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Abstract:

The repertoire of the computer program Heuristic DENDRAL has been extended to the solution of un-
known saturated amines from their mass, and, when available, nmr spectra.

From a library of 93 saturated amine

mass spectra, 37 of which were supplemented by nmr data, the correct solution always appeared in the answer.
The utilization of mass spectra alone resulted (Table I) in a drastic curtailment of the total search space, while if

nmr data were available the final output consisted usually of one entry, the correct solution.

As is apparent from

Table 1, the first part of the program, the PRELIMINARY INFERENCE MAKER, is capable of solving problems where the

total search space far exceeds one million isomers.

Previous publications »* have described the results of
computer interpretation of the low resolution mass
spectra of aliphatic ketones and ethers. In the case
of ethers a program was added to utilize nmr data (if
available). The heart of the computer program (called
Heuristic DENDRAL) was the DENDRAL algorithm which
constructs complete and irredundant lists of aliphatic
molecules or radicals, in a linear notation, corre-
sponding to any desired empirical formula. Our
general approach to the computer interpretation of
mass spectra begins with the domain of all possible
structures which might a priori fit the experimental
data. In order to expand the challenge to more com-
plex situations we decided to approach the general
solution of the mass spectra of saturated amines, since
for any given number of carbon atoms, the number of
possible saturated amines is considerably larger than
for aliphatic ketones or ethers.® It should be em-
phasized that our purpose has been to demonstrate the
feasibility of the Heuristic DENDRAL approach solely to
those classes of compounds that offer new problems
rather than to one functional group after another.

The basic approach to the problem of interpreting
low resolution mass spectra, with the aid of nmr data
if desired, is described in our earlier publication®
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dealing with saturated ethers and can be summarized
in the following paragraph.

Heuristic DENDRAL is divided into three main sub-
programs called PRELIMINARY INFERENCE MAKER, STRUC-
TURE GENERATOR, and PREDICTOR. The first part
finds which particular structural features are consistent
with the mass spectral data and the elementary com-
position of the compound studied. Its output is then
sent to the STRUCTURE GENERATOR which builds an
irredundant and complete list of structures compatible
with the information supplied by the PRELIMINARY
INFERENCE MAKER and the constraints imposed by
BADLIST. %> Each generated structure is then given
as input to the PREDICTOR which predicts significant
peaks of its mass spectrum. The program either
rejects the candidate or accepts it depending upon the
fit of the predicted spectrum with the experimental one.
Finally the accepted candidates are ranked from the
most to the least plausible.’

The PRELIMINARY INFERENCE MAKER has now been
improved by incorporating much more mass spectro-
metric theory about fragmentation mechanisms, and by
using nmr data at an early stage. This paper will
now describe how this program infers plausible sub-
structures from mass spectra and nmr data of saturated
amines. As will be shown in this paper, the efficiency
achieved in the PRELIMINARY INFERENCE MAKER Wwith
this class of compounds leads to results which are in
most cases, even for large molecules, precise enough
such that the two other phases of Heuristic DENDRAL
(STRUCTURE GENERATOR and PREDICTOR) need not be
used. This represents a somewhat different application
of Heuristic DENDRAL than the one which was used for

(7) An nmr PREDICTOR is also available to the user at the very end of
the process. It takes as input the structures ranked by the mass
spectrum PREDICTOR and the experimental nmr spectrum, provided it
was completely interpreted. It also either rejects or accepts candidates
in a ranked order depending on how well the predicted nmr spectrum fits
the experimental data.
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Sequence of the decision processes during inference

ethers! and ketones.> It should be emphasized that the
approach employed previously with ketones® (no com-
plete list of superatoms and no nmr data) or ethers!
(no complete list of superatoms and nmr data in-
troduced at the end rather than the beginning of the
pruning process) would not have been sufficient to handle
the problem posed by saturated amines.

The decision processes invoked by Heuristic DENDRAL
in the interpretation of amine mass spectra (supple-
mented by, but not dependent upon, the availability of
nmr data) are schematically represented in Figure 1.
If the composition of the unknown agrees with
C.Hi,+3N, the program extracts (decision ‘‘AMINE
RULES,” Figure 1) from memory the rules pertinent to
amine mass (and nmr) spectra.

