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Characteristic features of a new expert sys&mcElucare described. The system is intended for the
structure elucidation of complex organic molecules using a variety of spectroscopic data including 2D NMR.
We review here the results of challenging this system with over 100 structure elucidation problems where the
2D NMR peak tables presented in original journal publications provided the input data. This contribution is
focused on methods to overcome difficult situations that can arise when contradictions are present in the
input data and/or when the structure is underdetermined as a result of insufficient 2D NMR correlations.
Methods by which to address these situations are examined. It has been shown that synergy between the
spectroscopist and the expert system allows the solution of problems that seemed to be hopeless at the outset
of the structure elucidation process.
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Introduction. reviews [13,14]) and a series of new 2D NMR techniques

Advances in both hardware for data acquisition and sof'® becoming more widely used. After the structure gener-
ware for data analysis have enabled structure elucidatioftiO" Process produces a series of hypothetical structures
Nevertheless the extraction of a chemical structure from §oNnsistent with the atom-to-atom connectivity (homo- and
collection of analytical data still remains a challenge forh€t€ronuclear; direct, long-range, and through space)
analytical laboratories. Laboratories in the chemical andformation fed to the program, the most likely structures
pharmaceutical industry commonly isolate a large numbef@n e identified on the basis of a comparison of the pre-
of compounds in any given year and many of these can licted 13C chemical shlfts of the candidate structwes
regarded to be complex. To both simplify and speed up tH&€ 0bserved3C chemical shifts for the molecule.
analysis process and hence the determination of the struc-OU" WOrK in regards to the development of expert sys-
ture of interest, expert systems have been created thi@&Ms has shown that the best result is achieved when soft-
mainly use NMR spectral data as their foundation. A serie¥are allows synergistic interaction between the skills and
of reports have been published in which expert systemigsights of a spectroscopist and the unbiased nature of a
developed to aid the elucidation process are described (féPmputer program. This means that qualified spectro-
instance, [1-10]). In these systems 2D NMR data, prescopists should be given the freedom to apply their experi-
sented in the form of connectivities between skeletal atom@nce and knowledge regarding the elucidation of a com-
of the molecule, serve as restrictions for the structure gepound under study in order to introduce additional con-
eration process which proceeds from a given moleculastraints for the structures generated by the expert system.
formula. A typical input data set generally is comprised ofThe implementation of such possibilities allows a symbi-
both homonucleatH-1H COSY and heteronuclear direct otic relationship between the scientist and a computer, a
(HMQC or HSQC), and long-range (HMBC or any of asynergistic effect that is highly beneficial.
number of more recently developed experiments [11,12]) According to previous publications, expert systems
connectivities. Recently>N-1H HMBC correlations (see [1-10] have only allowed restricted applicationaopriori
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information. In particular this can prevent the introductionMaterials and Methods.

of key fragments that can directly contribute to the struc- TheStrucElucsystem has been described in detail previ-

tural hypothesis. Similarly, little attention has been paid tcbusly [15-17]. Here we shall provide only a brief overview

the detection of contradictions in 2D NMR data and methbf its unique capabilities. Relative to other systems

ods by which these can be resolved. It is known [15,17}gigned to elucidate structures based on 2D NMR spec-
that the source of co'ntradlctlons is, for example, the preg;g inputs, StrucEluc is equipped with a knowledge base
ence of cross peaks in COSY or HMBC spectra that corrQkg) and three structure generators based on different
spond to couplings over four or more bonds. Commonlyy,ainematical algorithms.
computer software applications are defaulted to correla- The KB consists of three components: 1) a library of
tions over fewer bonds. about 200,000 molecular structures and their assii@d

A number of different ways of eliminating the contradic- R spectra; 2) dragment library(FL) containing about
tions have been proposed. In particular, searching for COR;000,000 fragments with correspondit¥ NMR sub-
tradictions by repeating the process of structure generatiq;;bectrm assignments created using proprietary algorithms
and adding at each iterative step one correlation related f&ym the full structures stored in the KB: 3)Lirary of
aweak2D NMR peak has been utilized during this work. gpectrum-to-Structure CorrelatiorlsSC) comprising the
The authors of ref. [10] also apply this approach. If a parmost common functional groups and their characteristics
ticular correlation turns out to be of greater length than thgh, poth NMR and IR spectra.
set as a default then the structure generator will produce noTpe StrucElucsystem is able to use both the 2D NMR
structures after this correlation has been added and thiggta and the fragment library during the elucidation
indicates the presence of contradictions. However, as Wilrocess. In those cases where the number of available 2D
be shown in the current work, the presence of contradigyMR correlations is insufficient to impose effective
tions may not prevent structure generation, and false strugestrictions during the structure generation process (in
tures may be generated. In order to overcome this diffithis case the number of possible structures can be
culty the application of a stochastic generation algorithmextremely large and the generation time will be unaccept-
that requires the application of computer calculations omple), the system searches for appropriate fragments in
parallel processors has been proposed [8]. Our experiengge library in accordance with their associated sub-spec-
shows that the number of connectivities characterized bita. Found fragments (FF) meeting the restrictions arising
spin-spin couplings over four bonds or more can be ovefom the 2D NMR spectra, are retained. Acceptable com-
ten couplings in one set of 2D NMR data [10]. This makesinations of good fragments are "projected” onto the set
the resolution of these contradictions using the methodsf all atoms within the molecular formula. As a result, the
discussed problematic. Our experience has also shown thgfbogram builds and displays one or more molecular con-
frequently important information regarding the structurenectivity diagrams (MCD), on which fragments, atoms,
of an unknown substance can be derived from a sub-strugnd connectivities of different lengths are graphically
ture database and relate€ NMR sub-spectra when used represented. Using a correlation table, the program auto-
in combination with 2D NMR data. matically establishes the carbon atom properties, these

