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REVIEW ARTICLE 

2-DIMENSIONAL N M R  I N  CARBOHYDRATE STRUCTURAL ANALYSIS 

Steven L .  Patt  

Varian Associates 
611 Hansen Way 

Palo Alto,  CA 9 4 3 0 3  

Received May 2 8 ,  1984 

ABSTRACT 

2-Dimensional FT N M R  techniques have g rea t ly  expanded t h e  power 
of N M R  to  unravel  complex chemical s t ruc tu res .  Homonuclear 2D 
J - r e so lved  experiments  can be  helpful  in sor t ing out complex o v e r -  
lapping coupling p a t t e r n s ,  while  homonuclear chemical s h i f t  co r re l a -  
t ion expe r imen t s  can be  used to  determine t h e  homonuclear coupling 
ne tworks .  Heteronuclear chemical s h i f t  co r re l a t ion  expe r imen t s  
can ind ica t e  t h e  source of d i r e c t  o r  long-range heteronuclear  coup- 
l i ngs ,  and hence can be  used to  r e l a t e  t h e  proton spectrum to  t h e  
carbon spectrum. Carbon-carbon connect ivi ty  experiments  r e f l ec t  
carbon homonuclear coupl ings,  a n d ,  while  t h e  most i n sens i t i ve  of 
a l l  t h e  t echn iques ,  can be  t h e  most powerful in d i r e c t l y  reveal ing 
t h e  molecular f ramework.  Techniques such a s  t h e s e  can be used 
e i t h e r  i nd iv idua l ly  o r  in combination to  r evea l  p a r t  o r  a l l  of t h e  
s t ruc tu ra l  f ea tu re s  of both s imple and complex c a r b o h y d r a t e s .  
The general  f ea tu re s  of 2D experiments  a r e  d i scussed  in t h e  context  
of t h e i r  app l i ca t ion  to c a r b o h y d r a t e s .  

INTRODUCTION 

The f i e l d  of two-dimensional ( 2 D )  N M R  encompasses l i t e r a l l y  

hundreds of expe r imen t s ,  which co l l ec t ive ly  have revolut ionized 

t h e  f i e l d  of N M R  in t h e  past  decade .  While t h e  expe r imen t s  d i f f e r  

i n  t h e  spec i f i c s  of how t h e y  a r e  performed and in t h e  t y p e  of 

r e s u l t s  t h a t  t h e y  produce,  t hey  a r e  united by  a common framework,  

and it is wi th  t h a t  framework t h a t  we begin our discussion of 2D 

NMR.  
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494 PATT 

In a conventional one-dimensional ( 1 D )  FT N M R  expe r imen t ,  

data  a r e  col lected a s  a function of t i m e .  These  da t a  a r e  ca l l ed  

t h e  free induction decay o r  FID. The osc i l l a t ions ,  o r  f r equenc ie s ,  

present  i n  t h i s  signal a r e  analyzed b y  means of a Fourier  t r ans fo r -  

mation, wh ich  t ransforms da ta  from t h e  " t i m e  domain" into t h e  

' frequency domain".  Tha t  is, a f t e r  t h e  t ransformation,  we plot  

t h e  spectrum a s  a function of f r equency ,  whereas  before  t h e  t r ans -  

formation w e  plot  ( o r  d i s p l a y )  t h e  FID a s  a function of t i m e .  

In many cases  i t  becomes useful t o  ob ta in  a series of such 

1 D  s p e c t r a .  For example ,  we might ob ta in  s p e c t r a  a s  a function 

of decoupling f r equency ,  o r  a s  a function of t empera tu re .  W e  might 

a l so  ob ta in  s p e c t r a  a s  a function of t i m e .  T h i s  t i m e  might b e  

" r ea l "  t i m e ,  such a s  in  t h e  obse rva t ion  of r eac t ion  k ine t i c s ,  or 

i t  might be  a t ime v a r i a b l e  under  our con t ro l ,  a s  p a r t  of a pulse  

sequence. 

One of t h e  concepts t h a t  g ives  t h e  technique of FT N M R  so 

much v e r s a t i l i t y  i s  t h a t  of t h e  pulse  sequence.  Rather than just  

app ly ing  a s imple  pu l sed  exc i t a t ion  ( i .e . ,  a p u l s e )  and obse rv ing  

t h e  FID, we can a p p l y  a pu l se ,  wai t  f o r  a t i m e ,  a p p l y  another  

pu l se ,  and then  o b s e r v e  t h e  s ignal .  A sequence of pulses  and 

d e l a y s ,  a p p l i e d  in  some o r d e r ,  is known a s  a pu l se  sequence. 