In order to approach the solution of an unknown low
resolution mass spectrum of any saturated amine, it
was necessary to define a complete set of possible amine
subgraphs (i.e., superatoms)® which could be inferred
from the data. This is conveniently accomplished by
using a combination of the four symbols T, S, P, and
M for the superatom names. In this convention the
number of symbols in a name refers to the number of
a-carbon atoms bound to nitrogen, from one for
primary amines to three for tertiary amines. The
symbols themselves give the number of free valences on
each a-carbon atom: P for one, S for two, and T for
three free valences (see 1, 2, and 3). The canonical
order of the symbols is T > S > P > M. Wiih this
imposed order, PMM is the triplet chosen to represent
the subgraph 4 instead of the equivalent but non-
canonical names MMP and MPM. Using this nomen-
clature 31 superatoms® can be constructed from all

(8) As described in previous publications!**a superatom is defined as

a structural subunit having at least one free valence. In the present
context only carbon atoms can be attached to the free valence(s).

possible combinations of the four symbols T, S, P, and
M. Some additional examples of the use of this short-
hand structure representation are listed below.

l |
H,N—CH H,N—C—

H,N—CH,— l
|
1, P 2,8 3T
|
(CH3),—N—CH,— —CH,—NH—CH,— CH3—II~I—C—
|
_CIH
4, PMM 5, PP 6, TSM
|
—éH—N—CH— —CH,—N—CH,— —CHg—NH—éH—
CH:— CH,—
7, SSP 8, PPP 9, SP

This notational scheme of representing the partial
structure of saturated amines offers two major ad-
vantages. First, it is completely exhaustive. Thus,
any saturated amine contains a subgraph which must
belong to one and only one of the 31 superatoms. The
second advantage is the ease of translation from a
partial chemical structure and vice versa. The name
of a superatom contains all the information needed
for writing rules and conditions which will have to be
satisfied by the data if the superatom is going to be an
acceptable candidate (weight, free valences, rearrange-
ment possibilities, etc).

In applying the proper processes to validate a
particular superatom, the PRELIMINARY INFERENCE
MAKER program is controlled by a table. To change
the action of the program one need only change a
table of superatom names and associated spectral
features of molecules containing these superatoms.
This way of driving the action of the program enables
the user to change his mind about the properties he
would expect to find in the mass spectra of compounds
of any superatom class. Thus, before testing each
superatom the program inquires in the property table
about which processes should be used.

All 31 superatoms are initially found on a list, called
GOODLIST, and each superatom is then tested for con-
sistency with the experimental data, and either kept on
GOODLIST or removed from it according to the results
of the various tests. The first test is depicted in Figure
1 as “size.” The program compares the carbon content
of the elementary composition with the number of
carbon atoms required to construct the smallest mol-
ecule from the superatom by addition of only methyl
groups to the free valences. If a superatom requires
more carbon than is available to build the smallest
molecule, that superatom is discarded from further
consideration at this very early stage.

In our previous publication! concerning the ability
of Heuristic DENDRAL to interpret low resolution mass
spectra of saturated ethers, fully interpreted nmr data,
if available, were used at the very end of the pruning
process. This was done to test the validity of each
candidate accepted by the mass spectrometric part of
the program. With saturated amines, however, it was
found desirable to introduce nmr data (if available) at
the same time as the mass spectrum, viz., in the PRE-

(9) In addition to these 31 superatoms there exist three more mole-
cules, M, MM, and MMM, which translate to methylamine, dimethyl-
amine, and trimethylamine, respectively.
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LIMINARY INFERENCE MAKER program. Thus, as soon
as the program has normalized the amplitudes of the
peaks in the mass spectrum and removed any improb-
able mass points (e.g., M — 4 through M — 14) it
accepts the nmr data. It should be stressed that the
program does not require nmr input, such that if these
data are unavailable, the program bypasses the nmr
subroutine and proceeds directly to examine the mass
spectrum. Neither does the program require com-
pletely interpreted nmr data; it is able to accept partial
information from an nmr spectrum.

The nmr spectrum can be supplied to the program in
different ways; if it is easily interpreted (no doubts
about the multiplicity of the different carbon-bound
methyl signals and an integration curve available) the
nmr spectrum is given as a list of sublists in which
each sublist is composed of three elements: the chem-
ical shift (), the number of protons responsible for
the signal (n), and one of the following symbols S, D,
T, Q, or M to denote the multiplicity of the signal
(singlet, doublet, triplet, quartet, or multiplet, re-
spectively). The supplied nmr data then have the
form

((8, ny, multy)- - - (& n; multy)- - - (8, 1, mult,))

If the multiplicity of the methyl signals in the nmr
spectrum is not readily apparent, as for example in the
spectrum of N-methyl-N-propyl-n-hexylamine (10), the
first sublist will contain the total height of the integra-
tion curve vs. the height at 6 = 1.1 ppm (Figure 2,
run 1). The program will know that it has to calculate
the number of carbon-bound methyl radicals by using
the integral information and the number of hydrogen
atoms in the compound (found by the program from the
given empirical composition).