The drawbacks highlighted in the preceding discussiomeing the atom hybridizations and proximity to hetero-
have mostly been overcome in tB&ucElucsystem [15-  atoms (the number and type of heteroatoms are speci-
17]. During development, the capabilities of 8teucEluc  fied). At this stage a qualified specialist is given an
program package have been challenged and evaluated dyportunity to analyze the MCD and make appropriate
using the published 2D NMR data for more than one hurrevisions including specifying particular atom properties,
dred natural products whose structures were elucidatedhange the lengths of certain connectivities, draw specific
Data were fed to the system directly from the published 22hemical bonds, for example explicitly designating C=0,
NMR peak tables. In the process, we have demonstrated=N, etc). Subsequently process chemists could also
that the system is very capable of automated structure elghoose to introduce fragments that in their opinion should
cidation. The work described in this report illustratesbe present in a molecule (so-called user fragments, UF).
strategies for determining the structures of natural prodn this case the program is adjusted so that both the users
ucts in a number of challenging situations, when the soluand found fragments are used for creation of the next gen-
tion of the problem by thecbmmoti operation mode of eration of MCDs.
StrucElucfails. For several of examples shown, the inter- Chemists frequently try to use the assigned spectra of
action of a qualified spectroscopist with the software sysstructures related to the molecule being studied to aid in
tem, which incorporates a capable knowledge base arnbe structural determination and assignment of the NMR
diverse means of correct structure identification, leads tepectra of new compounds. In many cases this approach
the successful determination of structures that initiallycan be very successful. In order to implement this method
seemed doomed to failure. within the StrucElucsystem, algorithms enabling auto-
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mated generation of a user fragment library have bee8uch ranking is useful when analyzing elucidated struc-
incorporated. To create the user database the chemist pdpres as well as for producing a user database and a user
ulates a database with structures having assidd@d fragment library. To calculate a similarity coefficient, the
NMR spectra. Using proprietary algorithms, fragments areiser can choose one of five different methods incorporated
then extracted [16] from these structures. In the situatiointo the system.

when an extensive user database exists comprised of molePreviously, in order to characterize the performance of
cules similar to that being studied, the probability that theStrucElucfor the automated structure determination of
database will contain meaningful fragments to a new anarganic molecules and natural products, we have used 2D
logue in a series is rather high. If necessary, the program $MR data published in the literature. The ongoing
also able to sequentially "assemble” the molecule of thenhancement of the StrucEluc system have been driven by
unknown compound from the fragments found in the KBcontinued application of the system to real problems and
by overlapping common atoms (the so-calidndard development and tweaking of necessary algorithms to
[16] generator is used in this case). Another possibleesolve problems. To dag&trucEluchas solved the struc-
approach is in forming sets from the found fragments. Theures of about 150 natural products based on 2D NMR data
sets are then used for structure generation using an inppitiblished by different researchers primarily in doernal
molecular formula (the so-calledassicgenerator [16] is  of Natural Productsduring 2000-2003, as well as using
used). All structures produced by any of the available genaw data obtained in different laboratories. The structures
erators can be verified by the LSC, which forms the NMRof 60 compounds elucidated previously usBigucEluc

and IR filters (if IR spectra are available). are discussed in ref [17]. The molecules analyzed in this

An analysis to check the consistency between the 2khvestigation were reasonably large and fairly complex,
NMR data and the generated structures is performed usingnging in mass from 200 to 900 a.m.u. and between 15
a heuristic algorithm described elsewhere [17]. In mosand 65 skeletal atoms.
cases, approximately 90 % of the time, this algorithm can The results are reviewed here as a demonstration of sys-
detect the presence of contradictions and suggest the ragm capability. The robust nature of BieucElucstructure
sons for their presence. If contradictions are found, thevaluation strategy was supported by the fact that for 90%
program tries to automatically eliminate the contradictionsf the elucidation challenges tl-ranking placed the
by lengthening those particular connectivities that accordeorrect structure at the top of the list. The high selectivity
ing to the analysis results may have a length that is contraf the system was proved by the fact that in 75 % of the
dictory to that set as the default. The preferable structure isases the output lists contained ten or fewer structures. Our
selected on the basis of bdC andlH NMR chemical research has shown that even preliminary ranking of the
shift prediction13C NMR spectra are calculated using two output structures by they statistic placed the correct
methods. The first is the so-calléastmethod based on structure at the top of the list in 80 % of the test cases.
additive rules, and the second version referred to as th@onsidering the present speed and cost of modern personal
"accuratemethod" using a HOSE-code fragment-baseccomputers, the issue of computer processing time required
approach. In each case the average values of deviation fof structure determination of a new natural product is in
the calculatedss. experimental spectrund§ andda.  many cases inconsequential. While the extraction and
respectively) are estimated and the structures are orderpdrification of a compound can take many months, a mat-
by increasingl: or dj values. The values of andd, are  ter of minutes, hours, or even a few days to obtain a struc-
calculated as a simple average of the chemical shift deviadral solution using a personal computer should not be
tion per carbon atom. To select the most probable structutmnsidered excessive. Nevertheless, for 75% of the test
initially the fast spectrum prediction is carried out and thecases, the solution was found in under one minute and for
structures are ranked in ascending ordai-ofalues. The 95 % of the cases the solution time did not exceed 30 min
accurate spectrum calculation is then applied to the firgiCeleronoperating at 500 MHz, Windows 98, RAM 128
10-20 members of the ranked file, and the structures atdb). An analysis of the computation time with respect to
again ranked in ascending orderdyf values. The first the available data showed that almost all tasks requiring
structure of the finally ranked file is considered as the moghore than 10 minutes for solution were solved on the basis
probable one. of HMBC correlations alone.