One of t h e  first pulse  sequences deve loped  was t h e  inve r -  

s ion-recovery pulse  sequence. '  In t h i s  expe r imen t ,  a 180" pulse  

is  a p p l i e d  wh ich  i n v e r t s  t h e  magnetizations of t h e  s p i n s .  After 

a t i m e  commonly known a s  t a u ,  during wh ich  t h e  s p i n s  r e tu rn  

p a r t i a l l y  or e n t i r e l y  to  t h e i r  or iginal  "r ight-s ide-up ' '  or ientat ion 

(al igned along t h e  magnetic f i e l d ) ,  a 90" pulse  is a p p l i e d  to  sam- 

ple  t h e  magnetization. By va ry ing  t h e  de l ay  t au  and repeat ing 

the  expe r imen t ,  w e  ob ta in  a s e r i e s  of s p e c t r a ,  w i th  t h e  peak 

h e i g h t ( s )  i n  e a c h  spectrum re f l ec t ing  t h e  ( u s u a l l y )  exponent ia l  

p rog res s  of t h e  p e a k ( s )  from t h e  inve r t ed  s t a t e  back to  t h e  equ i l -  

ibr ium s t a t e .  

Consider a s e r i e s  of such s p e c t r a  (FIG. 1 ) .  To analyze t h i s  

da t a .  we first measure t h e  peak he igh t s  in t h e  s p e c t r a  and then  

plot  t h e s e  a s  a function of t h e  t i m e  tau (FIG. 2 ) .  In t h e  case  

of an exponent ia l  p rocess  such a s  t h i s  one,  t h e  usual tool of anal-  

y s i s  is a computer cu rve  f i t t ing program. 
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tau 

24 22 20 18 16 14 12 PPM 

Figure 1. 13C inversion-recovery T experiment  of a sample of 
3-Heptanone. The pulse  'sequence used is D1-18O0-tau- 
90O-acquire. w i th  tau = 0.375, 0.75, 1 . 5 .  3.0, 6 . 0 ,  12.0.  
and 24.0 seconds from bottom to  t o p ,  and D 1 ~ 2 4 . 0  sec .  
Only p a r t  of each  spectrum is p lo t t ed .  

Pulse  sequences have  grown in complexi ty  s ince t h e  intro-  

duction of t h e  inversion-recovery sequence. 2D expe r imen t s  a r e  

a pa r t i cu la r  c l a s s  of pulse  sequences,  whose common c h a r a c t e r i s t i c  

is t h i s :  i f  we obtain a s e r i e s  of s p e c t r a  a s  a function of t a u ,  

and then  plot  t h e  height  of any peak a s  a function of t a u ,  t h a t  

height  w i l l  v a r y  not exponent ia l ly  but s inuso ida l ly .  Tha t  i s ,  t h e  

peak height  w i l l  o sc i l l a t e  (and d e c a y ;  a s  a function of tau.  
2 

INEPT,3 and DEPT,I actual ly  belong to  t h e  same c l a s s  of pulse  

sequences but a r e  commonly performed using only a small  number 

(one to  t h r e e )  of tau values  to  r e v e a l  carbon mul t ip l i c i ty  informa- 

Many 1D N M R  experiments  in common use,  including APT, 
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tau- 

Figure 2 .  T I  plot  of t h e  peaks e x t r a c t e d  from FIG.  1, showing 
t h e  two peaks  a t  1 3 . 4  ppm ( t o p )  and 2 2 . 0  ppm (bo t tom) .  
The peaks  have  been plot ted wi th  an x-coordinate  
proport ional  t o  the  value of t au ,  so tha t  t h e  p lo t s  
e x h i b i t  d i r e c t l y  t h e  exponent ia l  behav io r  of t h e  peak 
he igh t s  a s  a function of tau.  

t ion.  In a conventional APT expe r imen t ,  for  example ,  we ob ta in  

a spectrum a t  a single tau value (commonly 7 or 8 msec) .  In such 

a spectrum, we can iden t i fy  methylene and qua te rna ry  carbons b y  

t h e i r  pos i t i ve  ampl i tude ,  methyl and methine carbons b y  t h e i r  

negat ive ampli tude.  Distinguishing between me thy l s  and methines ,  

or methylenes and qua te rna r i e s ,  cannot be  done on t h e  b a s i s  of 

a s ingle  spectrum. 
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If we perform not a s ingle  APT expe r imen t ,  however ,  but 

a whole s e r i e s  of such expe r imen t s ,  we obtain t h e  r e s u l t s  shown 

in FIG. 3 .  The osci l la t ion of t h e  peak he igh t s  a s  a function of 

tau is c l e a r l y  in ev idence .  If we e x t r a c t  t h e  peak he igh t s  from 

each of t h e s e  s p e c t r a ,  and plot  them a s  a function of t a u ,  we 

ob ta in  t h e  r e s u l t s  seen in FIG. 4 .  A plot  such a s  t h i s ,  which 

o s c i l l a t e s  a s  a function of t ime,  i s  known a s  an interferogram. 

