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Contribution to Structural Elucidation Behaviours of Substructures

Partially Defined from 2D NMR
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Structural elucidation automatic determination of the structure
of a molecule from its spectra is frequently hampered by com-
binatorial explosion when trying to assemble the identified sub-
structures. We devised a new method which can avoid this pit-
fall by a systematic examination of allowed '*C chemical shifts
ranges for all substructures chemically possible and combined
with a progressive pruning thanks to neighbouring relationships
appearing from 2D NMR. This method is explained by a de-
tailed example.
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Introduction

Computer aided structural elucidation i.e. automat-
ic determination of the structural formula of a compound
from its spectra is still an open challenge in spite of nu-
merous attempts.' ? The first structure elucidation systems
proposed were based on the mass spectroscopy® for the de-
termination of structural fragments and the infrared spec-
troscopy” ° for the identification of present or absent fea-
tures. The breakthroughs of nuclear magnetic resonance

and particularly *C NMR made it about thirty years
ago a tool of choice for the detection of the possible struc-
tural fragments because of the great sensitivity of the reso-
nant carbon to its environment.

The first generation structural elucidation systems®!°
based on *C NMR used only 1D data possibly in con-
junction with other types of analytical information  but do
not generally provide a general solution due to the severe
under determination of the problem when considering only

chemical shift data. Second generation systems either

new or updated issues of existing systems 13 introduced
2D NMR data such as COSY eic.

the correlation spots links between neighbouring atoms
and various applications appeared.!#? A little apart from

to determine from

these systems EPIOS?! 22 approach uses only chemical

shifts. But considering n-uplets of ¢ values rather than
isolated & it attempts to retrieve possible neighbouring
relationships like those detected in 2D spectra. However
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these approaches still suffer some limitations or draw-
backs

1 Structural elucidation systems working on *C
NMR spectra first assign each resonance peak to structural
fragments  substructures corresponding to a central car-
bon that the chemical shift of which is identified and its
environment. For practical reasons the number of frag-

ments to consider  in the substructures retained the en-
vironment of the resonating carbon is somewhat limited

generally one or two bonds from the '*C . This results in
the fact that a given fragment is associated to a range of
chemical shift values depending on the nature of the re-
mote environment not identified in the description of the
substructure . As a consequence in the elucidation pro-
cess each resonance peak can not be attributed to a u-
nique substructure but to several perhaps a lot of  pos-
sible fragments. This leads to a combinatorial explosion
when trying to assemble the recognised substructures to
propose a candidate molecule a problem already found in
other spectroscopy domains.?

2 The system of course can only retrieve the sub-
structures stored in its database. If a substructure is not
included in this database it will never be assigned to a
resonance peak and the relevant solution will be missed.
In other words the efficiency of the system largely depends
on the more or less comprehensive extent of the database.

It must be also kept in mind that an elucidation sys-
tem can not rely only on 2D NMR on account of the in-
trinsic limitations of the method. A correlation spot in a
2D spectrum indicates some kind of neighbouring but the
absence of a spot is not unequivocal. It may come from
small coupling constants equivalence from structural sym-
metry etc. even if protons are neighbours. Interpretation
may also be difficult when peaks overlap. To relieve these
drawbacks our objective is thus to propose a process
which reduces the number of possible candidate substruc-
tures and is not dependant of the completeness of a

database at the same time.
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Method

For developing the system we therefore worked in
two directions. Firstly building up a knowledge base en-
compassing all the possible environments of a *C and
secondly exploiting as soon as possible all the information
extracted from 2D NMR in the® assembling/pruning” pro-
cess in the structure generation.

For building the knowledge base we determined a
list of all the possible substructures that have to be taken
into account and evaluated the ranges of possible associat-
ed resonance peaks. This evaluation is based not only on
the experimental chemical shifts that can be found in a
database but also on’ predicted” values for substructures
not included in the database so as to cover all chemically
possible environments. In this step we took advantage of
our expertise in chemical shift/structure relationships al-
lowing us to infer chemical shifts ranges rather than deduc-
ing them from a database.