The system is also integrated with a suite of software Recently we repeated the same data processing origi-
programs that can predict mass spectrometric fragmentaally applied to a set of 130 problems. On this occasion the
tion and many physicochemical parameters (for examplaumber of skeletal atoms in a molecule was between 20
logP, solubility, etc.) that can be used as supporting verifiand 90, while the molecular weight reached 1260. The
cation parameters if experimental values have been detenvestigation indicated the same characteristics in terms of
mined. A structure similarity coefficient [18] can also bethe performance of the software, which is evidence of the
calculated enabling structures to be ranked by similaritystatistical significance of the calculated values.
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The strategy of th&trucElucsoftware application has the program. These formed tables containing 43 COSY
been described in detail elsewhere [15,17] and illustratedross-peaks and 57 HMBC correlations. The default set-
by a series of examples highlighting the advantages dfngs of the program are such that COSY and HMBC
allowing interaction between the user and the softwarerosspeaks are defined to result from coupling interactions
program. A common feature in the structural problemsvithin 2-3 bonds. However, the comparison of crosspeaks
used as examples in the previous reports was that all cowith the molecular structure, a process which can in reality
tained non-contradictory 2D NMR data. Further, the moleonly be performed after the structure of the unknown com-
cules used as case studies in the previous reports, obpieund is determined, showed that there are four long-range
ously, cannot encompass even a small fraction of theorrelations in the COSY spectrum corresponding to the
tremendously diverse range of problems encountered dufellowing couplings:5Jyy (H20-H25), 434y (H19-H21),
ing the structure elucidation process. Providing even mor&lyy (H12-H26), and®yy (H7-H14). It is evident that
stringent challenges to evaluate and further refine ththese correlations contradict the default options and conse-
capabilities of théstrucElucprogram package requires the quently the correct structure will not be generated. 2D
consideration of problem that both necessitate user interabMR cross-peak intensity information can be useful,
tion with the program as well as problems that contairthough not definitive since the correlation response inten-
incomplete 2D NMR data sets and/or those with hiddesity is a function of both the size of the coupling, and the
contradictionse.g. substituents whose chemical shifts are€xperimental optimization, in helping to define which cor-
outside of the normal interval ranges contained in filtefr€lations are "non-standard”. For convenience we shall use
libraries,etc. Specific examples of each of the more chal-this term to denote spin couplings which are present over
lenging types of problems were encountered while solvinglistances longer than those set as defaults in the system
a large number problems usiSgrucEluc Experimental options. Intensity information was however omitted in the
NMR data reported by the authors of publications describPeak table presented in the reference [19].
ing the identification and confirmation of the structure of The MCD automatically formed by the program on the

new natural products were used as inputSoucElucin basis of the peak tables is shown in Figure 1. HMBC and
these efforts. COSY connectivities are presented here in the form of

fragments connecting carbon atoms. The connectivities
corresponding to COSY correlations that do not coincide
In the work of Leonest al [19] five compounds related with HMBC correlations are marked with bold lines. For
to a class opolyoxygenated sterolwere identified and convenience, connectivities having a length of one C-C
examined. For three of these compounds the authors prieend, typical for a COSY correlation, will be calledcon-
sented 10H (600 MHz) and-3C (150 MHz) NMR data as nectivities and those corresponding to a length of one to
well as HMBC and COSY correlations in the form of peaktwo C-C bonds, typical for an HMBC correlation, will be
tables. Automated structure elucidation for two of the thre#eferred to ag-connectivities. Correlations spreading over
natural products was performed without difficulty, sinceone to three C-C bonds will be referred to@®nnectivi-
related data were rather complete and coherent. The thiti¢s. For the example shown in Figure 1 the methylene
compound 1) was more challenging and the analysis isgroup associated with C19 has thmee&onnectivities

Results and Discussion.

presented here in detail. thereby contradicting the valence for the carbon atom.
The given molecular formula was,gH,05 and
Mw=474. The molecular formula and peak lists for the,, o oty S, MG,
HMQC, COSY and HMBC spectra were fed as inputs int |+ N i
>~
23(%2.7)
HsC CH
25\ 8/19 S .
CH3\K\20/21 o0y
H3C237 / \l 17 22/CH3 o
2/ \\10/ N \\1
l l ” %(62.6) 7(’;‘22)
~ A
HO/ \4/(1)H\T/ H Tr(66.4) G He Sisen)
O\ /(235-13 ge ';5 ?4 ?3 ?2 ?1 (é)o
28
ﬂ Figure 1. The molecular connectivity diagram created from the HMBC

and COSY spectra of compouhdCOSY-connectivities that do not coin-
@ cide with HMBC correlations are marked by thad lines.
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Visually it is obvious that the COSY data have at least on&action data. In order to aid the discussion here the figure

contradiction. includes all chemical shifts assigned to the carbon atoms.
As mentioned above, the system provides for the autc
mated searching and resolution of such contradiction: O
63.5

