; Concentrations: CAAUG, 1.1 x 1072M; CAUUG, 1.1 x 107°M
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a
TABLE 28. Coupling constants (J]. 2.) of the oligoribonucleotides at 70°C

 Accurate to + 0.2 Hz

CARG

CAUG CAAUG CAUUG GUUAC
C(1)H-1" 3.8 4.7 . 5.3
A(2)H-1" 4.4 4.4 4.7
A(3)H-1" 3.8 4.1
U(4)H-1" 4.8 5.0 5.0
* G(5)H-1" 5.3 4.7 4.7
C(5)H-1" 4.1 4.1
A(4)H-1" 4.4 4.4
U(3)H-1" 3.6 3.2

U(2)H-1" 3.0 375 -

G(1)H-1" 4.4 4.4
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FIGURE-QO The 90 MHz H NMR spectra of (a) CAAUG and (b) CAUUG in

DZO at 70Q°C.
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FIG. 32.

.__; A(4)H-8

Chemical shift versus temperature plot for the purine base
protons of the duplex formed by CAAUG and CAUUG.

N

&

(4] «©Q <0
(>« I SV RN o ¥ | N ! 1 1
A | 1 1 1 = x I
L T I X -~ —_— o~
o~~~ e~ ~— 10

[V o0 TR = SN oN R 6 — —
il L S - of U
[» o} X ‘a -] s 9

1
o w
© ~

Wdd “L3THS TYOIWIHO

70

60

- 50

40

30

20

10

125

TEMPERATURE, °C



DISCUSSION:

The low field proton chemical shifts of CAAUG and CAUUG were

assigned by comparisop to the data on CAUG. In(CAAUG the presence of

" A(3) was indicated by two singlets at 8.255 ppm (H-8) and 8.079 ppm

(H-2) and a doublet at 5.924 ppm (H-1', Jq o1 = 3.8 Hz). Sinc% adgnine

-has a strong ring current shielding effect this would account fd} the

upfield shifts experienced by the neighbouring aromatic brotons relative
to CAUG. The appearance of three new doublets in the spectrum of CAUUG

is attributed to the U(2)H-6 (7.716 ppm, J = 8.2 Hz), U(2)H-5 (5.855

5,6
ppm, Js 6= 8.2Hz) and U(2)H-1' (5.888 ppm, J]. o = 3.0 Hz). The

126

remaining pentanucieotide protons showed 1ittle change in chemical shift.

When these compfementary sequences were mixed and the spectrum
recorded at 70°C the purine base protons displayed chemical shifts which
were nearly identical to those of the single strands. ‘However, the ‘J
pyrimidine H-6 and H-5 signals and the ribose anomericd protons could
nof be assigned directly because of the err1ap of these ‘*resonances
(Figure 31). This problem was solved by the technique 8f difference
spectroscopy. Computer subtraction of the separate penténuc1eotide
spectra from- that of the mixtureéproduced the difference spéctra in
Figure 33. Compari;én of the difference spectra w%th those of the
separate pentanucleotides-allowed the complete assignment of afl the
pyrimidine H-ﬁ-énd H-5 doublets as well as the ribose anomeric proton
resonances of the mixture (Table 27). Spectraf subtracfion can only

be used with high temperature spectra because the inters¥rand binding

that would produce significant changes in chemical ;ET?t is at a minimum.

L



v 127

J (a)

-
/\
e

= 3\

o (b)

[+ 1 | ] 1
80 75 70 65 60
ppm

FIGURE 33. Difference spectra of (a) CAAUG and (b) CAUUG obtained
by computer substract1on of the corresponding pentar1bo-
nucleotide spectra in F1gure 30 from the m1xture spectrum
in Figure 31.7
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As the temperature of the mixture was reduced the purine aromatic
resonances underwent 1linear changes in chemical shift associated with a | \\
spatial reorientation of the bases and a contribution from base stacking

|

\ just prior to the non-linear behaviour. The first indication of base-
::k/éaired duplex formatioﬁ occurred at approximately?40°C as the shift changes
became non-1inear (Figure 32). The A(3)H-8 and H-2 showed the most sig-

