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Recent Aspects of Homolytic Aromatic Substitutions
I Introduction

Among the free radical reactions, homolytic aromatic substitution has an un-
doubted theoretical interest for the understanding of the reactivity of the aromatic
compounds and of the free radicals. However it was considered till recent years a
secondary aspect of the general problem of the aromatic substitution. It is difficult
to find a modern text book of general organic chemistry in which this subject is
only mentioned.

The poor interest of the organic chemists concerning the homolytic aromatic
substitution mainly arose from the discouraging characteristics of the most studied
reaction: the homolytic arylation 1). A very low positional and substrate selectiv-
ity is in fact the most qualifying characteristic of this reaction. That clearly
appears from the results of homolytic phenylation shown in Table 1. The fact
that the partial rate factors (a measure of both positional and substrate selectivity)
of the meta positions are all very close to unity and, in the absence of steric
effects, those of ortho and para positions are slightly higher independently of the
polar character of the substituent, is best explained by the stability of the inter-
mediate cyclohexadienyl radical (7), which is affected by the delocalization of the
odd electron into the substituent groups in ortho (2) and para (3), but not in meta
positions

eHs H GeHs H CeHs H

58
G-o G-g

This point of view is supported by the unusually high values of the partial
rate factors of the «- and y-positions in the homolytic phenylation of pyridine-
N-oxide 8 (« 139, 8 1.5, ¥ 31.2) compared with those of pyridine (« 1.8, § 1.0,
y 1.2). This behavior can in fact be ascribed to the higher stability of the s-complex
which has a nitroxide type structure (<)

CeHs H
-
N
!

Qe
4



F. Minisci

Table 1. Partial rate factors for homolytic phenylation of benzene
derivatives with benzoyl peroxide

Aromatic ‘Partial rate factors Refs.
substrate o Im o

Ph—Me 2.4 0.74 1.1 2,3)
Ph—Et 14 0.76 1.0 2
Ph—Pri 0.60 0.81 1.0 &)
Ph—But 0.46 0.94 1.0 2
Fh—FPh 2.1 1.0 2.5 2
Ph—Cl 1.8 0.81 1.1 2,8
Ph—COoMe 3.0 0.93 2.7 9
Ph—CN 6.5 1.1 6.1 5
Ph—NOg2 —8&.5 0.86 4.9 2)
Ph—OMe 4.2 0.87 1.9 6)
Pyridine 1.7 1.0 0.87 ?

The results of Table 2 show that the presence of substituents in the phenyl
radical modifies only slightly the whole picture. This very low selectivity affects
the synthetic interest of the homolytic arylation. Generally all the free positions
of an aromatic substrate are substituted, giving complex mixtures of isomers.
Moreover, if the conversions are not too low, the mixtures of the reaction products
become much more complex because polysubstitution occurs in all the aromatic
positions.

Table 2. Partial rate factors for homolytic arylation
of nitrobenzene with X-substituted phenyl radicals 1)

X Partial rate factors
fo fm fp

m—Me 55 1.2 4.7
p—Me 6.1 1.2 5.8
H 5.5 0.86 4.9
m—Cl 2.2 0.58 22
p—Cl 2.7 0.63 2.5
m—NOg 0.68 0.23 0.75
p—NOy 1.64 0.43 1.6

Recently we realized that polar factors could play a much more important
role in homolytic aromatic substitutions than that foreseen only few years ago
and the possibility of substitutions of much greater synthetic potential became
apparent 9,10,

4



Recent Aspects of Homolytic Aromatic Substitutions

The extensive investigation of the polar effects in homolytic aromatic sub-
stitutions has led to two important developments:

i) New free radical substitutions in homocyclic and heterocyclic aromatic
series, characterized by very high positional and substrate selectivity, were found.
The consequent synthetic interest is sometimes not lower than that of the main
ionic substitutions, so that the homolytic substitution can now be considered a
much more significant aspect of the aromatic substitution also from a synthetic
point of view.

il) Very useful models were developed for investigating the influence of the
polar factors on the reactivity of free radicals, even moderately polar, such as
carbon free radicals. These models are far the most general and sensitive used
till now for determining the relative nucleophilicities of the carbon free radicals.

These two aspects are strictly connected because the causes determinig the
synthetic interest of the new homolytic substitutions are the same as determine
the interest of the ionic substitutions. The synthetic interest in fact becomes
prominent when the polar effects significantly contribute in determining the
global reactivity of the homolytic substitution.

At first the polarity of the radical was considered pre-eminent over all the
other factors in determining the sensitivity to the polar effects, but soon it was
realized that the polarity of the substrate is no less important, so that strong
polar effects were observed not only with strongly polar radicals, but also with
moderately polar radicals, if the aromatic substrate has a marked polar nature.

In this review the two developments concerning the synthetic aspects and the
causes of the selectivity will be discussed in some homolytic substitutions with
electrophilic and nucleophilic radicals.
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II. Aromatic Substitution with Electrophilic Radicals. Homolytic
Amination by N-Chloroamines

Very strongly electrophilic radicals are the amino radical cations, Rgf\iH, which
can be easily obtained from N-chloroamines; they are very versatile and react
differently with alkanes ®, alkenes 11, alkynes and aromatics 11, involving
potentially most of the organic compounds and showing in all cases an exceptional
sensitivity to polar effects.

A. Products of Amination

The homolytic amination by N-chloroamines is of great synthetic interest, with a
selectivity and versatility comparable to those of the most selective electrophilic
substitutions. The overall stoichiometry is shown by Eq. (1)

+ +
Ar—H + R;NHCI — Ar—NHR; + HCl (1)

Several factors contribute to the synthetic success of this substitution.

i) The ready availability and the relative stability of N-chloramines, which
can be obtained in high yields by chlorination of the corresponding amines,
make them convenient reagents for the aromatic amination.

ii) The experimental conditions are very simple; under the best conditions,
the reaction is carried out at room temperature in the presence of a catalytic
amount of metal salts (Fe2+, Ti3+, Cu+t, Cr2+). Concentrated sulphuric acid,
aqueous solutions of sulphuric acid and mixtures of sulphuric acid and organic
solvents (acetic acid, methanol, nitroalkanes) are generally used as reaction media.
The solubility of the aromatic substrate is not a severe limitation; a very low-
solubility, such as that of benzene, alkyl benzenes or bypheny! in sulphuric acid is
sufficient for the reaction to be completed in a few minutes.

iii) The yields based on N-chloroamine are often high and those based on the
aromatic substrate are for the most part quantitative. The side products come from
the electrophilic chlorination of the aromatic substrates activated by strongly
electron-releasing groups (OH, OR, NHCOR) and from benzylic chlorination of
alkylbenzenes.

iv.) A variety of monoalkyl and dialkyl-N-chloroamines can be used. The
reaction did not succeed with NH2Cl owing to its lower stability in a strongly
acidic medium. The main limitation, concerning the structure of N-chloroalkylam-
ines, is due to steric effects. Thus yields based on N-chloramines decrease by
increasing the bulk of the alkyl groups. No substitution takes place with N-chloro-
diisobutylamine or N-chloro-di-n-butylamine; in this last case the Hofman-
Loffler 12) reaction occurs. The competition of intramolecular hydrogen abstrac-
tion is not, however, the only cause of the lack of aromatic amination; in fact
N-chloroalkylamines with less steric hindrance, but still capable of Hofman-
Loffler rearrangement, such as N-chloro-s-butylamine and N-chloro-n-butyl-
methylamine also lead to aromatic amination.

6



Recent Aspects of Homolytic Aromatic Substitutions

v) A large variety of aromatic substrates can be readily aminated. The only
limitation concerns aromatic rings with strong electron deficiency due to the
presence of electron-withdrawing groups.

vi} The substrate selectivity is very high. This selectivity is exclusively due to
polar effects and it is very advantageous from a synthetic point of view. Thus
protonated anilines do not react under conditions in which benzene is easily
aminated in a few minutes, so that the reaction does not generally lead to poly-
substitution of an aromatic ring, even with total conversion of the aromatic
substrate. The reaction is in fact carried out in acidic medium and the protonation
of the amine formed completely deactivates the ring against subsequent attack.
No other homolytic aromatic substitution in homocyclic series has this valuable
synthetic characteristic.

vii) The positional selectivity is also very high, comparable with that of highly
selective ionic electrophilic substitutions. The sensitivity to polar effects is mainly
responsible for the positional selectivity. The great sensitivity to steric effects
can contribute to further increasing the selectivity of the isomer distribution.

The amination of the anthraquinone dye 5 by N-chlorodimethylamine is a
significant example of the versatility of this reaction also with complex molecules
and of the exceptional substrate and positional selectivity. In fact 5 has 8 non
equivalent free aromatic positions, but only the isomer 6 is formed in quantitative
yield 13), with complete conversion of 5 by using only a light excess of N-chloro-
amine, and without formation of polysubstituted compounds [Eq. {2)].

0 NH,
+
@‘@ 0@ +(CHp), NHOI ——
0 OH
5
0O NH, (2)
+
@‘@ o@—NH(CH3),+Hc1
0 OH
6

The only exceptions, so far as orientation is concerned, are alkylbenzenes, which
are attacked with poor selectivity at the meta and para positions.

The scope and the limitations of the general process will be illustrated by the
behavior of the main classes of aromatic compounds.

1. Phenols, Phenol Ethers and Anilides

Since the reactivity of the homolytic aromatic amination is mainly determined by
the electrophilic character of the amino radical cations, this class of aromatic
compounds is strongly activated. Exclusive o0, orientation occurs without

7
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formation of traces of the m isomers; the 0:4 ratio changes with the experimental
conditions, but the p-isomer always prevails over the o-isomer. Aromatic amines
cannot be aminated in the ring containing the amino group, whose protonation
prevents further attack; with primary and secondary amines this limitation is
easily overcome by acetylating the amine,

Table 3. Homolytic amination of phenols, phenol ethers and anilides

Aromatic substrate N-chloro-amine Orientation Yield Refs.
(%) (%)
Phenol Piperidine o (9); p (91) 87 19
Phenol Dimethyl-amine po 59 14)
0—Cl-phenol Piperidine 4 (80) + otherisomers 92 14)
Anisole Piperidine o (8.9); » (91.1) 65 15)
Anisole Dimethyl-amine o (37); P (63) 54 15)
8-Methoxyquinoline Dimethyl-amino 5 (100) 89 15)
Acetanilide Dimethyl-amine p, traces of o 93 16)
Acetanilide Piperidine P, traces of o 98 16)
Acetanilide Methyl-benzyl-amine  p (100) 88 18)
Oxindole Dimethyl-amine 5 (100) 86 18)

Table 3 shows some results obtained with these aromatic compounds, which
require particular experimental conditions to overcome the competitive electro-
philic chlorination [(Eq. (8}].

OCH; OCH;

- +
@ + R;NHCl  —=— @ + RNH, 3)
1

This side reaction can in fact be minimized or eliminated by working with a rela-
tively high concentration of reducing metal salt and a low concentration of N-
chloroamine, Since a too-high concentration of metal salt is not recommended,
because it can increase the reduction of the N-chloroamine [Eq. (4)], the best ex-
perimental conditions are always a compromise between these opposite require-
ments depending on the ease of the electrophilic chlorination of each aromatic
substrate "

RoNHCI -+ 2 Fe?* —— RoNH + 2 Fe3+ 4 Cl- (4)

2. Polycyclic Aromatic Compounds

The results reported in Table 4 were obtained without performing optimization
experiments; with the most reactive substrates, yields can probably be further
increased by using the same experimental expedients employed with strongly

8
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Table 4. Homolytic amination of polycyclic aromatic compounds

Aromatic substrate N-chloroamine Orientation Yield Refs.
(%). (%)

Biphenyl Dimethyl-amine 4 (100) 71 19

4-Nitrobiphenyl Dimethyl-amine 4’ (100) 86 18

4-Nitrobiphenyl Piperidine 4 (100) 85 18)

4-Biphenyl-sulfonic Dimethyl-amine 4’ (100) 86 18)

4-Dimethylacidamino- Dimethyl-amine 4’ (100) 20 18)

biphenyl

4-Chlorobiphenyl Dimethyl-amine 4’ (100) 84 18)

Naphtalene Dimethyl-amine 1(97); 2 (3) €8 19)

1-Bromonaphtalene Dimethyl-amine 5 (92) + other 97 19
isomers

Fluorene Dimethyl-amine 2 (100) 63 17)

Fluorenone Dimethyl-amine 2 (100) 98 18)

activated substrates. However, also in these cases, yields and selectivity are
generally very high. The disubstitution observed with biphenyl and fluorene is
only the result of the experimental conditions used: the hydrocarbons have a
very low solubility, while the monosubstituted derivatives are completely soluble
in the reaction medium. In both cases however, only one disubstituted isomer was
obtained, even with total conversion of the aromatic substrates. This is another
significant example of the exceptional selectivity of the reaction, because fluorene
and biphenyl can give rise respectively to 16 and 9 different disubstituted isomers.

3. Aromatic Compounds with Strongly Electron-Withdrawing Groups

Substituents such as NOg, CN, COR, 1':TR3 strongly deactivate the aromatic ring
towards homolytic amination. The presence of electron-releasing groups in these
compounds can counterbalance the deactivating effect of the electron-withdrawing
group and allow the aromatic substrate to be easily aminated. Thus fluorenone is
aminated with high yield and complete selectivity (Table 4) under conditions in
which benzophenone does not react; the phenyl group in a biphenyl system
strongly activates the p-position of the other phenyl group (the partial-rate factor
of the p-position of biphenyl is 600). The presence of electron-withdrawing groups
in polycyclic aromatic substrates (naphthalene or biphenyl derivatives of Table 4
or compound 5) leads to amination of the unsubstituted rings.

4. Heteroaromatic Compounds

The homolytic amination is of less use with heterocyclic than with homocyclic
aromatic compounds because either the heteroccylic compounds are too deactiva-
ted (protonated heteroaromatic bases) or they are unstable in the strongly acidic
medium usually required by the reaction. Thus, quinoline cannot be aminated
because the protonated heterocyclic nitrogen deactivates both rings. In the

9
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8-methoxyquinoline, however, the electron-releasing effect of the methoxyl
counterbalances the electron-withdrawing effect of the heterocyclic nitrogen and
the homolytic amination leads in high yield to only one of the 6 possible isomers
(Table 3). Heteroaromatics activated towards electrophilic species, such as furan
and pyrrole, are not suitable for homolytic amination owing to their low stability
under the reaction conditions. Thiophene, however, has been aminated to 2-
alkylamino derivatives 13),

5. Halobenzenes and Cinnamic Esters

The halogens and the w-substituted vinyl groups, Ar—CH=CH—X, where X is
an electron-withdrawing group, deactivate the benzene ring but the orientation
is prevalent in 0 and $ positions, as for the ionic electrophilic substitutions (Table 5)
Yields based on N-chloroamine are not very high with halobenzenes, owing to the
deactivation of the aromatic ring and to a more marked reduction of the N-
chloroamines [Eq. (4)]. Yields based on halobenzenes are always very high, the
only side products being small amounts of anilines arising from the substitution
of the halogen by the amino group.

Table 5. Orientation in the homolytic amination of
halobenzenes 20 and methyl cinamate 21) by
N-chlorodimethylamine

Aromatic substrate ortho mela para
Chlorobenzene 18.5 5.5 76
Bromobenzene 21.6 3.4 75
Iodobenzene 6 8 86
Methyl cinnamate - — 100

With cinnamic esters, the addition of N-chloroamines to the double bond
competes with the aromatic attack [Eq. (5)]

+
CeHs—CH = CH—COOR + ReNHCI —— C¢H;—CHCI-CH—COOR
! (5)
NHRg
+

The ratio of attack at the double bond and at the aromatic ring is strongly affected
by the reaction medium; the nuclear attack increases with the acidity of the medi-
um. The sensitivity to steric effects reduces or prevents the substitution in the
ortho positions.

6. Intramolecular Amination

High yields of tetrahydroquinoclines were obtained by intramolecular amination
of N-chloro-3-phenylpropylamines 22,32 [Eq. (6)].

