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Abstract: The DENDRAL computer program uses established rules of molecular fragmentation to help chemists solve complex
structural problems from mass spectral data. This paper describes a computer program called Meta-DENDRAL, that can aid
in the discovery of such rules from empirical data on known compounds. The program uses heuristic methods to search for
common structural environments around those bonds that are found to fragment and abstracts plausible fragmentation rules.
The program has been tested on the well-characterized, low-resolution mass spectra of aliphatic amines and the high-resolu-
tion mass spectra of estrogenic steroids. The program has also discovered new fragmentation rules for mono-, di-, and trike-

toandrostanes.

The DENDRAL computer program is designed to aid
chemists with complex structure elucidation problems. One
main part uses established molecular fragmentation rules to
help chemists interpret mass spectra;? another main part
generates lists of isomers that satisfy constraints derived from

a variety of spectroscopic techniques.> Because the mass
spectrometry rules used by the DENDRAL program have been
culled from the literature, the program’s growth depends upon
manual examination of collections of spectra. But investigating
the spectral data of new compound classes to determine frag-
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mentation and rearrangement processes is a long and com-
plicated task for chemists. Thus we became interested in the
extent to which a computer program, subsequently called
Meta-DENDRAL, could suggest rules that explain origins of
peaks in mass spectrometric data.

The Meta-DENDRAL program interactively aids chemists
in determining the dependence of mass spectrometric frag-
mentations on substructural features, under the hypothesis that
molecular fragmentations are related to topological graph
structural features of molecules. Our goal is to have the pro-
gram suggest qualitative explanations of the characteristic
fragmentations and rearrangements among a set of molecules.
We do not now attempt to rationalize all peaks nor find
quantitative assessments of the extent to which various pro-
cesses contribute to peak intensities.

The program emulates many of the reasoning aspects of
manual approaches to rule discovery. It reasons symbolically,
using a modest amount of chemical knowledge. It decides
which data points are important and looks for fragmentation
processes that will explain them. Then, as a chemist does, the
program tests and modifies the rules.* ,

This paper can be read as two distinct parts: Method and
Results. The first discusses the organization of the computer
program and might be skimmed by mass spectrometrists
mainly interested in new results. The second part discusses
some mass spectrometry results produced by the program.
Correspondingly, the latter might be skimmed by persons
mainly interested in uses of computers in chemistry, The
conclusions section is intended as a conclusion for both
parts.

Method: Meta-DENDRAL Program

The Meta-DENDRAL program is organized as three sub-
programs called INTSUM, RULEGEN, and RULEMOD, as
shown in Figure 1.

Explaining the Data in Terms of Bond Cleavages: The INT-
SUM Program. The INTSUM program (named for data in-
terpretation and summary) interprets spectral data of known
compounds in terms of possible bond cleavages. Since this first
step has already been described in detail elsewhere,’ we will
recapitulate very briefly those key features that are relevant
to the present study.

For each molecule in a given set, INTSUM first produces the
plausible bond-cleavage processes which might occur, i.e.,
breaks and combinations of breaks, with and without the
transfer of hydrogens and other neutral species.® These pro-
cesses are associated with specific bonds in a portion of the
molecular structure, or skeleton, that is chosen because it is
common to the molecules in a given set. Then INTSUM ex-
amines the spectra of the molecules looking for evidence
(spectral peaks?) for each process. INTSUM, however, does not
recognize that different cleavages (of the skeleton or substit-
uents) may represent fragmentation processes which are
similar in that the bonds cleaved have similar substructural
environments. This is a particular limitation for classes of
molecules, such as the aliphatic amines, where the common
skeleton is a single atom, a nitrogen atom.

INTSUM gives explanations of spectral peaks for each
molecule and then produces a summary showing the total ev-
idence associated with each possible process. The summary
reports the following: (1) a set of molecules—their names and
structural descriptions; (2) a set of processes—their names,
a description of the bonds to be broken, an indication of charge
placement, and any neutral transfers occurring in conjunction
with the fragmentation; (3) a set of supporting evidence as-
sociated with each process—the mass spectral peaks that
provide evidence for the occurrence of the process for each
molecule.
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Known Structure/Mass Spectrum Pairs

INTSUM
to explain mass spectra in terms of specific bond cleavages

\
Fragmentation Processes&and Evidence for Them

RULEGEN
to explain the processes by generating rules
that describe substructural features

P|ausib|e¢Ru|es

RULEMOD
to refine the rules by performing the tasks of
a) initial selection d) increasing generality
b) merging e) final selection
¢) increasing specificity

Refined Rules

Figure 1. Organization of the Meta-DENDRAL program,

Meta-DENDRAL next attempts to correlate the fragmen-
tations, as reported by INTSUM, with substructural features
of molecules: in our terms we say that it classifies the structural
environments (“bond environments”) around the bonds that
are cleaved.

Explaining Cleavages in Terms of Bond Environments: The
RULEGEN Program. Rules that explain the INTSUM processes
in more general terms are produced in a predefined format
called a “‘situation-action” form. Each rule is a conditional
statement which is interpreted as saying that if any molecule
satisfies the subgraph (situation), then the corresponding
fragmentation process (action) will occur in the mass spec-
trometer.

The program creates rules by selecting “important” features
of the molecular structure around the site of the fragmentations
proposed by INTSUM. Essentially, it searches through a space
of subgraph descriptions, looking for successive subgraphs that
are supported by successively “better” sets of evidence.

Ruie Search. The results of INTSUM are first rewritten by
RULEGEN as a set of detailed bond-environment descriptions
for the cleaved bonds together with associated spectral evi-
dence. This is illustrated below with some secondary amines.
Currently we describe bond environments in terms of a topo-
logical, or connectivity, model of structure. We specify atom
type (“type”), degree of substitution (“nbrs”), numbers of
hydrogens (“nhs’), or number of muitiple bonds (“dots”) at
any atom place. Other features of atoms can also be used if they
are computable from the connectivity graph model of a mol-
ecule, e.g., ring size or chain length. For example, the a-
cleavage processes (A1-A4) in the secondary amines 1 and 2
shown in Figure 2 may be considered to be four different pro-
cesses by INTSUM (A1-A4). The program rewrites this in-
formation in terms of detailed bond environments, out to a
predetermined distance from the cleavage site.® Then it collects
Al-A3 and evidence for them into the same environment (B1,
Figure 2), while cleavage A4 is described differently (B2,
Figure 2). Figure 2 also shows B1 and B2 in terms of the fea-
tures described for each atom out to the specified distance.

