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The process of structure elucidation as practiced by the natural products chemist requires the determination of 
structural constraints (the polyatomic fragments known to be present in the molecule and others known to be ab- 
sent). The structural constraints may be chemist derived or computer derived. This paper decscribes an interactive 
computer program that interprets infrared spectra in order to help the chemist determine structural constraints. 
The program attempts to parallel the reasoning a chemist uses in interpreting a spectrum. If the program is to be 
of value to the chemist, it must be able to interpret the spectra of relatively complex molecules and make decisions 
concerning the presence or absence of a large number of functional groups. This program makes decisions con- 
cerning 159 different classes of compounds and has been tested on a wide variety of sample spectra. 

Chemists in general, and natural products chemists in 
particular, are frequently faced with the task of piecing to- 
gether results from chemical experimentation and spectro- 
scopic work to deduce the molecular structure of an unknown 
compound. The chemist interprets these data, expresses the 
result in terms of a partial structure (structural fragments plus 
unaccounted for atoms), and intuitively attempts to reduce 
the partial structure to all molecular structures consistent with 
the available evidence. While intuition is a valuable asset to 
the chemist, an asset that cannot be adequately programmed 
into a computer model of the structure elucidation process, 
the chemist may frequently overlook a valid combination 
pathway, especially when dealing with the relatively complex 
molecules of nature. To preclude such an occurrence, and to  
relieve the chemist of the tedious task of manually assembling 
molecular structures, several computerized structure gener- 
ators have been developed that ensure that all chemically 
feasible molecules are c o n ~ i d e r e d . ~ - ~  

For all but the simplest molecular formula, the number of 
valid structures generated without structural constraints (the 
polyatomic fragments known to be present and others known 
to be absent) is unmanageably large. As structural constraints 
are imposed on the process, the number of structures gener- 
ated is diminished, ultimately to one. The structural con- 
straints may be chemist derived or computer derived. Clearly, 
an essential component of any computerized structure eluci- 
dation package is an effective spectral interpretation proce- 
dure. 

This paper describes, an artificial intelligence program that 
aids the chemist in the interpretation of infrared spectra. The 
program is designed to present the chemist wit the most logical 
interpretation of a spectrum, not to interpret it definitively 
and pass the results directly to the structure generator, by- 
passing the chemist entirely. The chemist is an integral part 
of the decision making process and, for that reason, the pro- 
gram is interactive in nature. 

When the task is to identify an unknown compound from 
its spectral data, and it is suspected that the unknown might 
be included in an accessible large library of spectra, a search 
and compare scheme is probably the best approach.lOJ1 
Pattern recognition procedures have enjoyed some success in 
predicting the functional groups that are present using in- 
frared spectra.12-14 A purely empirical approach for inter- 
preting spectra has recently been described by Gray.I5 Like 
the method of Gray, the program described in this paper is 
completely empirical. I t  attempts to parallel the chemist’s 
reasoning in interpreting an infrared spectrum as much as 
possible. The advantage in using an interpretation program 
such as this one in a structure elucidation package is evident 
when one considers that it is imperative that no information 
passed on to the structure generator can be incorrect. When 
an error is found, this program can be altered to correct the 
error, a capability that does not exist with pattern recognition 
programs. 

General  Approach 
The chemist uses an empirical approach to interpret in- 

frared spectra. After observing a sufficient number of spectra, 
or alternatively reading textbooks and learning from the ob- 
servations of others, the chemist develops the ability to as- 
sociate certain absorption peaks with their corresponding 
functional groups. In other words, a set of “rules” for inter- 
preting infrared spectra is learned. For example, the “rules” 
for identifying a carboxylic acid might be to look for a broad, 
medium to strong peak centered around 3000 cm-l, a strong 
peak near 1720 cm-l, and a broad, medium intensity band 
around 920 cm-l. I t  is this type of reasoning that must be 
programmed in order to develop a successful spectral inter- 
preter. One of the first problems encountered is the need to 
digitize the spectra. I t  must be decided how much peak shape 
and intensity information should be retained. Many search 
systems and some pattern recognition procedures have been 
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Figure 1. Partial spectra A and B and their peak/no peak reprosen- 
tation. 