CH;CH,CH,—N—CH,CH.CH,CH,CH,CHj;

l
CH,

10

Sometimes, when no integration curve is available
and the spectrum is not first order, some information
can still be extracted easily from the nmr spectrum.
Thus the presence of a sharp singlet in the N-methyl
region will be used by the program and it will know
that no significant information could be extracted
from the C-methyl region of the nmr spectrum.

The program first examines the nmr spectrum to
determine what kind of information was supplied
and to decide how it should count the number of
C-methyl groups. Thus the program looks first for
signals at & < 1.2 ppm (either singlets, doublets, or
triplets) and ensures that they originate from a number
of protons exactly divisable by three. Otherwise the
calculation is performed by using the two values from
the integration curve and the total number of hydrogens
in the compound.!! Should neither of these two
quantities be supplied, the program answers “NoO
INFORMATION” and no negative decision is made
concerning the minimum number of methyl radicals
needed to keep on GOODLIST the superatom under test.

(10) The chemical shifts are standardized against § = 0 ppm for
tetramethylsilane,

(11) If A = total height, B = height in C-methyl region, and N =
number of hydrogens in the elementary composition, the integer value of
the relation (((B/4) X N)/3) is returned,
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Figure 2
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Figure 2. PRELIMINARY INFERENCE MAKER outputs
methyl-n-propyl-n-hexylamine (10) as an unknown.
ly interpreted nmr spectrum.

The nmr program then counts the number of nitro-
gen-bound methyl groups by searching for a singlet
signal at § = 2-4 ppm. If the number of hydrogens
responsible for the signal is exactly divisable by three,
the program considers it as a signal due to nitrogen-
bound methyl group(s) only after having performed
some validation tests in order to ensure, for example,
that the signal does not originate from 3 (or 6) hy-
drogens on the a-carbon atoms, all these carbon atoms
being tertiary. Even if no integration curve is avail-
able, a singlet in the N-methyl region still means that
at least one such methyl is present. In this case a
question mark printed in place of the number of hy-
drogens causes the program to answer that there are
either one or two nitrogen-bound methyl groups.
The decision of keeping or rejecting a superatom will
then be made on the basis of these two possibilities
(see Figure 2). With our example (N-methyl-n-propyl-
n-hexylamine) the nmr spectrum was supplied with or
without an integral curve (see runs 1 and 2 of Figure 2).
In the case of run 1 the program finds the correct
number of N-methyl groups. However, when no
integral curve is supplied (run 2), the presence of
a sharp singlet at 6 = 2.2 ppm is a clear indication of
the presence of one or two N-methyl groups. The total
number of methyl groups, provided both the number of
C-methyls and N-methyls had defined values, is re-
membered under the name TOTALMETHYLCOUNT,!?2
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Figure 3. Effect of the different tests upon the pruning of Goob-
LIST with N-methyl-n-propyl-n-hexylamine (see run 1 in Figure 2 for
supplied data).

and the number of N-methyl groups under the name
NMETHYLCOUNT.

Finally, the program counts the number of a-carbon
bound protons, provided no nitrogen methyl signals
were found. It searches the nmr spectrum for signals
at & > 2.2 ppm having any multiplicity, and stores the
value under the name HYDCOUNT. In our example
(Figure 2), as an N-methyl group is already identified,
the program does not search for signals originating
from a-carbon hydrogens.

Having exhausted its survey of the nmr spectrum,
the inference program commences its examination
of the 31 superatoms on GOODLIST.

As the first necessary condition, each superatom has
a number (m; — 1) where m,; represents the minimum
number of methyl groups (1 for P, 2 for S, 4 for SS, up
to 9 for TTT) which must be validated by the nmr
subroutine for the superatom under test to remain on
GooDLIST. The superatom passes this test (decision
“TOTALMETHYLCOUNT,”’ Figure 1) only if the number
of methyl groups which the program finds exceeds
m; — 1; otherwise it is deleted from GOODLIST at this
very early stage, and will not be tested further. As
shown in Figure 3 for N-methyl-n-propyl-n-hexylamine,
19 superatoms out of the remaining 29 (two were already
eliminated by the test referred to as ““size”” in Figure 1)
are removed from GOODLIST by this test.

A second necessary condition, also related to the
structure of each of the 31 superatoms, requires that
the number m, of N-methyl groups found from the nmr
spectrum must be the same as the number of M’s in the
superatom name. Any superatom requiring a number

(12) The program stores parameter values under identifiable names
such as this for later use,

of nitrogen methyl groups different from that found by
the program is deleted from GoopLisT. If the value of
NMETHYLCOUNT is 1, for example, only superatoms with
one M intheir name are tested further. Should the value
of NMETHYLCOUNT be partially undefined (1 or 2), only
superatoms with 1 or 2 M’s in the name would pass the
test, and should it be totally undefined (NO INFOR-
MATION), all superatoms would pass this test (decision
“NMETHYLCOUNT,” Figure 1).