We use heuristic search* to examine possible generalizations
of the environments, where each generalization can be inter-
preted as a possible rule when coupled with information about
the bond cleavages and transfers of hydrogens or other neutral
species. Conceptually, the program begins with the most
general subgraph description R*R (where R is any unspecified
atom and the asterisk is used to indicate the bond cleaved, with
the charged fragment written to the left of the asterisk). Then
it generates refined descriptions by successively specifying one
additional feature in all possible ways. The most useful rules
lie somewhere between the overly general environment R*R
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Fragmentations Observed:

CHy+ CHy - NH - CHy 3 CHy CH3t’CH2 - NH - Cng- CHy - CHg
A2 A3 Ad

Al
1 2

Bond Environments:

Al, A2, A3 are rewritten as the bond environment:

CH35LCH2 - NH - CHy -
Bl

A4 is rewritten as the bond environment:
CHs - CHZECHZ - NH - CHyp -

B2
Features described in bond environments Bl and B2:

Bl typesC type=C type=N type=C
nhs=3 nhs=2 | ) nhs=l | | nhs=2 |

nbrs=I nbrs=2 nbrs=2 nbrs=2

dots=0 dots=0 dots=0 dots=0

B2 | type=C typesC type=C type=N type=C
nhs=3} | nhs:2 nhs=2| | nhs=l | | nhs=2 |

nbrs=| nbrs=2 nbrs=2 nbrs=2 | | nbrs=2

dots=0 dots=0 dots=0 dots=0 dots=0

Figure 2. Bond environment descriptions for the a-cleavages Al and A2
in the mass spectral fragmentation of diethylamine (1) and A3 and A4
in the fragmentation of ethyl-n-propylamine (2).

and the overly specific complete bond-environment descriptions
such as B1 and B2, Figure 2.

The program adds feature specifications to subgraphs one
at a time, always making a “parent” subgraph more specific.
From the parent R*R, there are several ways to specify exactly
one feature. In Figure 3, two “daughters’ of R*R are shown
that specify the type (“type = carbon’) of atom adjacent to
the cleaved bond (other daughters will have specified the
neighbors of a single atom, dots of a single atom, and so forth).
Any single feature at any single atom place could have been
specified in the first generation of daughters, e.g., by specifying
a value of type, nbrs, nhs, or dots at the first atom place on ei-
ther side of the bond. Each of the daughters of the parent R¥R
is checked to see if the supporting evidence is “better” (see
below) than the evidence for the parent. Those which satisfy
the test become new parents for a next level of daughters with
one more feature specified.® In our example, the bond envi-
ronment descriptions Bl and B2 (Figure 2) are both included,
with their associated evidence, under the rules in the path from
R*R to N-C*R (Figure 3). Further specifications of N-C*R
show no improvement so the program stops here on this path
(but continues to explore other paths). Thus N-C*R becomes
a rule candidate together with associated transfers of hydrogen
atoms or other neutral species.

The program continues to make rules more specific until it
finds a daughter rule that is (a) specific enough to focus on one
type of process, such as « cleavage (and to avoid many coun-
terexemples) and (b) general enough to account for more than
a few special cases.!0 The information for deciding whether
a daughter rule is better than its parent is obtained from the
record of detailed bond environment descriptions and their
associated evidence. We avoid using ion intensity information
at this stage in order to ensure finding rules that are applicable
to most molecules irrespective of intensities. The next stage of
the program (see RULEMOD below) considers intensities in
order to focus on rules that explain the most intense peaks.

Refining the Explanations: The RULEMOD Program. The
last phase of the program (RULEMOD) evaluates the plausible
rules generated by RULEGEN and modifies them by making

P S e

nbrs=2 *R dots=0 *R
Figure 3. Example of successive specification of subgraph features by
RULEGEN in its search for plausible, general rules.

Rule-l: N = Xgec® Xgec = C Rule-2: N - Xge* Xgem Xsec R

Select
Rule-l: N - Xgoc* Xgec - C Rule=3: N = Xgee* X
Merge
Rule-3: N- Xgec” X
Generalize

Rule-4: N-X*X

Figure 4. Example of successive refinement of plausible rules by Ru-
LEMOD. X represents any atom type other than hydrogen. The subscript
“sec” means the atom is secondary, which is equivalent to “nbrs = 2”.

them more general or more specific. Its task is to analyze the
validity of predictions!! made by the rules on the original set
of molecules, modify the subgraph descriptions of the rules to
improve the accuracy of their predictions, merge similar rules,
and finally select a subset of the modified rules, RULEMOD will
typically turn out a set of 8- 12 rules covering substantially the
same data points as an original set of approximately 25-100
rules, but with fewer incorrect predictions. RULEMOD is
written as a set of five tasks (corresponding to the five sub-
sections below) which we feel are closely analogous to this
aspect of human problem solving.

Selecting a Subset of Important Rules. As a first step, the
selection procedure is applied to the whole set of rule candi-
dates produced by RULEGEN. The local evaluation in RULE-
GEN has not discovered that different RULEGEN pathways
(Figure 3) may yield rules which are different but explain
many of the same data points. Thus there is often a high degree
of overlap in those rules, and rules may have many count-
erexamples. For example, rule 1 (Figure 4) is selected by the
procedure outlined below because it explains all the same a-
cleavage peaks in the amine spectra as rule 2 (Figure 4) and
some others in addition. Rule 1 applies to propyl and higher
alkyl amines, while rule 2 does not accommodate propyi
amines., When RULEMOD computes scores by eq 1 below, it
discovers that rule 2 is totally redundant and eliminates it be-
cause it has no independent evidence of its own.

To select rules, scores are calculated by eq 1, the rule with
the best score is selected, and the evidence peaks supporting
that rule are removed from the supporting evidence for other
rules. Then the whole process is repeated until either (i) all
scores are below a selected threshold or (ii) all evidence has
been explained. Equation 1 captures the following intu-
itions.

(a) The score should reflect the strength of evidence, i.e., it
should be proportional to average peak intensity.

(b) Data points (peaks) that are uniquely explained by a rule
should count more than peaks that can be explained by two or
more rules.

(c) Negative evidence (peaks predicted and not found)
should count heavily against a rule.

(d) Since the number of molecules in the set remains the
same during rule formation and we insure that every rule
applies to a minimum number of molecules (in our case haif
the molecules), the score for purposes of selection need not
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explicitly factor in the sampte size. When we want to compare
sets of rules formed from different sets of molecules, however,
it will be necessary to weight the scores of rules by the number
of molecules considered.