nificant change inﬁchemica] shift particularly at the higher'temperatures
and this Qou1d beiﬁhe to a high degree og base stacking with A(2). A
~. considerable amount of line broadening was observed at the lower temp-
)eratures even at 270 MHz. The comb{nation of an increase in the correl-
ation time for the molecular motion of these longer sequences and any .
end-to-end aggregation of the duplexes would contribute to the line
broadening. A1l the purine aromatic proppné gave wei1 defined temperature -
‘chemical shift plots.frpm which an average Tm of 28.4 i_2.1°C was ‘
determined. . ’ ..
7 The dat& acquired on this pentanucleotide duplex demonstrates‘
the expected increase in Tm when the CAUG sequence is e;tended to include
"» an additional internal A-U base pair. These results can now be used as -

a reference for comparing the effect of terminal dangling bases on the

stability of the CAUG duplex. o

» 5.2:4 CpApUpGpA AND CpApUpGpﬁ
’RESULTS:
Thé chemical shift assignments‘and ribose anomeric protdn coupling
constants for CAUGA and CAUGU are given in Tables 29 and 30. Figure 34

contains the -90 MHz 1H $pectra of thése sequences at 70°C. TN

¢
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The variable temperature study of these pentanucleotides agéin
produced iinear chemical shift changes at the higher temperatures but
at 48°C and lower non-]inea;ity was'gbserved (Figure 35).° The appearancel
of line broadening did not occur until temperatures below 30°C were reached:'
In both cases the A(2)H-2 resonance underwent the greatest chemical shift
change similar to that in°CAUG. The H-8 and H-2 resonances of the A(5)
in CAUGA and the H-6 and H-5 signals of U(5) in CAUGU displayed sigmoidal
behaviour as a function of temperature. This is of particular significance
since these residues are not involved in base pairing. A reduction in the
magnitude of all £he H-1', H-2' coupling constants was observed until the
resonances appeared as broad singlets below 27°C.

The average melting temperatures of the duplexes were: CAUGA,

§§75—1_1°c and CAUGU; 29.5 + 1°C, '

DISCUSSION: .
The {ncremental analysis me?hod was uged idqﬁssignlthe chemical

shifts of the base and r%bose anomeric brotons‘of the pentaribénué]eotide§?‘\

As mentioned in sect1on 5.1 the app11cat1on of this. proeedure requires

that the addition of the new residue to the sequence w111‘have Tittle

- effect on the protons already present. This was the case for CAUGU where

the U(5) residue was clearly evident by the doub1et§‘tentered at 7.283 ppm

= 8.2 Hz), 5.813 ppm (H 5), and 5‘853 (H-1', g

(H-6, J = 3.2 Hz)

5,6 'II 2|
(Figure 34b). The majority of the rema1n1ng protons showed near1y 1dent1ca1

. chemical shifts to those of CAUG (Table 29Y

However, for CAUGA the add1t1on of the A(S) nuc1eot1de caused a -

sh1e1d1ng of a]l the aromatlc protons relative to CAUG even at 70°C (Table 29).

- -
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TABLE 29. Chemical shifts? of the oligoribonucieotides in 020b at 70°C
- Proton CAUG CAUSA , CAUGU
/// CH-6 7.662 7.649 7.682
/" A(2)H-8 8.346 8.339 8.352
|, A2)H-2 8.196 8.167 18.199
| uH-6 . 7.692 7.699 7.692
GH-8 . . 7.962 T 7.890 7:958
A(5)H-8 : | ‘ 8.316
} A(5)H-2 ' 8.180
. U(5)H-6 - 7.783
/ CH-1' -~ . 5.765 5.721 5.772
YA S 6.039 " 6.053. 6.037
U(3)H-1" 5.845 T B.779 T 5.849
G U TR 5.813 5.764 5.796
A(5)H-1". ©6.053 :
U(S)H-1" ‘ o 5.853
CH-5 - . 5.912 . 7 5.897 5.912
U(3)H-5 "~ 5,738 5.741 \ 5.749 .
N % A
U(5)H~5 , ' 5.813
a

Chemical shifts are in ppm d§wnfie]d from DSS using t-butyl alcoehol-0D
as an internal reference and are accurate to + 0.005 ppm.