The osc i l l a to ry  behavior  t h u s  obse rved  can be  analyzed to 

determine t h e  frequency o r  f requencies  of o sc i l l a t ion .  Any number 

of computer programs could accomplish t h i s  t a s k ,  but t h e r e  is 

one which is  b y  f a r  t h e  most eff ic ient  - Fourier t ransformation,  

whose sole  purpose is to analyze osci l la t ing s igna l s .  The r i g h t  

half of FIG. 4 shows t h e  r e s u l t s  of such a Fourier  t ransformation,  

i n  wh ich  

The peak 

a methyl  

m e t  h y lene 

the  frequencies  of osci l la t ion have now become e x p l i c i t .  

a t  1 3 . 4  ppm r e v e a l s  i tself  t o  be  a qua r t e t  (and hence 

c a r b o n ) ,  t h e  peak a t  2 2 . 0  ppm a t r i p l e t  (and hence a 

W e  have d i scussed  and i l l u s t r a t e d  t h i s  p rocess  merely a s  

a quest ion of ex t r ac t ing  t h e  peak he igh t s  of s e l ec t ed  resonances 

a s  a function of t i m e ,  and in fact  t h i s  can be  done. Often,  how- 

e v e r ,  it is s imple r  t o  t r e a t  t h e  e n t i r e  or iginal  da t a  set in  t h i s  

manner. That  is ,  we form t h e  f i r s t  interferogram out of t h e  first 

da t a  point f r o m  each  of our or iginal  s p e c t r a ,  the  second interfero-  

gram from t h e  second da ta  point of each  of t h e  or iginal  s p e c t r a ,  

e t c .  T h i s  p rocess  is nothing more than  t h e  mathematical  p rocess  

of matr ix  t r anspos i t i on .  After Fourier  t ransformation of each of 

t h e s e  interferograms,  we obtain a plot  of intensi ty  v s .  f requency 

in two dimensions.  FIG. 5 shows t h e  r e s u l t s  of t h i s  complete 

p r o c e s s ,  where  t h e  da t a  has  been p lo t t ed  both in t h e  form of a 

series of individual  s p e c t r a  ( s t a c k e d  o r  "white-washed" p l o t ) ,  

a s  well  a s  in t h e  form of a contour p l o t ,  in wh ich  each  successive 

contour r e p r e s e n t s  a higher  i n t ens i ty .  

Since we s t a r t  w i th  a series of "normal" s p e c t r a  (normal 

wi th  r e s p e c t  t o  t h e  frequencies  of t h e  o b s e r v e d  resonances i f  not 

w i th  r e s p e c t  t o  t h e i r  i n t e n s i t i e s ) ,  i t  is c l ea r  t h a t  one a x i s  of 

any 2D plot  w i l l  be  our normal s p e c t r a l  a x i s ,  t h a t  i s ,  a conven- 

t ional 1D spectrum of t h e  sample can a lways  be  l ined up on one 
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I 
24 22 20 18 16 14 12 PPM 

Figure 3. A s e r i e s  of I3C APT s p e c t r a  of 3-Heptanone. The pulse  
sequence used is D1-90"-tau-180"-tau-D3-lEOo-D3-acquire, 
w i t h  D1=0, D3=1 msec, and tau va ry ing  from 0 to  2 0  msec 
in s t e p s  of 2 msec from bottom to t o p .  The proton 
decoupler  is on a t  a l l  t imes excep t  during t h e  first tau 
d e l a y .  Only p a r t  of each  spectrum is p lo t t ed .  
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CARBOHYDRATE STRUCTURAL ANALYSIS 499 

tau - 200 100 0 -100 -200HZ 

Figure 4 .  A plot  of t h e  peaks  e x t r a c t e d  from FIG. 3 ,  showing t h e  
two peaks  a t  1 3 . 4  ppm ( u p p e r  l e f t )  and 22.0 ppm ( lower 
l e f t ) .  The peaks  have been p lo t t ed  w i t h  an x-coordinate  
proport ional  to t h e  tau va lue ,  so t h a t  t h e  p lo t s  d i r e c t l y  
e x h i b i t  t h e  osc i l l a to ry  behav io r  of t h e  peak height  a s  
a function of tau.  After Fourier  transformation of a 
l a rge r  number ( 6 4 )  of such expe r imen t s  ( u p p e r  and lower 
r i g h t ) ,  t h e  osci l la t ion frequencies  a r e  plot ted d i r e c t l y ,  
on a scale  .of +250 H z .  