Score = I (P + U — 2N) (1)

I (average intensity expressed as % = total ion current) = the
sum of intensities of the peaks counted as positive evidence
divided by the positive evidence count. P (positive evidence
count) = the number of times there is any evidence (spectral
peaks) for a rule. The positive evidence count is incremented
by one if any of the predicted ions (including predicted trans-
fers of neutral species) is found. U (unique evidence count) =
the number of times there are peaks predicted only by the given
rule. The unique evidence count is incremented if any or all
transfers associated with a rule produce uniquely explained
peaks in the spectrum. NV (negative evidence count) = the
number of times a rule applies to a molecule but no predicted
peaks are observed in the spectrum.

Merging Rules. Although most of the redundant rules have
been deleted in the first step of RULEMOD, there may still re-
main sets of rules that explain many of the same data points.
For any such set of rules, the program attempts to find a
slightly more general description that (a) includes all the evi-
dence covered by the overlapping rules and (b) does not bring
in extra negative evidence. If it can find such a description, the
overlapping rules are merged into the more general expression.
For example, two different forms of a-cleavage rules remain
after rule selection, rule 1 and rule 3, Figure 4.!2 These two
rules are now merged into a form that is equivalent to rule 3
because conditions a and b above are satisfied. In general,
however, the form of the merged rule will be different from any
of the component rules.

Deleting Negative Evidence by Making Rules More Specific.
RULEMOD tries to add additional specifications to each rule
in order to delete some counterexamples, or negative evidence,
while keeping all of the positive evidence. In our a-cleavage
example, the merged rule (rule 3, Figure 4) could not be made
more specific in a way that would get rid of the two pieces of
negative evidence and still keep all of the positive evidence (two
spectra of ethyl-substituted amines did not show loss of methyl
above the 1% 2 threshold used to process the data).

Making Rules More General. RULEGEN often forms rules
that are more specific than they need to be. At this point we
have a choice whether to leave the rules as they are or to seek
a more general form that covers the same (and perhaps new)
data points without introducing new counterexamples. Rule
3 (Figure 4), for example, may be made more general by re-
moving the specification “NBRS = 2” (i.e., “secondary”) from
the atom adjacent to the nitrogen.!3 This yields the final form
for the a-cleavage rule, rule 4 (Figure 4).

Selecting the Final Rule Set. The selection procedure de-
scribed above is applied again at the very end of RULEMOD in
order to weed out redundancies that might have been intro-
duced and to select the “best” of the rules. For example, for
the aliphatic amines the program selected just five rules for the
final set (see Results section below). These were derived from
27 cand:idates produced by RULEGEN which were reduced to
ten by RULEMOD’s initial selection.

Evaluating the Rules. One way of evaluating rules is mea-
suring how well they explain, or “cover”, the given spectra
(which we call the “explanatory power” of rules). We also want
to be able to estimate how well they can be used for selecting
the most plausible structures from a list of candidate expla-
nations of an unknown spectrum (from a known class), which
we call ““discriminatory power”. Two other related measures
that we present in the Results section below are positive evi-
dence count, which is the number of ions predicted by rules and
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found in the actual spectrum, and negative evidence count,
which is the number of ions predicted and not found.

Explanatory Power. An objective measure of explanatory
power is the percent total ionization explained by the rules, i.e.,
the sum of intensities of spectral-peaks predicted and found.
This number typically is between 25 and 50% Z, but is not
necessarily significant because the rules have not been chosen
on the basis of their ability to rationalize the whole spectrum.
Another measure is just the number of peaks predicted and
found. The rules typically predict six to eight ions per molecule,
some with satellite ions due to transfer of neutral species. A less
objective facet of explanatory power is the significance of the
ions that are explained, measured in terms other than peak
intensities, in particular, mass and heteroatom content. For
this study we have associated greater significance to ions of
higher mass. If peaks judged to be significant are left unex-
plained, either the rules are incomplete or the compound ex-
hibits fragmentation processes that are not general to the class
(and thus not covered by the general rules).

Discriminatory Power. Another measure of a set of rules is
their ability to differentiate among hypotheses. Our measure
of discriminatory power determines how well a set of rules
explains a structure’s actual mass spectrum as compared with
how well the rules applied to all other candidates explain the
given spectrum. This is particularly powerful when coupled
with a generator of all possible molecules in a class,? for then
we can ask how well a set of rules allows us to discriminate the
correct structure from among all possible members of the
class.

Since we have directed RULEGEN toward finding general
rules, there is no guarantee that the rules will discriminate well
among alternative structures. The discriminatory power of the
rules will be proportional to the number of unique ions pre-
dicted. That is, if a set of rules predicts ions for a given com-
pound which are not predicted by their application to another
compound then it is easy to discriminate between the two.

The score for each comparison was computed by eq 2. The
scoring function used in discrimination penalizes a candidate
structure if its predicted spectrum shows significant peaks that
are not in the actual data. The other kind of mismatch, failure
to predict peaks that appear in the actual spectrum, does not
penalize a candidate. The reason for this asymmetry is that the
rules are selected for their generality and thus should make
correct predictions, but they are not expected to explain all ions
in a spectrum. When comparing a predicted mass spectrum
from a candidate structure against an actual spectrum, the
peaks that arise from nongeneral fragmentation processes will
not be predicted.

Comparison Score = Y sig [numpks found or
R —1 if numpks found is zero] (2)

R = rules; sig = significance of a predicted ion = mass of
ion/M™; numpks = number of peaks predicted by rule R.

Intuitively we are computing a weighted sum of positive
evidence (number of peaks predicted and found in the spec-
trum) minus negative evidence (—1 if none of the predicted
peaks is found). For example, assume a rule predicts ions of
composition C;;H;sO (m/e 163, no hydrogen transfer) and
C11H 140 (m/e 162, loss of a hydrogen atom) for a compound
of molecular weight 300. The occurrence of both ions in the
spectrum would contribute 163/300 X 2 to the score (=1.09)
computed by eq 2 for this rule.

Limitations of the Method. The major limitation of the
heuristic search method in any domain is the necessity of
finding (or inventing) a generator of possible solutions. In the
rule formation domain that means that we have to invent a
program that generates possible rules. That, in turn, requires
a strict definition of the allowable forms of the rules and a
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definition of the allowable primitive terms that add content to
the form. The representation we have found for expressing
rules is fixed for any one run, but can, at least, be modified or
extended manually between runs.