If a superatom passes both these tests and has no M
in its name a final nmr test is applied. For each
superatom without M, a value m; related to its structure
(2 for P, 3 for SP, etc.) represents the maximum number
of a-carbon hydrogens which can be found in the
spectrum in order for the superatom to be accepted
for further consideration. If the value of HYDCOUNT
is smaller than that of mj;, the superatom passes the
test; otherwise it is removed from GOODLIST. It
should be pointed out that each superatom requires an
exact number of a-carbon hydrogens, but this number
rapidly becomes small compared to the total number
of hydrogens in the empirical formula when the size
of the molecule increases. Therefore in order to avoid
errors from marginal integration curves it was found
safer to demand that the number found be just smaller
than, or equal to, m;.

If any of the values of TOTALMETHYLCOUNT, NMETHYL-
COUNT, or HYDCOUNT are not defined, the corresponding
test is passed successfully by default,

Following the nmr search the program then con-
fronts the mass spectrum. The first condition pro-
grammed into the mass spectrometry section of the
inference program relates to the well-documented!?® !4
propensity of aliphatic amines to undergo « cleavage
(see 11 — a + b).

o —Rs Lo+ —Ra o+
R A B G S
1

Rx Rll Rl

b 11 a

s .
- +

l |

R1 lil

d [

For superatoms with only one free valence the first
condition (decision ‘“ALPHA:BASE,”’ Figure 1) is that
the only «-fission peak must be the base peak (re-
spectively, 30 (CH;=N+H,), 44 (CH;=N*H—CH),;),
and 58 (CH,=N+*—(CH;),) for P, PM, and PMM),
and the second condition (decision “NoHIGH,” Figure 1)
is that there should be no peaks with an intensity greater
than 109 above the mass of one-half the molecular
weight, provided m/e 30, 44, or 58 is not already
above this limit, a fact which occurs for small mol-
ecules. This condition takes into account the possi-
bility of 8 to e cleavage and the rather improbable
fact of finding intense peaks from cleavage occurring
further away from the nitrogen atom. Since in the
mass spectrum of N-methyl-n-propyl-n-hexylamine (10)

(13) H. Budzikiewicz, C. Djerassi, and D. H. Williams, *Mass
Spectrometry of Organic Compounds,” Holden-Day, San Francisco,
Calif., 1967, pp 297-303,

(14) R. S. Gohlke and F. W. McLafferty, Anal. Chem., 34, 1281
(1962).
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mfe 44 is not the base peak (see spectrum tabulated in
Figure 2), the superatom PM does not pass this test
(see Figure 3).

For any other superatom to be accepted there is a
definite number of a-cleavage fragments which must
be located in the experimental data (decision “NTUPLES,”
Figure 1). The lower mass limit of the a-cleavage
peaks searched for is equal to the mass of the superatom
in question (referred to as ‘“‘overweight”) added to
((n — 1) X 15) where n is the number of free valences
in that superatom. For example the superatom PPP (8)
has # = 3 and a mass of 56 amu, so the search will
begin at mass (2 X 15) + 56), i.e.,, mass 8. The
program, to validate the presence of a PPP subgraph,
must then search the mass spectrum in quest of sets of
three peaks, the sum of the peaks in each set being
equal to [(n — 1) X mol wt) 4 56]. If at least one
of these sets (called ntuples)!'® is found, the a-cleavage
condition is partially satisfied for that superatom.
In the case of N-methyl-n-propyl-n-hexylamine (10),
only SM and PPM remain as valid superatom candi-
dates at this stage of the pruning process. Figure 3
shows why SM is eliminated by this test. For the
superatom PPM the program finds (86, 128) as a
valid ntuple, which translates to (M — C;Hy, M —
C;Hj).

o cleavage is a major fragmentation mechanism only
in those amines which cannot undergo a favored
rearrangement process. This is true of amines having
as subunit certain superatoms which bear this property
in their a-carbon(s) and in their name. For these
superatoms an ntuple will be kept only if the sum of the
intensities of the a-fission peaks exceeds an empirically
determined value of 7097, and only the ntuple with the
highest sum of intensities!® will be accepted (decision
“MAXINTENS,” Figure 1). With our example 10 the
ntuple (86, 128) which is found for PPM has a sum of
intensities in excess of 709 (see spectrum tabulated in
Figure 2) and therefore passes the test.