successful while only employing peak positions and discarding 
all intensity and shape information. Figure 1 demonstrates 
that a chemist would riot fare too well with only peak/no peak 
data. The region between 3200 and 2800 cm-’ is shown for two 
spectra labeled A and B. If these two spectra were digitized 
in a peak/no peak fashion, any interval that contained a peak 
maximum would be represented by a “1” and those intervals 
without a peak maximum would contain a “0”. Thus, both A 
and B would be represented by the identical string of num- 
bers, also shown in Figure 1, since their peak maxima coincide. 
Yet the chemist would have no difficulty distinguishing be- 
tween the two nondigitized peaks. 

A second approach to digitizing spectra is to break the 
spectrum into intervals (e.g., 0.1-Wm or 10-cm-l intervals) as 
in the peak/no peak approach, but then to record the percent 
transmission for each interval. This method is used by Gray15 
and results in a fairly accurate representation of the spectrum. 
However, it is not the approach a chemist would employ. 
Rather, a chemist notes the positions of peaks as well as their 
intensities and shapes. He does not break the spectrum into 
intervals. Thus, the approach used in this program is similar 
to the one reported by Penski, Padowski, and Bouck.ll For 
each peak, a code number indicating intensity and shape in- 
formation is recorded along with the peak position. The peak 
positions may be encoded in units of either cm-’ or pm. There 
are ten possible code numbers ranging from 0 to 9. Code 
number 0 indicates that the peak is a shoulder. Numbers 1, 
2, and 3 are used for weak peaks; 4,5, and 6 for medium peaks; 
and 7,8, and 9 for strong peaks. Additionally, 1,4, and 7 rep- 
resent sharp peaks; 2,5, and 8 are for peaks of average width; 
and 3.6, and 9 are for broad peaks. With this system, peak A 
in Figure 1 would be encoded as 3000,6, indicating that the 
peak position is 3000 cm-’ and it is a broad, medium intensity 
peak. Similarly, peak B would be encoded as 3000, 8, Le., a 
strong peak at 3000 cm-l and of average width. Of course, a 
chemist also relies very heavily on peak absence information 
when interpreting an infrared spectrum. As will be discussed 
later, this program utilizes peak absence information as well 
as peak presence information. 

At this stage of development of the program it is conceivable 
that different chemists might encode a spectrum differently 
using the ten codes described above. For this reason some 
latitude has been provided in many of the subroutines. In the 
future, we plan to digitize spectra directly as they are recorded 
using an A/D converter. A preprocessor program would be 
written to reduce the digitized spectra to the codes required 
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Figure 2. Portion of the spectrum of 4-methylpentanoic acid. Origi- 
nal-data from Silverstein and Bassler.l6 

by the infrared interpreter. This approach requires a thor- 
oughly tested set of rules to define “broad”, “average”, and 
“sharp”. 

In most cases, the method of digitizing spectra used for this 
program has been found to be quite satisfactory. However, 
there are still a few instances in which a chemist would have 
little difficulty associating an absorption pattern with a 
functional group, but the program does have difficulty. The 
value of the interactive nature of the program becomes ap- 
parent in those cases. As an example, a portion of a spectrum 
of 4-methylpentanoic acid is drawn in Figure 2. To the 
chemist, it would be fairly obvious that the absorption pattern 
shown results from a strong C-H stretch peak being super- 
imposed on the broad 0-H stretch peak characteristic of a 
carboxyl group. However, if asked to digitize the same ab- 
sorption pattern, the result would probably be 3020,O; 2920, 
8; 2880,O; 2650,O. Since the “rules” state that a carboxylic acid 
should have a broad peak in the 0-H stretching region, yet 
no broad peak is indicated by the digitized data, the program 
understandably has some difficulty. The carbonyl peak and 
the peak around 920 cm-’ due to out-of-plane bending of the 
bonded 0-H are both present and indicative of a carboxyl 
group, but the 0-H stretching region causes ambiguity. 
Rather than simply instructing the program to venture a 
guess, the interactive nature of the program is exploited. The 
user is confronted with the following question. “You input a 
strong and average peak between 3150 and 2850 crn-’. Is this 
peak part of a broad envelope of peaks in that region?” Based 
on the user’s response, a more intelligent decision can be made 
regarding the presence or absence of a carboxyl group. 