a x i s  of any 2D p lo t .  It is t h i s  a x i s  wh ich  r e p r e s e n t s  t h e  s ignals  

ac tua l ly  detected in t h e  r e c e i v e r  of t h e  spectrometer  during a t i m e  

conventionally l abe l l ed  t 2 ,  and hence t h i s  a x i s  becomes t h e  f 2  

a x i s .  The second a x i s  ( o r  "domain" ) ,  known as t h e  f l  a x i s ,  i s  

t h e  a x i s  along which t h e  frequencies  of osci l la t ion of our or iginal  

peaks  wi l l  a p p e a r  following t h e  second Fourier  t ransformation.  

T h i s  a x i s  can contain a v a r i e t y  of information, depending on t h e  

pa r t i cu la r  experiment  chosen,  t h a t  i s ,  depending on wh ich  pulse  

sequence is employed.  In t h e  2D APT o r  Heteronuclear 2D 
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I 
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: a  - 
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20 - 

2: - 

2 2  -. = m e -  

23 7 

2 4  - 

I .  

F igure 5 .  Full two-dimensional t ransform of t h e  data  from FIG. 
3 .  On t h e  l e f t ,  t h e  da t a  a r e  in  t h e  form of a 
"white-washed' '  p lo t ,  in wh ich  each spectrum is t h e  
r e su l t  of Fourier t ransformation of a s ingle  interferogram. 

On t h e  r i g h t ,  t he  same da ta  is p lo t t ed  in t h e  form 
of a contour p lo t .  Each success ive  contour l ine r e p r e -  
s en t s  an increase in intensi ty  b y  a factor  of two. 
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J - r e so lved  experiment5 i l l u s t r a t e d  in FIG. 5 ,  t h i s  a x i s  contains 

heteronuclear  J-couplings . P 

2D pulse  sequences consis t  of one o r  more pulses  and d e l a y s  

preceding t h e  f inal  obse rva t ion  of t h e  s igna l .  T y p i c a l l y ,  a l l  but  

one of t h e  d e l a y s  wil l  be f i x e d ;  one,  wh ich  w e  have ca l l ed  tau 

but in 2D experiments  is commonly denoted t l ,  w i l l  be  v a r i e d  to  

cause t h e  peak height  osci l la t ion we wil l  o b s e r v e  during t 2 .  The 

time t l  is a l s o  commonly known a s  t h e  evolution t i m e ,  s ince it 

is the  evolution of t h e  nuclear magnetizations during t h i s  per iod 

wh ich  is l a t e r  i nd i r ec t ly  de t ec t ed  in t h e  signal measured during 

t 2 .  
A s  a consequence of t h e  fact  t h a t  t h e  ana lys i s  of t h e  da t a  

a s  a function of t l  w i l l  be  done using a Fourier  t ransform,  t h e  

da t a  must be obtained using r egu la r ly  spaced values  of t l  ( i n  

con t r a s t  t o  t h e  inversion-recovery experiment  where  non-linear 

spacing of t l  values  is both pe rmis sab le  and cus tomary ) .  A s  

r e q u i r e d  b y  t h e  Nyquist theorem, if t h e  f requencies  to  be de t ec t ed  

cover  a range SW2, then  t h e  experiment  must be  r epea ted  wi th  

i n t e r v a l s  ( o r  increments)  of t = 1/SW2. If we perform a number 

of expe r imen t s  ( inc remen t s )  wh ich  we ca l l  NI, t hen  t h e  longest 

value of t h e  evolution time is NI/SW2, and t h e  resolut ion in t h e  

f domain is SW2/NI. Thus t h e  resolut ion is i n v e r s e l y  proport ional  

t o  t h e  experiment  t i m e ,  in e x a c t l y  t h e  same way t h a t  t h e  l imiting 

resolut ion in t h e  f 2  domain is  i n v e r s e l y  proport ional  to t h e  d a t a  

acqu i s i t i on  t ime (AT) fo r  each FID. For 'H s p e c t r a  in  p a r t i c u l a r ,  

we wi l l  often f ind t h a t  t h e  resolut ion r a t h e r  t han  t h e  s e n s i t i v i t y  

determines t h e  t i m e  necessary for  t h e  expe r imen t .  

1 

1 

While t h e r e  a r e  hundreds of 2D pulse  sequence va r i a t ions ,  

a few common t y p e s  emerge. One, i l l u s t r a t e d  a b o v e ,  is t h e  

J - r e so lved  2D expe r imen t .  In such expe r imen t s  t h e  second fre- 

quency domain contains coupling constants ,  be  t h e y  homo- or 

heteronuclear  , d i r e c t  o r  long-range. 