Furthermore in the elucidation process starting with
a gross molecular formula we will obviously systemati-
cally try to limit the number of substructure candidates to
assembly. In the pruning step a list of allowed or forbid-
den substructures is built using both chemical shift ranges
and 2D NMR information in fact only the most easily
available data ** from DEPT 'H'H COSY 'H'*C COSY
HMBC eic.
molecule will be progressively updated .

In this paper we focus our attention on the construc-

and the connection table of the candidate

tion and updating of the connection table of the target
molecule from substructure identification. Determination of
allowed shift ranges associated to all possible substructures
will be presented in detail elsewhere.? However some ex-
amples of these shift ranges depending on the connectivity
of the central ®C and of its immediate environment will
be indicated in the tables of the following section the res-
onating carbon is indicated in bold .

Suffices here to say that the retained substructures in-
clude only the resonating '*C carbon as focus and its
first neighbours @ rank atoms or in few cases the 3
atoms as in H,C = CH—N . Bleaching the exact nature
of environment atoms may be also introduced creating
equivalence classes . So A means any heavy atoms Q any
heteroatom Ar any aromatic atom Csp® or N etc.

We will only consider at that time molecules con-
taining C H O N S and the halogens F Cl Br
which correspond to the most widespread elements phos-
phorous would be easily incorporated considering ' P
NMR . Charged structures are not treated. The total num-
ber of substructures to consider is indicated in Table 1 ac-
cording to the connectivity of the 1*C.

Basically the process is as follows starting from the
gross formula and the DEPT spectrum
the number of carbon for each connectivity CH; CH,

one determines

C  the number of hetero-atoms and the number of
hydrogens not borne by carbons. Additional information
may be gained from Infrared spectroscopy from usual cor-

relation charts.?°

Table 1 Number of possible structures

Resonating carbon Number of substructures

CH; 6
I 3
ch, 26]]2025[)
6 sp
40 sp?
2
CH 60 10sp
4 sp
6 aro”
49 sp’
2
C 140 20sp
22 sp
49 aro”

“ aro aromatic.

Then for each carbon depending on its connectivi-
ty all the possible substructures are examined to deter-
mine which of them are allowed according to their chemical
shift ranges. A second pruning step is carried out using the
2D information provided by HH COSY and the combina-
tion of HH COSY and CH COSY which gives at least for
hydrogenated carbons information equivalent to that of an
INADEQUATE spectrum . '8 if an INADE-
QUATE spectrum is available it will be directly consid-

Of course

ered but this information is generally not available due to
sensitivity limitations. This allows for determining links
between carbons and eliminating further substructures.
And the process is repeated until no more changes occur.
At last the HMBC information is used to determine links
in 8 positions which is very useful for atoms on both sides
by a quaternary carbon or a heteroatom. This process is
now automated as to exploitation of COSY spectra and the
extension to HMBC spectra is now underway .’

For the sake of clarity and conciseness we chose to
exemplify the process on a rather simple example where
elucidation can be completely performed giving a unique
solution. In the majority of more complex cases the
same methodology will be applied but it will only lead to a

limited set of extended substructures to assemble avoid-
ing or at least significantly reducing combinatorial explo-
sion the most critical bottleneck in structure elucidation.
A large number of other examples may be found in Ref.

27.

Elucidation of a structure from its 1*C spectra
by using the method

The target molecule is indicated in Fig. 1. The input
NMR data besides '* C chemical shifts
DEPT information indicating the connectivity of the car-
bons the CH COSY spectrum the combination of HH and
HC COSY giving the links between hydrogenated carbons

as in a partial INADEQUATE spectrum and the HMBC

comprises the
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spectrum indicating links between carbons either in a or 3 |
positions . Additional information is extracted from infrared NG O
spectroscopy . So in this example there is no allenic car- 4CH, 6;:H /<OH

bon no nitro group but at least one carbonyl group. sCH—CH
~ 2
3
| 0
N N
OH (CHo)4 ==+ (CH)5 —(CH,)3 — (CH)6
)
\ C=0
Fig. 1 Structure of target molecule. Fig. 2 HH COSY and HC COSY indicate a string CH 6—
CH, 3— CH 5— CH; 4 with single bonds in bold
From the gross formula and the DEPT spectrum it line between groups 6 3 and 5 but. the nature of the
appears that one hydrogen atom is borne by an heteroatom bond between groups 5 and 4 remains undetermined

here O or N . This leads to information il to i7 see single or double i dot line .