Discussion 
Part of what makes this interpretation program novel is that 

it is a very ambitious undertaking. Nearly all statistical pat- 
tern classification procedures involving infrared data attempt 
to discriminate between fewer than 15 functional groups. In 
his paper, Gray15 does not indicate the number of classes for 
which his program tests. The information returned by the 
program described in this paper is categorized among the 
classes shown in Table I. Discrimination between 25 major 
classes is attempted, a number that is not too much larger than 
the number of classes investigated in some previous 
works.12-14 However, this program attempts considerably 
more discrimination. Nearly all of the major classes are di- 
vided into several subclasses that deal with the environment 
of the functional group (substitution patterns, a,@ unsatura- 
tion, etc.). Thus, counting both major classes and subclasses, 
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Table I. Major Classes and Their Associated Subclasses - 
1 ACETAL or KETAL 
2 ACID, CARBOXYLIC 

a. saturated 
b. a,@-unsaturat.ed 
c. a-electronegative group 
d. pyridinecarboxylic acid (or similar to one) 

3 ACIDHALIDE 
4 ALCOHOL 

a. phenol 
b. primary 
c. secondary 
d. tertiary 
e. primary-a-unsatn or branch“ 
f. secondary-a-rinsatn or branch 
g. tertiary-a-unsatn or branch 
h. secondary-a,ct’-unsatn and/or branch 
i. tertiary-a,@’-iinsatn and/or branch 
3 .  tertiary-a,o’,cl”-unsatn and/or branch 
k. secondary contained in ring 
1. tertiary contained in ring 

a. saturated 
b. a,@-unsaturated 

a. primary amide 
b. secondary amide 
c. tertiary amide 
ti. lactam 

5 ALDEHYDE 

6 AMIDE 

(1) 4 members 
(2) 5 members 
( 3 )  6 or more members 

(1) primary carbamate 
(2) secondary carbamate 
( 3 )  tertiary carbamate 

e .  carbamate 

7 AMINE 
a. primary amine 
1). secondary amine 
c. tertiary amine 
d. aromatic amine (primary, secondary, 

or tertiary) 
e. C=CNR2 
f .  NH3+ 
g. NH2+ 
11. NH+ 

8 ANHYDRIDE (of carboxylic acid) 
a. linear, saturated 
b. linear, a,@-unsaturated 
c. cyclic, 5 members 
d. cyclic, 6 members 
e. diacyl peroxide 

a. thiophene 
b. furan 
c. pyrrole 
cl. other aromatic 

9 AROMATIC 

(1) monosubstituted benzene 
(2)  1,2 disubstituted 
(3) 1,3 diwbstituted 
(4) 1,4 disubstituted 
(5) 1,2,3 trisubstituted 
(6) 1,2,4 trisubstituted 
(7) 1,3,5 trisubstituted 
(8) 1,2,3,4 tetrasubstituted 
(9) 1,2,3,5 tetrasubstituted 

(10) 1.2,4,5 tetrasubstituted 
(11) pent,asubstituted 
(12) a-naphthalene 
(13) @-naphthalene 
(14) pyridine 
(15) pyrazine 
(16) pyrimidine 
(17) purine 

10 AZO COMPOUNDS 
11 C:=C (nonaromatic) 

a. CHR=CHz 
b. CHRzCR2 
C .  CH2=CR2 
d. trans-CHR=CHR 
e.  cis-CHR=CHR 

12 CARBOXYLATE ANION 
a. metal salt 
b. ammonium salt 
c. amino acid zwitterion 

a. saturatedb’c 
k). saturated acetate 
C .  saturated formate 
d. linear with unsatn a to carbonyl 
e. benzoate 
f .  linearb with unsatn a to oxygen 
g. acetate with unsatn a to oxygen 
h. benzoate with unsatn a to oxygen 
i. linear with a-unsatn on both sides 
j ,  6 (or greater) member lactone 