Another major c l a s s  of expe r imen t s  is chemical s h i f t  co r re l a -  

t i on ,  i n  wh ich  we plot  i n  t h e  second domain t h e  chemical s h i f t  

of a nucleus wh ich  is coupled to  t h e  o b s e r v e d  nucleus.  Such coup- 

l ings can again b e  homo- o r  he t e ronuc lea r ,  d i r e c t  o r  long-range, 

or even ind i r ec t  ( r e l a y e d  v i a  a t h i r d  nuc leus ) .  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
2
0
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



502 PATT 

A t h i r d  c l a s s  of expe r imen t s  i nvo lves  magnetization t r ans fe r  

between nuclei  a s  r e f l ec t ed  in  such p r o p e r t i e s  a s  NOE and chemical 

exchange.  2D-NOE expe r imen t s  in pa r t i cu la r  can detect  t h e  

through-space interact ions wh ich  can be  a va luab le  complement 

to  t h e  through-bond interact ions determined in  t h e  chemical s h i f t  

co r re l a t ion  expe r imen t .  

The f inal  c l a s s  of expe r imen t s  is t h a t  i n  wh ich  t h e  frequen-  

c i e s  de t ec t ed  during t l  a r e  themse lves  not d i r e c t l y  de t ec t ab le ,  

t ha t  i s ,  mult iple  quantum t r a n s i t i o n s .  The m o s t  w ide ly  used of 

t h i s  c l a s s  of expe r imen t s  is t h e  powerful carbon-carbon connect ivi ty  

expe r imen t ,  w i th  which carbon-carbon bonds can b e  determined.  

RESULTS AND DISCUSSION 

Conventional 1D 'H N M R  s p e c t r a  a r e  complicated b y  t h e  fact  

t h a t  bo th  chemical  s h i f t  and coupling information a p p e a r  on t h e  

same a x i s .  The homonuclear J - r e so lved  2D experiment '  enables  

us to  r e so lve  t h i s  p rob lem,  b y  detect ing i n  t h e  f l  domain coupling 

information only ( fo r  t h e  d e t a i l s  of t h i s  and o t h e r  pulse  sequences 

d e s c r i b e d  h e r e  t h e  r e a d e r  is r e f e r r e d  to  t h e  a p p r o p r i a t e  referen-  

c e s ) .  FIG. 6 shows such a spectrum fo r  methyl B-D-glucopyrano- - 
s i d e .  Star t ing from t h e  downfield s i d e  of t h e  spec t rum,  t h e  f irst  

two peaks  show f l  f requencies  of approx ima te ly  + and - 4 Hz, 

r e s p e c t i v e l y .  T h i s  f requency is p r e c i s e l y  t h e  difference frequency 

between t h e  peak in quest ion and t h e  chemical s h i f t  of t h e  multi- 

plet  t o  which i t  belongs.  Since w e  de t ec t  one pos i t i ve  and one 

negative f f r equency ,  we know immediately t h a t  t hese  two peaks  

f o r m  a doublet .  Since t h e  sepa ra t ion  of t h e s e  two peaks  along 

t h e  f l  a x i s  is p r e c i s e l y  t h e  sepa ra t ion  along t h e  f 2  a x i s ,  t h e  

peaks  in  t h e  2D spectrum fa l l  on a s t r a i g h t  l i n e ,  whose angle is 

45" in  f requency space  ( t h a t  i s ,  45" i f  we plot  t h e  spectrum wi th  

an equal  number of Hz/cm along bo th  a x e s ) .  

- 

1 

In a l i k e  manner we can iden t i fy  many of t h e  resonances 

in  t h e  spectrum as belonging to  a s ingle  mul t ip l e t .  The four peaks  

between 3.8 and 3.9 pprn form a s t r a i g h t  l i n e ,  a s  do  t h e  four 

between 3.6 and 3.7 ppm. We can l i kewise  iden t i fy  doub le t s  of 

doub le t s  centered at 3.45 ppm. 3.3 ppm, and 3.2 ppm. The 

intense -OCH3 peak a t  3.5 ppm (off-scale  in t h e  1D p l o t )  g ives  
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I 
N 9.9 9.3 V.2 9.1 9 .0  3 . 9  3 . B  3 . 1  3 . b  3.5 3.L.I 3 . 3  3 . 2  3 . 1  3.0 PPM 

Figure 6 .  Homonuclear J-resolved spectrum of methyl 6-D-gluco- 
pyranoside i n  D20. The spectrum along the top is a 
1D proton spectrum of the same sample. 

a peak a t  0 Hz along the  f l  a x i s ,  since i t  i s  not coupled. I t  

a lso shows a long " ta i l "  in the  f l  a x i s ,  which is much less intense 

than the  peak but more intense than the resonances from the  

remaining protons. We have thus accounted f o r ,  although not 

ass igned,  a l l  but one of the  protons in the  molecule. Clear ly ,  

the remaining proton fa l l s  between 3 . 3  and 3 . 5  ppm, but i t s  exact 

location i s  not yet c lear .  