Table 2 . It can also be inferred that CH groups 5 and 6 ' o
can not be aromatic. This will be indicated as conclusion As a first step HH COSY and HC COSY indicate a
cl . string  CH 6— CH, 3— CH 5— CH, 4 with single

Table 2 Initial data

Molecular formula C;H;303N;

DEPT
CH; CH, CH C 0 N H
2 2 2 1 3 1 1
CH COSY correlated C and H atoms
No. 0 TYPE On
1 49.1 CH; 3.2
2 55.0 CH; 3.4
3 38.2 CH, 2.34 2.66
4 75.4 CH, 3.45 4.02
5 67.7 CH 4.6
6 77.8 CH 4.3
7 170.6 C
Combination of HH and HC COSY correlated hydrogenated carbons
3 CH, 5 CH
3 CH, 6 CH
4 CH, 5 CH

HMBC aand b long range correlations

1 CH; 4 CH, b
1 CH; 6 CH b
2 CH; 5 CH
6 CH 7 C a b”
Initial information
From NMR From IR
il Only one C i5 No =C=
i2 Three O i6 No NO2
i3 One N i7 At least one C=0

i4 Two CH;

Conclusion

¢l CH numbers 5 and 6 can not be aromatic because of 2CH + 1C + 1IN =5 atoms insufficient for 6 membered aromatic ring.

*

a b indicate that the carbons are either in a or b positions by respect to each other.
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Table 3 Examination of the shift ranges ¢ for the CHj information about neighbours is derived from HH COSY

Resonating carbon in bold O min O max CH; No. 1 CH; No. 2
CH;—C -5 50 49.1 55.0
CH;—0 35 75 0 Neighb. 0 Neighb.
CH;—N 20 65
Conclusion

c2 only one Me available for H;C —C.

Table 4 Examination of the shift ranges ¢ for the resonating carbon of CH
a  information about neighbours from HH and HC COSY

CHNo. 5 67.7 2 Neighb. CH, CH, 3 4
CH No. 6 77.8 1 Neighb. CH, 3

CH Resonating - oo

carbon in bold ¢

CH<C CH; CH; 18 65 c2 /b /
CH< CC CH; 3 70 //° /
CH < CCC - 15 95 Yes Yes
CH < CCO 30 115 Yes Yes
CH < CCN 10 110 Yes Yes
CH < COO 60 145 // Yes
CH < CNN 6 145 i3

CH < 000 85 130 i27

CH < NNN 65 120 i3

CH < CON 19 145 // Yes
CH < OON 75 129 / //
CH < ONN 68 125 i3

CH, = CH—C 107 155 / /
CH, = CH—O0 135 160 / /
CH, = CH—N 115 155 / /
A—CH=CH—A 54 180 // //
A—CH=C< AA 30 202 // Yes —>d
A—CH=C=A 30 202 i5

C—CH=0 160 225 / / —> ¢6
0—CH=0 145 180 / /
N—CH=0 145 185 / /
C—CH=N 105 188 / /
Q—CH=N // /7
aro CA/CA >CH 64 180 cl / /
aro CH/CA >CH 85 170 cl / /
aro CH/CH >CH 105 160 cl / /
aro CA/N >CH 110 190 cl / /
aro CH/N >CH 135 180 cl / /
aro N/N >CH 145 190 i3

CH Cc—C 60 95 // //
CH C—o0 20 45 /

CH C—N 40 60 / /
32-6=26

¢4 no CH for CH, = CH—A
Conclusions ¢S5 no CH for CH C—
¢c6 nnCH=0 soaC=0

 The resonating '3C is indicated in bold character. */ Forbidden from & . ¢// Forbidden from the nature of the neighbours. ¢ This substructure
will be deleted in the next step on examination of A—HC = C < AA see text for pruning process.
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bonds between groups 6 3 and 5 but the nature of the
bond between groups 5 and 4 remains undetermined sin-
gle or double .

Next step comprises to restrict the allowed substruc-
tures on account of possible shift ranges for the different
3C connectivities. Only some steps carried out in the pro-
cess will be developed here .