D oD = 7.0; Concentrations: CAUG, 9.2- x 107°M; CAUGA, 9.2 x 107M;
N \ 3
CAUGY, 7.7 x 107M. o \._,
// b
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TABLE 30. Coupling constants (J]. 2.) of the oligoribonucleotides at 70°C

CAUG

D CH-1"' 3.8

A(2)H-1" 4.4
U(3)H-1" 4.8
GH-1" . 5.3
A(5)H-1"

U(5)H-1"

? Accurate to + 0.2 Hz

.. CAUGA

4.1
4.7
5.0
3.5
4.7

CAUGU

3.8
4.4
4.1
5.3

3.2

%
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8'0 7!5 % 6[5 6.10
’ (b)
T
= : cu-souoc
A &ﬁ
RS 7 | '%‘:.L
” . il
UM W
B!O 7{5 ’ 7épm GJ? 6[0

¢ FIGURE 34. The 90 MHz ]H NMR spectra of (a) CAUGA and (b) CAUGU
) in 020 at 70°cC.
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Although the GH-8 and pyrimidine H-6 resonances could be readily assigned
by comparison tofthe CAUG spectrum, the major difficulty created by this
increased sﬂieldihg wés in the differentiation of the A(2) and A(5) base
protons. Assignment ofuzﬁe AH-2 signals wés made by considering their
variable temperature behaviour (Figure 35a). The resonance whigh undergoes
the largest change in'chem%ca] shift was assigned to A(2)H-2. This is in
agreement.with the behaviour of the AH-2 signals in'the A-U base pairs of
the duplexes formed by GAGC-GCUC, CAUG, and CAUGU. The AH-8 resonances
were also distinguished by their cﬁemica] shift versus temperature curves
since the signal at 8.339 ppm experiences a relatively small chemical-shift
change. This resonance was therefore assiﬁggd to A(2)H-8 because of its
similarity with the temperature behaviour of A(Z)H-S'jn CAUG and bAUGU
(Figures ZS-qu\35b, respectively). The greater shigldfﬂ@"ﬁbserved,foﬁ
- A(5)H-8 can glso be rationalized from an examination of‘moTecular models
which will be commented on below.

Assignment of the ribose anomeric protons of CAUGA was complicated
by the’unexpectéﬂ equivalence of A(2)H-1' and A(5)H-1' (6.053 pﬁm) and the
overlap of U(33H-1' (5.779 ppm), GH-1' (5.764 ppm), U(3)H-5 (5.74) ppm),
and CH-1* (5.721fppm). Since the CH-6 and U(})H-G resonances become _
equivalent at 60°C, simultaneous irradiation of the pyrimidine H-6 siglals
facilitated the assignment of both thg H-5 and ribose anoméric protons.
Similar decoupling experiments were pg%formeq\on CAUGU.,

Variation‘of the sample tempe;ature over the range of X0°C to 10°C
caused the'genéra] upfield and nonlinear chemical shift changes associated
with the formation 9f based'pa%réd duplexes. The average ge1ting tegg-
eratures of bofh the peﬁiqnuc]eotides and reference dup]exés are summa}ized

in Table.31. -
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TA&EE:?1. Melting temperatures and concentrations of the base paired

duplexess

Duplex Tm(°C) Concentration (M)
CAUG . 280 1 9.2 x 1073
GUAC ”
CAUGU 29.5 + 1 7.7 x 1073
UGUAC ‘

° e
CAUGA 35.0 + 1 9.2 x 1073
AGUAC '
CAAUG ‘ 28.5 £ 2] "1 x 1072
GUUAC- o ~

The Tm's were determined from only the sigmoidal upfield curves
of the resigues involved iT base pairing. These results clearly indicate
that a dangling base stabilizes a double helix. Comparison of these data
Fo tqe Tm obtained for the dup1e§ formed by the comp]ementgry pen tanucleo-
tides CAAUG and CAUUG shows the increase in Tm from an $dditional A-U
base pair is similar to the increase provided by®an unpaired U at each
terminus, but less than the result from having a dangling A. )

To account for this increased stability, Uhlenbeck (122)‘&(1§ina11y
proposed that the dangling base increéased the stacking interactions between
the bases involved in base pairing. The most favourable conditions for the
formation of a helical duplex require that ?he bases in the short oligo-
nuc]eo%iQe.strand be close to a fully “stacked conformation (124,125}{"wh?1e

loager chains have a high percentage of base stacking. Thus any factor

-which increases base stacking will contribute to the stability of the duplex.
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This study now provides direct evidence of a stacking interaction
between the duplex and dangling base, while the previous optical
work could only suggest éhe possibility of such an interaction.