A second major limitation on heuristic search is the necessity
of finding heuristics, rules of thumb, that guide the generator.
For rule generation it is necessary to find heuristics that steer
the generator toward the small number of interesting rules and
away from the very large numiber of uninteresting rules. The
problem is that it is difficult to find these guiding principles.
In addition, putting confidence in the heuristics requires an act
of faith. Once that step is made, however, there is often the
temptation to put f0o much faith in the heuristics and forget
that the solutions (rules) were found in the context of a large
number of assumptions. For example, one might tend to forget
the criteria for data filtering, or the range of allowable hy-
drogen transfers, or the restrictions on how complex the rules
were allowed to become, or the criteria for filtering the rules.
All of the heuristics together define the range of rules consid-
ered and thus should temper our judgments about the gener-
ality of the rules.

Another limitation on the use of heuristic search is that the
computer programs are often slow, not because they are inef-
ficient as much as they must do a lot of computation. The
Meta-DENDRAL program is also inefficient now because it is
still in the development stage.

There are also limitations imposed by the domain of
chemistry, which have been mentioned elsewhere. To reiterate,
the program now works only on sets of molecules that share
a common substructural skeleton represented topologically.
The program depends on a chemist’s judgment for the pro-
gram’s chemical heuristics. (This is also a strength as well as
a limitation.) Finally, the program’s rules say almost nothing
about spectral peak intensities because they are meant to be
more qualitative than quantitative. That is, they predict
fragmentations and assign the resulting peaks an average ex-
pected intensity, but they do not predict intensities accurate-

ly.

Results

Known Test Cases. We have tested these programs on two
widely different classes of compounds (aliphatic amines and
estrogenic steroids) for which fragmentation processes had
been well characterized in the literature. We selected these
tests on the basis of available mass spectra and characteristics
of the molecules for testing different parts of the program.

Aliphatic Amines. Five rules were produced by the program
to explain the low-resolution spectra of 11 aliphatic amines
ranging in size from C4to C,4: (1) « cleavage was described,;
(2) the two-step process of « cleavage with concomitant 8
hydrogen transfer and C-N cleavage was included; (3,4) two
rules describing v cleavage with concomitant C-N cleavage
were produced; and (5) a rule was produced describing
cleavage of any two bonds that will produce a nitrogen-con-
taining fragment. These rules correlate well with reported
fragmentations of amines.!4 These rules explain 84% X of the
total ion current in these eleven spectra, with the molecular ion
contributing another 3.5% Z on the average. These rules (ar-
rived at independently) and their discriminatory power have
been thoroughly described by others. !4

Estrogenic Steroids. The program produced eight rules to
explain the high-resolution spectra of ten estrogenic steroids.
These included all five of the rules discussed previously.2 The
additional three rules describe cleavages through rings B and
C, which are plausible explanations of peaks observed in the
spectra. These eight rules account for over 40% Z of the total
ion current in these spectra, with the molecular ion accounting
for an additional 23% Z, on the average.

We know that these rules have considerable discriminatory
power because of previous work, where they were used for
structure elucidation.? We verified this in a few cases by
showing that the program can distinguish 2-hydroxyestradiol
(3) and estriol (4) from each other and from all other possible
estriols (with the exception that 1-hydroxy- (§) and 2-hy-
droxyestradiol (3) are indistinguishable). Also the program
discriminates 2-hydroxy- and 16-hydroxyestrone (6, 7) from
each other and from all other possible hydroxyestrones (with
the exception that 1-hydroxy- (8) and 2-hydroxyestrone (6)
are indistinguishable).

’

3’R!=RN=OH"R=RN!=H
4 R"=R"=OH;R=R'=H
5R=R"=0H;R' =R"”=H
6,R' = OH;R" = keto; R =R"” = H
7,R” =OH;R" =keto;R=R'=H
8, R =0H;R" =keto;R'=R" =H

Ketoandrostanes. The high-resolution mass spectra of sev-
eral mono-, di-, and triketoandrostanes provide an interesting
case study in the use of Meta-DENDRAL for analyzing the
dependence of fragmentation processes on the structural fea-
tures of molecules. The monoketoandrostanes have been ex-
tensively utilized as model systems for the study of mass
spectral fragmentation processes in this and related classes of
steroids.!5:1¢ Low-resolution spectra, extensive deuterium la-
beling, and some high-resolution measurements have clarified
the origins of several important ions in these compounds.!5:16
Brief comparisons among the spectra of the monoketones re-
veal a remarkable lack of similarity in the fragmentations.
Indeed, these compounds were studied individually in our
laboratory!>7 to answer other questions and little attempt has
been made to identify common fragmentation modes (if any).
The spectra depend on the placement of the keto group, but
with little obvious consistency. For example, in some cases, a
cleavage adjacent to the carbonyl group is important; in others,
B cleavage; in still others both, or neither.

More recently, transformation of steroidal alcohols to their
respective keto analogues has been recommended as a general
method for localization of hydroxyl functionalities.'® This
technique has been utilized in a study of some specific struc-
tures.!® Again, published results tend to focus primarily on
individual compounds, presumably because there are few ob-
vious correlations among several members of the class. Al-
though such studies have unquestionable value, the sobering
fact is that there are 55 possible diketoandrostanes and 165
possible triketoandrostanes (structures listed by CONGEN?)
excluding functionalization of the C-18 and C-19 methyl
groups. This suggests that a more detailed investigation which
might uncover systematic behavior would be useful because
it might be possible to generalize such findings to a study of
unknown compounds, for example, those isolated in conjunc-
tion with microbial transformations.20

We examined the spectra of the ketoandrostanes with two
important questions in mind. First, are there consistent frag-
mentation processes which depend on local substructures
within the molecules? It is not obvious that there are processes
which are general to the androstane skeleton (9) itself2! (see
INTSUM results, below). We did not expect this approach to
rationalize the sometimes intense ions which appear to be due
to processes occurring in single (or small numbers of) struc-
tures; the INTSUM output alone provides explanations for such
processes. But there are many other ions in the spectra which
might have considerable structural significance. A second
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question concerns our continuing interest in interactions among
functional groups,22 in this case interactions of keto groups
within the rigid framework of the steroid system. Thus we
examined the extent to which the fragmentation modes of the
di- and triketones reflect the fragmentation modes of the re-
spective monoketones. The following sections summarize our
findings.

Monoketoandrostanes. We had complete high-resolution
spectra of ten of the 11 possible monoketo-5a-androstanes and
two 583 isomers (see Table I). Androstane (9) is included as a

DE

H

point of reference for the skeletal fragmentation processes.