In our 2D spectrum we observe ,  in addition to  t h e  peaks 

of in te res t ,  a number of other  peaks.  Virtually a l l  of these a r e  

" rea l" ,  but they complicate the  analysis .  We can simplify matters, 

however, by performing a mathematical rotation of the  data by 

45" in frequency space,  so that  the  multiplets "line u p " ,  a s  seen 

in FIG. 7 .  If we now remove any spectral  features which do not 

appear symmetrically on both s ides  of the  J=O a x i s ,  we remove 

the  great majority of the  uninteresting peaks,  a s  well a s  the  ta i l  
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1 
(-.J 'i.'i 7 . 3  7 . 2  q .1  ' i . 0  j.9 3 . M  3 . 1  3 .b  3 . 5  3 . V  3 . 3  3 . 2  2 . 1  '1.0 PPM 

Figure 7 .  The da ta  of FIG. 6 a f t e r  rotat ion b y  4 5 "  i n  f requency 
space and symmetr izat ion about t h e  J=O a x i s .  The spec -  
trum along t h e  top is a project ion of t h e  2D da ta  onto 
the  f 2  a x i s .  

of t h e  l a rge  - 0 C H 3  peak .  Since t h e  coupling information is now 

exc lus ive ly  along t h e  f l  a x i s ,  a project ion of t h e  da t a  onto t h e  

f 2  a x i s  g ives  a spectrum which r e f l e c t s  only chemical s h i f t s ,  and 

is e f f ec t ive ly  a "broadband proton decoupled" 'H spectrum. 

The a n a l y s i s  of t h e  region between 3 . 3  and 3 . 5  ppm is com- 

p l i ca t ed  by  second-order  e f f ec t s .  ' From t h e  homonuclear chemical 

s h i f t  co r re l a t ion  experiment* ( v i d e  i n f r a ) ,  we w i l l  a r r i v e  a t  t h e  

assignments wh ich  a r e  marked on t h e  p ro jec t ion .  Two of t h e  t h r e e  

spurious resonances in t h e  p ro jec t ed  spectrum can then  b e  accounted 

f o r ,  a s  we f ind  one halfway between H-3 and H-4 ,  and another  

halfway between H - 4  and H - 5 ,  which is expec ted  for  s t rongly 

coupled mul t ip l e t s .  7 
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Having a t  l ea s t  a reasonable  idea of how many protons t h e r e  

a r e  and where  t h e y  f a l l  in t h e  spec t rum,  we now obtain a homo- 

nuclear chemical s h i f t  co r re l a t ion  spectrum (FIG. 8 ) .  In t h i s  e x -  

per iment ,  t h e  f l  a x i s  reflects t h e  frequencies  of a l l  peaks  coupled 

to  t h e  obse rved  peaks .  Since each  peak is "coupled" to  itself, 

we o b s e r v e  first of a l l  a series of resonances along t h e  diagonal,  

t h a t  i s ,  peaks for  which f l = f 2 .  The peaks  in t h e  uppe r  l e f t  of 

t h e  spectrum rep resen t  such information. The s i x  peaks in t h e  

uppe r  r i g h t  of t h e  spectrum, however ,  indicate  r ea l  coupl ing,  

namely,  t h a t  t h e  doublet  at 4 .3  ppm i s  coupled to  t h e  t r i p l e t  

(doub le t  of doub le t s )  a t  3.2 ppm. Thus i f  t h e  doublet  a t  4.3 ppm 

i s  H - 1 ,  t h e  peaks a t  3.2 ppm must be  H - 2 ,  and we can continue 

in  t h i s  vein to  ass ign a l l  of t h e  protons in t h e  spectrum. 

A useful way to do t h i s  is to  p ro jec t  sect ions of t h e  d a t a ,  

a s  shown b y  t h e  dot ted l i n e s ,  onto t h e  f l  a x i s  (FIG. 9 ) .  FIG. 

