Lawrence Berkeley National Laboratory
Recent Work

Title
COMPUTER-ASSISTED ENUMERATION OF NMR SIGNALS

Permalink
https://escholarship.org/uc/item/1p29p11w

Author
Balasubramanian, K.

Publication Date
1981-12-01

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/1p29p11w
https://escholarship.org
http://www.cdlib.org/

LBL-13693
Preprint

REOFI\]»-‘

Lawrence Berkeley Laboratory
UNIVERSITY OF CALIFORNIA

Materials & Molecular
Research Division AR 20 1932

COMPUTER-ASSISTED ENUMERATION OF NMR SIGNALS

K. Balasubramanian ‘\

(" TWO-WEEK LOAN COPY

December 1981 ) |
This is a Library Circulating Copy -
which may be borrowed for two weeks
For a personal retention copy, call

Prepared for the U.S. Department of Energy under Contract W-7405-ENG-48

Tech. Info. Division, Ext. 6782 |



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
- University of California. ‘




Computer-assisted Enumeration of NMR Signals

. : - K. Balasubramanian
: - Department of Chemistry
' Lawrence Berkeley Laboratory

D _ - University of California
~ o Berkeley,_CA 94720

“AbStract :‘ '

:The;NMR sighalsvof both rigid and
,hon—figid molecules areveﬁumerated using
computer-assisted combinatorial techniques.
Thesé techniques,éssentially reqﬁire thg_
knowledge of the symmetry group of the

molecule (cycle indices) from which NMR
| | 13

signals (such as (of NMR,‘préton NMR, etc.)
are enumerated. The program cén be used .
‘not. only for structure elucidation but

also for studying dyﬁamic NMR processes

and phenomena.
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1. Introduction
| An important problem in magnetic resonahce is the pre-
~diction of the number of NMR sigﬂals of‘a compoﬁnd theoretically.
It is not‘surprising that the number'of NMR sighals of a
compound is intimately related to the topology of molecules
and the associated symmetry. Randic and co-workers [1,2] have
recéntiy shown that the chemical shift of nuclei is relateﬁ to
 their topblogy.-'Conséquently;,these.authors have demdnstrated'
that the chémical shifts can be predicted by a topological cor-
rel#tibn of atomic environments. In this paper wé consider
another important topological aspect, namely, the predictioﬁ
of the number of NMR signals.bf a ;ompound using'its symmetry.
Chemical applications of non-numerical computational tech-
"niques is on the increase_in.recent Years [3,8]. ‘Applicatibns'
of group theory and graph theory are becoming quite importaﬁt
in'sevefallaréas [9-21}. 1In this paper we shall use a théorem
of Pélya [22] for enumerating the NMR signals and subsequently
computerizing the procedure to haVe an automated algorithm which
énumeratés~the NMR signals of any molecule.'vThé theory behind
'.the aIgdrithm was developed by the present author [11]. For
the.enumeration of the NMR signéls of-non?figid'molecﬁles we -
shall use the generalized wreath product - groups discussed in
detail élsewheré [11,13]. The éomputer-assiéted procedures
developed here should be of immense use in ofganic structure
elucidation, understanding dynamic.NMR'processes and phenomena;
This could become a part of artificiﬁlzintelligenqe packages of

interest to several workers [23,24].



2. 'Theoretical Formulation

Let D be the set of the nuc1e1 of the same kind (such as

13 13

" H, C etc.) in the molecule. For example, 1f 'C NMR of
naphthalene is under consideration, then D would be the set of
10 Carbon nuclei:present_in the molecule. Let R be a setICOn-_
‘taining just 2 elements. Let G be'the‘poihtfgroup'or the pefmu—
’tatidn-inversion'group:of the moleeule; Since G is the set of
all permutational and composite permutation-inversion operations
| any“geG‘induces.pefmutations on elements in D since D is just
the set of nuclei of fhe‘same‘kind in the molecule;e Ccﬁsider-
thevset F of all maps from D te R. The action of G.on D can in
turn be transferred to F by the follow1ng recipe. Every geG

acts oneF as defined by the following formulae.
g£(d) = .f(g_-l.d) for every deD.
Two maps fi and fj e F are equivalent if
f.i'(d)._ = .fj;(gd) for every &en;