Figure 35 shows that the temperature - chemical shift plots \\
for A(5)H-8 and H-2 in CAUGA and U(5)H-6 énd H-5 in CAUGU are sigmoidal
in nature and exhibit an upfield shift with‘decreasing temperature.
Prior to this work such behaviour was attributed to bases which‘ﬁere
only involved in hydrogen bonding. Although the dangling A or U does
not base pair, they aré experiencing the rapid conformational changes
associated with single strand stacking and duplex formation through
their base stacking interactions with the neighbouring bases in the
duplex. Further support for this base stacking is the rapid reduction -
in J1,’2. for §}§ the anomeric protons as the temperature was lowered.
‘This is attributed to an increase in the pércéhtage of the C-3' endo
ribose conformation upon base stacking (é9,]09).\ These results are
also consistent with a helical duplex in the A or A' RNA conformation.
Thé stacking interaction off;Re dangling bas; was also evideht from
its influence on the chemical shifts of the neighbouring bases. The

CH-6 resonance in both CAUGA and CAUGU exhibited a more rapid de- >

‘'shielding than the correésponding proton in CAUG (Figure 29). A

- deshielding of CH-5 is observed in the nucleotide CAUGA which is the

reverse pf the chemical shift change jn CAUG. "In order to c]ar{fy these
observations and determine the approx'mq£e position of the dangling base
relative to the terminal G-C base pair. dreiding molecular mddels were .
examined. These‘re$u1ts are illustrated in Figure 36. In CAUGA the CH-5

anqu—G are approximately the same disfance (6.5 A°) from. the centre of

S Ahr AN Kb e £ B o Wy -
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(b) ’ .
Diagramatic representation of the base stackjng interaction
between the dangling base and terminal G.C base pair in (a)
CAUGA -(estimated distance of C(1)}H-5 and H-6 from the centre
of the six membered ring of A(5): 6.5 A} and (b) CAUGU ' .
(estimated distances of C(1)H-5 and H-6 from the centre of
the U(5).ring are 7.7 and 8.4 A°, respectively)-. )



A(5) six membered ring and are most 1ikely in the deshielding pari of
the A(5) ring-current (126). These C protons are in a similar position to
the U(5) residue but are affected to a lésser degree by the smaller uridine
ring current. In‘add}tion to these ring current effects the terminal C
protons will also be affected by changes in end-to-end aggrégation and
so]&ent effects when the CAUG séquenge is extended to a pentanucleotide.
The A(5)H-8 1s in a position to exper%gnce a con%iderable shielding from
the G (126) and this would explain the difference in temperature behaviour
of the AH-8 signals in CAUGA (Figure 35a).

Other proposals have béZn-made concerning the stabilizing effect
of dangling bases. Kallenbach and Berman (125) suggested that the stacking
of the dangling base st®ilizes the terminal base p;ir by counteracting
frgying effécts. However, fraying of the terminal G-C base pairs was npt
observed from the study_of CAUG andntherefore the increased stability in
these shorter sequences must arise from a-higher degree of single stranq.

stacking. Anotﬁer alternative wds the possib{1ity of a d#hgling base <
- L)

interacting with another dangling base in an interduplex fashion and

A 4
-~ increase the-duplex stability by forming end-to-end aggregates. This can

be discounted by the variable temperature study of the separate pentanucleo-

tides CAAUG and CAUUG which showed the absence of, sigmoidal behaviour down

to 10°C, indicating the absence of U:U or A-A dinternal ’base pairs. Thus it

is unlikely that a dangling U- (or“A) would hydrogen bond to ano}her Qang1§ng’
U (or A).  Consideration é? the reséﬁince line widths also.does not comply
with the\éggregate proposal. As the teﬁperéture was howered the signals in
both CAUGA and CAUGU did not broaden as rapidly as théy did in éhe CAUG and
CAAUG—CAUUQ spectra. This difference suggesfs that the presence of a

dangling base reduces intermolecular end-to-end aggregation.u

o
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These results demonstrate that base stacking is an integral e !
process in double_helix formatign and‘ﬁakeg a significant contribution |
to tﬁe helix stability (124). Further study of the role of .dangling

bases in stabilizing a double helix will provide a bettdr understanding

of the binding interactions between various single stEgZded regions of \

nucleic acids, for example, tRNA and mRNA (123).