10
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CH,

““CH,
| —— +HC1 (6)
+.-CH, ﬁ
CIHI]I RNH
R

Lower yields of indoline were obtained from N-chloro-2-phenylethyl-amine owing
to a competitive chain process leading to benzyl chloride, formaldehyde and
methylamine (Scheme 1)

+ +
C¢H5—CH;—CH3—NHCI-R 4 Fe2t —— CgH;—CH—CH:—~NH—R 4+
+ FeCl2t

+ + H,0
CeHs—CHy—CHy NH-R —> CgHg—CHj - + CH;=NHR —>—

+
CH,O + CH3NH3z

+
CgH;—CHs - + CgHs—CH3—CHo—NHCI-R —— CgH;—CHy—Cl -
+
-+ C6H5—CH2—CH2—NH—R
Scheme 1

7. Benzene and Alkylbenzenes

All the previous results show that the homolytic amination is not distinguishable
from a highly selective electrophilic reaction, with regard to orientation and
reactivity., In contrast, the results of Table 6 show that alkylbenzenes are the

Table 6. Homolytic amination of benzene and alkyl benzenes

Aromatic substrate = N-chlorcamine Conversion Yields?) Refs.
(%) (%)
Benzene Dimethul-amine 79 100 24
Benzene Piperidine 70 100 24)
Benzene Morpholine 70 100 24)
Benzene Methyl-benzyl-amine 61 100 29
Benzene Methyl-n-propyl-amine 51 100 24)
Benzene Methylamine 60 80 25)
Benzene Ethylamine 58 75 28)
Benzene Cyclohexyl 60 75 26)
Toluene Dimethyl-amine — 822) 26)
0 (9.8)
m (54.2)
b (36.2)
¢-Butylbenzene Dimethyl-amine — 722) 21
. o (0)
m (22.8)
p (77.2)

11
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Table 6. Continued

Aromatic substrate N-chloroamine Conversion Yieldsl) Refs.
%o %o
0-Xylene - Dimethyl-amine — 962) 27)
3 (4.8)
4 (95.2)
m-Xylene Dimethyl-amine — 802) 26)
2 (0.5)
4 (28)
5 (71.5)

1) Based on converted benzene.
2) Based on N-chloroamine.

exception to this general behavior because a low selectivity is observed in meta and
para positions. The reaction is very sensitive to steric effects so that no attack takes
place in the ortho positions of -butylbenzene. Also the positional selectivity ob-
served with o and m-xylenes must be mainly ascribed to steric effects. Benzylic
attack also occurs with alkylbenzenes; the ratio between benzylic and nuclear
attack is strongly affected by the acidity of the medium and by the steric character-
istics of the alkylamino radicals. The good yields based on N-chloroamines and on
the aromatic substrates (Table 4) indicate however that under the best conditions
the benzylic attack is rather low (<< 59,).

B. Mechanism of the Homolytic Amination

The free radical chain process of the Scheme 2 has been suggested on the ground of
the general characteristics of the reaction %11,

+ - +
Initiation ~ R,NHCI+M* —=— RNH+M?* +C1~ M'=Fe* , T, o, Cut

+ + +
R,NH H R,NH H R,NH H

4
Propagation @ +RNH —— @ R @ —— @
. +
H_R,NH R,NH H NHR,
+ +
+R,NHCl —= R;NH + — + HCQl

H d

Termination ~ RNH+M¥ — R,NH+M?*
Scheme 2

12
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The incursion of a redox chain characterized by the Eq. (7) into the propagation
steps of Scheme 2 has been suggested in the case of activated aromatic substrates
9,11) (phenol, phenol ethers, anilides)

OCH, OCH,

@ +Fe¥ —= @ +Fe* + HY (7)

H” “NHR, NHR,

This oxidation [Eq. (7})] is favored by the easier oxidability of the cyclohexadienyl
radical and by the experimental conditions used in these cases, in which there is
always a very low concentration of N-chloroamine and a relatively high concen-
tration of metal salt.

Generally, when the electrophilic chlorination is not a serious competitive
process, the reaction is in fact carried out in the presence of a very low concen-
tration of metal salt, which has a very low solubility in the reaction medium, and
high concentration of N-chloroamine.

To be acceptable, the mechanism of the homolytic amination must explain the
two main macroscopic phenomena in apparent discrepancy: the very high position-
al and substrate selectivity with most of the aromatic substrates, and the low
positional selectivity with alkylbenzenes.

The high positional and substrate selectivity, mostly observed and exclusively
due to polar effects, has been ascribed to a transition state more similar to a charge-
transfer complex 9.11,28) (8) than to the intermediate cyclohexadienyl radical

(7 in Scheme 2).
o+
O —
&

All the structural factors which favor an electron-transfer by stabilizing the polar
form (8) decrease the activation energy and determine the very high sensitivity of
the polar effects of the amination reaction.

The same exceptional sensitivity to polar factors was also observed with amino
radicals in the addition to olefinic systems 11,29 (no addition takes place, for
example, with acrylic monomers).

The partial rate factors and the isomer distribution in the amination by di-
methylamino radical cation of toluene, isopropylbenzene, #-butylbenzene, bi-
phenyl and naphtalene are reported in Table 7. These partial rate factors are far
the highest ever observed in homolytic substitutions so that the general character
of the homolytic amination allows a more relevant analogy to be drawn with the
electrophilic substitutions than with the homolytic arylation, the only homolytic
substitution for which numerous and accurate quantitative data exist in homo-
cyclic aromatic series.

It has been verified that the isomer distribution is definitely not a result of
isomerization, nor is it supposed to be due to superposition of an ionic (Kovacie

13
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Table 7. Isomer ratios and partial rate factors for the amination of alkylbenzenes, biphenyl
and naphtalene by MeaNHCI 28

Aromatic substrate Isomer distribution (%,) Partial rate factors .
ortho meta para ortho meta para
Toluene 5.6 22.6 71.8 2 8 51
Isopropylbenzene 1.1 23.4 75.5 0.3 6.2 42
{-Butylbenzene — 14.6 854 —_ 2.3 27
Biphenyl — —_— 100 — — 598
Naphtalene 13) (o) 97 p) 3 — («) 95,700 () 29050 —

reaction 39)) and a radical amination (no reaction takes place in the absence of
reducing metal salt under the same conditions).

The most significant features of the results of the Table 7 are the following:

i) Very high sensitivity to steric effects. The absence of ortho isomers from
t-butylbenzene and biphenyl and the low percentage from toluene and isopropyl-
benzene must in fact be attributed to steric effects; this phenomenon is also
confirmed by the results obtained from xylenes (Table 6).

11) Very high sensitivity fo inductive effects. As the reactivity of meta positions
can be considered as best reflecting the inductive effect due to the polar nature of
the attacking radical, the partial rate factor for the mefa-attack on toluene in-
dicates that the sensitivity of the homolytic amination to inductive effects is very
high, of the order of magnitude of the most selective electrophilic reactions.

Such high sensitivity of amino radical cations to steric and inductive effects
was also observed in hiydrogen abstraction processes from saturated hydrocarbons
31,32),

ii1) High sensitivity to conjugative polar effects. The great positional and sub-
strate selectivity of biphenyl and naphtalene may be in principle due to two
separate causes: either to conjugative polar effects as for electrophilic reactions
(Scheme 3) or to resonance stabilization of the intermediate radicals (Scheme 4).
The first effect was considered much more important for two reasons: the high
selectivity shown by aromatic compounds such as phenol, anisole, acetanilide and
the fact that, in the absence of marked polar effects, as in homolytic phenylation
of biphenyl, the partial rate factor of the para position has a rather low value (2.5),
not differing greatly from those of the orfho (2.1) and meta (1.0) positions 2.

0~ OO0 =
+
R,NH ~— RNH @O _— etc.

Scheme 3

¢
9
©

———— RIHH
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OO0 —

R,NH R,NH
+ +
R.NH H R.NH H
-
Scheme 4

1) The low positional selectivity of the alkylbenzenes, the increase from toluene
to t-butylbenzene and the fact that the position 4 of biphenyl is considerably more
activated than the corresponding position of toluene was explained by assuming
that a transition state similar to a charge-transfer complex (8) is scarcely sensitive
to hyperconjugative polar effects, while it is sensitive to inductive and conjugative
polar effects. In terms of Hammett a-constants 33), the low positional selectivity
of toluene would be related to the o (—0.07) and op (—0.12) constants, but not
to the ¢} (—0.31), which would include hyperconjugation of the C—H bonds of
the methyl and would considerably increase the positional selectivity. In contrast,
the higher positional and substrate selectivity of biphenyl would be related to the
o3 (—0.18) constant which includes resonance effects, oy and ¢§ being respectively
+-0.10 and +-0.04.

v) The sequences of the partial rate factors of the meta and para positions of
toluene, isopropylbenzene and t-butylbenzene disagree with an inductive order of
reactivity, as assumed in iv). Above all, the sequence of the partial rate factors of
the meta positions is inexplicable on the basis of electronic effects. The apparent
discrepancy was explained by the exceptional sensitivity to steric effects of di-
alkylamino radical cations. In a transition state similar to a charge-transfer
complex, in which a defined primary valence bond is not developed, steric effects,
including steric inhibition of solvation, would affect the total reactivity of the
substrates and therefore also the partial rate factors of the meta and para
positions 28), The results obtained increasing the size of the alkyl group in di-
alkylamino radical cations (Table 8) support such an explanation. The results of
Table 8 also show the influence of the structure of the amino radical on the selec-

Table 8. Partial rate factors for amination of toluene, #-butylbenzene and o-xylene by amino
radical cations 28)

Amine Toluene t-Butylbenzene o0-Xylene

0 m 4 m P 3 4
Dimethylamine 2 8 51 2.3 27 6.4 230
Diethylamine 1 6.2 66 2.1 23.5 5.4 205
Piperidine — — — — — 1.4 185
Morpholine — — — — — 2.4 630
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tivity. The highest selectivity was obtained with morpholine, the least basic
amine (pK 5.6), while the lowest selectivity was observed with piperidine, the
most basic (pK 2.8), their steric requirements being substantially identical, in
agreement with the expected polar character.

On the basis of the mechanistic conclusion reached for the homolytic amination
of alkylbenzenes, a new explanation was suggested for the much-discussed Baker-
Nathan and inductive order in electrophilic substitutions of alkylbenzenes.

Most of the electrophilic substitutions follow the Baker-Nathan order (toluene
more reactive than f-butylbenzene); for few substitutions (i.e. nitration) the op-
posite inductive order holds. According to the new explanation 28) the Baker-
Nathan order would be associated with a transition state of the Wheland classical

type (9),
9

whereas the inductive order would hold when a charge-transfer character signif-
icantly contributes to the transition state, as for the homolytic amination. In
nitration this charge-transfer character would be related to the particular stability
of the NO¢2 molecule (70).

ot Q) = 2o @)
10
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ITI. Substitutions of Heteroaromatic Bases by Nucleophilic Carbon
Free Radicals

The substitutions with nucleophilic radicals become particularly interesting only
with electron-deficient aromatic substrates, as the ionic nucleophilic substi-
tutions. Carbon free radicals are the most common nucleophilic radicals and they
are obviously among the most important organic free radicals. Heteroaromatic
bases on the other hand are electron-deficient aromatic substrates which readily
react with nucleophilic species. The protonation of heteroaromatic bases strongly
increases their electron-deficient nature and therefore the reactivity towards
nucleophilic reagents, while the reactivity towards electrophilic species is strongly

reduced. Thus the change from =CH—, to=I-‘Q-H—, in going from benzene to pro-
tonated pyridine, reduces the rate of tritiation about 1018 times 34). Moreover,
treating the heterocyclic nitrogen atom of the pyridine as a substituent in a ben-
zene ring, the exceptionally high value of 4 was estimated for the s-Hammett
constant of the $-position in the protonated pyridine 3%, the corresponding value
of the unprotonated pyridine 39 being 0.93. The increased nucleophilic reactivity
of protonated heteroaromatic bases cannot be mostly exploited with ionic nucleo-
philic species, which cause as primary effects deprotonation of the bases. This
incompatibility does not occur with nucleophilic radicals; that made it possible to
take advantage of the increased nucleophilic reactivity following protonation in
order to find new types of homolytic substitutions characterized by very high
positional and substrate selectivity and consequently by great synthetic interest.
Moreover, protonated heteroaromatic bases have provided the most general and
sensitive models till now used for determining the structure: nucleophilicity
relationship of the main carbon free radicals. The factors which determine the
nucleophilic behavior of the carbon free radicals have in fact an intrinsic theo-
retical interest and also greatly contribute to clarifying the causes of the observed
selectivity in the aromatic substitutions.

A. Homolytic Alkylation

The synthetic success of the homolytic alkylation of heteroaromatic bases, as
well as that of other free-radical substitutions, is mainly determined by the follow-
ing factors:

i) Availability of the radical sources.

ii) Positional and substrate selectivity.

iii) Rearomatization of the intermediate o-complex.

i) A large variety of thermal, redox and photochemical sources of alkyl
radicals used in the alkylation of heteroatomic bases has been recently reviewed 10,
Alkylation in acidic aqueous medium has proved to be particularly convenient
by using the oxidative decarboxylation of carboxylic acids by peroxydisulphate.

This source is cheap, readily available and very versatile. A very large number of
primary, secondary and tertiary alkyl radicals can be obtained from the corre-
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sponding carboxylic acids under very simple experimental conditions. The alkyl
radicals are formed according to the Schemes 5 und 6

Se08” + Agt —> SOF + SO%F™ + Ag?+
SOz + Agt —— SOI™ + Ag2t
R—COOH + Ag** — R- -+ COz + H* + Ag*

Scheme 5

S,08~ —— 2507
R—COO- 4+ SOz —> R- 4+ COz + SO%~

Scheme 6

The method of Scheme 5 permits carrying out the reaction in strongly acidic-
medium and necessarily requires the presence of the silver salt catalyst 3%, The
method of Scheme 6 uses solutions of carboxylic acids and sodium carboxylate;
it is useful with heteroaromatic bases, such as thiazoles or diazines, which com-
plex the silver salt and reduce its catalytic activity 38).

The high trapping effectiveness of protonated heteroaromatic bases permits
the use of the homolytic alkylation as diagnostic criteria for revealing the presence
of nucleophilic alkyl radicals in a reaction. Moreover, very unusual and sophisti-
cated sources of alkyl radicals can be used also from synthetic point of view. A
general procedure recently developed is shown by the Scheme 7

S —a Xe

[ ] Ny
x-C-Co + [O] — X—C—C—@
I §+ [ N

Scheme 7

The radical source S gives rise to an electrophilic radical X -, which adds to the
olefin, but does not attack the protonated base. The newly-formed alkyl radical
(77) has enough nucleophilic character to be used for the selective alkylation of
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protonated heteroaromatic bases. Typical examples 1% are shown by the Schemes
8 and 9

CH,—CO-CHj; +Mn* —— CH;CO-CH,s +Mn?* +H'
CH,—CO—CH,e +CH;=CH-R —= CH,;~CO—-CH,~CH,~CH-R

12

R-CH~CH,-CH,~CO—CH,3

@)

§[+
CH,y~CO—CH,—CH,~CH-R + @f@ <
N% R
i oL/
CH—CH,—CH,~CO~CH;
II~{I+

Scheme 8

In the absence of protonated base, the radical 72 is oxidized to carbonium
ion. The attack to the heteroaromatic base successfully competes with the elec-
tron-transfer oxidation.

H202 +FC2+ —= HO-* +F60H2+
HOe +Fe(N;)?* —= FeOH* + oN,
Nje + CH;=CH-R —a== N;—CH,~CH-R

13

R-CH-CH,—N;

O

N%

. H
N;—CH,-CH-R + @\/j —<

h R

@(@—CH—CH,—N;

H
Scheme 9

In the process of Scheme 9 the attack to the protonated base successfully
competes with a ligand-transfer oxidation of the alkyl radical 73 [Eq. (8)]

N3—CH;—CH—R + Fe(N3)2+ ——> N3—CH;—CH—R + Fe2+
l (8)
Ns
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Alkyl radicals arising from rearrangements of amino radical cations have

also been successfully used for the homolytic alkylation of protonated hetero-
aromatic bases 13,89 (Schemes 10 and 11)

+ + +
R2T—(CH2)3—CH3 +Fe* e RN-(CH,);~CH; —— R,NH—(CH,);~CH,»

o +
CH,—(CH,);—NHR,

2 ( 2)3 2 @:j <

H
Scheme 10

4 + +
R-NHCI-(CH,); ~CH; + Fe?* —= FeCP** + R-NH—(CH,); -CH; —= R-NH;—~(CH,); ~CH,*

+
(CH2)4—NH,—R

N+

R-NH, {(CHy), CHje + @\/j < "
@f@—(CHm—NH,—R
H

Scheme 11

According to Scheme 11, the heteroaromatic attack overcomes the very fast
competitive chlorine-transfer from the N-chloroamine [(Eq. (9)] which is a step
of the free-radical chain in the Hoffman-Loefiler 12) reaction

+
R—NHy—(CHy)5—CHs. + R—NHCI—(CH )s—CHz —> .
——s R—NH;—(CHs)s—CH3—Cl + R—NH—(CHz)s—CH ®

These examples emphasize the very high versatility of the homolytic alkyla-
tion as far as the free-radical sources are concerned, and the possibility of obtaining
complex substitutions in a simple way.
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ii) The very high positional and substrate selectivity will be discussed in
Section IILE; it greatly contributes to the synthetic success of the reaction.

iii) The rearomatization of the intermediate radical adduct (74) also affects
the yields of the substitution. It is mainly connected with the oxidizing character
of the free-radical sources. If the reactiohn medium is not sufficiently oxidizing,
side reactions of the radical adduct (74) can become important (reduction, dimeri-
zation, disproportionation etc.). Often the presence of metal salts, such as Cu2+
or Fe3+ is sufficient o eliminate or minimize these side reactions. These salts make
the rearomatization of the radical adduct more effective (74) by an electron-trans-
fer oxidation [Eq. (10)].