With secondary and tertiary a-mono- or a-disub-
stituted amines (represented by superatoms with a
name containing more than two symbols disregarding
the M’s, and with at least one S or T) « cleavage still
remains a favored process but the major ion arises
from a well-known rearrangement mechanism (see
11— a—+ b —c+ d). The ntuples are therefore tested
against a less stringent condition for the total intensity
of the a-fission peaks (decision ‘“MIDINTENS,” Figure 1).
For these superatoms, all the ntuples with an intensity
sum greater than 309 are kept for further test. If all
ntuples for a superatom have been eliminated it is
removed from GOODLIST.

Surviving ntuples are then submitted to a further
test (decision “NONEHIGHER,” Figure 1). The program
requires that for each ntuple there be no intense peak at

(15) The term “'ntuple” is used to refer to any set of possible a-
cleavage peaks for a superatom in the context of a particular mass
spectrum. For example, for the superatom SSP (7) and an amine
having a molecular weight of 171 (C.iH2;N), the following sets would be
built as a priori valid ntuples: #n = 5; overweight = 54; sum of peaks
= (4 X 171) + 54 = 738; m/e of lowest a-fission peak possible =(4
X 15) + 54 = 114; possible ntuples: (114, 156, 156, 156, 156),
(128, 142, 156, 156, 156), and (142, 142, 142, 156, 156) (m/e 114 cor-
responds to M — CyHs, m/e 128 to M — C3Hz, m/e 142 to M — C:Hs,
and mfe 156 to M — CH3y).

(16) All intensity values refer to relative abundances with intensity
of the base peak = 100%. All threshold values were chosen on

theoretical trends and corrected so they never eliminate the correct
superatom but still give the maximum pruning effect.
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a mass higher than that of the ion with greatest m/e
present in the ntuple. This rule protects the program
from incorrectly identifying the highest mass a-cleavage
ion, since this latter ion would be expected to have the
greatest intensity of any peak found between itself and
the (M — 1)* ion.” In the mass spectrum of 10
(tabulated in Figure 2) used to illustrate stepwise the
pruning process, no peak with m/e greater than the
mass of the a-fission ion (M — C.H;)* has an intensity
above 109. The correct superatom PPM with its
associated ntuple (86, 128) is therefore not removed
from GOODLIST by this test.

It is well known in mass spectrometry that at 70
eV the larger alkyl group is preferentially expelled
in an «-cleavage fragmentation. The program (de-
cision “BRANCHING,” Figure 1) exploits this concept to
check whether it has correctly identified the ions
resulting from « cleavage. In any ntuple the lowest
mass value should have an intensity in excess of the
next heavier a-fission fragment provided the difference
in number of carbon atoms between the molecular ion
and the heavier a-fission ion is less than three. Should
the difference in mass between the molecular ion and
the high-mass a-cleavage ion be larger than the mass
of a C;H; group then the program requires that the
intensity of the low mass ion be in excess of (0.5 +
0.1 X AC) of the intensity of the higher a-fission ion.*
This process takes into consideration (by reducing the
stringency of the condition and by even allowing the
intensity of the high mass ion to be greater than that of
the low mass ion) the known!? ease of elimination in
a-fission of a tertiary radical over a secondary and a
secondary over a primary. In an ntuple, each a-cleav-
age ion is successively compared to the ion adjacent to
it. The intensity of any a-cleavage ion is always
normalized against the number of its occurrences on
probability grounds. In the case of N-methyl-n-
propyl-n-hexylamine (10), the difference between my/e
128 which is the high mass a-cleavage fragment in the
ntuple (86, 128) and the molecular weight (m/e 157)
represents a C,H;- radical. Since branching is im-
possible in an ethyl radical, the program requires that
the intensity of the ion at mass 86 should be greater
than that of the ion at mass 128 (see spectrum tabulated
in Figure 2). However, if one considers a general
molecule 12, of molecular weight 185, the correct

CH—CH,—NH—CH,—C¢H;j;
12

ntuple (100, 128) for the superatom PP (5), ie., (M —
Ce¢Hi;, M — C.Hy), would be accepted even if the
intensity of ion m/e 100 is less than that of ion m/e 128.
The C.H,- group could be tertiary, secondary, or
primary. In this case the program would allow the

(17) The M — 1)* ion is not considered as an a-fission peak; the
(M — 15)* ion, even if not present in the spectrum, is allowed to be used
for building ntuples, provided its mass in conjunction with the masses of
the other peaks in the ntuple satisfies the equation used for this purpose.

(18) This is not the case, however, at low ionizing voltage. See C. A.
Brown, A, M, Duffield, and C. Djerassi, Org, Mass. Specirosc., 2, 625
(1969).