13 ESTER (of carboxylic acid) 

(1) saturated 
(2)  unsatn a to C=O 
(3) unsatn a to 0 

(1) saturated 
(2) unsatn a to C=O 
(3) unsatn a to 0 

IC. 5 member lactone 

14 ETHER 
ii. saturated 
b. a,@-unsaturated 
c. epoxide 

15 HYDROXYLAMINE 
16 IMIDE 

a. linear 
1). cyclic, 5 member 
c. cyclic, 6 member 
ti. cyclic, 5 member with a,@-unsatn 
e .  cyclic, 6 member with a,p-unsatn 

17 IMINE 
18 KETONE 

a. saturated (inc. 6 member ring) 
1). PhCOR 
c. PhCOPh 
d. a,@-unsaturated 
c. a$-y,d or a,P-a’,pl-unsatd 
1’. 5 member ring 
6;. 4 member ring 
11. a-diketone 
i. quinone (1,2 or 1,4) 
j. chelate 

19 MERCAPTAN 
20 METHYL 

21 NITRO or NITROS0 COMPOUNDS 
ii. gem-dimethyl 

ti. nitrite 
1,. nitrate 
c. nitramine 
d. nitro, saturated 
e. nitro, a$-unsaturated 
1‘. nitro, aromatic 
g. nitro, a-electronegative group 

22 OXIME 
23 SULFUR-OXYGEN COMPOUNDS 

a. sulfinate 
1). sulfonate 
c. sulfonamide 
d. sulfone 
e. sulfonic acid 
1‘. sulfoxide 

24 THIOCARBONYL COMPOUNDS 

25 TRIPLE BONDS or CUMU- 
LATIVE DOUBLE BONDS 
a. internal acetylene 
b. terminal acetylene 
c. saturated nitrile 
d. a,@-unsaturated nitrile 
e. saturated isonitrile 
f .  a,@-unsaturated isonitrile 
g. thiocyanate 
h. isocyanate 
i .  isothiocyanate 
j. azide 
k. carbodiimide 
1. diazo compounds 
m. ketene 
n. allene 

a There is either tu,@ unsaturation or the carbon atom a t,o the alcohol group is branched. Except acetate. Except formate. 
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decisions concerning 159 classes must be made. I t  is most 
important for the program to make correct decisions con- 
cerning the major classes. For example, the program must be 
able to identify correctly that the compound is aromatic. 
Should it also be able to determine that the compound is a 
monosubstituted benzene, that information is considered as 
a bonus. 

Discrimination between all 159 classes in Table I using only 
infrared data is virtually impossible for many compounds. For 
example, the standard positions for the C-0 stretching bands 
attributable to primary and secondary alcohols are 1050 and 
1100 cm-l, respectively. If the secondary alcohol is part of a 
ring, the C-0 stretching band is lowered by 50 cm-l. Thus, 
both primary alcohols and secondary alcohols in a ring should 
have a band near 1050 em-’ and discrimination between them 
may not be possible, assuming that the molecular formula does 
not preclude the presence of a ring. Yet each type of alcohol 
is listed as a separate subclass in Table I (alcohol subclasses 
b and k). Remembering the purpose of this program, no in- 
consistency exists. The program is designed to assist the 
chemist by making him aware of the various possibilities. To 
this end, it is best if the program returns information to the 
chemist pertaining to E I S  large a number of classes as possible, 
even if many times it is not possible to  distinguish between 
some of the classes. 

As stated earlier, the program attempts to simulate the 
reasoning employed by a chemist in interpreting an infrared 
spectrum. Unfortunately, a chemist has difficulty verbalizing 
the reasoning that he uses. When he looks a t  a spectrum, the 
chemist instantaneously makes decisions concerning the 
presence or absence of certain more obvious functional groups 
based upon the presence or absence of the patterns he has 
come to associate with those functional groups. However, the 
computer must be told in what order to consider the classes. 
If several chemists were asked to specify the order in which 
they consider the functional groups, each might give a dif- 
ferent response. With certain exceptions, the order in which 
the classes are considered is probably not overly crucial. If one 
chemist chooses to consider acids first and aromatics second, 
while another chemist chooses the reverse order, both chem- 
ists should probably reach the same conclusions concerning 
the spectrum. Howevw, it would be unwise to consider the 
ether class first, as thie only prominent bands in ethers are 
caused by C-0 stretching, a phenomenon that occurs in sev- 
eral other classes that are more readily identified (e.g., alcohols 
and esters). Thus, one should consider the ether class suhse- 
quent to esters and alcohols. 