9b r e p r e s e n t s  H-1 and a l l  protons coupled to H - 1 ,  t h u s  ident i fying 

H-2. FIG. 9c r ep resen t s  H-2 and a l l  protons coupled to  i t ,  i den t i -  

fying H-3. Only one of t h e  l i nes  of H-3 does not o v e r l a p  o t h e r  

resonances,  so we t ake  t h i s  l ine and p ro jec t  sect ion d ,  wh ich  then  

shows us  H-3 and a l l  protons coupled to  i t .  We a l s o  see in FIG. 

9d a peak from t h e  nea rby  intense - 0 C H  resonance,  which c l e a r l y  

r e p r e s e n t s  o v e r l a p  and not coupl ing.  F ina l ly ,  FIG. 9e r e p r e s e n t s  

H6 and t h e  protons coupled to  i t ,  H-6' and H-5. From FIGS. 9c 

and e we can then r ead  t h e  frequencies  of H-3 and H-5 a s  3.43 

and 3.38 ppm, r e s p e c t i v e l y ,  which ag rees  ex t r eme ly  wel l  w i th  

t h e  frequencies  seen in t h e  homonuclear J - r e so lved  experiment  

(FIG. 7 ) .  

3 

With t h e  assignment of t h e  'H spectrum now in  hand ,  we 
9 proceed to  a heteronuclear chemical s h i f t  co r re l a t ion  experiment  

(FIG. l o ) ,  in wh ich  we detect  I3C signals  during t 2  and measure 

along t h e  f l  a x i s  t h e  spectrum of t h e  protons a t t ached  to  each  

carbon.  By plott ing s l i c e s  from such a spectrum (FIG. l l ) ,  we 

can ac tua l ly  plot  one b y  one the  spectrum of each  proton in t h e  

molecule,  having sepa ra t ed  them not b y  using h ighe r  magnetic f i e l d s  

but  b y  using instead t h e  g rea t e r  resolving power of t h e  13C spec -  

trum. The 'H f requencies  obse rved  in t h i s  series of spec t r a  agree 
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1 

Figure 8 .  Homonuclear chemical s h i f t  co r re l a t ion  spectrum of 
methyl  6-D-glucopyranoside in  DZO. The  spectrum along 
t h e  bottom- is a 1D proton spectrum of t h e  same sample.  
The sect ions of t h e  data  between t h e  dot ted l i nes  wi l l  
b e  r e f e r r e d  to below.  
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1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  
’4.q 9 . 3  ’4.2 9 .1  9 . 0  3 . 9  3 . 8  3 . 1  3 . b  3 . 5  3 . q  3 . 3  3 . 2  3 . 1  3 . 0  PPH 

Figure 9 .  a )  1 D  proton spectrum of methyl 8-g-glucopyranoside 
b )  A project ion of t h e  da t a  f?om FIG. 8 onto 

:;eDgo.axis, taken between 4.25 and 4.35 ppm, a s  i nd i -  
c a t e d 2 i n  FIG. 8 .  The peaks  marked wi th  an a r row a r e  
t h e  peaks  whose coupling is de tec t ed  b y  t h i s  project ion.  
c )  A project ion of t h e  da t a  f r o m  3 .1  to  3.2 ppm. d )  
A project ion of t h e  da t a  near  3.48 ppm. e )  A project ion 
of t h e  da t a  between 3.8 and 3.95 ppm. 

e x a c t l y  wi th  those  measured in e i t h e r  t h e  homonuclear J - r e so lved  

o r  t h e  homonuclear chemical s h i f t  co r re l a t ion  expe r imen t s ,  a s  t h e y  

shou ld .  Since we have assigned t h e  proton spectrum, t h i s  s e r i e s  

of s p e c t r a  enab le s  us then to  a s s ign  t h e  13C spectrum. 

A s  molecular complexi ty  inc reases ,  it is not a lways  poss ib l e  

to  completely a s s ign  t h e  ’H spectrum from t h e  homonuclear J-resol-  

ved  and chemical s h i f t  co r re l a t ion  expe r imen t s .  If we could assign 

t h e  13C spectrum first ,  however ,  we could then  use t h e  hetero-  

nuclear chemical s h i f t  co r re l a t ion  experiment  t o  i n t e r p r e t  t h e  ’H 
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'1 .7  7 . 3  '1.2 '1.1 '1.0 3.11 3 . E  3 . 1  3 . b  3 . 5  3 , ' i  3.3 3 . 2  3.1 3 . 0  PPM 

Figure 1 0 .  Heteronuclear chemical s h i f t  co r re l a t ion  spectrum of 
methyl 6-p-glucopyranoside - i n  D 0. The spectrum along 
t h e  top is a 1D proton spectrum of t h e  same sample ,  
t h e  spectrum along t h e  l e f t  s i d e  is t h e  1D carbon spec -  
t rum. 