R
R H
@ + Cu?* O +CL1+ + H+ (10)
N% Nt
H H

14

Thus the use of oxidative decarboxylation of carboxylic acids by peroxydisul-
phate as source of alkyl radicals is often effective enough in determining good
yields of rearomatization of the radical adduct (74); the presence of small amounts
of Fe3+ or Cu?t, however, determines in all cases a very clean substitution reac-
tion.

The fact that the electrophilic alkylation, which is very important in the
homocyclic aromatic series is not applicable with the heteroaromatic bases and in
any case would cause a completely different orientation also contributes to the
synthetic interest of the homolytic alkylation. Moreover, the homolytic substi-
tution occurs without rearrangement even in the case of the neopentyl radical 40),
and without isomerization of the reaction products, which take place frequently
in electrophilic alkylation.

Some results, obtained from decarboxylation of carboxylic acids are reported
in Table 9. The good yields, the simple experimental conditions, the cheap and
readily available sources of alkyl radicals, the large variety of alkyl radicals and
heterocyclic compounds used, and the very high positional and substrate selectiv-
ity indicate that the homolytic alkylation of protonated heteroaromatic bases
can be considered one of the main reactions of this class of compounds.

B. Homolytic Acylation

The homolytic acylation is practically unknown in the homocyclic aromatic
series. The only intermolecular attack so far reported concerns the reaction of
benzoyl radical and anthracene 49, in which the position 9 is highly reactive
towards free radicals.

In contrast, the reaction is of great interest in heteroaromatic series, compa-
rable to the corresponding electrophilic reaction in homocyclic series, as the results
of Table 10 show. Several factors contribute to the synthetic interest of this sub-
stitution. Certainly, the most important factor is once again the complete selec-
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Table 9. — Homolytic alkylation of protonated heteroaromatic bases by decarboxylation of
carboxylic acids

Heterocyclic Alkyl radical Position of Conversion Yieldsl) Refs.
compound ) substitution (%) (%) (%)

Pyridine cyclohexyl 2(37); 4(63) 14 100 LX)
Pyridine ' t-Bu 2(32); 4(68) 18 100 87)
4-Cyanopyridine  Me 2(85); 2.6(15) 42 82 37
4-Cyanopyridine  Et 2(78); 2.6(22) 77 81 a7
4-Cyanopyridine  #-Pr 2(67); 2.6(33) 86 88 37)
4-Cyanopyridine  #-Bu 2(87); 6(13) 95 98 3n
4-Cyanopyridine =~ Ph—CHg 2;2.86 85 94 41
Quinoline Me 2(23); 4(25); 2.4(52) 97 100 3
Quinoline n-Pr 2(28); 4(36); 2.4(36) 87 100 3an
Quinoline i-Pr 2(13); 4(26); 2.4(61) 99 100 37
Quinoline cyclohexyl  2(24); 4(35); 2.4(41) 100 100 37
Quinoline ¢-Bu 2(100) 98 95 37
Isoquinoline Et 1(100) 33 100 an
Isoquinoline cyclohexyl 1(100) 99 84 3N
Acridine n-Bu 9(100) 37 100 37
Acridine i-Pr 9(100) 66 100 3n
Quinoxoline i-Pr 2(81); 2.3(19) 63 100 38)
Quinoxoline +-Bu 2(100) 90 78 38)
Benzothiazole n-Pr 2 (100) 80 65 38)
Benzothiazole i-Pr 2(100) 80 67 38)
Benzothiazole t-Bu 2(100) 70 74 38
Imidazole i-Pr 2(100) —_ 882) 12
Imidazole +-Bu 2(100) — 802) 42)
Benzimidazole cyclohexyl 2(100) — 702) 42)
Benzimidazole t-Bu 2(100) — 682) 42)
5-Chloro-

benzimidazole i-Pr 2(100) — 782) 12)
Pyrazole #-Bu 5 64 72 43
Pyridine-N-oxide #Bu 2(43); 4(57) — 622) 49

1) Yield based on the converted heterocyclic compound.
8) Yield based on the used heterocyclic compound; conversions are not generally quantitative

tivity of attack which takes place only at positions & and p to the protonated
heterocyclic nitrogen and does not normally lead to secondary products; therefore
yields based on converted aromatic substrates are usually very high. A large
variety of heteroaromatic bases and acyl radicals can be used under very simple
experimental conditions. This direct homolytic acylation has no alternative in
other synthetic methods; thus the classical eletrophilic acylation, very important
in homocyclic aromatic series, does not work with heteroaromatic bases and in
any case would yield substituent orientations different from those found in homo-
Iytic acylation.
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Table 10. Homolytic acylation of protonated heteroaromatic bases

Heteroaromatic Acyl radical Position of Yieldl) Ref.
compound substitution(%,) (%)
4-Cyanopyridine Et-CO 2 57 45,46)
Quinoline Me CO 2 and 4(20); 2.4 (80) 77 45,46
Quinoline $-Cl-benzoyl 2,4 682) 45,46)
4-Cyanoquinoline Me CO 2(100) 93 45,46)
4-Cyanoquinoline Benzoyl 2(100) 86 45,46
4-Cyanoquinoline p-Cl-benzoyl 2(100) 81 45,46)
4-Cyanoquinoline m-Methoxybenzoyl  2(100) 87 43,46)
4-Cyanoquinoline m-Me-benzoyl 2(100) 88 45,46)
2-Cyanoquinoline Me CO 4(100) 920 45,46
2-Cyanoquinoline Benzoyl 4(100) 70 45,46
4-Cl-quinoline Me CO 2(100) 71 45,46)
4-Cl-quinoline p-Me-benzoyl 2(100) 67 45,46)
2-Cl-quinoline Benzoyl 4 (100) 80 45,46)
2-Carboxyethyl- Me CO 4(100) 79 45,486)
quinoline

2-Carboxyethyl- Benzoyl 4(100) 70 45,46)
quinoline

2-Methoxyquinoline Me CO 4 (100) 75 45,46)
Acridine EtCO 9(100) 76 45,46)
Acridine Benzoyl 9(100) 54 45,46)
Phenantridine Me CO 9(100) 62 45,46)
Phenantridine Benzoyl 9(100) 50 45,46)
Pyrazine EtCO 2.5 472) 45,48
Pyrazine p-Cl-benzoyl 2.5 402) 45,48
Quinoxaline Me CO 2(100) 70 47
Quinoxaline EtCO 2(100) 73 47
Quinoxaline ¢-BuCO 2(100) 62 19
Quinoxaline Benzoyl 2(100) 55 47
Quinoxiline 2-Furyl CO 2(100) 51 47
Benzothiazole MeCO 2(100) 65 48)
Benzothiazole . EtCO 2(100) 69 48)
Benzothiazole Benzoyl 2(100) 69 48)
Benzothiazole p-Methoxybenzoyl 2(100) 80 48)
Benzothiazole 2-Furyl CO 2(100) 79 48

1) Based on the used heterocyclic compound; conversions are not generally quantitative.
2) Monoacylderivatives are neglected.

The high reactivity of acyl radicals towards protonated heteroaromatic bases
is shown by the behavior of the pivalyl radical, which attacks protonated hetero-
aromatic bases in competition with decarbonylation [Eq. (11)] which is itself a
fast reaction.

(CH3)sC—CO —— (CHj3)sC. 4 CO (11)
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Two sources of acyl radicals proved to be useful for the homolytic acylation:
hydrogen abstraction from aldehydes 4% [Eq. (12)] and oxidative dacarboxyla-
tion of a-ketoacids 49 [Eq. (13)].

R—CHO 4-X- — R—CO 4 H-X (12)
R—CO—COOH —%» R—CO 4 CO, + H* (13)

The ease of the hydrogen abstraction from aldehydes by electrophilic radicals
(RO. in particular) is related to the low dissociation energy of the bond RCO—H
(87 -+ 1 kecal/mol) and to the favorable polar effects, due to the contribution of the
polar forms 75 to the transition state

/H + . .
R-C +X «> RCOHX- <> R-CO+II-X.
No
75

Decarboxylation of «-ketoacids takes place unter milder conditions than that
of aliphatic carboxylic acids, due to the higher stability of acyl radicals compared
with alkyl radicals. It was carried out with peroxydisulphate by the silver-catalyz-
ed process of Scheme 12,

$208” + Agt —> SOz + SO~ + Ag?+
SO7 + Agr —> SOi™ + Ag?+
R—CO—COOH + Ag?+ —— R—CO + CO; + H* 4 Ag+

Scheme 12
or in absence of catalyst according to the Scheme 13 involving caroxylate ion

8,02 —— 2507
R—CO—COO- + S0 —— R—CO 4 CO4 - SO%~

Scheme 13

The introduction of an acyl group activates the heteroaromatic ring towards
further acylation, which however always takes place exclusively at the positions
o and p to the heterocyclic nitrogen (the protonated nitrogen is by far the main
activating factor, which determines the positional selectivity). Thus, if a hetero-
cyclic compound has two reactive positions, it is easy to obtain diacyl derivatives,
but only one isomer (for example 2,4-diacylderivatives in the case of quinoline),
whereas the monoacylderivatives prevail only at very low conversions. Due to
the nucleophilic character of alkyl and acyl radicals, the behavior of homolytic
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alkylation and acylation of protonated heteroaromatic bases is therefore opposite
to that of the corresponding electrophilic substitutions of homocyclic aromatics
as concerns polysubstitution. An alkyl group slightly deactivates the hetero-
aromatic ring towards further homolytic alkylation so that monosubstitution can
be obtained with partial conversion. If the heteroaromatic compound has only one
o or y free position (for example benzothiazole, 2- and 4-substituted quinolines,
acridine, phenanthridine etc.), monoacylation occurs also with high conversion.
It is possible, however, to obtain monoacylation even if the heterocyclic compound
has more free reactive positions, by taking advantage of protonation equilibria
of the starting base and the monoacylated products. These latter, being less basic,
can undergo hydrolysis under suitable acidity conditions and precipitate from the
aqueous solutions {in any case the protonated starting base is more reactive than
the unprotonated monoacyl derivative; the activation produced by the protona-
tion of the heterocyclic nitrogen is much higher than that of an acyl group).
With polycyclic heteroaromatic bases, such as acridine, the reaction can lead
to dihydroderivatives when the metal salt used in the redox system for generating
acyl radicals from aldehydes, has a marked reducing character 46 (Scheme 14).

(CH3);COOH + Ti®* ——— (CH);C—Oe + Ti* + OH™
(CH;);C—~O¢ + R-CHO ——= (CH,);C—OH + R—-CO

RCO H

—
NF N%
H H
RCO H RCO H
3 — O Q)+
N{ N
H H

Scheme 14

The high reactivity of acyl radicals towards protonated heteroaromatic bases
allows their presence to be demonstrated in several oxidation 48 and rearrange-
ment processes 50,

C. Homolytic z-Oxyalkylation

a-Oxyalkyl radicals can be easily obtained by hydrogen abstraction from alcohols
and ethers. The ease of the abstraction has been related to the resonance stabiliza-
tion [Eq. (14)], even if some studies 51,52} would appear to exclude this stabiliza-
tion, and to polar factors [Eq. (15)] when the abstracting species, X-, is an
electrophilic radical

. + =
R—O0-CH-R <= R—O-CH-R (14)
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| L+ I+
X H-C—O—R <> X-HC-O-R <«» C=O-R (15)
| | I

Oxidative decarboxylation of a-oxy carboxylic acids is another general route for
a-oxyalkyl radicals [Eq. (16)]

e

R—O—CH;—COOH ——» R—O—CHj;- 4 COy + H+ (16)

o-Oxylalkyl radicals are more nucleophilic than the corresponding alkyl radicals.
The high nucleophilicity determines high positional and substrate selectivity, but
it also causes limitations in their use owing to the easy oxidability, which seriously
competes with the aromatic attack. Thus methanol among the alcohols gives
good results (Table 11), while #-a-hydroxyalkyl radicals arising from secondary
alcohols are preferably oxidized to ketones [Eq. (17)]

OH OH

| - I
R-C-R — R-C-R — R—CO—R - H+ (17)
+

Probably the low strength of the bonds formed by #-hydroxyalkyl radicals makes
the aromatic attack reversible and the oxidation of the radical easier.

Table 11. Homolytic hydroxymethylation of protonated
heteroaromatic bases by methanol 53

Heteroaromatic compound  Position of  Yield 9,1)

attack
Pyridine 2 and 4 40
Quinoline 2 and 4 53
2-Methylquinoline 4 86
4-Methylquinoline 2 43
Isoquinoline 1 31

1) Based on the used heterocyclic compound; yields based
on converted aromatic substrate are always higher.

Cyclic ethers also give good results (Table 12), while acyclic ethers undergo
partial S-scission with formation of carbonyl and alkyl derivatives [Eq. (18)]

Thus ethyl ether gives x-ethoxyethylation and also appreciable amounts of
ethyl and acetyl derivatives. The ethyl radical arising from Eq. (18) directly

attacks the heteroaromatic base, while acetaldehyde acts as a source of acetyl
radical.
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Table 12. Homolytic ¢-oxyalkylation of protonated heteroaromatic bases
by cyclic ethers 53

Heteroatomic compound Ether Position Yieldl)
4-Cyanopyridine Dioxane 2 65
2-Methylquinoline Dioxane 4 74
4-Methylquinoline Dioxane 2 68
2-Cyanoquinoline Dioxane 2 55
Pyrazine Dioxane 2 68
Quinoxaline Dioxane 2 56
Quinoxaline Tetrahydro- 2 52
furane
Quinoxaline 1,3-Dioxolane 2 70

1) Based on the used aromatic substrate; conversions were not determined

A wide variety of oxidants has been used to produce «-oxy-alkyl radicals
from alcohols and ethers: hydrogen peroxide, hydroperoxides, perborate, per-
oxydicarbonate, peroxydisulphate. This last gives good results; the mechanism
of the oxidation is controversial. Electron transfer from oxygen [Eq. (19)] has
been proposed on the basis of spin-trapping experiments 59, followed by a
hydrogen-transfer process [Eq. (20)]

+
SOz + CHsOH —— SO0i” + CH30H — CH30- +H*+  (19)
CH30:- 4-CH30H —— CH30H + CH,OH. (20

It has been observed that the evidence is not unambiguous, however, since the spin
label may have been formed by the oxidation of the methanol adduct 5%,

The oxyalkylation by trioxane provides a direct route to heterocyclic alde-
hydes 56 (Scheme 15).

070 + R—-0Os¢ o0 + R—OH

X X X
(5 (e gl) 00 ﬁj‘
+
@ Q) Qlao
H H H
Scheme 15
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D. Homolytic Amidation and Carboxylation

Carbamoyl and «-N-amidoalkyl radicals can be easily obtained by hydrogen
abstraction from formamides and N-alkylamides. They have a close analogy with
acyl and a-oxyalkyl radicals. The nucleophilic character of the carbamoyl radical
1s explained by the fact that it can be considered an acyl radical in which the alkyl
or aryl group is substituted by an amino group; it can be related with resonance
structures like 76

. -+
RoN—-C =0 <> RyN-C=0.
16

The amino group would affect the polar character only by inductive effect owing
to the ¢ nature of the radical. The nucleophilicity of the a-N-amidoalkyl radicals
can be explained in the ground state by a conjugative electron-releasing effect
(77), which causes a higher electron availability on the C-radical, and in transition
state by the stability of the corresponding carbonium ion (78)

R R
| +
R—CO—N—CH—R <« R—CO—N—CH—R
17

R R

/ +

R—CO—N—CH—-R <> RCO—N
+

N
CH-R
18

1. Amidation by Formamide

Formamide is the most simple source of the carbamoyl radical [Eq. (21)]
R—0O- + H—-CONH; —— R—OH + -CONH;. (21)

Hydroxy and alkoxy radicals, obtained from hydrogen peroxide or alkyl peroxides
were used 57.58), Bond dissociation energies and polar effects preferentially pro-
mote the hydrogen abstraction from the C—H bond. However a hydrogen abstrac-
tion from the N—H bond would result without consequences because it would
give rise to an electrophilic nitrogen-centered radical, unreactive towards proto-
nated heteroaromatic bases.

Some results are shown in Table 13. The variety of heteroaromatic bases which
can be used, the high selectivity, the often good yields and the simple experimental
conditions contribute to the synthetic interest of this substitution. The polysub-
stitution by carbamoyl radical has the same characteristics of the acylation because
the amido group (CONHjy) activates the heteroaromatic ring.
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Table 13. Amidation of heterocyclic bases by formamide 58)

Heterocyclic base Position of attack  Conversion Yield
% %

4-Acetylpyridine 2 46 981)
4-Carboxyethylpyridine 2 78 1001)
4-Cyanopyridine 2 97 1001)
Pyrazine 2 — 492)
Quinoline 2 and 4 (40%,) 92 1001)

2,4-disulbstituted

(80%)
Lepidine 2 — 872)
Isoquinoline 1 41 611)
Acridine 9 97 100%)
Quinoxaline 2 82 971)
Benzothiazole 2 —_ 682)
Benzimidazole 2 45 571)

1) Yield based on convertcd heterocyclic base.
2) Yield based on starting heterocyclic base; conversions were not
determined.