The program consists of 25 hard-coded subroutines, one for 
each of the major classes. Each functional group is considered 
in turn, and its presence or absence is determined by the 
patterns the program has been instructed to recognize. Some 
interdependence among the subroutines does exist. As an 
example, if the program determines that the compound is an 
alcohol, but does not contain a benzene ring, there is no point 
in considering the phenol subclass. Likewise, if the compound 
contains only two oxygen atoms and the program determines 
from the spectrum that the compound is definitely an ester, 
no further testing of‘ o vygen containing functional groups is 
performed. 

All routines are coded in FORTRAN IV. The program re- 
quires approximately 30K words of core on the Arizona State 
University Univac 1110 computer. 

Results and Examples 
The development and improvement of an artificial intelli- 

gence interpretation program follows a cyclic pathway. Fol- 
lowing the initial writing of the program, it is tested using 
sample spectra. Based on any erroneous results, improvements 
are made in the program. The revised version is then tested, 

with additional changes resulting from any errors that are 
found. The cycle continues and never actually terminates with 
this type of program. As more samples are tested, new errors 
might appear, necessitating new improvements in the pro- 
gram. Once the program has been debugged, any changes may 
be considered as adding new “rules” to the program’s collec- 
tion (or possibly an exception to an existing “rule”). 

Two examples will serve to illustrate this cyclic develop- 
ment process. The original data are from Nakanishi,17 and the 
results described are obtained using an earlier version of this 
program. Spectrum C includes a strong peak at  1710 cm-’ and 
two broad, medium intensity peaks, one at  3000 cm-’ and one 
at  935 cm-l. Not surprisingly, the earlier version of the pro- 
gram found that compound C is a carboxylic acid, which it is 
(propionic acid). Spectrum D has a strong peak at  1703 cm-l 
and a weak peak at  940 cm-l. While these two peaks might 
possibly originate from a carboxylic group, especially an 
a,@-unsaturated carboxylic acid, no peak appears in the 
3000-cm-1 region. Thus, the earlier version of the program 
understandably found compound D to be a nonacid, when in 
fact, D is 2-methylpyridine-5-carboxylic acid. This compound 
illustrates the need for an exception to the “rules” for cate- 
gorizing carboxylic acids. Pyridinecarboxylic acids, unlike 
conventional dimeric acids, produce broad peaks near 2450 
and 1900 cm-l rather than the usual peak near 3000 c113-l.’’ 
So the present version of the program considers this additional 
possibility, and correctly suggests that compound D might be 
a pyridinecarboxylic acid. 

The program has been developed using 243 different 
spectra, originating from a variety of sources. All spectra for 
which their compounds are shown (containing C, H, 0, N, S, 
halogen, or metal atoms) from the books by Silverstein and 
Bassler,16 Nakanishi,17 and Pasto and Johnsonla are included 
in the test set. Three additional sources of spectra are the 
Sadtler c o l l e ~ t i o n , ~ ~  Umezawa’s index of antibiotics,20 and an 
article by Hayden et a1.21 

I t  would be unrealistic to expect a program to select only 
the correct classes from the 159 possible classes every time. 
A chemist could not perform with absolute accuracy, and since 
the program parallels the reasoning of a chemist, it should be 
expected to perform nearly as well as the chemist, but no 
better. The most important function of the program is to 
suggest logical possibilities to the chemist, not to make the 
final decisions for him. With this function in mind, the pro- 
gram is designed to return one of five confidence values for 
each of the 159 classes, with selection of the confidence levels 
in any given example being based upon how well the “rules” 
for each class are obeyed. The values range from 0 to 4, and 
expressed in words, their meanings may be considered as: 0,  
definitely absent; 1, low probability of being present; 2, me- 
dium probability of being present; 3, high probability of being 
present; 4, definitely present. Obviously, the most grievous 
errors are cases in which the program returns 0 for a functional 
group that is present or 4 for a group that is absent. 