Meps in F‘that are‘equivalent can be grouped.into the same
equivalence class Thus the group G partltlons F 1nto equlvalence .
classes. Let us restrict ourselves to the ‘maps in F which have
the fOllOWlng structure. Let the elements of R be denoted by
24 and Q5. Label the elements of D as dl"aZ’ ;....dn with

= |D|. Then consider a subset F, of F with every f:e F,
defined.éé follows. | .

F:(d,) =
] a, if i = j



It can be seen that two nuclei di.and dj are magnetically

'~ equivalent ifcfi is equivalent tQifj“' Thus the equivalencg

" classes of Fw are the magneti;‘equivalenCe classes of nuclei in the

Set D. Hence the number of equivaience classes gives the ’ }}, -
number of NMR signals of the molecule. |
| If one introduces the concept of weight of aﬁ element r in = ’
R as a'formal symbol w(r) used to book-keep the number of times

~ any reR‘occurs in a_.function, then the weight of any function
feFvéan be defined as the'product'of'the_weight of its images.

Symbolically, the weight of £, W(£), is
W(E) = T w(f(d).
A ~ deD '

Since any f. e F_ takes»éll_djeD to a, except when i = j,vthe'.
"weight of any.'fi in Fw’ w = a?fl a% if.a1 is the weight asso-
ciated with ay and a, is the weight assigned to LPE

Pélya [22] proved a theoremAwhich_genérétes the equivalence
classes of F from avgroup'structure known as cycle index which
wevshall now define. Suppose any géG when it acts on D generates
-b1 cycles of length 1, bz-cycleSVOf length 2 etc. Equivalently
_ the'cytle type of g acting on D is (bl,bzé,,g.)f Then we cgn |
aséo;iate with g»a:cyéle‘réprésentation'xl;xzz,;;. . The cy;le
index of G, P, is defined as |

b, b
PG(xl’XZ""') = TéT ggG 'xlleZ;...“. N | | ’  .
Pplya showed.thaﬁvin generating function.(G.F-).for the equi-
vaieqce classes of F is given by the following ;uhsti}gtion in

‘the cycle index.



CGE. = Plx > I w(eN®).

T TeR ‘
_The coefficient of W = a?-l aéiin G.F;Igires the number of
magnetic equivalence classes of nuelei in D or the NMR signals
of nuclei in D. Thus in order to enumerate the NMR signals we

need to evaluate the generating functiont'

3. Computer Enumeration
In thie Seetion we outline computational techniquesiwhich
essentially generate the generating function from the cycle '
indices and consequently enumerate the NMR 51gnals of any compound.
A Algorlthms '
Any NMR generating function is of the form
G’F; - Ter ggG C(g?

where
n . . N,
1
Ce) = (ogvaz) * (o2rady 28, .. (ag*ay) 18

- if the cycle type of g is (n g’ n2 sese.n. ). Thus we'need '
8 nig

procedures to generate each term (al +a2) 1€ in the above product,
to multiply each such term to form C(g) and sum over all g to
evaluate the total generat1ng functlons.

In order to generate the terms in the binomial expansion
(a}+u§f¥g we use the procedure of generating the compositions of.
an integer into 2 parts. The-compOSition (nl, nz)’of an integer

n into 2 parts is defined by

,.,n.l + n. =.n ,nt,l = 0, n, .2" 0 )



For examplé, all the'cdmpositions of 4 into 2 parts are shown

below.