2. Amidation by N-Alkyliormamides

In N-alkylformamides, hydrogen abstraction can involve the formyl C—H bond
with formation of carbamoyl radicals or the C—H bonds of the alkyl group with
formation of amido-alkyl radicals. Bond dissociation energies and polar effects
would preferentially cause the abstraction of an a-hydrogen among the different
C—H bonds of the alkyl group. Since both types of radicals, carbamoyl and «-N-
amidoalkyl, have nucleophilic character and easily attack protonated hetero-
aromatic bases, a very important role is played by the nature of the radical source,
in order to have a selective and synthetically useful reaction. Two radical sources
showed a high selectivity: the redox system -BuOOH/Fe2+, which mainly leads
to carbamoyl radicals, and SgOE', which leads to «-N-amidoalkyl radicals. This
dramatic difference of selectivity under the same experimental conditions was
explained by assuming two different mechanisms 39 ; with -BuOOH an actual
hydrogen abstraction would occur [Eq. (22)]; with S30%" the primary process
would be an electron transfer [Eq. (23)].

(CH3)sC—0- + H—CO—N(CHg)s —— (CH3)sC—OH + -CON(CHg)z  (22)

(CH3)sN—CHO + SO7 —> SO} + (CH3):N—CHO — CHp—N—CHO.

I
CHjy

(23)

The hydrogen abstraction is less selective with other radical sources and both
types of radicals are formed in significant amounts, as shown in Table 14.
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Table 14. Homolytic amidation (CONMEzI) and
amidoalkylation (CHgN{(Me)COHII) of protonated
lepidine by dimethylformamide 59

- Radical source Position 1% 119
of attack
t-BuOOH 4 Fe2t 2 97 3
Ho0g 4 Fe2t 2 85 15
S205 - Felt 2 2 98
#~-BuOOBu-¢ 2 33 67
Ph COOCO Ph 2 40 60

3. Amidation by N-Alkylamides Different from Formamides

N-alkylamides different from formamides exclusively give rise to z-N-amidoalkyla-
tion. Most of the study was accomplished with N-alkylacetamides because only
the N-alkyl groups are involved in the substitution. The C—H bond in « to the
carbonyl group can be also abstracted with some ease owing to the resonance

stabilization (79)

R—CH—CO—NR;

but the proximity of the carbonyl group induces electrophilic character to the
radical, which is unreactive towards protonated heteroaromatic bases. Some

79

results with acetamides are shown in Table 15.

Table 15. Homolytic «-N-amidoalkylation of protonated heteroaromatic

bases by N-alkylacetoamides 58)

O-

<> R-—CH=C-NR;

Heterocyclic Amide Position  Yield %,
compound of attack
Quinoline N-methylacetamide 2and 4 48
Quinoline N,N-dimethylacetamide 2and 4 74
Lepidine N-methylacetamide 2 71
Lepidine N,N-dimethylacetamide 2 85
Lepidine N-ethylacetamide 2 62
Lepidine N,N-dimethylurea 2 38
Quinaldine N-methylacetamide 4 56
Quinaldine N,N-dimethylacetamide 4 81
Quinaldine N-cyclohexylacetamide 4 52
Quinaldine N-acetylpiperidine 4 37
Benzothiazole N-methylacetamide 2 55
Benzothiazole N,N-dimethylacetamide 2 70
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4. Carboxylation

Alkoxycarbonyl radicals, ROCO, have structural features very similar to car-
bamoyl radicals. The higher electronegativity of the oxygen atom compared with
the nitrogen atom makes them somewhat less nucleophilic. Their polar character
is however sufficient to determine a high selectivity with consequent synthetic
interest, as shown by the results of Table 16, obtained by using ethyl pyruvate and
H203 as radical source [Eq. (24)]

HO\/OOH
CH3—CO—COOCsHj5 + Hy0y —> CH3—C—COOCzHj5
HO OOH (24)
4

AN
CH3;—C—COOCyHj5 + Fe2t —— CH3COOH + -COOCyHjs + Fe3+ 4+ OH-.

Table 16. Homolytic ethoxycarbonylation of protonated heteroaromatic
bases by ethyl pyruvate 60

Heterocyclic Position of attack Conversion Yield 9,
compound %

Quinoline 2(4.5); 4(17.5); 2.4(78) 76 92
Pyrazine 2(48); disubstituted (52) 90 85
Quinoxaline 2(77); 2.3(23) 91 90
Benzothiazole 2(100) 96 85

Other radical sources involve hydrogen abstraction from alkyl formates [Eq. (25)]
and oxidation decarboxylation of semiesters of oxalic acid [Eq. (26)]

RO- + H-COOR —> R—OH 4 -COOR (25)
HOOC—COOR —2s H+* 4 CO; -+ -COOR. (26)

The alkoxycarbonyl groups, as well as the acyl and amido, activate the hetero-
cyclic ring towards further carboxylation, facilitating polysubstitution if more
« and y positions are free.

E. Structure: Nucleophilicity Relationship of Carbon Free Radicals

The high positional and substrate selectivity of the homolytic substitutions of
protonated heteroaromatic bases with nucleophilic carbon free radicals is one of
the main factors determining the synthetic success of these reactions. In this
section it will be shown that the selectivity is mainly determined by the influence
of polar effects. As the extent of these effects is much larger than that previously
observed in all the other reactions of the same radicals, these reactions have
provided very useful models for determining the structure: nucleophilicity rela-
tionship of the most common carbon free radicals.
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Particularly suitable models were provided by the homolytic substitutions
of 4-substituted pyridines and 2- and 4-substituted quinolines, which are selective-
ly attacked respectively in the positions 2, 4 and 2 by nucleophilic carbon free
radicals. The positional selectivity is in fact always determined by the protonated
heterocyclic nitrogen, which has a much more activating effect than the common
substituents.

The method, by using these models, is based on the assumption that the
radical-stabilizing effects are minimized and the strengths of the bonds formed
between the free radicals and the heteroaromatic ring are not substantially affected
by the fact that the substituents are in mefa to the position of attack in the
heterocyclic ring. Thus the sequence of the reactivities of the meta positions
to the substituents can be considered as best reflecting the effect of the polar
nature of the attacking radical.

The results of the Table 17 show the substrate selectivity of the homolytic
alkylation of 4-substituted pyridines by the simplest types of alkyl radicals;

Table 17. Relative rates in the homolytic alkylation of protonated 4-X-pyridines 61)

X Kx|Kn Kx[Ka
Me n-Pr n-Bu sec-Bu t-Bu Benzyl4!

CN 12.45 19.70 20.30 259.00 1890 233.5

COCHg 3.60 5.57 5.60 55.60 144 11.5

Cl 2.38 — — — 11.12 1

H 1 1 1 1 1 —

CHj 0.53 0.35 0.32 0.28 0.15 —

OCHj4 0.27 0.12 0.10 0.02 0.0054 —

in all cases the substitution takes place exclusively in position 2. On the basis of
the orientation and reactivity, all the radicals of Table 17 have a net nucleo-
philic character and this character increases from methyl to primary, secondary,
tertiary and benzyl radicals. A Hammett correlation was not observed, due to
the fact that the methoxy group is deactivating, despite the positive value of
its oy, constant, and chlorine is less activating than would be expected from its
o, constant. Such behavior is however peculiar to the pyridine ring in reactions
with nucleophilic species 61} (ionic and radical). The phenomenon was explained
by enhanced conjugation between electron-releasing groups and heterocyclic
nitrogen (20}

+
OCH, OCH,
~
N
N%
H H
20
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resulting in higher electron availability in the heteroaromatic ring, which reduces
the electron-accepting capacity in the rate-determining step. The strong polar
effect of the protonated heterocyclic nitrogen clearly appears from the exceptional
selectivity observed with pyrazine in concentrated sulphuric acid, in which both

nitrogen atoms are protonated. The change from =CH— to =N— and =1§TH-—,
in going from protonated pyridine to monoprotonated and diprotonated pyrazine,
increases in fact the rates of alkylation by n-butyl radical 30 and 2,500 times
respectively 18). With the more nucleophilic secondary and tertiary alkyl radicals,
the differences of reactivity are too large to permit analogous determinations in
strong acidic medium. A Hammett correlation is observed, considering only the
electron-withdrawing groups in 4-substituted pyridines and treating an hetero-
cyclic nitrogen atom of pyrazine as a substituent in position 4 of the pyridine

+
ring. The oy, values obtained for =N— (0.6) and =NH— (1.6) agree well with the
values obtained from kinetic data of ionic reactions (0.62 for =N— 36} and 1.584

for =ItT(CH;;)— 62)). That indicates that the activation of the heterocyclic nitrogen
is due to polar effect, which is strongly enhanced by the protonation.

The good correlations 1) observed between the relative rates of Table 17 and
the chemical shifts of the protons in position 2 of protonated 4-substituted pyri-
dines would indicate that the anisotropic contributions and the intermolecular
interactions are substantially identical and that the major factor controlling both
the chemical reactivity and the relative shielding of the hydrogen nuclei in the
meta position to the substituent is the electron density in position 2 of the molecule.
The slopes of the plots (Table 18) give a measure of the different selectivity, ex-
clusively due to polar effects, and therefore a measure of the relative nucleophilici-
ties of the free radicals involved. This interpretation is further supported by the
linear correlations ) between the relative rates and the pKa of the 4-substituted
pyridines.

Table 18. Slopes 81 from correlations
of relative rates and chemical shifts

Alkyl radical Slope
Me 2.224
n-Pr 3.014
n-Bu 3.130
sec-Bu 5.573
{-Bu 7.455
Benzyl 7.494

In Table 19, the relative rates, obtained in the alkylation of 3-substituted
pyridines by f-butyl radical, are reported. The exceptional positional selectivity
(only the position 6 is attacked) results from combined polar and steric effects.
A satisfying Hammett correlation was observed with o5; the value of p=5.5
is of the same order of magnitude of those of nucleophilic aromatic substitutions,
indicating a high degree of charge development in the transition state.
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Table 19. Relative rates in homolytic t-butylation of 3-(a)- and 4-(b)-
X-substituted pyridines, in nucleophilic methoxydechlorination of 4-(c)~
X-substituted-2-chloroquinoline and amination of 1-Cl-2-NOg-4-(d)- and
5-(e)-X-benzenes with piperidine

X 263 bel c64 65 €65
CN 4380 1890 536 5890 58.5
COCHg 956 144 — — —
COOCH3 509 — — 922 5.3
Cl 10.7 11.1 17.75 6.2 32.3
H 1 1 1 1 1
CHj3 0.2 0.15 0.395 0.15 0.85
OCHjg — 0.0054 0.219 0.025 4.2

In Table 19 the polar efiects of the substituents in meta and para positions
in classical nucleophilic substitutions are also compared with those of the homo-
Iytic alkylation of 8- and 4-substituted pyridines by #-butyl radical. A very
striking feature is the exceptional sensitivity to the polar effects of the sub-
stituents, of the same order of magnitude or higher in homolytic alkylation by
¢t-butyl radical than in classical nucleophilic substitutions. The contrast is partic-
ularly striking with the generalization still accepted that the only factor directing
the course of the reactions of alkyl radicals, provided steric and solvent effects
do not intervene, would be the relative stability of the reaction intermediates or,
more exactly, the incipient radical in the transition state €6, Interesting is also
the difference of selectivity determined by substituents in meta and para positions
in the homolytic f-butylation; this difference is in the expected direction, but it is
too low in comparison with that of nucleophilic substitutions.

The general behavior was explained by a mechanistic picture involving a
transition state similar to a charge-transfer complex 40.61.83) (27),

Re O ——— R + @
NF N
H H

21

The degree of charge development in the transition state depends on the donor
character of the radical and the acceptor character of the aromatic ring, a complete
electron-transfer being the limit case. Because a primary valence bond is not
developed in the transition state, the whole electron-deficiency of the heterocyclic
ring is more important than the specific positional effect of the substituents in
determining the reaction rates. The transition state of the nucleophilic substitu-
tions, similar to a o-complex (22}, in which a primary valence bond is developed,
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can, on the contrary, be stabilized in quite a different way by a substituent
depending on its meta or para position

el

Ny

Ar—X 4+ Y- — |Ar

22

That would explain the fact that in nucleophilic substitutions the Hammett
correlations fit better with op, while in homolytic alkylation, op give the best
correlation.

The main problem arising from these results concerns the causes which deter-
mine such macroscopic polar effects, which have no precedent of the same order
of magnitude in the previously known reactivity of carbon free-radicals.

From the results obtained with a large variety of carbon free radicals, the
author has suggested that the following factors would mainly contribute to
determining the sensitivity to the polar effects and the relative nucleophilicities of
these free-radicals.

1. Polarity of the Radical

The polarity of the free radicals is certainly one of the main factors determining
the sensitivity to polar effects. Often the terms of polarity and electrophilicity
and nucleophilicity of the free radicals are considered synonymous.

As concerns carbon free radicals, a measure of the polarity can be offered by
the ionization potentials. Now the ionization potentials of alkyl radicals with very
similar structure correlate 41 well with the slopes of the Table 18, which give a meas-
ure of their relative nucleophilicities. The good correlation indicates that actually
the ionization potential is one of the main factors responsible for the sensitivity
to polar effects, in agreement with a transition state similar to a charge-transfer
complex {27). Other carbon free radicals with different structures, such as phenyl,
benzyl, allyl, vinyl and acyl radicals do not show the same good correlation. It
even happens that the sequence of the ionization potentials is the opposite of that
of the relative nucleophilicities. This is the case in benzyl and #-butyl radicals:
the ionization potential of the benzyl radical is higher (7.27 and 6.93 e.v. respec-
tively for PhCH3. and Me3C.), which however is slightly more nucleophilic (Table
18).

This behavior is, however, not surprising for two reasons: the ionization po-
tentials are determined in gas phase and the reactions take place in polar solvents;
moreover there is good evidence that other factors play an important role in
determining the sensitivity to polar effects.

The identification of the polarity with electrophilicity and nucleophilicity of
the free-radicals must be therefore considered an oversimplification; the most
polar radical is not necessarily always the most sensitive to the polar effects.
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2. Polarity of the Aromatic Substrate

A transition state similar to a charge-transfer complex (27) requires both donor
and acceptor character of the two partners. Now the reactions with nucleophilic
carbon free radicals either do not occur (for example with ¢-butyl, benzyl, acyl,
a-oxyalkyl and «-amidoalkyl radicals), or have a poor interest in benzene series
because, in addition to the low selectivity, yields are usually low, due to side reac-
tions which seriously compete with the simple substitution reactions. Thus the
homolytic substitution by nucleophilic carbon free radicals does not offer suitable
reagent models in benzene series for a satisfactory evaluation of the influence
that the structure of the carbon free radical has on the reactivity. Moreover the
few quantitative data, available with methyl, cyclopropyl and cyclohexal radicals,
indicate that the effect of the substituents in benzene series is not only quantita-
tively, but also qualitatively different from that in protonated pyridine series.
That is clearly shown by the comparison of the results obtained with cyclohexyl
and sec-butyl radicals (Table 20), in which the benzene ring is slightly activated
by both a strongly electron-withdrawing group (CN) and a strongly electron-

Table 20. Relative rates in homolytic cyclohexylation of X-sub-
stituted benzenes and butylation of 4-X-substituted pyridines

X Benzene series Pyridine series
cyclohexyl radical 87 sec-butyl radical 61

CN 27 259

H 1 1

OCHjg 2.3 0.02

releasing group (OCHg); the protonated pyridine ring, on the contrary, is strongly
activated by the cyano group and strongly deactivated by the methoxy group.

Cyclopropyl radicals show a selectivity substantially identical to that of phenyl
radical in benzene series (Table 21); the results of Table 22 indicate that in pro-
tonated pyridine series, the selectivity of cyclopropyl radical is much higher than

Table 21. Isomer ratios and relative rates in homolytic phenylationD and cyclopropylation 88}
of benzene derivatives, CgHs—X

X Phenylation (%) Cyclopropylation (%)

ortho meta para KX ortho meta para KX
CN 60 10 30 3.7 62 11 27 3.6
Cl -850 32 18 1.1 59 27 14 1.8
CHj 67 19 14 1.2 — — — 1.0
Bu(z) 31.7 24 49 0.64 2 64 34 0.6
OCHj3 69 18 13 1.7 70 18 12 1.9
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Table 22. Isomer ratios and relative rates in homolytic phenylation 6% and cyclopropyla-
tion 7% of protonated 4-X-pyridines

x Phenylation (%) KEof Cyclopropylation K&nq
o B a-position o B

CN 62.5 37.5 1.9 100 — 14

Cl 79 21 1.6 — — —_

H 64.5 13.5 1 —_ —_ —_

CH3 84 16 0.6 100 — 1

OCHg3 80 20 0.3 — — —

that of phenyl radical under the same experimental conditions and with the same
radical source.