Space limitations prevent discussion of all the examples. 
To aid in describing the achievements of this program, the 243 
compounds are divided into four groups (A, B, C, and D). 
Group A, which consists of 177 compounds or 72.8% of the test 
set, contains those spectra for which no incorrect answer has 
a higher probability of being present than a correct answer. 
Thus, if three of the 25 major classes are present in the com- 
pound, the program returns confidence values for those three 
classes that are greater than or equal to the values for any of 
the other major classes. Likewise, with the subclasses associ- 
ated with any major class that is present, the subclass that is 
correct has the highest (or tied for the highest) probability of 
all the remaining subclasses. A few brief examples from the 
test set should clarify the situation. Chart I shows a repre- 
sentative sample from group A. Structure 1 from that figure, 
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Chart I. Representative Set of Group A Compounds 
"2 

PhCH(OH)CH, c j  oe (CH,),N+CI- 
4 0 1 

3 \ 
NO? 

2 
CH CH3 +, 

OCH, & 
I 
CH=CHCH, 

I 
NHCO,C"(CH,), 

1-phenylethanol, contains three major functional groups: 
aromatic, alcohol, and methyl. The program correctly iden- 
tifies those three groups with confidence values of 4,4 ,  and 3, 
respectively. The output for all the remaining major classes 
equals 0. The program determines that four of the aromatic 
subclasses are plausible for this case, but the one with the 
largest confidence value is the monosubstituted benzene class. 
Finally, the program must consider the alcohol environment. 
Three alcohol subclasses have nonzero values, one of which 
is the secondary alcohol with a-unsaturation subclass. In this 
instance, all three alcohol subclasses have a value of 2; thus 
the correct answer is tied for the highest probability. 

The complete output, including the confidence values, for 
five other compounds from Chart I is shown below. Major 
classes are indicated by capital letters. 

rn-Nitroaniline: AROMATIC, 4; NITRO or NITROS0 
COMPOUND, 4; aromatic nitro, 4; AMINE, 4; primary amine, 
3; aromatic amine, 2 

Succinic anhydride: ANHYDRIDE, 4; five-membered 
cyclic anhydride, 3 

2 

3 

4 Tetramethylammonium chloride: METHYL, 2 

5 Camphor: METHYL, 3; gem-dimethyl, 3; KETONE, 
3; five-membered ketone, 2; C=C (NONAROMATIC), 1; 
cis-CHR=CHR, 1; CHR=CRz, 1 

Furfuryl acetate: ESTER, 4; acetate, 4; METHYL, 3; 
AROMATIC, 2; furan, 2; ETHER, 2; unsaturated ether, 2; 
epoxide, 2; C=C (NONAROMATIC), 2; CHR=CR2,2; cis- 
CHR=CHR, 2; CHR=CH2, 2; trans-CHR=CHR, 1; 
CH2=CR2, 1; KETONE, 1; unsaturated ketone, 1; five- 
membered ketone, 1 

The spectrum of m-nitroaniline was run in chloroform so- 
lution; thus one cannot determine the benzene substitution 
pattern. Also, quaternary ammonium salts produce no char- 
acteristic bands in the infrared,18 so the methyl class is the 
only correct response. Once again, all 177 members of group 
A have the correct major classes and subclasses returned with 
the highest probability or tied for the highest probability. 

Several of the 35 members of group B are shown in Chart 
11. To qualify for group B, the correct major classes must once 

6 

0 
7 

CH, 

\ 
SO:ICH3 0 

again be a t  least tied for the highest probability; however, a t  
least one incorrect subclass has a higher confidence value than 
a correct subclass. For example, the spectrum of chloram- 
phenicol (7) results in the following output for the major 
classes. 

Amide, 4; nitro or nitroso, 4; aromatic, 3; alcohol, 3; nonar- 
omatic C=C, 2; ether, 1; methyl, 1; ketone, 1 

The four correct major classes have the largest confidence 
values. However, among the subclass output, the program 
finds a 1,2,4-trisubstituted benzene to be more likely than a 
1,4-disubstituted benzene. So the 35 group B members have 
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some problem in the subclass output. Since it was already 
stated that correct subclass information is considered a bonus, 
the members of group B should certainly be deemed correct 
answers. 