The INTSUM program was used to interpret and summarize
the spectral data of 9-21.23 The fragmentation processes
proposed by INTSUM are sufficient to explain on the average
of 57% Z of the total ion current for 9-21 (range of 45-77%
2). In nearly every case the residual ion current is due to hy-
drocarbon ions, predominantly at low mass (m/e 40-100).
Manual examination of these hydrocarbon ions (including
those at higher masses) indicated that their degree of unsat-
uration is higher than that expected from simple cleavages.
These ions arise from loss of the oxygen substituent (as CO or
H,O or as part of larger fragments) followed by complex
fragmentations, yielding ions of little diagnostic significance
(e.g., C7H,, C7H7, and C¢H5). There are, of course, occasional
exceptions. For example, the intense ion of mass 98 (C¢H;00)
in the spectrum of androstan-4-one (12) has a more complex
origin?* and thus is not explained by INTSUM under the given
constraints.23

Careful review of the spectrum-by-spectrum output from
INTSUM has revealed general consistency for those processes
and ions discussed in earlier studies.!3:19:25 The summary re-
sults of INTSUM provide quantitative measures of our intu-
itions that 9-21 do not behave very homogeneously with re-
spect to skeletal cleavages. There are several important pro-
cesses which occur in only a few molecules. For example,
cleavage of the C-5,6 and C-9,10 bonds yields an abundant ion
(m/e 178) in the spectrum of the 7-ketone 14 (30% Z). Four
other molecules display ions which can be ascribed to this
process; androstane (9) itself, the 4-ketone 12, and the isomeric
11-keto compounds 15 and 21. No evidence for this cleavage
above the 0.5% Z threshold is observed for any of the other
compounds. Similarly, ring D loss, with or without loss of ad-
ditional hydrogen atoms, is observed in only six of the 13
compounds.

We summarize in Table II the fragmentation rules which
emerge from RULEGEN and RULEMOD analysis from such
seemingly inconsistent data. We present the rules exactly as
they emerged (changing only the format for legibility, but not
the content). Some of the most important interpretations im-
plicit in the rules are mentioned in Table II.

The subgraph for a rule (second column, Table IT) may “fit”
(or match) several places, or none at all, in a given molecule.
The indicated bond cleavage and resulting ion is predicted!’
to occur in every place where the subgraph fits. Consider for
example rule M-2. In most monoketoandrostanes the subgraph
fits twice, as indicated in bold face for androstan-1-one (10).
In the case of 10, ions of composition C;H O and C7H (0 are
predicted and observed (m/e 110 and 111) as are ions of
composition C4Hg-CgH o (m/e 80-82). However, rule M-2
applies only once for androstan-6-one (13) because the rule
requires that atom d (corresponding to C-6) be secondary,
preventing a second match as in the case of androstan-1-one
(10). Similarly, rule M-2 applies only once to androstan-12-one

6173

Table I. Monoketoandrostanes Analyzed by Meta-DENDRAL

Sa-Androstan-12-one (16)
Sa-Androstan-15-one (17)
Sa-Androstan-16-one (18)
Sa-Androstan-17-one (19)
5p-Androstan-3-one (20)

5g-Androstan-11-one (21)

Sa-Androstane (9)
Sa-Androstan-1-one (10)
Sa-Androstan-3-one (11)
Sa-Androstan4-one (12)
Sa-Androstan-6-one (13)
Sa-Androstan-7-one (14)
Sa-Androstan-11-one (15)

(16), as shown. In some cases a given rule may not apply to
certain molecules at all. For example, rule M-5 applies only
to those molecules with an unsubstituted ring A, because of the
requirement that atoms a-d be secondary (Table II).

Salient features of rules M1-MS8 are as follows.

(a) Most cleavages are adjacent to highly substituted cen-
ters.

(b) Only rules M-3 (loss of methyl), M-5 (ring A cleavage
with charge retention on C-1,2,3,4), and M-8 (ring D cleavage
with charge retention on C-15,16,17) can be considered specific
to the androstane skeleton (9). The latter two rules are of di-
minished utility because they (i) predict only low-mass hy-
drocarbon ions which may arise from other sources; and (ii)
have no prediction in the cases of ring A or D oxo substituents,
respectively, because there is no evidence in such instances.

(c) The other rules speak of a higher level of generality in
the description of fragmentation processes—they are not tied
rigidly to cleavage of specific skeletal bonds, but to cleavage
of certain bonds when a specific substructure is encountered.
These rules usually apply at least twice per molecule.

(d) The near absence of rules that speak of the carbonyl
group is notable. This reinforces earlier conclusions!® con-
cerning the lack of directing influence of the carbonyl group
on the fragmentation of these molecules. Certain rules im-
plicitly speak of the carbonyl group, in a negative sense, by
having substructural descriptions which prevent the rule from
applying where there is a keto group (e.g., rule M-2, see above
discussion). Only rule M-6 mentions the keto group explicitly.
This rule predicts cleavage « to the carbonyl group together
with cleavage of a v bond with charge retention on the hy-
drocarbon moiety. Depending on the location of the carbonyi
group, different ions are predicted. For example, rule M-6
predicts the abundant mass 135 ion (CoHjs) in the spectrum
of androstan-7-one (14), while it predicts an observed ion of
mass 149 (CyHy7) in the spectra of the isomeric androstan-
11-ones (15 and 21).

15:R=5%-H
21:R=58-H

(e) Rules M-1-M-8 have high explanatory power for com-
pounds 9-21 and a “new” compound (which was not included
in the set for rule formation), androstan-2-one (22). For
compounds 9-21 they explain 42.4% Z (including the molec-
ular ion) of all spectral data (or 74% 2 of the data explained
by INTSUM). Several abundant ions were explained by INT-
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Table II. Monoketoandrostane Rules

i . Average
d g
Other descriptors M Negative  intensity
Name? Subgraph? and interpretations Score¢ Any Unique evidence %236
R
M-1 S_E‘{R Atom a is not 145.8 24 11 1 4.42
(none, +H, —H) o] keto substituted
R
M-2 bt KR 1353 21 12 3 5.01
(none, +H, H
-H,-2H) ¢
H
M-3 Loss of methyl 84.5 26 26 0 1.62
(none) :i
BH
M4 R 70.5 21 0 1 3.71
(none, —H, -2 H) H
M-5 39.5 8 4 0 3.29
(+H, -H) "1-4
M-6 d There must be a 39.7 9 0 0 441
(—H) a keto group on atom a
o)
M-7 Atoms a and d are 23.8 13 13 7 1.99
(-H, -2 H) 4B not keto substituted
a
H .
M-8 Atom d is not 13.1 3 0 0 4.35
(+H, —-H) § keto substituted
H

aImportant transfers of neutral species are indicated below the name of the rule. Absence of transfers is stated explicitly as “none”. & Spec-
ified non-hydrogen substituents are indicated by R (R # H). Other valence positions may be filled with any atoms (including H) except when
restricted by other descriptors. € Score calculated by eq 1 above. d Positive evidence count (any and unique) and negative evidence count are
described in the text. The number of positive instances may be greater than the number of molecules because a rule may apply more than

once in any molecule. See text for explanation.