(19) If this difference is C3 or greater the possibility exists that the
a-cleavage ion of higher mass can result from expulsion of a secondary
or even tertiary radical. If this is possible, the program must weaken
this condition such that a lower mass ion can be less intense than the
higher mass ion, However, if the difference of mass between the high-
est mass a-cleavage ion found and the molecular weight is less than the
mass of a C; unit, no possibility of branching exists. The expression
(0.5 + 0.1 X AC) was arrived at empirically.
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C8nliy 5P+ ghy)= -din lbyt anin

ADJUSTEDL SPECTRUM & ({15 , W)(16 ., 1)(17 . 1)(1s . 5)(27 . 13)

(28« 6)(29 o 9)(30 . 8)(531 . 141 , 9)(u2 . 7)(83 , 5)(Lk , 38)

(45 4 3){a06 . 1)(55 . 1)(56 ., 3){(57 . 1){(58 . 6){(53 . 1)(a% . 1)

{70 o 1)(71 , 1)(72 , 100)(75 , 1)(83 . 1){(84 , 1)(s5 , 1)

{86 . 1){(87 ., 1)(98 ., 1)(112 ., L){11s , 6)(l2% ., 1){123 . 1))
?

WAS A ¥R SPECTRUM AVAILABLE ? NG

G000LIST = PPy SMM T4 SP

MASSES OF ATTACHED RAOICALS ':

PP (57, 15) L I SOMERS,

SMM (57, 15) L 1 SOMERS,

50 ({15)(15, 57))) 4 I3CMERS,

i (57, 13, 15) 4 ISOMIRS,

I0TAL #UMBER OF |SOMERS = 16

Figure 4. PRELIMINARY INFERENCE MAKER output with ethyl-1,4-

dimethylbutylamine (14) as an unknown.

intensity of the ion at mass 100 to be less than that
of the ion at mass 128. It would require that the
abundance of m/e 100 must be at least equal to (0.5 +
0.1 X 2), i.e., 0.7 times the abundance of m/e 128.

If any superatom still exists as a viable candidate to
explain the experimental data and should its ntuple
consist entirely of (M — 15)* a-fission ions, then it is
subjected to another decision process (decision “ALL
(M — 15),” Figure 1). The intensity of the (M — 15)*+
ion should in this condition be equal to or greater
than (1 — 1/n) X 50, where n is the number of times
the mass of the (M — 15)* ion is present in the ntuple
or number of possible « cleavages leading to an (M —
15)* ion. For example, in the case of diisopropyl-
amine (13) the correct superatom SS would only be

(CH;),—CH—NH—CH—(CH3).
13

accepted if the (M — 15)* a-cleavage ion has an in-
tensity greater than (1 — /) X 50, i.e., greater than
38 % relative abundance. If besides some (M — 15)*
« fissions an ntuple contains at least one ion of lower
mass (loss of a group having more than one carbon
atom) the condition about the intensity of the (M —
15)* ion is much less demanding (decision ‘‘SOME
(M — 15),” Figure 1). This intensity needs only to be
equal to or greater than the number of (M — 15)
o fissions minus one. This allows the (M — 15)* ion
to be absent from the spectrum if only one « cleavage
can lead to it.

After this test, superatoms with no rearrangement
possibility or for which rearrangement can give rise
to ions of only moderate intensity, and which still
have at least one surviving ntuple, are accepted as
plausible candidates. The masses of the alkyl frag-
ments which should be attached to the free valences
are then calculated by simply subtracting the mass of
each a-fission peak in the ntuple from the molecular
weight. These masses we refer to as ‘“partition”
because they are the masses of the alkyl groups which
must be attached to the free valences of the superatom.
The superatom with its list of partition is then examined
by a subroutine which calculates the number of isomers

compatible with both the structure of the superatom and
the masses of the alkyl groups which have to be attached
to this superatom (decision ‘“ISOMERCOUNTER,”” Figure 1).
With our example 10, the correctly identified superatom
PPM with its ntuple (86, 128) is definitely accepted at
this stage of the pruning process. The program sub-
tracts then both masses 86 and 128 from the molecular
weight 157, translating the ntuple (86, 128) to the list
of partition (29, 71). When no integral curve is
supplied for the nmr spectrum, eight isomers can be
constructed from the superatom PPM with (29, 71) as
list of partition (see run 2 in Figure 2). However,
when the nmr spectrum is supplemented by an integral
curve, only one isomer is compatible with the infor-
mation given by the PRELIMINARY INFERENCE MAKER
program (see run 1 in Figure 2).