When the MCD was checked for contradictions seme P NPVAN
correlations were suggested to contradict the standard vi |} o 1
ues. The algorithms withistrucElucwill attempt to ‘9,4 " La

resolve contradictions in an iterative mode. The procedu i N
required four iterations and fourteen seconds to resolv J(Ufi) 379
contradictions. A "contradiction resolution protocol" has

been included in th8trucElucsystem to track the identity L | g —34525)
of contradictions. In this case the protocol indicated the 60 OH |@s

the program detected and lengthened connectivities in tt
following order: (C20-C25), (C19-C21), (C12-C26), and
(C7-C14). The protocol also summarized the steps produ
ing a complete list of the new lengths of connectivities
introduced to resolve the contradictions.

Based on the MCD with the corrected connectivity
lengths, the generation and filtration of structures usin
spectral libraries and a structural BADLIST containing
fragments that are highly unlikely in organic chemistry,
and enhanced by the implementation of Bredt's rule we
performed. No changes were made to the default atoi.. . . .
properties (hybridization, possible attachment to hetin;—izgtg(ljgz-rnizlc:gﬂlc;? %ﬁcg?:‘l%pzﬁirr:'gafﬁesr?]%(l:g;ﬁ]a?f
_eroatomsetc). Tr_1e program genergted 7 moleculles?) formula GygHsgOg, H, 13C, IH-1H COSY,1H-1H NOESY,
in 20 secondst§=20 s). To determine the most preferredHM C and HMBC (ootimized for 7 He long- i
chemical structure th&3C NMR chemical shifts of the QC an (optimized for Z lohg-range cou

structures in the output file were calculated using both thglmg) NMR spectra were recorded using a Bruker AMX-

fast and accurate methods described earlier. In additio 00 spectrometer. However, only th, 13C and HMBC
) . ' Bata were listed in the article without any indication of the
the IH chemical shifts were calculated. The structures

di d fi . deviati f thobservation of HMBC correlations of non-standard lengths
arranged in order ol increasing average geviation o F> 3Jcp)- Only this information was used to determine the
calculated spectrady (13C) are shown in Figure 2.

listed he fi f1h oritized structure usingstrucEluc It was noted that in addition to
Structurel was listed as the first entry of the prioritized \,, tandard correlations in the HMBC data, two proton
output file. This is denoted ag=1. The value of the devi-

. o - shifts, 1.75 and 2.5 ppm, were both associated witd¥@o
ationda (1) =1.8 ppm and was significantly different from \eqonances each: 1.75/50.5, 1.75/23.5: and 2.5/53.2,

the value of that for the second structulg (2) -da (1) 2 5/34.6 ppm. (see structul®. These correlations
=1.1 ppm). In our experience [17] a significant differencecreased ambiguity in the 2D NMR data. Comparison of
in dp between the first and second structure is generally &, HMBC correlations with the chemical structug® (
good indication of the validity of the solution. It is interest- 5jowed identification of the presence of fatrorrelations

ing to note that only the first structure contains an epoxyf non-standard length as indicated with arrows in the
group. In this case the program successfully dealt witRrycture ).

Identlfylng and reSOlVing all contradictions and elUCidating The 2D NMR data were converted to connectivities to
the correct structure. A chemist was able to detect visuallyreate the molecular connectivity diagram. The MCD
only one contradiction in the MCD. Unfortunately, the showed that Chi(23.5) and CH (53.2) groups had no cor-
program is not always able to resolve such issues becausgations with other carbon atoms. According to the origi-
the algorithm for searching and resolving contradictions isal article, the carbon atom with23.5 ppm in fact does
based on heuristic principles. This algorithm is a criticahot correlate with any other atom, while the GHs3.2
component of th&trucElucsystem and iterative improve- ppm was deprived of connectivities by the program due to
ment continues. The following example demonstrates a sikiccidental degeneracy of the signals in#HeNMR spec-
uation in which the program failed to identify all contra-trum as mentioned above. The presence of two non-corre-
dictions in the 2D NMR data. lating carbon atoms in the MCD usually results in a long

The work of Habtemariarat al[20] reported the struc- structure generation time and the number of potential
ture of a novel steroi®) isolated and identified ds7-epi-  structures will correspondingly be large even in the case
acnistin-Aon the basis of both spectroscopic and X-ray dif-when the 2D NMR data are consistent.

@
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Figure 2. The results of the structure elucidation of compaund ) o ) ) )
Figure 3. The initial structures in the found fragment list obtained as a result

of a fragment search using t€ NMR spectrum of compourRias input.