W

o



140

EXPERIMENTAL o

v

1. 13 NMR OF THE ISOQUINOLINE ALKALOIDS

’Natura1 abundance 13

C nuclear magnet?c resonance spectra were
recorded in the Fourier transéorm‘mode on a Bruker wa-gp spectrometer
at 22.62 MHz and a probe temperature of +35.0°C. _Sample.concentrations
were 0.08 M to 0.45 M in CDC1,. Tetramethylsilane (TMS) was used as an
intarnal reference.(aField/frequency locking was provided by the deuter-
jum signal of CDC'I3 Routine spectra were obtained at a sweep width of
either 6024 Hz (aqu1s1t1on t1me, 1. 359 sec) or 5000 Hz (aquisition time,
1.638 sec) using a 3.7 usec (17°) pulse and 16K data points.

' The ]3C spectrum of 10- oxocancentr1ne was recorded by Dr. K.~
Nakanjah1 of Columbia University. .

Proton magnetic resonance spectra were-obtained on eithér a
Varian HA-100 or Varian EM-390 spectrometer in fhe frequency sweep mode.
The 220 MHz 1H magnefia resonance spectra were obtained at the Canadian
220 MHz Centre, University of Toronto, Toronto, Ontario. CDC]3 and TMS
were again used as solvent and internal referenéa, respectively."

Mass spectra were determined on a C.E.C. 21-110B mass spectrq¥
meter at an ionizing voitage of 80 eV and a source temperature of -
200-250°C. Deuterium codtent was estimatgd by repeated’scaﬁﬁing of the ,
molecular ion and app11cat1on of the appropr1ate correct1ons for the

13

' natura] abundance of '°C and the presence of M-1 and M-2 fragment ions.

\

For high resolution work spectra were recorded on plates and accurate

;‘

mass measurements were made by using perf]uordkerosene as a markgr,(127).

ie
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The compos1t1on of all reported ions have been chegked by hlgh reso]ut1on
mass spectrometry and agree w1tW{ta1cu1ated values w1th1n + 0.005 a.m.u.

- Melting points were determined on a Kofler hot stage and are
uncorrected. Infrared spectra were recorded on a Perkin-Elmer 337 or
283 spectrometer. A GCA/McPherson Instrument mode]l 707D'spoctrometer
waé used for the U.V. spectra. ‘ Thin layer chromatography was performed
on either silica gel (F-60,¢,) or alumina. " b

The folloﬁTﬁE’ébmpounds were obtained from‘commercial sources:
tetrahydroisoquinoline (6), 8-hydrastine (11), veratrole (10), methylene-
dioxybeniene (15), phthalide (16), 1-indanone (34a), and 1,3-indandione
‘(gz).a'nr. R.H.F. Manske of the University of Waterloo, WaterlooL Ontario
provided generous samples of the following alkaloids: (+)-corlumine (13),
(+)-ao1umine (14), (+)-canadine (21), (j)—tetréhydropa]matine (23), <
(+)-corydatine (24), (+)-mesocorydaline (25), (+)-cavidine (26), and
(+)-tha1fctrifoline:\’ﬂ?). . -

A1l other compounds were synthesized by standard procedures or
1so1ated from nq;ura1 sources and gave satisfactory spectra1 and physical
data: A L
6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline {1), (128,129), 6,7-diméthoxy-
Z-Eethy1-1,233,4-tetrahydroiSOquino]ine (2) (]30); 6,7-dimethoxy-3,4~
dihydroisoquinoline (3) (128), 6,7-dimethoxy- 2—methy1 3,4- d1hydro1soqu1nol-
injum iodide (4) (128), 7,8-dimethoxy-1,2,3,4- tetrahydro1soqu1no]1ne (5)
(131), (+)-a—hydrast1ne (12) (132), 6,7-dimethoxyphthalide (19) (133),