Group C contains the remaining compounds for which all 
correct classes have nonzero confidence values, and no in- 
correct class is claimed definitely to  be present. For all 24 
group C compounds, at least one incorrect major class has a 
greater confidence value than one or more of the correct major 
classes. Amicetin, structure 8 (Chart 111), provides an example. 

Chart 111. Representative Set of Group C Compounds 
C K  

0 

~ C H z ! ! C O $ H z C H 3  

NO, 0 

o 0 
OH 

NHp CH,OH 

OH --- 

OH OH OH 
I 

CHCH, (CH-CHJS- 
I I 

1 
n-CjH,,CH-- 

CH I 
I co 
0 
I 
I I 

CH3CHCH--(CH=CH)r-CH=C-CH- OH 
1 
CH3 

I 
OH 

The program finds that amicetin might be aromatic (confi- 
dence = 3), an amide (:I), an amine (3), an ether (3), an alcohol 
(l), and an acetal or ketal (l), all of which are correct, but i t  
also finds that  other possibilities are a ketone (3), an azo 

compound (2), and a nitro or nitroso compound (3), all of 
which are incorrect and have a larger confidence value than 
two of the correct classes. So for group C, the correct classes 
are all nonzero, but not all the correct classes are the most 
probable. 

Only 7 of the 243 test set members (2.9%) produce errors, 
either a response of 4 for a group that is not present in the 
molecule, or 0 for a group that is present. Since a major ad- 
vantage of this type of programming is the capability of al- 
tering the program to eliminate the mistakes, it would be 
beneficial to examine each of the seven group D compounds 
more closely (Chart IV). Nifuroxime (9) is said to contain an 

Chart IV. The Seven Members of Group D 
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CH, 
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F C O N H $ F  O&CH$H(CH3)2 

n-C,H,, 
0 ~ ~ ~ 3  

NHCH 0 II 
0 

OCH, 
14 

13 

15 

aromatic nitro (4), an oxime (3), and a furan (2), but the pro- 
gram also finds sufficient evidence to believe that an aliphatic 
nitro group is definitely present. I t  realizes one of the nitro 
responses is incorrect, but leaves it to the chemist to determine 
which one, a relatively easy task in this example. 

Enteromycin carboxamide (10) again produces all the cor- 
rect classes, trans-CHR=CHR and primary and secondary 
amide, but also results in a confidence of 4 for a primary 
amine. In the spectra of anisomycin (1 1) and streptimidone 
(12), the 0-H stretching band of the alcohol is not evident. 
The band position and intensity are very likely altered by 
hydrogen bonding. Similarly, in the spectra of antimycin A1 
(13) and 2-hydroxy-4-methoxyacetophenone (14), the 0-H 
stretch is not apparent. In the case of the chelate (141, the 
absence of the 0-H band is expected, and since the program 
returns a confidence of 2 that the compound is in fact a che- 
late, the chemist should have little difficulty rectifying the 
situation. The carbonyl band due to the amide group in 
structure 13 is likewise not evident. Finally, the spectrum of 
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angustmycin A (15) has a strong peak a t  1652 cm-l (probably 
due to the C=C adjacent to an oxygen) and a shoulder at 1612 
cm-'. The program mistakenly identifies these peaks as the 
amide I and amide I I bands of a secondary amide, and thus 
returns a value of 4 for the amide class. The program does 
inform the chemist that an unsaturated ether is a possibility, 
so the chemist is alerted to the correct functional group. 

Of the seven errors, it is evident that the most common 
problem is the lack of the expected 0-H stretching band in 
compounds with strong hydrogen bonding. Thus, the chemist 
would be wise to verify the alcohol results by some supple- 
mentary experimental evidence, such as an NMR !spec- 
trum.22 

Finally, an example is presented for which the approach 
used by the program is described, without going into pro- 
gramming details. The compound is N-benzoyl-p -toluidine, 
and Nakanishil' supplies the original data. 