Superatoms for which rearrangement is a major
process are further tested for the presence of at least
one intense ion arising from rearrangement, with m/e in
accordance with the structure of the superatom and its
set of partition(s). The intensity of the rearrangement
peak should be greater than 307} if the superatom is to
be kept on GOODLIST. The subroutine which handles
the rearrangement mechanism is programmed so that
it takes into account all rearrangement possibilities
for the superatom and the partitions under test. This
allows the program to assign the correct alkyl frag-
ments to each different o carbon. For example, in
the case of ethyl-1,3-dimethylbutylamine (14), a
molecule with an SP subgraph (8), the correctly inferred
superatom will be assigned the following list of par-
tition: ““(15, 15, 57).” The alkyl groups which have
to be attached to the three free valences of the SP
superatom are two methyls and a C.H, radical. This
can be done in two ways (structures 15 and 16).

CHg—CHz—NH—QH—CHz—?H—CHs
]
CH; CH,

14
CH,—CH,—NH—CH—CH,
CH,

15

C;H,—CH—NH—CH,—CH,
|
CH,
16

With both structures 15 and 16 rearrangement ions
are expected at m/e 30 (CH,=N+*H,) and 44 (CH;—
N+H=CH,). But, if as generally accepted, the most
favored rearrangement is the one where the C-N bond
is broken and a hydrogen transferred to the nitrogen
atom after expulsion by « cleavage of the heavier
substituent, one can postulate that for the second
structure (16), which is the correct one, the rearrange-
ment leading to mfe 44 should be favored. With the
first structure (14) the ion of m/e 30 would be expected
to give a more intense signal than the ion of m/e 44.
The intensities of m/e 30 and 44 in the mass spectrum
of 14 are, respectively, 8 and 36%. So the program
chooses the second structure and, instead of simply
giving “SP (15, 15, 57)” as superatom and partition, it
assigns the correct distribution of the alkyl fragments
between the two different a-carbon atoms by answering
“SP ((15, 57) (15)).” Figure 4 shows the output of the
PRELIMINARY INFERENCE MAKER program with ethyl-1,3-
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Table I. Curtailment of the Search Space by Heuristic DENDRAL
———Mass spectra alone—— Mass spectra + nmr spectra
No. of No. of No. of No. of No. of
amine superatoms possible superatoms possible
Amine isomers on GOODLIST isomers on GOODLIST 1SOmers
3-Hexyl 39 1 2 1 1
1,3-Dimethylbutyl 39 2 8 1 2
2,2-Dimethyl-3-butyl 39 2 8 1 1
N-Methylethyl-z-propyl 39 8 15 2 2
N,N-Dimethyl-2-butyl 39 6 6 1 1
2-Heptyl 89 2 16 1 1
n-Propyl-n-butyl 89 5 10 1 1
1,3-Dimethylpentyl 89 2 16 1 4
1,5-Dimethylhexyl 211 2 34 1 9
N,N-Dimethyl-3-hexyl 211 3 6 1 1
N-Methyl-#-butylisopropyl 211 10 31 1 1
Diisopropylethyl 211 6 18 1 1
N-Methyl-z-propyl-#-butyl 211 5 24 1 1
n-Propyl-n-hexyl 507 7 42 1 1
3,3,5-Trimethylhexyl 507 1 89 a
N-Methylisopropyl-n-amyl 507 5 20
N-Methyl-n-propyl-n-hexyl 1,238 10 46 1 1
N,N-Dimethyl-3-octyl 1,238 8 36 1 1
n-Butyl-n-hexyl 1,238 3 48 1 1
N,N-Dimethyl-2-ethylhexyl 1,238 4 156
n-Amyl-n-hexyl 3,057 9 112
Tri-n-butyl 7,639 2 8
Di-n-heptyl 48,865 6 510
Triisoamyl 124,906 2 40 1 9
N-Methyl-8-hexadecyl 321,198 1 3,471
n-Octyl-n-nonyl 830,219 2 6,942 1 1
N,N-Dimethyl-8-hexadecyl 12,156,010 4 14,418 1 1
Tri-n-hexyl 12,156,010 2 240 1 1
Tri-n-heptyl 38,649,142 2 1,938

= Blanks in columns 5 and 6 indicate that no nmr spectrum was available.

dimethylbutylamine (14) as an unknown when only the
mass spectrum is supplied.

The rearrangement process is the last test (decision
“REARRANGEMENT,”” Figure 1) for those superatoms for
which rearrangement is a favored mechanism. Each
accepted candidate along with its correctly assigned
list of partition(s) is then sent to the isomer counter
subroutine which calculates the number of compatible
isomers by taking into account the assignment of the
different alkyl groups to specific positions.