This dramatic difference of behavior has been interpreted in terms of transi-
tion state 61, The benzene series has not enough electron-deficient character to
determine a transition state similar to a charge-transfer complex, so that the
reaction rates would be affected more by the stability of the intermediate cyclo-
hexadienyl radicals (23, 24) than by polar effects

C=N OCH, «O—CH,

.-—-QQ

R H
23

In protonated pyridine series, a transition state similar to a charge-transfer complex
(27) would allow the clear distinguishing even of carbon free radicals differing
little in nucleophilicity, such as methyl, cyclopropyl and phenyl radicals.

The polarity of the substrate is therefore not less important than the polarity
of the free radical in determining the sensitivity to polar effects and the consequent
selectivity and synthetic interest.

3. Strengths of the Bonds Formed between Free Radicals and Aromatic Rings

The strengths of the bonds formed between various carbon free radicals and
a heteroaromatic compound are not known, but it can be assumed that the sequence
reproduces that of Table 23.

An explanation of the selectivities observed with substituted pyridines, which
does not involve polar effects, could be similar to that suggested by Zavitsas et al.
73 for the hydrogen abstraction from substituted toluenes. The electron-with-
drawing substituents would increase and the electron-releasing substituent
would decrease the strength of the bonds formed between the carbon free radicals
and the pyridine ring, affecting in this way the reaction rates. There is, however,
no evidence supporting such interpretation. The selectivities observed with many
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Table 23. Bond dissociation energies of
C—H bonds 7D

K calfmol

Me—H 104
Et—H 98
i-Pr—H 95
{-Bu—H 91
PhCH2—H 85
CHy;=CHCH;—H 85
RCO-H 8741
HOOC-H 90
HOCHz~-H 93
Cyclopropyl—-H?2 100.7
Cyclobutyl-H72 95.7
Cyclopentyl-H?2 94.3
Cyclohexyl-H72 94.9
CH;=CH—-H 103
Ph—-H 112

carbon free radicals follow often but not always the sequence of the expected
strengths of the formed bonds. Thus acyl radicals, which are expected to form
weaker bonds than alkylradicals, are much less selective than secondary and
tertiary alkyl radicals. Above all, carbon free radicals with electrophilic character,
due to the proximity of electron-withdrawing groups (X—CHs, X=—CN, —COR,

—IJ\rTH:;), do not react at all with protonated heteroaromatic bases, thus showing
the basic importance of the polar effects. It was suggested 63.70) that the dissocia-
tion energy of the bonds formed between carbon free radicals and the heterocyclic
ring is actually an important factor responsible for the selectivity observed, but
only because it contributes to determining the extent of charge transfer in the
transition state. All other conditions being equal, the lower the strength of the
bond formed, the more the transition state would be similar to a charge-transfer
complex according to the Hammond postulate, and the more sensitive the reaction
to polar effects. In this sense, the strength of the bonds formed is one of the factors
contributing to the determination of the relative nucleophilicities of the carbon
free radicals. Thus the lower dissociation energy expected for the bond formed by
the benzyl than by the Z-butyl radical can be considered one of the factors contri-
buting to determining the sequence of nucleophilicities, which does not follow
that of the ionization potentials.

4. Electronic Configuration of Carbon Free Radicals

The hybridization of the carbon free radicals affects their polarity, polarizability
and also the strength of the bonds formed. The s-electrons are, on the average,
closer to the nucleus than p-electrons and therefore experience a greater interac-
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tion with the nucleus, that is, s-orbitals have a higher electronegativity than -
orbitals. It is therefore easier to remove an electron from a p-orbital than from
an s-orbital of the same quantum number in similar structures. The larger the
contribution of s-character to the hybrid orbital, the greater the electronegativity
of that hybrid orbital and the lower the nucleophilicity of the corresponding
radical, if all other conditions are equal. Moreover the greater the s-character, the
greater the strength of the bonds formed in similar structures.

a) Alkyl and Acyl Radicals. Alkyl and acyl radicals both have a clear-cut
nucleophilic character, but their nucleophilicities are determined by different
structural causes. The alkyl radicals are generally =-type radicals; the unpaired
electron occupies a p orbital, which plays an important role in determining the
sensitivity to polar effects. The acyl radicals are o-type radicals, in which the
unpaired electron is located mainly in a hybrid orbital on the carbon atom. Bond
strengths (Table 24) indicate that there is no stabilization of the acyl radicals

Table 24. Bond strengths of X—H and Y—H bonds

X K-—H") Y Y—H 74,79
K, cal/mol K, cal/mol

CHg 104 HCO 87

CH3CHg 98 CHgCO 87

PhCHg 85 PhCO 86.9

CHy;=CHCH; 85 CH,=CHCO 87.1

due to substitution of a hydrogen atom by a methyl, viny! or phenyl group, con-
trary to the behavior of the alkyl radicals. Also the ESR spectrum supports the
lack of stabilization of the benzoyl radical due to conjugation of the phenyl
group. The major proton hyperfine splitting is due to the mefa hydrogen atoms;
this is in contrast with the familiar para > ortho > meta trend observed with the
benzyl n-radical (Table 25), due to the resource structures (25, 26)

0H2C—© e HZ@ - H2C@

25 26

Table 25. Hyperfine coupling con-
stants (a) of benzyl 78 and benzoyl??

radicals

a PHCH; PhCO
a—H 5.17 0.1
apm—H 1.77 1.16
ap—H 6.19 0.1
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Stabilization of benzoyl and acrylyl radicals could be formally considered in terms
of resonance structures (27—37)

- +
CH=CH-C=0 =—=— CH,;=CH-C=Q —~—= +CH,~CH=CH=0
30 31

Actually both thermochemical and ESR data suggest that the stabilization of
benzoyl and acrylyl radicals is determined only by conjugation with the lone pair
of the oxygen atom (27, 30), with no contribution whatsoever from structures
28, 29, 31. The nucleophilic character of the acyl radicals can be related in the
ground state to resonance structures like 27 and 30 and in the transition state (27)

by the stability of the acyl cations (R—éO).

The relative rates of acetylation and benzoylation of 2- and 4-substituted
quinolines are reported in Tables 26 and 27. The use of quinoline models with only
one reactive position is more suitable than that of 4-substituted pyridines because

Table 26. Relative rates of acylation of
2-substituted quinolines 78

Substituent  Acetylation Benzoylation

OMe 0.23 0.21
Me 1.00 1.00
H 2.49 2.77
Cl 5.45 5.82
COOEt 11.80 24.20
CN 27.00 48.00

Table 27. Relative rates of acylation of
4-substituted quinolines 78

Substituent  Acetylation Benzoylation

OMe 0.032 —

Me 1.00 1.00
Cl 4.65 4.84
COOEt 16.80 29.50
CN 49.50 129.90
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the acyl group activates the pyridine ring towards further acylation so that it is
difficult to avoid completely the formation of 2,6-diacylderivatives, even with low
conversion of the 4-substituted pyridines.

To correlate the two series of substituted pyridines and quinolines, relative
rates of alkylation were determined also with 2- and 4-substituted quinolines.
The following sequence of nucleophilicity of alkyl and acyl radicals was obtained:
methyl < primary alkyl < acetyl < m-chlorobenzoyl < p-chlorobenzoyl < m-
methoxybenzoyl < benzoyl <C p-methylbenzoyl < p-methoxybenzoyl < sec.
alkyl < f-alkyl < benzyl.

A peculiar characteristic of this sequence is that the change of structure of
the acyl radicals has a small effect on its polar character, while the effects are very
strong in the alkyl radicals. That is further supported by the low value of g
(—0.49) in Hammett correlation of the acylation rates of 4-cyanoquinoline rela-
tive to 4-chloroquinoline by  and p-substituted benzoyl radicals 79),

All the acyl radicals have nucleophilicities between that of a primary and a
secondary alkyl radical; 7.e. the acetyl radical is more nucleophilic than the ethyl
radical, but the benzoyl radical is much less nucleophilic than the benzyl radical.
The different polarizability of these last two radicals, due to their different
configuration, was considered an important factor of this behavior. An incipient
positive charge in a transition state similar to a charge-transfer complex (27)
can be stabilized in the benzyl radical (32) by the aromatic orbitals, but not in
the benzoyl radical, in which the unpaired electron occupies a hybrid orbital (33).

@(H 040
0°H ?

32 33

Moreover the configuration of alkyl and acyl radicals affects also the strength
of the bonds formed by these radicals. The bond-dissociation energy greatly
decreases from ethyl to benzyl radicals, while it is constant in acetyl and benzoyl
radicals (Table 24). This factor does not therefore affect the selectivity in the acyla-
tion, but contributes to determining a greater extent of charge-transfer and a
higher nucleophilicity of the benzyl than of the ethyl radical.

b) a-Alkoxyalkyl and a-Alkoxycarbonyl Radicals. A hydroxy or alkoxy group
bonded to a carbon-centered radical can, in principle, cause two opposite polar
effects:

1) An inductive electron-withdrawing polar effect, which decreases the nucleo-
philicity of the carbon free radical

ii) A conjugative electron-releasing effect, which, in the ground state can be
related to the resonance structures of [Eq. (14)], and in the transition state to the

I

stability of the corresponding carbonium ion, *C—O—R.

[
The relative rates of oxyalkylation of 4-substituted pyridines by methoxy-
methyl, CH3OCH,, and phenoxymethyl, PhOCHj, radicals are summarized in
Table 28, which also gives for comparison the corresponding values obtained with
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Table 28. Relative rates for homolytic substitution in the
position 2 of protonated 4-X-pyridines with methoxy-
methyl 70), phenoxymethyl 79, methyl 61 and #-propyl 61

radicals

X MeOCH; PhOCH; Me. n-Pr.
CN 341 164 23.5 56.3
COCHj3 90.5 62 7 17.5
CH3 1 1 "1 1

methyl and n-propyl radicals under the same experimental conditions. The sub-
stitution of an «-hydrogen atom by an alkoxy group represents a clear-cut
increase of nucleophilicity of the alkyl radical. a-Alkoxyalkyls are n-type radicals
and the incipient positive charge in a transition state similar to a charger-transfer
complex (27) can be stabilized by the lone-pair electrons of the oxygen atom. This
electron-releasing effect overcomes the inductive electron-withdrawing effect of
the alkoxy group resulting in a net increase of the nucleophilic character.

The o-type ethoxycarbonyl radical is on the contrary less nucleophilic than
the acetyl radical (Table 29); in this case the unpaired electron occupies a hybrid
orbital and the incipient positive charge in the transition state cannot be stabilized
by the lone-pair electron of the aikoxy group, as with the alkoxyalkyl radical,
so that only the inductive effect is working and a clean reduction of nucleophilicity
is observed. The remarkable fact is therefore that the same substituent, an o-
alkoxy group, produces opposite polar effects depending on the electronic configu-
ration of the carbon-centered radical.

Table 29. Relative rates for homolytic
substitution in the position 2 of pro-
tonated 4-X-pyridines with ethoxy
carbonyl 7® and acetyl 58 radicals

b4 EtOCO MeCO
CN 18.7 —
COCHj3 6.7 20
CHjy 1 1

The strength of the bonds formed can also contribute to this behavior; the
alkoxy group increases the stability of the alkyl radicals by the resonance struc-
tures [Eq. (14)], decreasing therefore the strength of the bonds formed ; that should
not occur in the alkoxy carbonyl radicals owing to their different configuration.

c) Cycloalkyl and Bridgehead Carbon Free Radicals. Spectroscopic 79 and
chemical 80) evidence indicates that in cyclopropyl, as distinct from other cyclo-
alkyl radicals, the unpaired electron occupies a hybrid orbital. The relative rates
of homolytic cycloalkylation of 4-substituted pyridines, summarized in Table 30,
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Table 30, Relative rates for homolytic cycloalkylation 79 of protonated

4-X-pyridines

X Cyclopropyl Cyclobutyl Cyclopentyl Cyclohexyl
CN 13.9 34.2 233 256
COCH3 6.2 13.8 86.4 91.6

CHs 1 1 1 1

show that the cyclopropyl radical, which has the highest s character, is the
least nucleophilic among the cycloalkyl radicals; it is even less nucleophilic than
the methyl radical.

Alkyl radicals with the odd electron in a hybrid orbital with some s character
can be also obtained at the bridgehead positions of polycyclic hydrocarbons. In
Table 31 the relative rates of alkylation of 4-substituted pyridines by t-butyl and
apocamphyl (34) radicals are compared.

Table 31. Relative rates for homolytic alkylation of
protonated 4-X-pyridines with #-butyl 1) and apo-
camphyl 81 radicals

X t-Butyl Apocamphyl
CN 1890 10.1
COCHg 144 3.7
Ccl 11.1 1.6
H 1 1
CHg 0.15 0.26
OCHj3 0.0054 0.11
ﬁ.&
34

The great difference of selectivity of the two tertiary alkyl radicals must be
ascribed to their different configuration; the unpaired electron occupies a p orbital
in #-butyl and a sp3 orbital in the apocamphyl radical, affecting in this way the
polarity and the polarizability of the radicals and the strength of the bonds formed
and therefore their nucleophilic character.
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d) Phenyl Radical. Referring to the phenyl radical the factors affecting the
nucleophilicity of the carbon free radicals, the very low positional and substrate
selectivity (Table 22) can be related to its ¢-nature, which determines a low
polarizability and polarity (high ionization potential) and a high strength of the
bonds formed (Table 23). It results in a very low degree of charge development in
the transition state also with protonated heteroaromatic bases.

Thus the arylation cannot be considered as a model of general validity for the
homolytic aromatic substitution, not even for substitutions with carbon free
radicals.

Two facts strongly support the general mechanism of the reaction of nucleo-
philic carbon free radicals with protonated heteroaromatics, based on a transition
state similar to a charge-transfer complex (27).

Because the substitution of a hydrogen atom in the methyl radical by a
phenyl or alkoxy group strongly increases the nucleophilic character (Tables 17
and 28), the radical PhoC—OH must be considered very strongly nucleophilic.
Now chemical and spectroscopic evidence shows that this radical reacts with
protonated pyridines or N-methyl pyridinium salts by complete electron transfer.
Thus the reaction of protonated 4-cyanopyridine and the radical PhoC—OH is
interpreted according to the Scheme 16 89,

- *
Ph—CO-Ph 2 [Bn—co—pn]
OH
_ * é
E’h—CO—PIZ! +R-H —= Ph—C—Ph+Re
CN CN
(l)H (l)H
Ph—-C-Ph+ || —= | || + Ph—C—Ph —= Ph—CO-Ph +H* (27)
N% N +
H H
35 (|)H
CN gS\C/Ph Ph—C—Ph
OH ~
() l Ph
| || +Ph-C—Pn || | e +HCN
N N N
H H
Scheme 16

If the reaction is carried out in the cavity of the ESR instrument the spectrum
of 35 or its N-methylderivative is recorded 13, The complete electron-transfer
of [Eq. (27)] is the limit case of the general transition state considered in (27).

Another interesting correlation supports the nature of the transition state of
these reactions. The charge-transfer transition for pyridinium iodides [Eq. (28)]
shows an absorption maximum that is very sensitive to the nature of the substi-
tution on the pyridinium ring 82,
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X X

=N . N .

C]I — 1 | (28)
F e ]

CH,—CH, CH,—CH;

Variation of the 4-substituent from methyl to cyano changes the position of the
charge-transfer band in a given solvent from 3590 to 4912 A. The high sensitivity
of the position of the maximum to the nature of the substituent on the ring im-
plies very strongly that an electron-transfer process is responsible for the absorp-
tion band. Table 32 lists charge-transfer absorption bands for various 1-alkyl-4-

Table 32, Charge-transfer bonds for 4-X-substituted pyridinium

iodides

X Amax smax Transition energy
Kcalfmol

CHj 3590 1230 79.64

H 3738 1200 76.49

COOCH3 4489 1230 63.69

CN 4912 922 58.20

substituted pyridinium iodides. Now the energies of the charge-transfer bands
(Table 32) correlate very well 83 with the relative rates of the homolytic alky-
lation (Table 17). This correlation is particularly significant as regards a charge-
transfer character of the transition state in the homolytic alkylation of protonated

pyridines.
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IV. Conclusion

A common aspect characterizing both the homolytic amination and the substi-
tution of protonated hetero-aromatic bases by nucleophilic free radicals is the
presence of a nitrogen atom with a positive charge. This presence determines
strong polar effects whether it characterizes the radical (RZIEH) or the aromatic

substrate (protonated base). The awareness that the global polar effects result
from the polar characteristics of both the radical and the substrate has led to new
homolytic aromatic substitutions, characterized by high selectivity and versa-
tility. Thus the homolytic substitution acquires a more significant weight in the
field of the aromatic substitutions.
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This rather long article introduces a number of relatively new concepts and terms,
as well as a detailed procedure for utilizing them for synthesis design. To assist
the veader a glossary of terms used is appended at the end and the text itself is divided
into two parts, subdivided into labeled sections. The conceptual base is developed first
in general terms in the first part (Sections 1—8) while the second part describes their
implementation, developing the tools of the protocol and illustrating theiv practical
use with examples. The system may be used to gencrate synthetic roules for any

organic structure without computer assistance, and is completely described in this
article.
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1. Introduction

Although most areas of organic chemistry have been put on a logical and
systematic basis over the years, the important field of organic synthesis design
has remained largely undeveloped, an art in the midst of a science. Our minds are
not geared to it, our literature is not indexed for it, our starting material catalogs
are not even organized for it. Despite many elegant syntheses which have been
successfully executed, we can neither clearly define “elegant” nor say whether
other routes might have been shorter, cheaper, or easier. The need to impose a
systematic structure or new logic form on synthesis design has only become
recognized in recent years and it is clear that this goal will be both elusive and
intellectually challenging 1.