The search for contradictions in the 2D NMR data pro-
duced no results. This indicated that the program foundf their molecular formula are shown in Figure 3. Among
one or more arrangements of atoms under which the corrére selected fragments there are a number that are present
sponding topological distances between carbon atom# the "unknown" structure. The high probability that there
represented by their chemical shifts, are the same as théll be fragments consistent with a truly unknown struc-
default values. In other words, the program found that iture is critically important if the structure is to be success-
was possible to build at least one structure meeting all dtilly solved byStrucEluc Obviously, however, when deal-
the constraints and the atom properties assigned by tlwg with a true unknown, there is also no way to know if in
program with the help of the correlation table. With thefact any of the fragments are really consistent with the
absence of contradictions the structure generation procstructure of the molecule. The MCD creation from all of
dure was initiated with no additional restrictions. Asthe found fragments was started using an initial value of
expected, the structure generation process was rather lorgr0.5 ppm wheré& is the allowed deviation of the chemi-
The program had produced no resulting chemical struczal shifts of carbon atoms present in the fragments from
tures within 45 minutes and the generation process wabe values of the experimenidC NMR spectra. Withe =
aborted. Following the general strategy of problem solvin@.5 ppm, no MCDs were created. When this situation is
using theStrucElucsystem that we described previously encountered, the value & used in the MCD creation
[17], we attempted to use fragments stored in the systeprocess is usually increased incrementally. With a value of
database. E = 2 ppm the program created one molecular connectivity

The program selecteld=1846 library fragments from diagram (see Figure 4). It can be seen that the fragment of
the database that were consistent with the molecular fothe MCD denoted by bold lines corresponds to a portion of
mula of the analyzed compound taking into account botithe published structure of the molec@eTwo oxygen
the chemical shifts and the multiplicities in the 3¢  atoms from the original molecular formula were incorpo-
NMR spectrum. The first 35 records from the resultingrated but the carbons resonating@®f3.5 and 53.2 were
file, with the selected fragments ranked in decreasing ordewt present in the fragment structure. The check for contra-
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(76.9) da(1%C): 3,668 (4.795) da(1%C): 3.719 (4.991) d5(130): 3.753 (4.588)
C C d1%C) 4.374 (5.213) G(1%0): 4.590 (5.695) d(1%Cy 4.110 (4.814)
3 H da(TH): 0.303 (0.418) da(1H): 0234 (0.287) da(TH): 0.309 (0.417)
/ (20.1) 1 %) Formula CogHagOg Formula CogHgOg Formula CogHagOg
C
—
H,.C CH o Figure 5. The initial structures in the output structural file produced from
(34.6) (84.6) gure . uctu utput structu proau

the MCD shown in Figure 4.

Figure 4. The molecular gonnectivity diagram created from the HMBCComparison of the favored structure with struct@re
spectrum of compourlusing found fragments. shows that they differ from each other only by the arrange-
ment of both the OH and GHyroups attached to the five-
dictions was rerun with the result that this MCD passed alnembered ring, confirming that the structural formula of
algorithmic tests and the program again was unable to rethe unknown compound obtained in the presence of con-
ognize any contradictions. tradictions, was very similar to the actual structure. The
In reality the user would not be aware of the presence afalculation of the Tanimoto similarity match factor [18] for
contradictions when working with a true unknown struc-the suggested structure with the real structure gave a value
ture so the common process of starting structure generaf 0.975. In the presence of contradictions in the data
tion from the MCD was followed to mimic the actions of StrucElucwas able to provide a reasonable solution to the
an investigator with no prior knowledge to work from. Dueproblem. Understanding why the program failed to iden-
to the presence of two free carbon atoms, and even witify the non-standard connectivities can be explained by
the presence of a large fragment which had consumed X®mparing the assignments of the chemical shifts in the
skeletal atoms, the generation time was relatively lgng: real and preferred chemical structures (see Figure 6). As
= 5 min 40 sec with a resulting structure setx86. After  shown in Figure 6, all connectivity lengths in the preferred
removing duplicates, 15 structures were storedstructure match the default values. The values of the car-
(k=36-15). The first 9 structures from the file were bon chemical shifts and their properties assigned by the
arranged by increasing deviation of the calculdf@@  software are within the range of intervals contained within
NMR spectrad,) from the experimental spectra as shownthe correlation table.
in Figure 5. To ascertain the correctness of a particular solution, a
A value ofda = 2.97 ppm was determined for the pre-check of its convergence may be of value. In order to
ferred structure within the limits of allowed values [17] check convergence for this particular example the frag-
and, consequently the identified solution was not rejectednents found in the database were used as a basis for
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2 > N These data were used to further challengeSthecEluc
N fiém system. Having formed the MCD, the program checked

14
1‘294 4

g 7
(1299 (486 /.(303)F « {120.4) _las6) 3 oas Lo
\f“ﬁ\"mm\ow‘z\jf;,g Z\j@ﬁ}f\eim%“\ LN connectivities between the skeletal atoms for the presence
(23.9) _{47. R ..
°H3%5_4)\(a}m \}%-;g_?).{aAﬁz ° %*é,s_éf&f;?;gfﬁ-\?@ e of contradictions. The data passed all tests. When structure
Hatreg " o 505-[349 eneration was initiated the process stopped immediatel
e (] Haie.o PR 9 P pp y
K ,7{;2)“,%) o S and no structures were generated. This may have been
& O/[@ ' feo-on caused by the presence of contradictions that cannot be
417 (179 . .
° B N recognized by the program or the presence of chemical
Correct structure Structure generated shifts which are out of range of the characteristic intervals

of the spectral filter libraries (LSC) in the experimental

13C NMR spectrum. The latter can easily be checked sim-
Figure 6. The comparison of assignments based on chemical shifts in tfmy by repeating the generation process with the spectral
published §) andStrucElucelucidated structures. filter switched off. When the process was repeated with the

. ) spectral filter switched off, one structure was generated
standard structure generation by assembling structurggs; was identical t8 and characterized by the following

from fragments having common atoms. It should be ”Otegeviations:dA: 3.395,d.= 3.122,d,4=0.304. Since the
that thet3C NMR spectrum and the structure of the anancelycsystem can be trained, it is valuable to determine
lyzed molecule were not present in the system's knowly i spectral features cause outliers to the corresponding

edgebase. ranges. This may be examined by using the filter options

Prev[ous experience |nd|qates that if the number of fra at provide three degrees of severity for the characteristic
ments is large, in the experience of the authors about 200I -