6 7-methy1ened1oxyphtha11de (20) (134), 6-nitrophthalide (17) (135), 6-
. aminophthalide (1_8_) (135,136), phthalide-6-d (16b) (137), (E-_)—c:’
9-0CD,H (137), (#)-nandinine (22) (138), 1-methyleneindane (32) (139),

4,5-dihethoxya1-indapone_(§§) (140), 6,7Lmethy1§nedioxy-1-indaoodé (§§)!
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(141), 2-phenyl-1,3-indandione (38) (142), 2-methylamino-2-phenyl-1,3-
indandione (39) (143), spiro-diones (40) and (41) (75), spiro ketone (44)
(144), {(+)-sibiricine (47) (145), (+)-corydaine (48) (145), (+)-raddeanone
(49) (f45f{ (1)-yenhusomidine (50) (145), (+)-yenhusomine (52) (145),
(+)-ochotensimine (43) (146), cancentrine (53a) (82,83), 10-oxocancentrine

(53b) (147), 9,10-dihydrocancentrine methine-o-methyl ether (54) (86),

and 10-oxocodeinorte (55c) (147).

AY

(i)-Canadine-8,14-d2 (148,149):
To a stirred suspensién\of herberine chloride (0.89 g) in methanol

(13.5 m1) and water k4 ml) was added in portions 0.11 g 9} sodium boro-
deuteride. When the addition of the sodium borodeuteride was completed
- the reaction mixture was then refluxed for 1/2 h, cooled, and the product
(0.53 g, 64%) which precipitated from solution was filtered and recrystal-
lized from absolute alcohol. Mass spectrum analysis indicated the following
isotopic composition in the malecular ion region: d2’ 88:5%; D], 8.3%;'

o
do’ 3.2%.

6-Deuterio-1-indanone (34b):

6-Amino—1-indanong_(]§6) was diagotized and converted to its
diazonium fluoborate (151). The.solid fluoborate (210 mg) was added
with vigorou; stirring-infgartions to 4 ml of hypophosphorous acid—d3
at -5 to 0°C. Stirring of the mixture was continued for fifteen minutes
after addition was completg and the mixtu;e was allowed to stand in a
refrigerator for 48 hours before work up. 020 (10 m1) was added to the
reaction mixture and the mixture was extracted with chloroform, the extract
dried and evapérated-and the resdiue purified by t.1.c on alumina using
CHC'I3 as eluent. The 6-deuterio-1-indanone (40 mg, ;5%) so obtained gave

~
\
N >,
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the following analysis by mass spectrometry: do’ 31%; d],’69%. . ‘£;i§¥%>

]H NMR: 6 2.75 2H,m, CHZCO; 3.21 2H,m, benzylic CHZ; 7.62 3H,m, aromatié“\

~

H's.

2. NMR STUDY OF 2'-0-TETRAHYDROPYRANYLURIDYLYL[3'-PHENYL-5'] AND
[3'—(2,2,Z-TRICHLOROETHYL)-S']Z'-O-TETRAHYDRoﬁYRANYLURIDINE:
The 220 MHz proton magnetic resonance spectra were recorded at
the Canadian 220 MHz Centre, University of Toronto, Toronto, Ontario.

Samples were made up in DMSO—d6 at concentrations of 0.2 M for 57 and

58 and 0.09 M for the friesters 59-62. TMS was used as an internal
reference. '

Computer simulations of the,]H spectra were peF%ormed on a\\
Nicolet BNC-12 computer using the IﬁRCAL program.