+

I -
N W - s O

.
'Eath»composition'cbrreSponds to'a term in the geﬁerating'fﬁhction;_
For example, the comp051tlon 3+1 corresponds to the term afaz
in the expansion (a +a2)4.‘ Similarly, the comp051t10n 2 + 2
would correspond to a%a§ in the binomial expansion. We use
the procedure.given in Nijenhuis‘ahd_Wilf_(ZS) to generate the
compositions of an integer into 2 pérts. The procedufé which-
_generates . compositions of an integer into a given number of
- parts in a lexicographic order is calléd NEXCOM. NEXCOM gener-
ateé each composition'n1 + nzv(or'the term in the binomial
’expansion) as a veétor (n;, n,). An algorithm called VEC
"multiplies'" each vector generated by.NEXCOM with other vector$
in the product C(g) It also finds ‘the appropriafe cbmbinatorial
coeff1c1ent for each such term in the product C(g) The main
- program assembles all the vectors and sums over a11 g in the
vgroup G.
| B. Computer Programs, Input and Outpﬁt Description.

The algbrithms 6utlined in Section 3A were programmed into
a computer. These set of subroutines and main program require
the minimal input concerning the cycle indices. ‘The program is
more -general in that it can handle the other:irreducible repie-

sentations of the point group of the molecule_EVen though, for



- the present purpose we need to give oniy the cYcle-index of

the totally symmetric Al representation. The inpgt}description
for the program NMR whicﬁ generates the NMR signals.is shown

in Tabie 1. Let.us expeundvfurther here on the variables
“listed in Tabie 1 especially earde Succeeding the card 3.

19

Consider'_ F NMR of the rigid PFs-melecuie. -The point group

of this molecule is D, and its cycle index is shown below.

1 ,.5..,.2 2,3 .
PDSh'_ 17 [x1+23§lx3 + lexz +4r1x2 + szxs]
NCI would be 5 and the array ICOCI(I) "z, 3, 4, 2. The

five terms should be given in the same order in which the co-
efficients were fed.' For example, the term xl g w111‘have the
follbwing card.
2 1 2 1 2 [NPRO =2, NCI(J) = 1, 2,Iexp(I,J) = 1,2].
The input for all the five terms are shown below.
- - .5
s 1)
2 3 1 1 3 (x5x,)
_ - 1737
2 01 2 1 2 (xx9)
- . 1727
2 3 1 1 2 (x°x)
' 172
211 2 3 (x2x3)

The program first reads the input and checks fo§ internal con-
: b, b

sistency in the input. For example, any term xl 2 ..xnn:in

the cycle index should satisfy the following condition:

J ibi = NNUCLI
} |



If not, the program prints out an error message.' The term just .
printed out by the program contains this error. The other error

detected by the program is using the condition that
16] Palx » 5 (w(x)®)
(¥ » 1
-~ 7 reR : .

'-Should-be divisible by |G|. If it is not divisible by |G|,then
it prints out anférror message.' The_error is either in the'setf
~of ;Oefficients'or in the terms in the cycle index that jis.
othérﬁise not detectible byrthe earlier criterion. The program
also'printsvout'the final‘résult,vnamely, the number of NMR

signals of the compound under consideration..

{

4. Examples

In this section we consider two examples of molecules whose
13¢ ana proton NMR signals will be enumerated. First, consider
the polycyclic pericondensed benzenoid'hydrocarbdn shown in

Fig. 1. Using our program NMR we will enumerate both the 13

c
and proton NMR signals of this molecule. This molecule has 96
carbon nuclei. The point group can be seen to be D6h‘ The

cycle index for these carbon nuclei are shown below.

T 96 16 22 48 8 44
P = 77 [2x * 4xg * dxgh + Bxp0 ¢ 6x1%p 7]

[2x

1 . .96 16 32 48 . 8 44
Vi [xl + 2x6. f 2.x:5 + 4;2. + 3x1x2 ].

The input for this molecule is shown in Table 2. The program
prints out the terms in the cycle index and the number of NMR
signals of the compound. The output for this input is.showﬁ in -

Table 3. Now we;shall consider the proton NMR of the same



molecule. The cycle index for the_transfbrmation of protons
is shown below. \
P = 12

- [xi4 + 7&;2_+'2xg + ng]

The input fdr the proton NMR of this mo1ecu1e is shown in Table
4 and the output_is in‘Tablé 5. One can;immediately infer thét 
 this moleculéAgives rise»to.10 13C fesonances and 2 proton
-reSonancés.  As another non-trivial example we consider the
chirél macrocycle containing enforced cavities reported by
Helgehson; Mazaleyrat #nd Cram (26) retently. ‘It.is_shown in

v Fig.'Z; This chirai moleéﬁle possesseé only a four;fold axis
of rotation and its point group can be seen to be C,. The cycle

13

indexvfof the C NMR is'shown below.