Table III.

Sa-Androstane-2,11-dione (23)
Sa-Androstane-3,17-dione (24)
Sa-Androstane-3,6-dione (25)
Sa-Androstane-3,7-dione (26)
Sa-Androstane-3,11-dione (27)

Diketoandrostanes Analyzed by Meta-DENDRAL

Sa-Androstane-3,12-dione (28)
Sa-Androstane-6,1 2-dione (29)
Sa-Androstane-7,1 7-dione (30)
Sa-Androstane-12,15-dione (31)

SUM, but not by the final rules, e.g., m/e 178 in the spectrum
of androstan-7-one (14).!5 However, processes which yielded
these ions are not part of consistent fragmentation behavior
based on substructural features. The numbers of ions predicted
and found (positive evidence) and ions predicted and not found
(negative evidence) are shown in Table IL. In every case, the
counterexamples are molecules where the keto substituent is
remote from the predicted cleavage sites. Because we did not
explore bond environments far enough to consider such remote
features, and because our assumption is that a rule will apply
wherever it fits, we encounter some negative evidence.

Rules M-1-M-8 were used to predict fragmentations of a
“new” compound (not included in the set for rule formation),
androstan-2-one (22). Predicted peaks (i.e., peaks that are
deductive consequences of the rules) are mje 41, 43, 55-57,
80-83, 94-96, 108-111, 122-124, 134, 135, 144-151, 162,
163, and 259. These rules do not predict the unique fragmen-
tations of this compound giving rise to ions of mass 231 C;HgO
(M* —43,C3H7)and 216 (M* — 58, acetone). The predicted
spectrum for this compound does not explain as many signif-
icant ions in the corresponding actual spectrum?26® as in the case
of the di- and triketoandrostanes discussed below.

(f) Rules M-1-M-8 have relatively low discriminatory
power. These rules can distinguish the 7- and 11-keto com-

pounds from among all other possible monoketones, but they
ranked the other structures anywhere from second to last when
comparing the spectrum of the correct structure with predicted
spectra for all candidates. This low discriminatory power rel-
ative to the estrogens above is due to a combination of three
factors: (i) the rules seldom mention the carbony! group ex-
plicitly (by itself this is not necessarily bad); (ii) each rule often
predicts the same ions in all the molecules; and (iii) where
different ions are predicted they are not unique to the spectrum
of the correct compound.

In summary, rules M-1-M-8 indicate consistent fragmen-
tation behavior in a set of molecules whose fragmentations
previously seemed unrelated.

Diketoandrostanes. The experimental material available to
us consisted of the complete high-resolution mass spectra of
nine diketoandrostanes (23-31) listed in Table II1. The low-
resolution spectra of a few diketoandrostanes have been dis-
cussed previously, including the 1,6-,27 3,17- (24), and 1,17-13
diones. The output of INTSUM agrees with previous interpre-
tations'8 of the spectrum of 24, A review of the INTSUM output
for the mono- and diketoandrostanes reveals that (a) the
spectra of the diketones do not represent superpositions of the
respective monoketones—where any fragmentations charac-
teristic of the monoketones are noted, one of the keto groups
usually dominates the pattern; and (b) like the monoketoan-
drostanes, the diketoandrostanes display fragmentations
characteristic of individual molecules with little apparent
consistency with respect to skeletal cleavages. Many skeletal
processes yield ions in only three to five spectra of the nine
diketoandrostanes. The rules which result from analysis of the
spectra of 23-31 in terms of substructural features are sum-
marized in Table IV,
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o . Average
Other descriptors, W Negative  intensity,
Name Subgraph and interpretation Score Any Unique  evidence 2>
Rw-R
D-1 R Atom b is not 65.2 8 2 1 8.16
(none, +H, —H) c R keto substituted
b
R
D-2 Hob—4— 36.9 12 10 0 1.68
(—H) O
Wi
D-3 .j_. Loss of methyl 30.7 16 16 2 1.10
(none) b
D4 S Atoms a, b, and ¢ are 30.6 5 5 2 5.10
(—H, -2 H) not keto substituted
a
D-5 29.2 4 4 0 3.65
(-H)
HH
D-6 g 28.5 7 3 0 2.85
(none, —H, —2 H)
D-7 28.5 5 1 0 4.25
(-H)
H
R R
D-8 R 25.1 8 8 1 1.79
(none, —H) R
M H

a See footnotes to Table II for an explanation of terms.

The salient features of rules D-1-D-8 are as follows.

(a) All rules except D-3 (loss of methyl) and D-1 (vide infra)
refer implicitly to the carbonyl group in a negative sense.
Specifications on the substructures (Table IV) require certain
atoms to be secondary. Such atoms cannot be carbon atoms
of a carbonyl group. In other words, important fragmentations
are observed only when the carbonyl group is remote from the
cleavage site. As noted above for the monoketoandrostanes,
the direct influence of the carbonyl group in directing the
fragmentation appears to be minimal.

(b) Only rule D-1 posdesses features which refer to the ne-
cessity for a carbonyl group. Rule D-1 applies as shown to
androstane-2,11-dione (23) and androstane-7,17-dione (30),
for example, and to other diketoandrostanes where atom a of
rule D-1 is the carbonyl carbon and d is at least a tertiary center
(or vice versa).

@)

O

30

(¢) There are several similarities between the rules for the
mono- and diketoandrostanes. Rule D-1 is another way of
expressing rule M-6. Rules D-3 and M-3 are the same. Rule
D-2 is a slightly less general form of rule M-1, and rules D-7
and M-8 are the same.

(d) Rules D-1-D-8 do not explain as much of the total ion
current (33% Z) for the diketoandrostanes as compared to the
explanatory power of the monoketoandrostane rules, although
this still constitutes 77% 2 of the data explained by INTSUM.
The number of ions predicted is smaller, although the number
of counterexamples is still small (compare scores and positive
and negative evidence of Tables I and IV). This indicates to
us that the group of diketoandrostanes is behaving less ho-
mogeneously with respect to dependence of fragmentation on

substructures. However, for new compounds, the rules predict
important features of the spectrum of androstane-1,17-dione.'8
All ions predicted by rules D-1-D-8 are observed in the spec-
trum of this compound, including the significant ions at m/e
273, 232, 217, and 124. Also, the program deduces the fol-
lowing ions for androstane-1,17-dione: m/e 41, 109, 110,
122-124, 217, 218, 231, 232, and 273, and for androstane-
1,6-dione”: m/e 41, 81, 108-111, 217, 218, 258, 259, and
273.