So starting from a CHj resonating carbon Table 3
three possibilities are examined H; C—C H; C—N
H3;C—O . According to the shift observed for H;C 1
the three possibilities remain whereas for H;C 2 with a
0 55 only bonds to O or N may exist leading to conclu-

sion €2  only one methyl is available for a fragment

H3C —C and excluding for example a gem di-methyl
group H;C ,—C.

The other resonating carbons from CH; to C are
then examined and the possible substructures interactively
pruned according to initial information il to i7  pre-
and allowed shift
ranges. An example is given for CH groups 5 and 6 in
Table 4.

For example for a resonating carbon of CH there

vious conclusions as ¢l c2 etc.

may exist 32 possible substructures composed with car-
bon nitrogen and oxygen. Some can be excluded from ini-
tial information such as CH<NN i3
gen  others from previous conclusions ¢l

only one nitro-

no aro-

Table 5 Connectivity matrix from § ranges HH and HC COSY

Notes 1 The carbonyl oxygen is arbitrarily assigned number 8. 2 For each case 0 1 2

0  one bond with its value 1 single 2 double

in the upper line indicate surely no bond

or indeterminacy respectively. For the indeterminacy the lower values between brackets

indicate the authorised values. 3 The main diagonal are presented by filled cases in indicating that only the upper triangle matrix is used to

represent the connectivity.
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matic”  eliminates 6 fragments ¢2 eliminates a possi-
ble gem-di-methyl group. Others are excluded on account
to the nature of their neighbours such as CH < CC

CH;  which can not match for C5 with two CH;, neigh-
bours // in the Table or of their shift / in the Table
as C6 & 77 superior to the upper border of 70 .

From this table it is concluded that fragments CH, =
CH—A are not allowed in this example from the resonat-
ing carbon of CH  conclusion ¢4 . The same is con-
cluded for CH—C—C ¢5 or CH=0 ¢6 . These con-
clusions will be now introduced in the treatment of the oth-
er resonating carbons. For instance re-examining resonat-

ing carbon of CH, carbons C3 and C4

phase one can eliminate from ¢4 f{ragment CH, = CH—

in a second

A. Similarly for the CH carbon number 6 one can use
the conclusion previously drawn from the quaternary C
fragments no possibility for A—HC = C < AA leads to e-
liminating fragment A—CH = C < AA. And the process is
repeated until no further updating is possible.

Finally we obtain the recognized fragments shown in
Fig. 3 and a connectivity matrix may be drawn Table 5
For each case in the upper line 0 1 2 respective-
ly indicate surely no bond 0  one bond with its value
1 single 2 double

terminacy the lower values between brackets indicates the

or indeterminacy. For the inde-

authorised values .

N 0
AN
scil, scu—4
v / OH
SCH_CHZ
/ =0
O 7 8
N H;C—Q

2

Chain>(CH)6—(CH,)3—(CH)5—(CH,)4—Q
Fragment (CH3)2—Q

Fragment C7=08 (arbitrarily the carbonyl
oxygen is here noted O8)

Fig. 3

Fragments recognized after restricted the allowed sub-
structures on account of possible shifts ranges bonds in

bold line are determined at this step .

Next step we use HMBC data in Table 2 to refine the
CH2 4
and CH 6. A location in a is impossible since it would
have been detected in HH COSY. So « atom can only be
Nitrogen. Indeed  divalent O is impossible as well as

divalent C =0 or OH which would lead to a fully con-
nected structure. Systematic exploitation of HMBC spectra

structure. Group CHj 1 is connected in S to

finally leads to the complete structural formula Fig. 1
Conclusion

At that time our home written C+ + software

SCOPES ?7 allows for an automatic treatment of shift
ranges and 2D COSY data. The incorporation of HMBC
data is currently underway.

As a conclusion we would stress out that combining
2D information and allowed chemical shifts ranges in a
comprehensive exploration of all possible substructures in
iterative pruning steps allows for limiting the number of
putative substructures to combine and so drastically ac-
celerate the structural elucidation process.

It may be noticed that examination of chemical shift
ranges may give useful information for quaternary carbons
not involved in COSY spectra. Similarly HMBC allows to
locate long distance neighbourhood and is particularly in-
teresting when two hydrogenated carbons are located on
both sides by a quaternary carbon or an heteroatom .
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