5000 fragments or more, it is advisable to use only the Iarggtervals:tlght’ medium, and loosdhetight filter corre-

\ . Sponds to an interval width commonly used for the present
fragments for the first attempt at structure generation. Thi : . :
; . . o ragment. The two other options automatically widen the
allows a quick evaluation of the possibility of obtaining a

solution within a reasonable time. The first 100 fragment%anges according to specific rules. The system uses the

from the list were selected asthndardstructure generation ight option by default and ensures the highest selectivity
was initiated on the basis of the 28C NMR spectrum of the spectral filter. To understand the reason for rejection

Within 1 min 20 sec one structure was obtained consister‘?ﬂ( the molecule the resulting structure was filtered initially
with structure2. Visual comparison of the experimental and With themediumdegree of severity and then tbeseone.
calculated spectra showed a very high degree of similarity€ Program reported that the C=C-CO-O fragment was
with da =0.93 ppm, a value which supports the correctness %U”d in the structure and that the conjugated carbonyl
the found solution. A high degree of flexibility in the soft- 9roup is expected to have a characteristic interval of 160.0-
ware design, the presence of structure generators based bff-0 ppm. In reality, the carbonyl in the experimental
different algorithms and ability for the user to take active parPectrum was observed at 171.3 ppm. In this case a slight
in the process, allows the correct structure to be identifieghift of the C=0O signal outside the interval range results
even in the presence of hidden contradictions in HMBC datdor the diterpenoid under study. This is probably due to the

Shigemory and co-workers [21] recently isolated twofact that the carbonyl group belongs to a system containing
new diterpenoids containing an eight-membered lactontused eight- and twelve-membered rings. To prevent the
ring. The structures were elucidated utilizing a combinarejection of compounds of this class in future, the corre-
tion of spectral data. In their work the authors present aponding interval was increased to 172 ppm.
table containingtH, 13C, HMQC and HMBC spectra of ~ Experimental data for the next example were obtained
one of the diterpenoids, compouBdvith a molecular for-  from a report devoted to the structure elucidation of the
mula of GgH3Ox3: insect antifee@zadirachtin(4) [22]. In this publication the
elucidation was performed with the assistance of the LSD
program [6]. The molecular formulaggH,44016 and the
1D 13C, COSY, HMQC and HMBC spectra were used as
inputs forStrucEluc

Initially an attempt was made to elucidate the structure
using the common mode and without any editing of the
molecular connectivity diagram. The generation process
was very time consuming and the program was halted after
several hours. Since the molecule is rather large and com-
plicated, containing 51 skeletal atoms, the authors [22]
artificially set the multiplicity of all carbon atoms and
3 assumed the presence of four ester and three hydroxyl

AJCH HMBC correlations: 32.3 - 48 6; 257 -179, 20.1-346; 20.1-417
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groups to elucidate the structure with the assistance of Ho. T o
LSD program. When we madg the same assumptions O\ 0><m, ’ /A )|
drew the corresponding functionalities in the molecul. \\m_z,_o | \(,5,0)_(45_,, X ““\5’0
connectivity diagram (th&®.=3-7 constraint on the cycle A/ {5:-3)&5{3 ) \(m]_OH A
sizes was also fixed during the structure generation) /\ / ' e | A
obtained the result&=9990- 333,t;=51 min and the cor- ‘f‘” /‘3’2"‘@ °| e l“’”
rect structure was distinguished bydjsvalue €5 =1). A ©7:2—(526) o )1 _ _ o R
169.7)—0/ an.z)/ Ha((:zo o ( GZQO/(W{ 5‘{( K 7‘{
HaC 0 136‘(:”5’3) // 0/(173'5)0 Ha%z{) WT( 72.4) l
(20.911{5, 0\ . 6{)(1256) e o
(29.7) (Z ((;”%) -
O\ \66.9) 70§ 5 6
> (173&52.‘) / (W‘DLO 0"%;2)
Ne2.7)0 74 : \(37 o &N ' ] ]
\ / \(“{\“”"3{” With this approach lrge and compleratural product
0—‘@ on 9 molecule was identified both without any atom property
/(“-3”Y5'“’*$;:;3) constraints and without the input of either carbonyl or
nd /(@70 hydroxyl groups in contrast to the numerous constraints
Ve des) imposed in the initial report [22]. There were also no
m,/ - assumptions regarding the ring sizes contained within the
i molecule. In addition, the time required for structure gen-
q on eration decreased from 51 min to 30 s. The structure output
\10 6(1031) file decreased in size by a factor of four.
l (107.4)
\(1/4.0) /(143.6)
4 N \1109.2)
- . . o A 0
The main disadvantage of the solution of this problen \[1@0 ‘153) rm) r 9) "2“5’
using the approach just cited is that it required that a gre (206) (Ls‘a) (1188) _(1365) |(1325)
many assumptions be made and numerous constraints wi N Nt SN Nafes)
imposed by the user. This shortcoming can, however, t (94.3):(4 o1
overcome by using a fragment database search to provi \
structural core components BfrucElucto work from. /N_?Ei)
An initial check indicated that thezadirachtinmolecule Hs((345.2)
was absent from the full structure database. A fragmet
search resulted in a list of fragments with2885. The 7

larger substructures are of the most interest for this proc
and the first 500 fragments were chosen for creation of the

MCD diagrams. The minimum value of the chemical shifts The experimental data for the next example reported
error was set t& = 0.5 ppm. No further assumptions or here was taken from reference [23]. The authors performed

constraints were imposed. the structure elucidation afycloshermilamine X7), a

With these starting conditions the program created 8ecently isolated alkaloid. The molecular formula is
MCDs. Examination of the MCDs showed that only twoC21H16N401S; (Mw=372). In their article, the authors
contained the large fragmer&®nd6 that could influence presented the COSY, HMQC and HMBC correlations
the process of problem solving. obtained from the 2D NMR experiments.