(e) Interestingly, rules D-1-D-8 have much better dis-
criminatory power than rules M-1-M-8 had for the monoke-
toandrostanes. We compared the predicted spectra for the 55
possible? diketoandrostanes (excluding functionalization of
the C-18 and C-19 methy! groups) against the actual spectrum
for each of 23-31. Each of compounds 27, 28, and 30 were
ranked first (i.e., discriminated correctly). Compounds 23-26,
29, and 31 were ranked 6th, 3rd, 4th, 16th, 8th, and Sth re-
spectively, out of 55 candidates. The improvement in dis-
criminatory power over the monoketoandrostanes reflects more
frequent (implicit) reference to keto groups in the rules and
a larger number of unique ions predicted by the rules.

Triketoandrostanes. We have recorded the high-resolution
mass spectra of the eight triketoandrostanes (32-39) sum-
marized in Table V. The fragmentations of 36 and its 53 ep-
imer have been discussed previously,?” as have the fragmen-
tations of 38 and its 58 epimer, and 39 and its 53 epimer, and
Sa-~androstane-3,7,17-trione.'® These studies?’-'® have indi-
cated significant differences in the relative abundances of
several ions resulting from fragmentations of triketoandros-
tanes epimeric at C-5. However, the same fragmentation
processes appear to be occurring in both epimers. In general,
the output of INTSUM supports previous interpretations'® of
the spectra of 36, 38, and 39. There are, however, alternatives
to fragmentations proposed'® for some ions in these spectra.
For example, the abundant ion of mass 191 (C,;H,50,) in
androstane-3,11,17-trione (38) may represent loss of ring A
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Table V. Triketoandrostanes Analyzed by Meta-DENDRAL

Sa-Androstane-2,11,17-trione Sa-Androstane-1,6,17-trione

(32) (36)
5o-Androstane-6,11,16-trione Sa-Androstane-2,7,17-trione

(33) 37
Sa-Androstane-6,11,17-trione Sa-Androstane-3,11,17-trione

(34) (38)
Sa-Androstane-3,6,16-trione Sa-Androstane-3,6,17-trione

@3%5) 39)

and C-5,10,19!8 or loss of ring D and C-12,13,14,18 together
with an additional hydrogen.

In the INTSUM analysis of this set of molecules we consid-
ered H,O and CO (up to two of each) as neutral species which
could be lost because there are important ions which appear
to arise from cleavages together with such losses. The INTSUM
results show some consistencies with respect to skeletal frag-
mentations, even though such fragmentations may be ac-
companied by losses of one or more H>O or CO molecules. The
results of RULEGEN and RULEMOD analysis of the INTSUM
output are summarized in Table VI.

Triketoandrostane rules T-1-T-10 have the following
characteristics.

(a) Rules T-4, T-6, T-9, and T-10 explicitly refer to the re-
quirement for a carbonyl group in the substructure. Atom a
or cof rule T-1 can match the carbon atom of a carbonyl group.
In most cases predicted cleavages are observed in addition to
the same cleavages accompanied by the losses of CO and H,O
summarized in Table VI.

(b) Considering functional-group interaction, a similar
situation to that noted for the diketoandrostanes pertains to
the triketones. The spectra are not superpositions of the re-
spective mono- or diketones. What is notable is the almost total
lack of influence of the C-17 and C-16 keto groups on the
fragmentations of 32-36. Thus, the fragmentation of an-
drostane-2,11,17-trione (32) parallels that of androstane-
2,11-dione (23); androstane-6,11,16-trione (33) displays a
spectrum very similar to that of androstane-6,11,17-trione
(34); and the decompositions of androstane-3,6,16-trione (35)
and androstane-3,6-dione (25) are related, as are the major
fragmentations of androstane-1,6,17-trione (36) and andros-
tane-1,6-dione.

(¢) As indicated by the scores and positive and negative
evidence in Table VI, the rules have explanatory power which
is considerably better than that for the diketoandrostanes and
parallels that for the monoketones. The triketoandrostane rules
explain 60.5% Z of the total ion current (including the mo-
lecular ion) or 84% = of the data explained by INTSUM. There
are very few counterexamples. In addition, rules T-1-T-10
predict many of the salient features of available (low-resolu-
tion) spectra of “new” compounds (not used for rule forma-
tion), such as androstane-3,12,17-trione!®® and androstane-
3,7,17-trione.!8 Tons deduced from these rules for these two
compounds are: for androstane-3,12,17-trione: m/e 41, 43, 53,
55,56,67-69,77,79,81,91,93-95,110, 119, 121-124, 135,
137, 138, 165, 259, and 287, and for andostane-3,7,17-trione:
mfe 41, 43, 53, 55, 56, 67-69, 77, 79, 81, 91, 93-96, 105,
107-110,121, 123, 124,131, 133, 135, 136, 149, 151, 152, 177,
179, 191, 192, 259, and 287.

(d) The discriminatory power of rules T-1-T-10 is quite
high, paralleling the discriminatory power of the diketoan-
drostane rules. The predicted spectra of the 165 possible tri-
ketoandrostanes were compared to the known spectrum of each
of the compounds 32-39. The ranking of the correct structure
was 4,5, 3,4,9,20,4,and 12, respectively.

Conclusions
We have shown that the Meta-DENDRAL program is ca-

pable of rationalizing the mass-spectral fragmentations of sets
of molecules in terms of substructural features of the mole-
cules. On known test cases, aliphatic amines and estrogenic
steroids, the Meta-DENDRAL program rediscovered the
well-characterized fragmentation processes reported in the
literature. On the three classes of ketoandrostanes for which
no general class rules have been reported, the mono-, di-, and
triketoandrostanes, the program found general rules describing
the mass spectrometric behavior of those classes. The general
rules shown in Tables II, IV, and VI explain many of the sig-
nificant ions for compounds in these classes, while predicting
few spurious ions. The program has discovered consistent
fragmentation behavior in sets of molecules which have not
appeared by manual examination to behave homogeneously
in the mass spectrometer.