At present we do not possess the unifying concepts or even conceptual ter-
minology for synthesis design such as lies at the heart of other chemical disciplines
like reaction mechanism study. In fact the concepts of reaction mechanism are
now so deeply embedded in our thinking that they probably interfere with the
development of synthesis design ideas.

It is important to put aside a mechanistic view and return to the 19th century
conception of reactions in terms of their net structural change. Although mechanistic
understanding is always necessary for prediction of reaction success in new com-
pounds, it is not central to the needs of synthesis design, which require simple
but systematic description of the structural change a reaction affords in order to
cope with the combinatorial complexities implicit in synthesis design.

As a starting point, the information presented to the synthetic ¢ hemist is of
two kinds, that of the particular structure of the target compound, and that of the
repository of available tools and materials, i.e., the blueprint and the shop. The
structural information may be seen in two main categories 18),

Skeleton : Size of the molecule; size and number of rings; relation of rings to
chains; number and kind of branch points; symmetry and repeated skeletal units.

Functionality: Number and kind; interrelation on skeleton; stability.

The available tools are also of two kinds: a collection of available starting
materials and a collection of possible reactions. It is important that these two large
collections be systematically indexed not only for maximum accessibility but also
in a common format for easy interrelation. Thus the catalog of starting materials
should be organized by the prime structural elements of skeleton and functionality
instead of just alphabetically, and the reactions should be ordered in terms of net
structural change rather than by starting functionality or reaction mechanism,
as is now common. The same dichotomy of skeleton and functionality transfers
to reactions as constructions (and cleavages) and refunctionalizations, respectively,
the former building (or altering) skeleton, the latter altering functionality on an
unchanged skeleton.

2. Numerical Characterization of Structures and Reactions

A simple but fundamental numerical system suitable for characterizing both
structures and reactions has been offered 8 and is summarized in Fig. 1. The system
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Single carbon atom:

bond type number
H h
C 11'} o  —skeletal ) o+ f=4—h
}.F z ] } = n + z—functional
Z z
2=1 (oxidation state, ¥ = z — &)
Structures: Skeleton Functionality
c=20 f = 0 hydrocarbon (saturated) — /' =0
1 primary 1 R—X, R—OH, etc.
2 secondary 2 R—CHO, R3CO, etc. f=1
3 tertiary 3 R—COOR’, RCN, etc. o
4 quaternary 4 CQg, COCly, etc.
Reactions: Construction Refunctionalization

RH RZ RII RR ZZ HZ HII zIO
(cleavage: HR, ZR, IIR, RR) III ZzH IIH IIZ

Fig. 1. Symbolic characterization of structures and reactions

focuses on characterizing single carbon atoms by four kinds of attachment:

H for hydrogen,

R for single o-bond to carbon,
IT for m»-bond to carbon, and

Z for any bond to hetero-atom;

and the numbers of each kind: %, o, = and z, respectively, limited by valency to
b+ o +a +z=4. The number o is the skeletal level of the carbon (¢ =1, primary
or terminal carbon; o =2, secondary, etc.). The functionality level is the sum of
carbon-carbon z-bonds (z limited to 2} and attachments to heteroatoms z,
symbolized by f = +-z. This distinction in kind of functionality is denoted by
placing one or two bars over the value of f to indicate # =1 or 2, respectively.
Hence a single carbon site in a molecule may be characterized simply by two
digits, ¢ for the skeletal level and f for the functionality level, such that o 4-f=
4 — h. It may be noted also that the oxidation state of any single carbon is simply
given by x =z — A.

Reactions may be classified by the kind of attachment gained and the kind
lost in the net structural change at a single carbon, the letter for the former placed
first and that for the latter placed second, so that there are 16 possible reaction
types based on the four kinds of attachment. As examples, the construction
reactions are RH, R,IT RZ, implying creation of a carbon-carbon ¢-bond at the
expense of hydrogen, =-bond (to another carbon), or heteroatom, respectively,
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as well as RR, construction of one carbon-carbon ¢-bond at the expense of another,
as in the migrating carbon of a rearrangement. The cleavage reactions are converse-
ly, HR, IIR, ZR (and of course RR). More recently the system has been extended 17
to catalog all possible construction reactions in terms of the net structural change
on each of the two synthons being linked. This creates the tool to organize avail-
able reactions, as required above, and is discussed more fully in Section 11.
The same system is easily applied to the cataloguing of available starting materials,
as outlined in the Appendix.

3. The Synthesis Tree

A general diagram of the possible synthetic routes to a given target molecule can
be constructed with lines indicating converting reactions and points symbolizing
intermediates 19}, as shown in Fig. 2. The lines converge at the top on the point
representing the target molecule and so the diagram is often called synthesis free 20,
In Fig. 2 can be seen the general form of such trees, rapidly expanding outward
from the target to many possible intermediates, the complexity of which decreases
with distance from the target until intermediates simple enough to be available
starting materials begin to appear. Here the tree is contracting again to the ulti-
mate and simplest starting material, carbon itself (“'C”). Systems for generating
intermediates have commonly started at the target and worked backwards
(“retrosynthetically”) 49, stepwise, to successive levels of intermediates (cf.
Refs. 3-7,11,14,15)) while others 12,13,15,21) have started from available starting
materials and worked forward similarly.

Both procedures have disadvantages 12. The main problem with the first
approach is the unmanageably vast number of intermediates rapidly generated,
none of which can be safely deleted until each full route is discovered and eval-
uated, ¢.e., until available starting materials have been reached in the generation
process. The trouble with the second, or forward, approach is that it contains no
device to force convergence on the target. A more powerful approach will be a
hybrid which sees both starting materials and target together and strikes through
the large center part of the tree considering whole multistep sequence units instead
of single reactions stepwise.

By any definition 19 the main feature of, and problem with, the synthesis
tree is its overwhelming size; the number of routes possible to synthesize a given
target is enormous. In fact endless sequences of aimless refunctionalizations make
it potentially infinite. Even if only construction reactions are considered, there
are two kinds of complexity. First, for any given bond constructed there is a
considerable, but finite, number of different chemical construction reactions
available to achieve it, delineated in Ref. 1?. Secondly, there is a much greater
number of combinations of various skeletal bonds in the target which may consti-
tute the set constructed in any synthesis, as enumerated in Ref. 1. Considering
as an example the 21-carbon steroids to be synthesized via six construction steps,
there are 6 X 134,596 ~ 108 possible bond conbinations 16} for construction with
up to about 350 different chemical reactions (as defined in Ref. 17} available for
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each of the six constructions, or (350)¢ x 108 ~ 2 x 1019 potential construction
sequences, quite apart from attendant refunctionalizations.

1. The first major step toward managing any search system in so large a
potential search space is the reduction of bulky molecular information to numbers.
The numerical convention must retain the significant information, consolidate
trivial distinctions such as minor functionality variants, and also serve to define
the problem and its options sharply. This is the intent of Section 2. The tree,
however, will still be very large and we must look further for criteria to apply
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both to isolate independent sections of search space for separate manipulation and
to define criteria for stringent selection of optimal paths. The guide then will
be to find all routes that fit these clearly defined criteria and to know clearly not
only what routes are found but also the nature of all rejected. In this way there
may be confidence that no routes are missed within the limits of the criteria
applied.

Hence our primary task is to reduce drastically the effective size of the synthe-
sis tree. Even with this reduction, however, another problem arises. In solving
similar search problems in other fields, it is common to generate all routes and
apply an efficiency criterion to measure each in order to seek the best routes 12
21,22}, In our case this requires predicting the vield of each reaction and the over-
all yield of each route. However the present state of yield prediction in organic
chemistry is so crude and uncertain as to make its employment in this way
unrealistic. Hence we must seek other criteria and these can be approached in
two ways 22, Since the number of possible reactions is limited, we can hope to
decompose the tree into more manageable and independent subtrees for separate
examination. Secondly, there must be found a general heuristic basis, other than
vield prediction, which allows a stringent selection of a few optimal routes through
the tree. Three independent subtrees are illustrated in the generalized synthesis
tree in Fig. 2 and the heavy lines to the target in the central subtree (and to a sub-
target (S-T) in the righthand subtree} llustrate selected optimal routes.

The overall criterion of any synthesis will ultimately be one of economy, and
this can take several forms: economy of overall yield; economy of cost; economy
of time. If yield prediction is not to be a criterion, then we shall focus on a criterion
of time and seek synthetic sequences of the fewest steps.

4. Reducing the Synthesis Tree

The reactions which show real progress forward toward the target are the con-
struction reactions, which build up the skeleton from smaller starting material
components. This may be seen by considering an ideal synthesis. Such a synthesis
would start from available small molecules so functionalized as to allow successive
constructions to link them together without refunctionalizing after any construc-
tion, and would lead directly in this way to the target structure, not only its
skeleton but also its correctly placed functionality. Such a synthesis is then a
sequence of construction steps with no intermediary refunctionalization. It
demands that the functionality remaining after one construction is consistent
with the requirements for the next. Such a sequence will therefore be termed a
self-consistent sequence. I1f available, such a self-consistent sequence would consti-
tute the shortest and most economical synthesis and it would contain only con-
struction reactions. Hence, if we accept as a criterion the selection of only self-
consistent sequences, we can reduce the tree drastically, not only by deleting all
routes with refunctionalizations but also because self-consistency stringently
reduces the choice of possible reactions to succeed each other with self-consistent
functionality. This represents indeed a potent heuristic basis for sequence selec-
tion (heavy lines in Fig. 2}, as required above, by cutting down the chemical options
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for doing the successive constructions 23). Procedures for systematically deriving
self-consistent sequences are developed in Section 12.

The second source of complexity, that of the many possible combinations of
bonds to create 1€, may be handled in the other way, ¢.¢., by decomposing the
tree into independent subtrees. The simplest gross definition of a particular
synthesis is the bondset, the set of skeletal bonds or links (4 in number) which
are actually constructed in that synthesis 16, To illustrate this, three steroid
syntheses are depicted as bondsets of 1=3,6 and 8, respectively, in structures

7, 2 and 3 29,
0
A=3
= 0

2 _L_G)(\.b
G

Such a bondset, once defined, implies a multistep sequence passing through
the tree from starting materials to target, seeing both at once. The bondset is a
skeletal conception and immediately defines the skeletons of the starting ma-
terials as well as the sites on each synthon at which construction is to occur
(marked as heavy dots in 7, 2 and 3), i.e., the construction sties.

Each bondset defines an independent subtree of synthetic sequences, all of
which construct only that particular set of 2 bonds in the target. Each of these
subtrees now has significantly fewer synthetic options and each can be manip-
ulated separately and more manageably. Each bondset defines a multistep
sequence of constructions for which detailed self-consistent sequences may be
selected. Although there are many possible bondsets for any given target 16,
only a relatively few are efficient and these may be defined by the application of
various heuristics, some already obvious, others waiting to be discerned. Some
heuristics may lead only to partial bondsets, but as these often represent an
entrée into the difficult central part of the synthesis tree they have special value.
The definition of a sub-target on some special grounds (S-T in Fig. 2) illustrates
the partial bondset, as in Johnson’s recent steroid syntheses 27 (4), conceptually
based on a linear poly-olefin sub-target itself dictated by biomimetic considera-
tions.
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The first task then is to pick out viable bondsets from the target. This can be
done by selecting certain key bonds for construction and then variously assembling
them into bondsets of minimal A for shortest syntheses. Such key bonds may be
selected on grounds of either functionality or skeleton, the former having been
more widely discussed 4517, Heuristics for bondset selection both ways are
developed below.

A further decomposition of each bondset subtree is now possible by treating
separately each synthon defined by a bondset 28). In the analysis of construction
reactions previously developed 17 it was shown that each of the two synthons
being linked by a construction can be treated independently, each exhibiting
the net structural change of a half-reaction. It will be shown below (Section 12)
that this independent treatment of the synthons can be extended to a multistep
sequence of half-reactions involving overlapping functionality.

General sequence lists can be developed of all possible self-consistent sequences
of half-reactions on one synthon with a given pattern of construction sites. These
lists will show the initial and final functionality required on the synthon skeleton
and the sequences of self-consistent half-reactions which link them. Since the
construction sites for these sequences are fixed in advance by the bondset (see
7—4) one has only to locate the combinations in the general sequence lists which are
applicable to the skeletal levels (g-values) of these sites in order to find all appli- -
cable sequences for the synthon. This defines as well particular starting materials
(synthon skeleton and defined functionality placed on it initially) and also the
functionality borne by that synthon at the end of the sequence, ¢.e., when it is
incorporated in the skeleton of the target. It should be noted here that stringent
reduction of the combinatorial options for successive constructions is achieved in
two ways. In the first, of course, the criterion of self-consistency puts rigid demands
on the possible overlapping functionality serving several successive reactions.
In the second, a number of functionalities possible for such general self-consistent
sequences are rendered impossible by an unsuitable skeleton in the particular
synthon under consideration (¢.g., a carbonyl cannot be placed at a tertiary site,
etc.). An acceptable sequence must have f << 4-¢ at each site on the given synthon.

Such a procedure provides a list of possible self-consistent sequences for each
synthon, in the form: starting material — half-reaction sequence — final function-
alized synthon in target. These options for each synthon are further pruned by
availability of starting material, practical viability of sequence, and acceptability
of final functionality. They are then paired with the options from the other syn-
thons to yield whole constructions and thus full synthetic routes. The pairing
is limited by the fact that generally only half-reactions of opposite polarity are
allowed to pair for a viable (7.¢., isohypsic) construction 19,
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5. Summary of the Basic Protocol

The reductive criteria above resolve themselves into a general protocol for system-
atic synthesis design, summarized in the following algorithmic form.

1. Select from the target structure prime bonds for construction.
a) ‘Functionality criteria: pairwise consideration of functionalities and their
relative positions on the skeleton (Section 7).
b) Skeletal {and stereochemical) criteria (Section 8).

2. Combine these bonds into bondsets, adequate to dissect reasonable synthon
skeletons but minimal in 1 (Section 6).

3. From each bondset isolate the synthon skeletons dissected, noting the pattern
of construction sites on each (Section 9).

4. For each synthon skeleton, locate in the general sequence list corresponding
to its pattern of construction sites the sequences applicable to the skeletal
(o-) levels of those sites. This defines for each synthon a set of all self-consistent
sequences of half-reactions, their particular starting materials and their
consequent product functionalities (Section 13).

5. Eliminate for each synthon undesirable sequences

a) Sequences unsuitable for the synthon skeleton (at sites, other than con-
struction sites, which must bear functionality, f <4-0).

b) Unavailable starting materials 29).
c¢) Unacceptable product functionality for the target structure 30).

d) Exclusion of certain functionalities in rings (e.g., triple bonds) and certain
reactions (cf., Grignard) for cyclizations.

€) Other criteria, such as implicit refunctionalization or reglospecificity in
sequences.

6. Select a prime synthon, with the most construction sites, and match successive
constructions serially with the other synthons as dictated by the bondset,
accepting only matching half-reactions of opposite polarity (Section 14), to
create full synthetic routes.

7. Eliminate matchings in which subsequent constructions on one synthon are
not compatible with existing functionality on any other synthon already linked
to it.

This protocol will in practice derive a number of self-consistent routes without
having applied any judgment of reaction yields. This number will depend much on
the particular target and somewhat on the rigor of application of exclusions,
especially in 5. and 7. On the otherhand, within clearly defined and applied cirteria,
this systematic protocol must produce 4/l routes and so satisfies the need that all
possibilities are known.

Once produced, a final choice remains a matter of practical judgment, which
must of course incorporate yield prediction, but reducing the total synthesis tree
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to a relatively few options before applying this presently dangerous measure
appears much more productive. In the following sections the details of the protocol,
and the general sequence lists, are developed and explored with specific directions
(and examples) for its practical application to particular targets. In these sections
lies also an effort to survey both the extent to which the protocol reduces the syn-
thesis tree and the number of final offered routes to be expected in real cases.