22

88 . . 44
H+.2x4 + X, ]

PG [x

The input and output are shown in Table 6 and 7, réspectively.

13- NMR of this molecule

From Table 7 we infer the low resolution
would contain 22 signals. This moleéule has 8 methyl rotors
exhibiting torsion at robm'températuré and is thus an exampie

of a'non-rigid:molecule. " The symmetry of such a system can in
~general be desériBed bf generalized wreath prodﬁct gtoups,  The
symmétfy group of this non-rigid molecule is C4[C3],.where CS‘

.~ is the torsional group for each.methyl brotons. The cycle index

of generalized wreath products can be obtained using the method

described elsewhere. The cycle index for protons is shown below.

10,2 zo 4 S

.1 ,.40.8 . .
Po = 7 [xg 2y # 2x072) + x572,]
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where Z. =~%v(x;,+ 33)» the subscrlpts on the x Var1ab1es.'

are the prbducts. The input for the proton NMR of this molecule
'.can be constructed in the usual manner. The output is shown

in Table 8. When the torsional permutations can be differentiated
by a dynamlc NMR at fea31b1e experimental condltlons, the group

becomes C4 and the cycle index is shown below

o 1 64 16 32,
_PG, [x +- 2x4 + sz 1.
The output for this case is in_Table 9. Thus as one can infer
from Tables 8 and 9, the molecule exhibits 16 proton resonances
with a dynamic NMR which coalesce to 12 signals at'high temper-
ature because of»tcrsional‘tunneling. Such dynamic effects can

be efficiéntly studied with our present domputer program.
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Table 1. The Input Description for the Program NMR

- Card A _Variabie ~Format Description.of the Variable
1 Title ‘Alpha numeric title
2 NGCI ~ 1615  Number of cycle indices (always 1)
| NSUB | Number of substituents (always 2)

NNUCLI - Number of nuclei whose NMR is
- being enumerated. i

MOD:G R - Order of the point group of the
' ,molecule o
3 Symv'  _ | - Label of the 1rreduc1ble repre-
' sentation (always Al)
4 NI -.," 1615 “ iNuﬁBef'of térms'in‘fhé cyéle in&ex
5 ICOCI(1), v ~ Coefficients of each cycle type
- I=s1, NI 1615 |

~in the cycle 1ndex

For each cycle type (term) in the cycle index g1ve a
card described as Card 6.

For o 1=1, NCI
6 - = NPRO,N(I1,J), o NPRO = numbeg o§ terms in the
| J=1, NPRO, 1615  cycle type x;'x,Z.... -
IExp(1,J), , N(I,J): the superfixes of each
~ J=1,NPRO ~ term in the cycle type.

IExp(1,J): the suffixes of
each term in the cycle type.
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Table 2. The Input for "°C NMR of the Molecule in Figure 1

»Card

1 13C NMR 51gnals of the perlcondensed benzen01d compound
in Figure 1

2 1 2 96 12

3 Al

4 5

5 | 1 2 ‘2 4 3
-6 196 1 |

7 1 16 6

8 . 1 32 3

9 1 48 2
10 2 8 44 1 2



o Table 3
C13 NMR SGNALS OF TEkE PERICONDENCED BENZENCID COMPOUND IN FIG 1

2
Al . |
NPROyN{ 11, 1=1,NPRO 1 96

IEXPS 1
NPROSN(I),I=1,NPRG - 1 16

IEXPS 6 -
NPRQ,N(T) oI=1,NFRO 1 32

IEXPS 3 o
NPROWN(I)sI=1sNPRQO 1 48
“IEXPS 2 - |
NPROJN(I)SI=1,NPRC 2 8 44

1exes 1 2 o
N ENUMERATICN CF NMR SIGNALS USING THE GENERATING FUNCTION TECHNIQUES

NUMBER OF NMR SIGNALS 10

&




. Table 4.