Programs with knowledge of the scientific domain can
provide “smart” assistance to working scientists, as shown by
the reasoned suggestions this program makes about extensions
to mass spectrometry theory. We are aware that the program
is not discovering a new framework for mass spectrometry
theory; to the contrary, it comes close to capturing in a com-
puter program all we could discern by observing human
problem-solving behavior. It is intended to relieve chemists of
the need to exercise their personal heuristics over and over
again, and thus we believe it can aid chemists in suggesting
more novel extensions to existing theory. It can be argued that
the two-dimensional connectivity model of molecules used in
this study is not the right model for mass spectrometry; that
there are deeper rationalizations of a fragmentation process
than subgraph environments. However, this model is com-
monly used by working chemists and once fragmentations
based on this model are defined, chemists can readily provide
the remaining ‘“‘mechanistic” rationalizations or see that fur-
ther experimental work with labeled compounds is necessary.
(Other limitations of the method have been discussed at the
end of the Methods section.)

Recent statistical pattern-recognition work?® addresses some
of the points on rule formation and spectrum prediction raised
in this paper. We have avoided blind statistical methods for
three important reasons. (1) We wish to explore thousands of
possible subgraphs with associated features, as we search for
those which are in some way important. Current pattern-rec-
ognition procedures are restricted to much smaller numbers
of manually (or computer-assisted) selected features, adding
additional bias to the procedure. (2) We want to know how
certain rules were obtained by the program and why certain
other rules were rejected or not detected. We can trace the
reasoning steps of the Meta-DENDRAL program and determine
chemically meaningful answers to such questions in a way that
is not possible with purely statistical programs. (3) We wish
to constrain the rule formation activity in ways that are natural
to a working chemist. For example we may want the program
to avoid fragmentations involving aromatic rings or two bonds
to the same atom, or, as mentioned above, we may want to look
at fragmentations accompanied by loss of CO or other neutral
fragments.

Rules can be formulated to explain data in terms that are
known to be meaningful to chemists; most importantly, the
rule-formation constraints are under the control of the chemist.
Also we feel that this approach provides a high level of gen-
erality in describing fragmentation processes. Although the
rules are developed in the context of a particular set of com-
pounds, they are not tied to that set, but can be applied in other
contexts or compared to rules developed from other sets of
compounds in a search for common features of the rules. For
these reasons, we believe that the Meta-DENDRAL program
offers a powerful and useful complement to pattern-recognition
programs for finding relationships between structures and
spectral data.
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Table VI. Triketoandrostane Rules?
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. Positive evidence . _Average
Other descriptors, —_— Negative intensity,
Name Subgraph and interpretation Score Any Unique evidence % 420
T-1 R 143.6 13 8 0 6.84
(-H, -H,0 +H, =R
-H,0 - H, —CO, 5
—-CO+H, -CO -H) R4
T-2 LR 77.4 16 1 0 4.55
(none, —H, -H,0 + H,
—H,0+2H, -H,0 - H,
-CO, —CO — H)
T3 LR 72.6 7 7 0 5.19
(_Ha _Hzo + Ha R
-CO+H, -CO -H) A\
T4 (& 70.5 16 8 0 2.94
(—-H, -CO - H,
—-2CO - H)
T-5 j—‘ Loss of methyl 59.7 14 14 2 2.49
(none, —CO)
T-6 (z0) 53.6 9 3 0 4.46
(none, —H,
—H,0 +H, —H,0 — H,
—CO - H)
T-7 HE R Atoms a and d are not 34.4 10 10 1 1.91
(+H, -CO + H, d% keto-substituted
—CO — H, -2C0O -H) a
T-8 27.7 6 5 0 2.52
(none, —H,
—H,0+H, —H,0 + 2H,
—H,0- H, -CO - H)
(03
T9 14.0 31 31 0 0.23
(+H)
T-10 (=0) 13.1 5 5 0 2.19
(none, —H,
—-2CO — H)

4 See footnotes to Table Il for an explanation of terms.

We are cautiously optimistic about the general applicability
of this rule-formation method, although we have demonstrated
its utility for only a small number of compound classes and only
in the context of mass spectrometry.

Experimental Section

All high-resolution mass spectra were obtained by electrical re-
cording of a complete spectrum (magnetic scanning) using perfluo-
rokerosene as an internal mass calibration standard. All compounds
were introduced into a Varian MAT Model 711 mass spectrometer
via the direct insertion probe.

The computer programs are written in Interlisp and run on the DEC
10 SUMEX-AIM computer resource at Stanford University. For
additional information on access to these programs, contact the au-
thors.
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Abstract: Reactions of iminium salts with nickel(0) complexes, (R3P);NiCyH, and (R3P)sNi (R;P is triphenylphosphine or
tri-p-tolylphosphine), are reported. Complexes of stoichiometry [(R3;P)Ni(X)L] (X is Cl. Br. or I: L is iminium cation
H,C==N(CH3),* or H,C=N(CH3){(CH,;CH3)*) and {[(C¢Hs)3;P],Ni[CH:N(CH3)]IC104 were isolated and characterized
by analysis and infrared and '"H NMR spectroscopy. A single-crystal x-ray structure determination was performed on
{[(C¢H5)3sPINi[CH,N(CH3)]Clj. The orange complex crystallizes in the monoclinic space group P2,/c with @ = 9.695 (3)
A b=147493)A,c=14276(3) A,8=101.42(4)°, Z = 4, pexpu = 1.378 (5) g/cm?, and peyiea = 1.375 g/cm?. The struc-
ture was solved using 2243 reflections with intensity greater than 2¢. The positions of all hydrogen atoms were located and in-
clusion of these atoms in the structure refinement gave final discrepancy indices of R; = 0.041 and R» = 0.045. The complex
can be considered as a trigonally coordinated molecule with the iminium cation bonded in a 7-fashion to the nickel atom; the
carbon atom of the iminium cation is trans to the chlorine atom and the nitrogen atom trans to the phosphorus atom. The dihe-
dral angle between the C-N bond and the CI~Ni-P plane is 3.8 (2)°. The C~N bond length is 1.392 (6) A. Nito C, N, Cl, and
P bond distances are 1.884 (5), 1.920 (4), 2.213 (2). and 2.136 (2) A, respectively. Bonding in the complex is considered in
terms of a 7-alkene model. Reactions of this complex are described including one with sodium cyclopentadienide that yielded
{(n3-CsH3s)Ni[CH2N{(CH3),]P(CgHs)3}, which contains a dimethylaminomethyl group o-bonded to nickel.

This paper represents the first of what we anticipate will
be a series on the organometallic chemistry of small unsatu-
rated species that contain nitrogen atoms and that are iso-

structural and/or isoelectronic with olefins, Examples of such
species include R;N=CR,™* (iminium cations), which are both
isoelectronic and isostructural with the analogous C=C
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