All MCDs, except the two selected above, were deleted. Cycloshermilaminé is a proton-deficient molecule;
These two MCDs passed the confirmatory connectivitythe problem is further complicated by the presence of three
check and structure generation was performed without argifferent heteroatoms including S (an element with a
constraints R.=3-20). The results produced were: valence that can vary as 2, 4, or 6). The number of correla-
k=79- 76,15 =29 s and the priority of the correct structuretions detected by the authors proved to be very small (8
was obvious sincey=rg=ry=1. It is notable that when the correlations were revealed by the COSY experiments and
generation was performed from the MCD containing the20 from the HMBC experiment). When structure genera-
largest fragmeng, only three structures including the cor- tion was initiated, an enormous number of structures were
rect one were generated in 3 s. produced within the first several minutes. The generation
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process was aborted since it was evident that the introdu

tion of additional structural information would be neces-,

sary to help solve the problem.

The fragment search gave a list wltk1371. Many
attempts were made to create MCDs from the found frac
ments using differenE values, but the number of MCDs
turned out to increase very quickly (for instancefa
ppmM Nivcpy = 12,000). As none of these molecular con-
nectivity diagrams resulted in a structure, the time con
suming process of creating and checking the connectivitie
from the found fragments was aborted. It became clear th
only the introduction of a user fragment (UF) could help ut
to solve the problem.

The main difference between a found fragment and
user fragment is that the FF (found fragment) already cor
tains assigned carbon atoms, while the carbon atoms of
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=
H N H y T
N o] N A
Xpgie Si5a X Ni51s) o N (136.6)
. = Ny
(29.2) (1217 A (29.3 1217 A i ?
Ss77 N piio) N7 \Tw{% (29'\25;)/“2{2
1 2 3 N
H b H/
(0] N A H
A 161y (T O /N\ _AUTD) 370
X g NS [e] N (137.0)
] | \1165,1) ”137.300) A \rgn \”121/5) S
@94) (190 A
N (29.4) (119.1)
S ({267) 293 1217
\s/ ~A ( \)S D
A
4 5 6

Figure 7. Library fragments containing the user-defined fragn&nt (

UF (user fragment) have no associated assignments. In o§fructure generation was started with only one constraint
example, the presence of the following fragment wasmposed on the ring sizeR.=5-6. The result was:

assumed:

H
OTNIA
s A

k=291-52;ty= 2 min 7 sec. AccuratE3C NMR spectral
prediction was performed for the first 20 structures ranked
previously by thelg values. The true structure was again
correctly distinguished as shown in Figure 8. It is worth
noting that structures 4-5 are very similar to the deter-
mined structure, but they are significantly distinguished
from cycloshermilamine by a deviation difference of

This hypothesis can be justified by the fact that substru
ture 8 is present in congenerous compoundshermil-
amines DandE [24] as well as irsegoling[25] that were
isolated and identified earlier. Such assumptions can |
made when families of structures are under analysis.

The accuraté3C NMR spectrum prediction of substruc-
ture 8 was performed and 5 MCDs were created from thi

1izen

\‘A

HN.

2(1D:289) 3(ID:165)

UF with E =7 ppm. The result of checking the MCDs for
contradictions gave(cp) =5-2. At this stage structure
generation was performed with only one constraint ¢
R.=5-6 imposed, taking into account that the compoun
under investigation, as authors of ref. [23] supposel
belongs to thepyridoacridines The structure generation
process delivereck=1987- 373, t;= 8 min 25 s. After
structure ranking by theg values accuraté3C NMR
spectra were calculated for the first 20 ranked structure

= \ _— /CH3
| >
N CHy
c—N,
N
da(1%C): 3860 (5.446) da(1%C) 5.568 (7.202) da(1%C) 6,142 (8.113)
dp{13C) 6.442 (7.716) de(1%0) 5.790 (7.317) de(13C) 5.387 (6.697)
da('H): 0.349 (0 521) da('H): 0.372 (0.473) da(H): 0.322 (0.616)
4(ID 257) 5(ID181) 6(1D:277)
o, 0. H3C,
Y\S s \N/CH
HN. CHa HN.
F / N\
"\
N CHy WPNF
da(1%) 7110 (9.148) da(130) 75523 (12 704) dp(1%C) 7643 (9.776)
d(1%C) 8352 (10.305) d(1%): 7782 (11.726) de(1%C): 7.245 (9.554)

dp('H) 0283 (0.389)
7(1D:79)

da(TH): 0.326 (0.446)
8 (ID 89)

da(H). 0.428 (0.635)
9 (ID 288)

As a result the correct structure delivered the best mat
(minimald, value).