Two different outputs for N-methyl-n-propyl-n-
hexylamine (10) are reported in Figure 2. In the
first case (run 1) the supplied nmr spectrum contains
enough information to allow the program to calculate
the number of C-methyl groups; the user made no
decision about the multiplicity of the C-methyl signals,
As shown, only the correct superatom remains on
GoopLIST. The search space is curtailed from 1238
possible isomers for C;pHyN (see Table I) to one
structure.

Then (Figure 2, run 2) it was assumed that no in-
tegration curve was available. Clearly, the only
straightforward information from the nmr spectrum is
a sharp singlet at § = 2.2 ppm. The output reflects
this fact by showing additional superatoms on GOODLIST,
which could not be eliminated for their required number
of methyl groups, like TPM, TM, and SSM, or on the
basis of the number of N-methyl groups needed, like
SMM. The information is nevertheless sufficient to
eliminate all superatoms without M’s in their name.

It is interesting to note that with the aid of nmr data
GOODLIST is pruned mainly by the nmr tests (decisions
“TOTALMETHYLCOUNT,” “NMETHYLCOUNT,” and “HYD-

counTt,” Figure 1). Figure 3 shows that already after
the second nmr test (decision ‘‘NMETHYLCOUNT,”
Figure 1) only the three superatoms PM, SM, and
PMM remain on GOODLIST in the case of run 1 (Figure
2). Inserting the nmr tests at the beginning of the
process is therefore very efficient in saving time.

Even for rather large molecules and without the aid
of nmr data, the PRELIMINARY INFERENCE MAKER
program is able to curtail the search space in quite
an impressive way. As can be seen from the outputs
reported in Figure 5, only the correct superatom is
inferred from the mass spectrum of N-methyl-8-
hexadecylamine. The search space is reduced by a
factor of 92 (see Table I). This factor is even larger
in the case of tri-n-heptylamine; from 38, 649, 142
a priori possible amine isomers for CyHgyN, the iso-
mer counter subroutine finds 1938 structures com-
patible with the output of the inference phase, i.e., a
reduction factor of nearly 20,000.20

The program has been successfully tested with 93
amines;?! for 37 of them nmr data were available.
With this set of examples the program always selects
the correct answer in the final output.

Some results are reported in Table I. In every case
when an nmr spectrum is used only the correct super-
atom is found on GoobpLIsT and with the exception of
five cases out of 37, only one structure is compatible
with the output. The five exceptions all include the
correct compound.

(20) For both the above mentioned compounds the problem would
have been completely solved with the use of nmr data to supplement the
mass spectrum,

(21) Sixty-six mass spectra were taken from McLafferty’s excellent
publication on amines. !4
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Figure 5. PRELIMINARY INFERENCE MAKER outputs for N-methyl-8-

hexadecyl- and tri-n-heptylamines when only the mass spectra were
supplied.

It can be concluded that with the aid of nmr data
only the first subprogram of Heuristic DENDRAL needs
to be used. In fact, the PREDICTOR program is unable
at the present stage to choose the correct molecule

among candidates containing the same superatom as a
subunit along with the same weight for the radicals
attached to the w-carbon(s). This is not a surprising
fact; mass spectrometry just does not give much in-
formation about structural features located too far
away from the charge center. When no nmr data are
used the search space is still greatly reduced as can be
seen from the results recorded in Table I.

Clearly, more information could easily be extracted
from the nmr spectra by the PRELIMINARY INFERENCE
MAKER program. It would be possible to use the
multiplicity of the C-methyl signals and not use the nmr
spectrum only as a methyl counter (and occasionally as
an a-carbon hydrogen counter). This would never-
theless require that the STRUCTURE GENERATOR program
be able to accept overlapping information, a fact it
cannot handle for the time being.

The results which have so far been obtained are
sufficiently promising so as to stimulate further re-
search on more general and complex problems. It
remains to be seen, however, whether the heuristics
can be made sufficiently precise for other types of
organic molecules such that the present degree of
efficiency obtained with amines can be maintained.

Experimental Section

The computer program described here is part of the complete
Heuristic DENDRAL program, It runs on the IBM 360/67 computer
at the Stanford Computation Center using the LIsp programming
language. Without nmr data, the computer needs 4.26 min to
interpret 93 mass spectra. When nmr data are used the process
is about 30% faster. Mass spectra which had not been reported
in the literature were recorded in our laboratory,?? some with a
Varian MAT CH-4 mass spectrometer, others with an AEI MS-9
mass spectrometer. The majority (26 out of 37) of the nmr spectra
used was recorded in our laboratory by Dr. L. J. Durham of Stan-
ford University.

(22) We thank Mr. R. G. Ross and Mr, R. T. Conover for recording
the mass spectra,
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