6. Bondsets

The goal here is to define discrete bondsets especially suitable for synthesis. The
bondsets define in turn both the starting material skeletons and the particular
bonds which will be created. Such bondsets strike through the synthesis tree,
seeing both target and starting materials at once, and so provide more perspective
than a stepwise approach from either set. The bondsets themselves are assembled
by combining various key, or strategic, bonds dictated by considerations of
functionality and of skeleton. Some of the bonds in the skeleton may be dictated
as strategic from several different criteria and priority should be given to the use
of such bonds in assembling the various bondset combinations. The criteria for
selecting certain bonds for construction are discussed in Sections 7 and 8 on the
dissection of the target structure.

The number of bonds in a bondset (4} equals the number of construction reac-
tions in the synthetic sequence, and so should be minimal for economy of steps in
the synthesis. Since the bondset also defines the synthon skeletons, it follows that
any bondset must dissect the target into the skeletons of available starting ma-
terials. The number of bonds in any bondset is not fixed, of course, but the larger
the acceptable starting synthons, the fewer bonds in the bondset and the fewer
construction reactions in the sequence. In order to establish a scale of present prac-
tice, a large collection of syntheses 24:31) was surveyed in the terms of Ref. 18,
summarized in these equations.

bo =mng+r—1 by = C—C single (o-)bonds in target

A =k+4r—r—1 #p = number of carbons in target

nplk = average synthon size 7o = number of carbocyclic rings in target

A/bp = construction ratio r = number of carbocyclic rings in starting
materials

k& = number of synthons

A =number of bonds constructed (bondset)

Synthons actually used 243D are predominantly acyclic unbranched skeletons
of four carbons or less, or aromatic derivatives. The average size of starting mate-
rials is #g/%k and amounts to an overall average of 4.0 carbons in the examples
surveyed. The bondset size, as a proportion of the total bonds (construction ratio)
is A/bg and averages to 0.24, or a tradition of constructing one bond in four in the
various structures synthesized. Since these molecules have commonly 15—25
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carbons, this represents bondsets of 4--7 constructions. Furthermore, there is a
rough inverse correlation between average synthon size (np/k) and the size of the
bondset (4/bp), which emphasizes the importance of large synthons in minimizing
the number of constructions necessary.

7. Dissection by Functionality

Functionality, and its position on the target skeleton, is the common heuristic
basis for deriving synthetic routes 5 and the main guide in the automated systems
of Corey 411 and Wipke 141, In this approach the functional groups on the target
structure are examined pairwise 4 (or singly) to dictate the last synthesis step asa
construction yielding the particular paired functionalized sites of the target as
product. The procedure has also been systematized and explored 19 in the numeri-
cal format 8 used here. Implicit in the approach is the definition of a particular
skeletal bond to be constructed, defined by the functional group (or pair of groups)
examined. Without consideration of the detailed functional groups required, the
actual bonds so selected for construction may be summarized (Table 1) as a
function simply of the position of functionalized sites on the target skeleton. There
are eleven different relative positions of final functionality and bond constructed,
with examples of particular reactions for achieving each illustrated in Table I.

Table 1. Construction of bonds dictated by product functionality

Molecular form1) Common examples?)

Single functionality :
(1) Grignard addition; activated anion alkylation

/\/32\/13\/23\/\ (2) Enolate alkylation; Grignard -+ epoxide

(3) Alkylcuprate conjugate addition

Functional group pairs:

Functionality span =
(1) Activated anion addition or acylation

2 /\/3}0.1_0/2}//\ (2} Acetylene alkylation
{3) Allylic anion alkylation
/\/D\/D\/\ (1) Claisen condensation; aldol reaction
3 2171 2 (2) Allylic activated anion alkylation
/\N\/ (1) Enolate or acetylene anion + epoxide
4 2172 (2) Activated anion conjugate addition
5 W\ (1) Michael addition; Claisen rearrangement

1) Boxes indicate functional group sites, heavy bonds those marked for construction. Other
functional sites, between the outer ones marked with boxes (in 3—5), are implicitly accepted.

2) Examples taken from complete table (#13), Ref. 17; activated anion = hetero-atom-
stabilized carbanion, as Wittig reagent, nitroalkyl anion, dithiane anion, cyanide ion, etc.;
addition = carbonyl and related additions.
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All bonds in the target skeleton selected for construction by the target func-
tionality can now be easily tabulated. Some bonds will have a higher priority if the
target functionality is exactly correct for certain constructions 39, or if more
constructions are available to yield the particular sites of functionality 19. The
general approach of Table 1 ignores details of functionality and focusses only on
its position on the skeleton. This approach is easier and more useful, It emphasizes
the important synthetic conception that functionality is easier to change at one
site than to remove from one site and introduce at another. Hence constructions
dictated by Table 1 will produce the right functionalized sifes but may create
somewhat different functionality detail there which will be easily rectified 39,
The actual functionality to result from the constructions will be determined later
from the general sequence lists (see protocol step 4; Sections 12 and 13).

This bond selection by functionality is not very stringent. With many moder-
ately functionalized targets a large proportion of all skeletal bonds will be dictated
in this way, partly because for # functionalized sites there are (z) functionality
pairs and partly because there are several bonds dictated for construction by any
given functional group or any pair (Table 1). As illustration, application of func-
tionality dissection from Table 1 dictates all skeletal bonds as construction can-
didates in 3-methylcyclohexanone or in 5, and in cholesterol (6) points to the elev-
en bonds marked in boldface for construction.

o]

om HO

S5 6

The functionality approach to target dissection is only used here to define
certain bonds as construction candidates for formulation into discrete bondsets,
along with bonds selected on skeletal grounds. However, it has always been
discussed previously as the basis for a stepwise approach to synthetic routes,
working backward from the target 3-7,11,14), In this approach the target func-
tionality determines the last bond constructed and the substrates for it, and these
are then considered again as targets for penultimate constructions, etc. This
approach has obvious problems of generating too many intermediates and so being
forced into pruning by yield prediction, and of being blind to potential starting
materials until the end. The full bondset is only revealed piecemeal as the deri-
vation proceeds since each successive bond dissected is only determined by the
functionality remaining from the previous dissection. Apart from these a more
subtle problem arises in cases with very limited functionality (cf., cholesterol, 6)
or functionality only at one extreme of the skeleton, for which the stepwise func-
tionality approach will generate too long a sequence, dissecting back into the
unfunctionalized part too slowly and deriving too many small synthons, and too
many construction steps, for economy. Finally, saturated hydrocarbons cannot
even be approached in this way unless dummy functional groups are carried and
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there is no functionality basis for assigning these. (If dummy functionality can
serve in those obvious cases, it may also be useful for functionalized targets and
removed at the end, but again there is no basis for assigning such evanescent
functions.) All of these problems call for an alternative and complementary
approach to target dissection which is based on the skeleton, rather than the
functionality, of the target.

8. Dissection by Skeleton

Any effort to discern the guiding principles in existing complex syntheses reveals
that the functionality approach was often not important to the synthetic con-
ception. Indeed this approach could hardly expect to generate the many different
steroid syntheses (cf., 7—4) that have been achieved 28, most of which appear to
have derived from skeletal considerations. Woodward’s reserpine synthesis 32
was apparently designed around the twin ideas of a convergent synthesis 3
of two chemically different synthons of similar size and the stereochemical control
(via cis-decalin stereospecificity and flexibility) of the massed asymmetric centers
on ring E (7), which also dictated the cycloaddition choice of skeletal construc-
tion at rings D/E. In a second example, Johnson’s synthesis of the sub-target (4) 27
appears to have been conceived around the idea of convergent synthesis effi-
ciency 3 operating to join two independent synthons at a central double bond
(starred in 4). Again these approaches are basically skeletal in conception, not
primarily related to target functionality.

Certain considerations of the skeleton define particular bonds as candidates for
construction. A set of seven such skeletal criteria are listed here and discussed
below. A number are obviously a part of current synthetic practice, often used
intuitively. They deserve specific definition, however, as a basis for further sys-
tematic exploration, and more heuristic criteria of this kind are needed for the
future 10,

1. Presence of the skeletons of available starting materials.

2. Division into two (or three) similar-sized synthon skeletons for convergent
synthesis efficiency.

3. Bond pairs for annelation (double construction: affixation + cyclization).
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4. Multiple affixation: presence of several like groups which could be introduced
simultaneously.

5. Presence of skeletal features with limited synthetic choices.
a) Quaternary (and tertiary) centers.
b) Small (3- and 4-membered) rings.

6. Strategic ring disconnections in polycyclic skeletons.

7. Stereochemical features.

Some of these criteria lead to the selection of individual bonds, some to sets
of bonds, i.¢., partial bondsets. The latter themselves define partial sequences,
back from the target, up from starting materials, or simply a multistep sequence
in the midst of the synthesis tree. Such partial bondsets can be examined sepa-
rately for their partial solutions from the general sequence lists, defining a set of
partial sequences to be examined further: starting materials, reaction steps, and
products, as with full bondsets. Also some of the criteria define not only certain
bonds but something about the order of constructions as well.

The first criterion implies the recognition of large particular skeletal units, of
aromatic rings, or of simple appendage skeletons known to be available as starting
materials 29, This is a potent criterion where large units are recognized, as the
use of monoterpenes to start sesquiterpene syntheses, the relatively easy avail-
ability of tryptamines in indole alkaloid syntheses (cf., 7), naphthalenes in steroid
syntheses (cf., 7), etc. Once recognized, such a skeleton of an available starting
material dictates that all other bonds linked to it in the target skeleton be dis-
sected as a partial bondset (cf., two bonds in 7, three in 7).

The convergent synthesis # (7#2) demands two (or three) synthons of similar
size so that they may be separately constructed in parallel, then linked. The cri-
terion implies selection of bonds atfor near the center of the skeleton such as to
divide the skeleton into separate component synthons, as in 4. The halves may
be sought so as to incorporate different kinds of chemistry (asin 7) or to be equiv-
alent or symmetrical as in Boeckelheide’s synthesis 3%) of the rigid, large aromatic
monocycle, 8, or Barton’s synthesis 34 of usnic acid, 9. Furthermore, the criterion
also places demands on the order of constructions in the bondset since those bonds
selected for the convergency are to be constructed last.

Operations that construct two or more bonds at once (7#3,4) are of special
importance for efficiency. Annelation reactions are of this class. Annelations may
be annotated 16) by the number of ring atoms in each of the two synthons {forming
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the ring (of size, g), i.e., (m +m)-annelations, with w47 =p. Annelations in
common use include cycloadditions [cyclopropanations = (1 4-2); Diels-Alder =
(2+4)] and Robinson (2-}4)-annelation or (3 -+ 3)-annelation. A systematic
survey of all possible annelations on a skeleton can be made 3%, but a number
of useful ones can easily be picked out by visual inspection (cf., rings C in 2, A
and B in 3, and E in 7). Multiple affixations of identical units (#4) may be
illustrated by attack of alkyl (often methyl) Grignard reagents on esters (or
polyketones), or double alkylation of active methylenes. Both kinds of multiple
constructions (7#3,4) define partial bondsets.

Since available starting materials are commonly unbranched, tertiary and,
more often, quaternary carbons in the target skeleton will usually have to be
constructed. Thus this consideration (#5a) directs selection of bonds linked to
sites of =38 and 4. Furthermore, construction of bonds forming quaternary
carbons is quite limited in chemical possibilities (cf., discussion in Ref. 36)) and
will be critical in limiting sequences derived from bondsets containing them. Sim-
ilarly (#05b), few starting materials contain small rings and their construction
options are limited. Hence bonds in such rings are selected, as are bonds in other
strained systems (7#£5c), and the nature of the skeleton containing them may
often dictate construction of some particular bonds.

Corey’s analysis 10 of polycyclic systems and strategic bond disconnections
directed by maximizing simplification of intermediates is an example of the
definition of new heuristics for skeletal dissection (76). This analysis directs the
selection of particular bonds for construction. His rules also derive in part from
stereochemical considerations (7). A further treatment of rules for bond selection
via stereochemistry would be valuable.

The need for stereocontrol often severely limits the choice (and sequence) of
available constructions and dictates the construction of particular bonds by
particular reactions, generally for bonds linked to asymmetric sites in the skeleton.
Alternatively, there may be cases in which an asymmetric center is desired from
the outset in the starting material (e.g., to avoid later resolution); hence bonds to
that site are omitted in bond selection. As with convergency selection, bonds
selected on grounds of polycyclic disconnection and stereochemistry alse have
limits on their place in the sequence order.

The chief problem with a purely skeletal approach to target dissection lies in
the fact that it is blind to target functionality. Thus for any bond selected for
construction on skeletal grounds a large variety of different functionalized sites
can then be assigned to the synthons to activate these constructions, leaving
functionality at many places on the created target skeleton at the end of the syn-
thesis. Some of these resultant functions may occupy sites functionalized in the
target, and be easily convertible to the desired groups, but many will turn up as
dummy functions which must be removed afterwards. Clearly then, any optimal
use of the skeleton approach must incorporate information on the location of
targest functionality to guide and limit the assignment of acceptable activating
functionality needed to construct the bonds selected on skeletal grounds. The place
for this limitation in the protocol comes with the assignment of activating func-
tionality on the separate synthons by the general sequence lists.
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9. Synthons: Pattetns of Construction Sites

A given bondset defines the synthon skeletons and the location of construction
sites on each one. Synthons will rarely exhibit more than three sites each, a general
supposition confirmed by the bondsets of known syntheses 24:32.37, This implies
that any synthon may engage in self-consistent sequences of up to three con-
struction halfreactions 17 at those sites. (With more than one construction at
single sites there could be even longer sequences for one synthon, but this is likely
to be rare}. Furthermore, it is common for the construction sites to appear close
together on the synthon skeleton, usually no more than three carbons apart; this
is the site span (SS) of the synthon — the separation of sites on its skeleton — and
will generally have values of 1, 2 or 3. Finally we must consider the order in which
the half-reactions at the construction sites occur. For an n-step sequence there are
n! orders possible (2 orders for 2 half-reactions, 6 orders for 3).

We may therefore define pattern of construction sites on any synthon as their
relative placement or location and the order in which they undergo construction
half-reactions. The limits accepted above, which will include nearly all cases,
allow for 13 possible patterns,3® summarized and annotated in Fig. 3. The strand
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Fig. 3. Sequence patterns: construction sites and construction order on synthon
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of carbons through the site span is labeled «,8,y from the left, and since any
pattern of more than one site can be laid on a real synthon in two ways (right-to-
left or left-to-right) all the patterns except (ae) and (amw) represent two orders
each. Thus the {(g¢f)-pattern also includes the (fa) order and for three reactions,
(yae)=(ayy), (Pay)=(Bya), etc. Thus there are #!=6 orders for three reactions but
only three patterns need be distinguished. For the sake of consistency the patterns
are labeled wherever possible, 7.¢., all but (#ya), with the left-hand site labeled a
and undergoing the first construction of the sequence. [For this reason the labels
of (afp) and (ayy) are used in Fig. 3 although the diagrams imply the equivalent
(foa) and (yoe) labels.]

In the present protocol we start with synthon skeletons marked with con-
struction sites. On these skeletons we must now place the functionality appropriate
for activating construction half-reactions in a self-consistent sequence for these
sites. The numerical codification of individual half-reactions 7 (summarized
below in Section 11) defines a reactive strand of up to three functionalized carbons
out from the construction site in the substrate as well as the net change in that
functionality as the construction occurs. Thus except for a terminal, or primary,
construction site (¢=1) there is a question as to which strand of carbons out from
the site shall be selected to bear the activating functionality. For secondary
(6=2) construction sites on a synthon there are two choices for the reactive strand,
and for tertiary (¢=3) sites there are three strands out from the site which might
bear the activating functionality. Taken with the many different functionality
strands for the various half-reactions, the possible combinations of placement
choices for them about several construction sites proliferate excessively; for a
synthon with three separate secondary sites to undergo construction, e.g. (efy),
there are 23=8 ways to lay on the skeleton the reactive strands of functionality
needed to initiate these constructions.

10. Functional Overlap

Skeletal dissection creates a synthetic problem because it is unresponsive to target
functionality. This can produce an undesirable proliferation of structures with
the skeleton of the target but incorrect or incorrectly placed functional groups,
and many with excess {(or “dummy”’) functional groups which activated earlier
construction but must be removed at the end. Linked with this is the need to
avoid excessive functionality in the intermediates also. The more functionality
present the more the possibility exists of undesired alternative courses of reaction
during the constructions. Finally, the need to minimize functionality extends back
to the starting materials, since most available compounds have relatively simple
functionality. In view of these considerations, then, we must focus the selection
of sequences and of starting materials both to orient and to minimize functionality
placement on the given skeleton. In the present protocol we impose functionality
on the skeleton to activate each construction. In order to achieve the desired
focussing of selection we must then seek maximum overlap of these imposed func-
tionalities both with the target and with each other.
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10.1. Functional Overlap with Target

The choice in the last section as to which strands out from construction sites may
bear activating functionality will obviously be made in terms of which carbons of
that synthon are functionalized in the target. Although some bonds of a bondset
may be selected on functionality grounds (Section 7), we are formally dealing at
this point in the protocol with a synthon skeleton marked only by its construction
sites. If the carbons functionalized in the target are also marked, we can select
only strands containing these carbonswhen laying on the requisite reactive strands
for the sites. Thus, when there is a choice reactive strands for constructions are
selected to overlap with target functionality sites.