The application of identifyingiser fragmenti the list
of found fragmentdy searching structurg through the
list of found fragments was examined. The found frag
ments shown in Figure 7 were identified. As indicated il
the figure the fragments produced from different mole
cules during the process of creating the fragment DB ha

[

r QL
HaC sz' - \? l\;N//
o \ \/\
HiC 7

da(1%): 8.130 (10.650)
de(1%C): 6.314 (8.289)
dal('H). 0.367 (0.634)

da(1%C): 8524 (11 304)
de(1%0): 7876 (10.743)
da('H): 0621 (0.963)

HNY
Il
o

da(130) 9.006 (11.409)
dr(1%) 8055 (10.153)
da("H) 0330 (0 456)

different chemical shift assignments.
Figure 8. The initial structures in the ranked answer file generated from
An attempt to create MCDs from this set of 6 fragment‘the HMBC and COSY connectivities and using the library fragments

was pursued. AE=0.5 ppm,ngcpy =18-4 resulted.  shown in Figure 7.
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(o]
H
-
N
|

CHg
1.9 Found in DB 2.9 Found in DB

about 3.5 ppm. In the case of structures 4 and 5 shown
Figure 8, the disparity in the calculated valued ptan be
readily attributed to the electronic effects associated wit
changing the location of the pyrrole nitrogen.

The results obtained in this example are indeed impre
sive since the problem initially seemed to be hopeless di
to the lack of correlations. Experience indicates that th
accuratél3C NMR calculation is capable of assigning car-
bon atoms for a user fragment with a degree of precisic N
that allows the fragment to be accepted by the program | = O
a useful starting point. It has also been shown that four e
fragments can be used to supply a user fragmenteath
istic carbon chemical shifts. Therefore, despite the fact thi 3.9 Found in DB 49k=1,t<1s
the list of found fragments was not used for direct MCL

creation, the structural and spectral information stored i §
the ACD/Labs database, nevertheless, proved to be vaI / N
able for user fragment assignment and, eventually, fc O \ /
obtaining the solution to the problem. Ny O .
H3“3 Hai

Further investigations confirmed the high efficiency of
the combined use of all three processes in the structu
generation system described in an earlier section of th 59 k=1,t<1s 69k=3,t=20s
article. In particular, for compound investigated by

HaC
N\

7.9%k=5,t=10s 8.9 k-5,t=4 s

Figure 9. Elucidation of the structure @fryptolepisalkaloids.
Designationsk — number of structures in the output file, elapsed time
9 for structure generation.

Martin and co-workers [26-28] proved especially chal-which StrucElucautomatically created a user library con-
lenging. This structure could not be elucidated using 2Raining 342 fragments.

H-H, C-H and N-H correlations due to a large number of A search through this user database using the3fD
missing and/or overlapped cross-peaks. Our attempts MR spectrum of cryptospirolepine detected fragments
generate structures using only these available data proveghose addition to the MCD provided much of the informa-
to be unsuccessful and no result structure was generatgdn missing from the experimental 2D NMR data. As a
after several tens of hours. To augment the [&tsicEluc  result, the structure generation process took 18 minutes
program, a user fragments library was created from eighind produced only one structure—the correct engy-
relatedCryptolepisalkaloids examined in earlier work. tospirolepine

These are presented in Figure 9. The 1D and 2D NMR data The user's fragment database created in the process of
for these compounds, published in references [29-35Hetermining the structure ofyptospirolepingound prac-
were entered int&trucElug and the elucidation process tical application recently for the identification of
was performed on each one in turn. Structures 1.9-3.9 wetkegradants otryptospirolepine[36-37], and also in the
found in the system database, while structures 4.9-8.9 wegducidation of the structure afuindolinocryptotackieine
determined by 2D NMR correlations. TR&C NMR  (10) a molecule whose structure had remained intractable
assignments for 1.9-8.9 were entered into a file fromo human solution for twelve years [38].
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CHj problems that cannot be solved except by manual interpre-
‘ tation. The possible methodology of searching for the cor-
rect solution in the presence of non-obvious contradictions
is considered. The authors conclude that in the hands of a
qualified spectroscopist the synergistic interaction between
the StrucElucsystem and the scientist can be a powerful
approach to simplifying the structure elucidation of newly
isolated natural products and other complex chemical struc-

N
\ / \ tures. To date, th8trucElugprogram has already been suc-
Q cessfully applied to the automated structure elucidation of a
—

series ofcryptospirolepinalerivatives and for the identifi-
cation ofcryptospirolepinalegradants [36] and the solution
10 of the structure ofjuindolinocryptotackiein€10) that was
_ intractable to human solution for twelve years [38].
Conclusions. In spite of the promising results obtained to date the
In this work the methodology for the structure elucida-StrucElucsystem obviously has need for further develop-
tion of complex organic compounds from 2D NMR datament. The development of new pulse sequences which
using theStrucElucexpert system has been investigated provide ever more information regarding the nature of
Challenging situations have been revealed in the proce$dng-range heteronuclear couplings specifically will pro-
of solving about 150 problems based on the identificatiotyide added information which will further enable the eluci-
of new|y isolated natural products_ For these studies 2|gation of a structure. In future work the intention is to
NMR data published in the original articles were usedenable the program to determine the stereochemistry of the
Difficult situations arise under particular circumstances: identified molecule. This remains a significant but not nec-
« The 2D NMR data have long-range correlations withessarily insurmountable challenge
spin couplings of\Jyy and/or4Jcy or "Nyy /N,

where n>4. The program defaults are set for correla- REFERENCES AND NOTES
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