As input, the propipam asks whether the spectrum was ob- 
tained from a solution (no), asks for the molecular formula 
( C I ~ H ~ ~ O N ) ,  and asks for the peak positions and intensity and 
shape code for each peak (3298 8,3057 2,2910 2,2849 2,1649 
8,1602 5,1582 5,1522 8,1494 5,1450 2,1407 5,1322 5,1302 
5,1271 5,815 7,692 5 1. Since the formula indicates a sufficient 
amount of unsaturation (nine double bond equivalentsi, the 
program tests the aromatic class first. Similar to the approach 
a chemist would use, the program checks for peaks that it has 
been instructed to associate with aromatic groups. The peaks 
at  3057,1602,1494,815, and 692 cm-l are all a t  positions re- 
quired by the "rules" for aromatic presence. The program 
finds sufficient evidence to return the highest confidence value 
for the aromatic class. The strong peak at  815 cm-l suggests 
a para-substituted benzene as one possibility, and the program 
finds the three most probable substitution patterns to be para, 
1,2,4-, and mono. Other possibilities are suggested, including 
pyridine. However, the final output will exclude pyridine, a 
fact that will be discussed later. 

Since the program is satisfied that the compound contains 
an aromatic ring, four double bond equivalents are subtracted 
from the original total, three for the double bonds and one for 
the ring. Any time a confidence of four i s  found for a class, the 
appropriate atcimrj and double bond equivalents are sub- 
tracted from the formula 

Next the program checks for a possible carbonyl peak. 
Finding one, it checks several classes. The carboxylic acid, acid 
halide, acid anhydride. carboxylate anion, ester, and imide 
classes are all excluded from consideration owing to insuffi- 
cient atoms of one type or another in the formula. After testing 
the aldehyde class "rules" and finding no evidence for an al- 
dehyde, the program tests the amide class. The 3298,1649, and 
1522 cm-1 peaks all (closely obey the "rules" for a secondary 
amide and the program determines that the compound is 
definitely an amide. Thus, one additional unsaturation site 
is accounted for as wt.11 as the oxygen and nitrogen atoms. No 
subsequent classes that require any atoms other than carbon 
or hydrogen are tested. The ensuing tests find evidence to 
suspect methyl group presence. In addition, following the first 
check of all the classes, any classes with nonzero confidence 
values are rechecked to ascertain whether sufficient atoms of 
the proper type still remain. During the rechecking phase, the 
program realizes that since no nitrogens remain unaccounted 
for, it is not possible for the compound to contain a pyridine 
group and the conficence value for that subclass is changed 
to zero. 

This example has ignored many of the programming details 
and has greatly simplified the "rules" employed for the various 
classes. However, it does illustrate the approach used and that 
the program attempts to utilize all the information at  its dis- 
posal in order to  return only logical interpretation results to  
the chemist. 

Conclusions 
As stated earlier, the developmental stage of this type of 

interpretation program never actually reaches completion. 
If a chemist were able to do a better job of interpreting any of 
the test spectra than the program is able to do, then it should 
be possible to include whatever reasoning the chemist used 
in a new version of the program. This new version would then 
be expected to return the correct interpretation. This type of 
program can only be expected to approach the abilities of the 
chemist, and not to surpass them. However, it does perform 
its interpretation much more quickly than a chemist. It must 
be remembered that the goal of this work is only to develop 
a tool to aid the chemist and not to replace the chemist. 
Considering that the program attempts to test far more classes 
than has ever been attempted previously. obtaining an actual 
wrong response for only 2.9% of the test spectra should be 
evaluated as a definite fulfillment of that goal. 

Obviously, infrared spectroscopy has some limitations in 
the field of structure elucidation. For this reason, the chemist 
performs additional experiments to aid in the decision making 
process. Thus, it would be unrealistic to expect an infrared 
spectral interpretation program to solve all problems. 
Sometimes information from other sources is needed. While 
this one program by itself would be a valuable asset to any 
structure elucidation scheme, information gained from mass 
spectral data and NMR data would enhance the scheme even 
more. To this end, this research group is in the process of de- 
veloping similar interactive interpretation programs to ana- 
lyze other types of spectra. 
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