The Input for Proton NMR of the Molecule in Figure 1

Card

L =] 0o ~ (=)} wr » (&) N

oy
(=

Proton NMR of the perlcondensed benzenoid compound
- in Figure 1 .

)

2 24 12
Al

4

17 2 2
1 24 1

1 12 2

1 4 6
1 8 3

16



PROTON NMR- OF THE MCLECULE IN FIG.1 Table 5

.2
AL )
NPROYNL 1D+ I=14NPRO 1 24
- IEXPS 1 , :
NPROSN(T) I I.NPRU- 1 12
- IEXPS 2 ‘ .
NPRO.N(1)+I=1,NPRC 1 6
IEXPS ™ 4 :
NPRCy N(I)91=1,NPRO 1 8
IEXPS 3

ENJMERATXDN OF NMR SIGNALS USING THE GENERATING FUNCT ICN TECHNIQUES
MJMBER OF NMR SIGNALS 2 : :

kI



Table 6. The Input for the

in Figure 2

13

C NMR of the Chiral Macrocycle

Card

1 ‘13C NMR signaIS‘bf-the chira1 macrdcycie in Figure 2
2 1 2 88 4

'3 Al |

4 3

5 1 2 1

6 1 88 1

7 1 22 - 4

8 1 44 2

18



o - Table 7
- C¥3~NMR SIGNALS OF‘THE CHIRAL MACRCCYCLE IN FIG.2

2
NPROyN(I)oI=1,NPRO 1 88
1IEXPS . 1 v
NPRGN(I) yI=1,NPRO 1 22
. IEXPS 4 : '
NPROSN (1) oI=1,NPRG 1 44
IEXPS 2 '

ENUMERAT ION GF NMR SIGNALS USING THE GENERATING FUNCTION TECHNIQUES
< AUMBER CF NMR SIGNALS 22

19



PROTON NMR . CF TfE NCN—RIGID CHIRAL MACROCYCLE IN FI1G.2

2
Al
NPROWN(I)e1=
IEXPS 1

NPROGNEI) 1=

IEXPS |
NPRGyNUI) o I=
IEXPS 1
NPROyN(I),i=
IEXPS 1

NPROoN{I)pI=

IEXPS 1

NPROWN(T) 41I=

1EXPS 1

NPRO9NLI) 4I=

IEXPS 1

NPROsN(I)el=

IEXPS 1
NPROy NI oi=
IEXPS |

€4

1.NPEG 1

1,NPRO 2 &1
1,u2ac 2 58
1.npac 2 55
1.~3Rc 2 52
1NPRG 2 - 49
1L.NPRG 2 46
1.Ngan f,é

3
l'N;RDvw 2 40

1
2
3
4
5
6
7

43

- 8

Table 8 '

20

ENUMERATIGN OF NMR SIGNALS USING THE GENERATING FUNCTION TECHNIQUES

AUHBER OF NMR SIGNALS

12



Table 9

PMDTON NMR GF TkE RICIC MOLECULE 1IN
2 . o

TAl . :
NPROWN(I)oI=1oNPRG = 1 64
IEXPS 8
NPRG,NLI) 'I=13NPR_0- 1 16
IEXPS 4 :

NPRUGNUI)yI=1,NPRG 1 32
IEXPS 2 _
ENUMERATICN CF NMR SIGNALS USING
NUMBER OF NMR SIGNALS

F16.2

THE GENERAT ING FUNCTION TECHNIQUES
6.

21



- Figure Captions

Figure 1. A pericondensed benzenoid hydrocarbon{

For the computer-assisted enumeration -

of 13C NMR of this molecule, see

Tables 2 and 3. For proton NMR, see
Tables 4 and 5. | |

assisted enumeration of NMR signals
‘(13C and proton) of this molecule

see Tables 6 to 9.

Figure 2. A%hi‘%l macrocycle. For the computer-

22
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