]3C spectra were obtained on a Bruker WH-90

Natural abundance
spectrometer at 22.62 Mz, Compounds 57 and 58 were 0.38 and 0.31 M,
'respectively, in DMSOodG. The triesters‘were 0.12-0.}3 M in acetone-
d6' Chemical shifts, referenced to external TMS spectra, were recorded
with 16 K data poinig\at a 5000 Hz sweep width (1.638 see aquisition
.time) by using either a 3.7 usec {17°) pulse or a 186°-r-90° sequence in ~
order to eliminate the so]vegé peak. \ o

_Dr. T. Neilson of the~Department of Biochemist?y, Méﬂaster
University proviged samples of the following compounds: '
2.!'-0-tetrahydropyranyluridine (57 and 58), 2'-O-tetrahydropyranyluridylyl-
(3'-phenyl-5'] 2'-0-tetrahydropyranyluridine (59 and 60), and 2'-0-tetra-
hydropyranyluﬁidy1y1{3)~(2;2,2—tr%ch]oroethy1)-5‘j 2'-0-tetrahydropyranyl-

-
T e

uridine (61 and_62) (152),
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3. PROTON MAGNETIC RESONANCE STUDIES ON SHORT DUPLEXES OF OLIGORIBO-
NUCLEOTIDES:

The 90 MHz ]H nuclear magnetic resonancé spectra were recorded
in Fhe Fourier transform mode on a Bruker WH-90 spectrometer. All
~ spectra, except those in Section 5.1, were obtained using quadrathre
dete;tion and 8K data po{nts at a i200 Hz sweep width (3.411 sec aqui-
sition time). hThe pulse width was 3 usec (67.5° pulse angle). Probe
temperatures were maintained to within + 1°C by <a Bruker B-~ST 100/700
variable temperature unit and were monitored by thermocouple measure-
ments. Some spectra, mainly for confirmation purposes, were recorded
at 220 MHz at the Canadian 220 MHz Centre, University of Toronto, Toronto,
Ontario. The 270 MHz 5pe£tra of the mixture of CAAUG and CAUUG were
obtained at the research laboratories of Eastman Kodak in Rochester, New
York. Samples were lyophiiized once or twice from 99.8% 020 prior to use
and were dissolved in 100% 020 which contained 1.0 M sodium chloride and
‘ 0.01 M .sodium phosphate Bﬁffer (pD = 7.0). Sample concentraiioﬁs ranged

from 6.1 x 10'3

Mtol.7 x 10*2M>\$58uty1 alcohol-0D was used as an internat
reference and the chemical shifts a?a\reported relative to 2,2-dimethyl-2-
silapentan-5-sulphonaté (oés). The_deuEé ium signal of 020 provided the
"field/frequency 1ock.; Q\\\\\ )

’ The following o]igof%bonué]eotides were“proyided by the research
group of Dr. T. Neilson. of the Department of Biochemistry, McMaster.

University: GpA, GpApG, GpApGpC, GpCpUpC, CpA, CpApU, ApUpG, CpApUpG,
CpApApUpG, CpApUpUpG, CpApUpGpA, and CpApUpGpU (153,154).
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CONCLUSIONS

]30 nuclear magnetic resonance has been shown tgﬁbe of considerable
value in determining. the overall structure and relative stereochemistry ,
of several classes of isoquinoline alkaloids. The methodo]ogy of gmp]oy-
ing substituent effects, isotopic subs;itution, and model compound studies
facilitated the assignment of the chemical shifts. The data acquired from
these studies will he useful in the structural elucidation of new alkaloids

and this was illustrated by the 13

C spectral analygis of 10-oxocancentrine.

The NMR investigation of the phosphotriesters of UpU has provided
information on one of the factors which affect the conformation and baSe
stacking of a dinuc]eot;de, namely the steric effect of large substituents
on ;he ribose 2' carbon. This study also found evidence of a weak stack-
ing interaction between the pheﬁy] ester group and the uracii ring.
Although 'NMR is one of the more effective $ethods for examining the
solution structure of nucleic acids, precautions are still necessary in
the interpretation of conformational data derived from the vicinal‘coup1ing
constants.

Proton nuclear magnetic resonance can be used to follow the helix-
coil transition of short strands of oligoribonucleotides. NMR is a valid

i

method for studying this process because of the agreement between the

melting temperature obtained from the NMR experimént and that predicted .

from extrapokation of the UV data. This also indicates that one is observ-

ing the same duplex formation over a 103 fold concentration range. These

studies have clearly demonstrated the stabilizing effect of terminal dangiing

pes

At it 5

——aw A
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basesf\ Evidence was presented to show that this stabilization arises
from a base stacking interaction. This work fepresents the first

attempt to quantify the effect of a dangling base on ribonucleotide

<
double helix formation. ' /f
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