2 

spectrum, e s s e n t i a l l y  r eve r s ing  t h e  method used above.  A sample 

of glucose in D 0 p r o v i d e s  a 'H spectrum complicated enough to  

r e q u i r e  t h i s  a p p r o a c h .  
2 

The experiment  t h a t  we use to  a s s ign  t h e  13C spectrum is 

known a s  2D INADEQUATE, lo o r  carbon-carbon connec t iv i ty .  In t h i s  

expe r imen t ,  we i n d i r e c t l y  de t ec t  during t l  a phenomenon known 

a s  double-quantum coherence wh ich  can be generated in  molecules 

wi th  13C-13C coupling. Since such coupling is only de t ec t ed  in  

molecules wi th  two adjacent  13C nuc le i ,  t h e  s e n s i t i v i t y  of t h i s  

experiment  is ex t r eme ly  weak (without  13C en r i chmen t ) .  The 

r e s u l t s ,  however ,  can be most g ra t i fy ing .  

In FIG. 1 2  we see a carbon-carbon connect ivi ty  plot  (CCCP) 

for  a sample of mutarotated glucose in DZO. The f 2  a x i s ,  h e r e  
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Figure 11. Individual  s p e c t r a  e x t r a c t e d  from FIG. 10,  each showing 
t h e  spectrum of p r o t o n ( s )  a t t ached  to  a s ingle  carbon 
atom, a s  l a b e l l e d .  

plot ted ho r i zon ta l ly ,  shows 13C chemical s h i f t s ,  but a l l  i so l a t ed  

13C resonances a r e  s u p p r e s s e d ,  leaving only 13C-13C doub le t s .  For 

each  carbon we detect  a s  many such doublets  a s  t h e r e  a r e  o t h e r  

carbons bonded to t h a t  carbon.  The displacement  along t h e  y - a x i s ,  

wh ich  is t h e  double quantum f requency ,  is t h e  same for  carbons 

bonded to  each  o t h e r ,  and hence a carbon-carbon bond is r ep resen -  

t e d  s imply  by  a horizontal  l ine connecting p a i r s  of doub le t s ,  a s  

seen in  FIG. 12 fo r  t h e  C-1 to  C-2 bond in B-D-glucopyranose. - 

Simply b y  finding a l l  such p a i r s  of doub le t s  we can completely 

a s s ign  t h e  I3C spectrum, a s  indicated in  FIG. 12b ,  w i th  abso lu te ly  

no in t e rp re t a t ion  r e q u i r e d .  Pa ren the t i ca l ly ,  t h i s  experiment  

r e v e r s e s  t h e  assignment of c - 4 ~  and C - 4 B  found in Pfeffer g.  

- 

11 
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Figure 12. a )  Carbon-carbon connec t iv i ty  p l o t  f o r  an  equi l ibr ium 
mixture  of glucose i n  D 0,  w i th  t h e  d e t e c t i o n  of t h e  
bond between C-1 and 
by t h e  do t t ed  l i n e .  '3C chemical s h i f t  i s  p l o t t e d  horiz-  
ontally13and double quantum frequency p l o t t e d  v e r t i c a l l y .  
b) 1D C spectrum showing t h e  assignment of a l l  carbon 
resonances,  including a l l  fou r  c l o s e l y  spaced p a i r s  of 
l i n e s .  

5 i n  8-D_-glucopyranose ind ica t ed  
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EXPERIMENTAL 

Al l  2D e x p e r i m e n t s  p r e s e n t e d  i n  t h e  INTRODUCTION w e r e  

p e r f o r m e d  on  a V a r i a n  XL-300 s p e c t r o m e t e r .  3-Heptanone ( A l d r i c h  

w a s  r u n  a s  a 30% ( v o l u m e )  s o l u t i o n  i n  CDC13 ( S t o h l e r  I s o t o p e ) .  

E x p e r i m e n t s  p r e s e n t e d  i n  t h e  RESULTS AND DISCUSSION s e c t i o n  w e r e  

p e r f o r m e d  on  a V a r i a n  XL-200 s p e c t r o m e t e r .  Methyl  6-D-gluco- - 

p y r a n o s i d e  (S igma)  was r u n  as a 50 m g f m l  s o l u t i o n  i n  D20 ( M e r c k  

S h a r p  & D o h m e ) .  B-D-glucopyranose ( C a l b i o c h e m )  w a s  r u n  a s  a 

500 mg/ml  s o l u t i o n  i n  D 2 0 .  Al l  d a t a  a c q u i s i t i o n  a n d  p r o c e s s i n g  

w e r e  p e r f o r m e d  w i t h  s t a n d a r d  V a r i a n  s o f t w a r e .  

- 

- 
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