10.2. Internal Function Overlap

To minimize functionality en route the self-consistent sequences should utilize
the same functional groups for each step as much as possible. This demands maxi-
mum functional overlap of the reactive strands for each successive half-reaction
on the synthon. It is indeed the application of this criterion of maximum functional
overlap that creates the stringent reduction in choices for the self-consistent
sequences since the functionality left by one half-reaction must be that required
for the next when the reactive strands for the two overlap. Overlap can be total
or partial, as explored in Section 12, but clearly the farther apart the construction
sites on a synthon the less overlap there can be for the reactive strands of the two
successive half-reactions, and consequently the less effective the reduction in the
number of choices of available sequences. This is another reason for not censider-
ing construction spans over three in the patterns of Fig. 3. Construction sites be-
yond a span of three are considered separately in the protocol.

The second criterion of maximum overlap is easily applied in general to sim-
plify placement of functionality on the construction site patterns of Fig. 3. If the
functional groups activating each half-reaction are to overlap maximally it is
clear that, whatever branching may exist on real synthons, a linear strand of
functionality passing through all construction sites will bear all the functional
groups necessary for the successive half-reactions in each case. This functionalized
linear strand may extend one or even two carbons beyond the sites at either end
but any branching of the functionality strand must result in less overlap. These
criteria now allow the generation of the most viable self-consistent sequences,
to be incorporated into general sequence lists for each of the 13 patterns. This is
considered after description of the nature of the reactive strands for half-reactions
in the following section. With that tool in hand more specific application of overlap
criteria to the particular half-reactions is possible for the several patterns, as well
as an appraisal of the significant reduction in choices effected.

The overlap described above is infernal overlap in that the overlapping strands
of the two successive half-reactions all lie on the synthon itself. External overlap
is also possible, in which the bond created to the partner synthon in the first
construction becomes a part of the reactive strand for the second construction.
As an illustration, two successive constructions (ee) occur at the aldehyde carbon
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of an aldehyde undergoing first an aldol condensation with a methyl ketone fol-
lowed by a conjugate addition (70). The three-carbon reactive strand for the second

.o
+CH,CR2 I(I) R3¢C ?
u
RI—CHO — %" . RI_CH=CH—C—RZ — 3 RI—CH—-CH,—C—R?2 10
. 1
R3

{conjugate addition) construction does not fully lie on the original aldehyde syn-
thon skeleton (boldface type in 10) but incorporates the bond formed in the first
(aldol) construction and two carbons of the methyl ketone, the first partner
synthon. In order to maintain the independence of one synthon from the others
for the protocol, the possibilities for external overlap must be included in the
sequence list for any synthon and formulated independently of the involved
partner. In the development of general sequence lists in Section 12, this will be
shown to be possible.

11. Coding System for Half-Reactions

In order to derive general sequence lists we must be able to express the necessary
functionality which is to lie on the linear strand of carbons passing through the
construction sites on any of these 13 synthon patterns of Fig. 3. This can be done
by a linear list of f-values for the involved carbons, first as starting materials, then
as products. The basis for this lies in the codification of the involved functionality
in construction reactions, developed in Ref. 17 and summarized in this section.

Construction reactions consist of the linking of two synthons, each involving
obligatory activating functionality on a strand (linear chain) of up to three carbon
atoms from the constructed link (Fig. 4), referred to as the reactive strand. These
atoms are labeled «,8,y out from that link on each synthon, the a-carbon being
the construction site. The particular functionalities of substrates and products
for each synthon are specifically related for any given construction reaction. Each
partial synthon (2,8, carbons only) undergoes a half-reaction and each construc-
tion half-reaction is characterized by the net structural change relating substrate
and product for that partial synthon. The actual synthon may exhibit branching
on the «,f,y carbons, simply expressed as the o-values of those carbons 39, and
the skeletal part of the net structural change is only 4oy = 1. The main part of the
net structural change is in functionality, defined by an f-/st of up to three digits,
falgfy; Flists are used to express the requisite substrate functionality as well as
the product functionality with the change expressed by Af for each of the involved
carbons («,f,y).

The half-span (s') of a half-reaction is the number of carbons from the con-
structing bond to the outermost obligatory function, ¢.¢., values of s'=1, 2, or 3.
The construction span, s =s'y +ss, is the length of the whole product strand,
incorporating the constructed link, between the outermost functionalized carbon
sites of the two linked synthons 49, Also useful for generalizing or organizing
f-lists are the less specific f'-lists of f’-values which are either 0 or 1 to denote the
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Generalized Construction Reaction: Half-spans Possible f'-lists
y B o « B ¥ s'=1 000 100
—C—C—-C 4 C—C—C— Substrate & =9 010 110
l Half-reaction s =3 001 (101)
vy B « % By 011 111

—C—C—C mwmmmm C—C—C— Product

I—) Half-span, s’ = 1,2,3
Example: Michael Additions (Ag -T3 and

construction span I, - Ty
(_lb-‘—)
8=611 8y RH (©) RII (@)
et N rrre——r—m—
O O
[ N |
—CCH 4+ C=C—C—
Half-reaction Labels: | !
Polarity: e Che flists: § 0 114
RF
fa ————
(Substrate) RH RZ RII
(e} o}
0 A - - | N [
. L1 - —CC e C— CH—C—
2 C 2 2 2’ ! 4 !
3 D 3 - - 3 0 00 %
4 —— 4 - - .
i
Atz 0 -1 -1 -1
Afs 0 0 -1 0 NRa (I)
4y 0 0 0 0 | 7 N !
—C=C 4+ C=C—C—
(* Two RII reactions are ©: T, and Zj) N a
21 TT1T %
\rer—
RII (©) RIT (®)

Fig. 4. Summary of reaction codification 17

presence or absence, respectively, of any functionality at a carbon site (/=0
forf=0; f'=1for f=1, 2, 3, 4). The eight possible f'-lists for reactive strands are
shown in Fig. 4; one of these (101) is without any real examples 17, In practice
the number of digits used in an f-list (or f’-list) defining a given half-reaction is
only that of the half-span, s'=1, 2 or 3.

This codification logically defines all possible constructions, not merely those
currently known in chemistry, because all possible mathematical combinations of
f-lists may be generated (there are 40 possible f-lists for half-reaction products 19,
The half-reactions are divided by type into RH and RF(=RZ and RII) and into
related polarity types, © and @. Half-reactions of © polarity are oxidative con-
structions, and essentially nucleophilic, while those of @ polarity are reductive,
essentially electrophilic (although polarity definition does not require mechanistic
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understanding but only oxidation state change) 17, Half-reactions are defined by
the f-lists for substrate and product and annotated with a simple two-character
code of symbol and subscript, the subscript denoting the half-span, s’. The symbol
denotes a-carbon functionality (fx) in the substrate, using a capital letter (A—D)
for RH half-reactions and a number (1-—4) for RF half-reactions, distinguishing
RII from RZ by placing a bar over the symbol for RII hali-reactions (to imply the
z-bond broken). The relation between substrate and product (net functional
change) is specified by Af at three sites depending on the type of half-reactions.
These net changes, as well as the reaction symbols and polarities, are summarized
in the table of labels in Fig. 4, which also distinguishes Ri7 reactions by the change
at the other #-bond carbon, ¢.¢., 4fg, using a prime for those of Afg=0. Examples
are shown in Fig. 4 as the Michael additions Az - T3 and 15 - 13, both of construction
span, s =5=2+3, the half-spans of each half-reaction seen as their label sub-
scripts. The common notation £ indicates f =2 or 3. Any construction half-reaction
can be written in the Fig. 4 format and its f-lists and label determined; a number

Table 2. Selected construction reactions

Half-reactions Full reactions
Grignard reactions Ay Grignard additions A1-2y
Wittig reactions B; ‘Wittig reactions B1:21
Dithianes Cy Enolate alkylations Ao 1y
Enolates Ag Aldol condensations Ag.21
Friedel-Crafts reactions Ba Claisen condensations Ag-3;
Alkylations 11 Grignard carbonations Ar-4;
~ Epoxide openings 1y Michael additions Ay-Ty
Carbonyl additions 21 Conjugate additions/CN— D;-T3
Acylations 31 Conjugate additions of alkyl copper Aj-Tg
Conjugate additions: Alkyne alkylations Co- 1y
to carbonyl I3 Benzoin condensations C1-21
to acetylenic carbonyl 24 Pinacol reductions 21°21
to nitro, sulfonyl T2 Acetylenic couplings C2-Cq
Addition-eliminations: Claisen rearrangements T'z-T:;
to unsatd. carbonyl 23 Fischer indole synthesis As-Ba
to unsatd. sulfonyl 29
Electrophilic additions I,

of common examples are labeled in Table 2 17, Although the notation is initially
unfamiliar, it is basically very simple and easy to familiarize and use. The group-
ings also closely parallel ordinary half-reaction descriptions (see Table 2). Since
it derives systematically from structural fundamentals, the reaction code also
affords confidence that it includes all possible options.
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Armed with this codification scheme, we can assemble-a masterlist of half-
reactions, shown as Table 3 41). This table is the basis for the derivation of general

sequence lists. It also represents the “sequence list” for a one-construction

Table 3. Masterlist of construction half-reactions

© Polarity @ Polarity

o-Block  Substrate Half-reaction Product Substrate Half-reaction Product
afy Label afly afy Label ofy

ox <3 0 Ay 0- I Ts 00
1. 0- 2 01
T Tz 01 i3- 02-
1% 0% 1% I3 00z
01T Aj 0T 123 01%
1T 0TI TI1 I3 01T
110 (1131 121 021
0% Ag 0%
1% 0%
13 0%
033 Ag 022
122 : 022

0 <2 1- B; 1 1 1 0
1 T- 2 21 1
1T By T 2 T
2T I 11 1s 01
13 T % 25 3
01T Aj 110 33 Ty i
TT0 110 23— -
11T Bj 11T 1% 23 113
210 11T 22% 123
11T 111 223 Z3 Ti3
210 1T
0% Ag 1%
1% Bo 1%
12 12
23 P2 13
2% 03

o<1 1 B, 2. 3 31 2
2 C1 2 3% 32 2%
2 2
11T Bg 210
210 710
11T 217
Z10 211
1% Ba 7
% Ce 7%

Cr=0 2- Cy 3- 4- 41 3-
3- Dy 3-
3- 3-

Notes: Taken from Table 8, Ref.1? — see discussion there for any apparent anomalies. Car-
bons bearing obligatory hydrogen shown in boldface in substrate and product f-lists.
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“sequence’’ itself and is presented in the same format as the multistep sequences
to be derived below, showing substrate functionality, half-reaction label and
product functionality. The masterlist includes 25 half-reaction labels and, with
their variations,4!) 60 detailed substrate-product pairs or actual half-reactions.

The masterlist is divided by reaction polarity as well as by the acceptable
skeletal level of the a-carbon (the construction site). Thus cyanide ion as nucleo-
phile (D1) cannot be used to attach a chain of carbons in one construction; it is
limited to ¢ =1 by its necessary functionality (f =38). Similarly, carbonyl addition
{21) cannot be a half-reaction of a tertiary construction site on a synthon. This
division of the masterlist by substrate ¢-values allows quick matching with any
real synthon having a known o-value at the construction site. For economy in the
table, each half-reaction shown for any e¢-value in Table 3 can be used in par-
ticular cases for sites of that s-value or lower (with the proviso that one-carbon
synthons, ¢ =0, can only utilize s’ =1 half-reactions, of course). A dash in the
fHist indicates the impossibility of a 8- or y-carbon, hence no indicated function-
ality, as in Dj.

12. General Sequence Lists

The masterlist of individual half-reactions in Table 3 may now be used to derive
all possible pairs of two successive, self-consistent half-reactions for each of the
three two-construction patterns in Fig. 3. The products of these pairs will in turn
constitute substrates for a third successive self-consistent half-reaction to give
sequence lists for each of the derived three-construction patterns. In this way
general sequence lists for each of the 13 patterns will be obtained, containing all
possible self-consistent sequences. The generation of these lists is now simply a
" mechanical mathematical exercise, unprejudiced by chemical preconceptions.
Like the masterlist itself they will include sequences of dubious practicality and
even presently unknown chemical detail, but they must include all possible
sequences derived from the masterlist reactions 42. These lists can also serve to
stimulate study of potentially useful construction sequences which are not cur-
rently practical. '

The general sequence lists will take the form of an ordered table of possible
product f-lists, preceded by the requisite substrate f-lists and half-reaction se-
quences for each one, as in the format of Table 3. For any given synthon skeleton
marked with a particular pattern of construction sites, the general sequence list
for that pattern will provide all the possible product functionalities the skeleton
may bear, as well as the starting materials required to produce it and the sequence
of 2—3 self-consistent half-reactions which are to be utilized in each case, with the
reaction polarities needed to match partner synthons for each construction. This
allows all product f-lists to be compared quickly with the f-list for that synthon
in the target (protocol step 5b) and also provides the full structures of required
starting materials to compare (protocol step 5¢) with the catalog of available
compounds. (The cataloguing of available starting materials by size, skeleton and
functionality f-list is described in the Appendix.)
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Mechanical generation of sequences is simply a matter of examining every
product f-list in the masterlist (Table 3) and ascertaining whether it may act as
a substrate f-list for a subsequent half-reaction at the site required. Samples of
this generation for two-construction patterns are shown in Fig. 5, first as sequence
lists, then some examples spelled out in fuller structures. It may be noted here
how much more articulation is required to write the fuller structures, but how
little more significant information they contain. The final sequence lists generated
are presented at the end of the text and are even shorter in that the intermediate
flist is omitted since it is readily derivable from the substrate-sequence-product
information. The fully articulated structures below in Fig. 5 are easily derived
from the sequence lists above, as may be ascertained from the given examples.

Certain skeletal conditions are implied by the requisite functionality for any
half-reaction or sequence. This can be seen clearly in the fuller structures at the
bottom of Fig. 5, in which the “‘extra” bonds on the synthon leading to no specific
atoms are understood to be single bonds to carbon or hydrogen. The number of
allowed attachments of the given carbons to other skeletal carbons is implicit in
this and may be expressed by the allowed o-values of any given carbon in the part
structure of the synthon shown. For any construction site the maximum allowed
c-value is a function of the f-value of the substrate at that site and the k-value,
if there are obligatory hydrogens (espectally RH half-reactions; see boldface in
Table 3), ¢.¢., omax =4-f-#. The maximum o-values for each construction site

Fig. 5. Examples of two-construction sequences

Example Pattern o¢-Block Substrate Reaction Inter- Reac-  Product Polarity
@ mediate  tion sequence
®
afy - apy afy

1. (aa) 1 3 31 2 2y 1 + +
2. 2 12 11 02 Ag 02 + —
3. 2 313 23 I3 T3 003 + +
4, 1 22 Cs 22 Ty 02 - —
5. 2 2 1z 02 Aq 02 - —
6. (ap) 33 iz Ts 002 Ag 002 + —~
7. 32 j¥3 I3 021 B, ofl + -
8. 12 31 3; 21 B 21 + -
9. {ay) 22 332 3g fi2 2, 1ii + +
10. 23 Z10 B3 111 i; iio — +

z 0 o R2 O

I 1, I 4, Il
2. —CH—C— —3 —CH—C— —— —C—C—

x B | I

R1 R1

VA (0] 0 R2 0

| ] 2 il T | il
3. —C=C—C—OR ? —(C=C—C—O0R T —C—CH—C—OR

l P I
« f oy R1 Rt
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Fig. 5. (continued)

R2 ©
A |
4. HESC— —> (S0— —» CH—(—
« B | |
1 R1
NR2 0 R% 0O
1 I A, |l
5, —CH=C— —013s —CH—C— —b3 —C—C—
[S] e
« B | |
R1 R1
0 0 R2 0
Il 1 il 4 [l
6. >c=c——-o—- B Ne—er—c— —e’> N— C—C—
« f v | | | 1
R1 R1
zZ z z R?2
| | 1 | B |
7 Ne=t—t 2, Ne—e=c! 2, Ne—i=c/
Te goyN @/ Nooe
4
R1 R1
0 0 R2
1l 2% ] 2 il
9. —=CL— —» —C=CH—C— —> —C=CH—(—
« By | |
R1 R1
z z R2
| 1
10, —t=t—ci/ =5 —t—t=/ 25 —c=c—t’
e AN
a By | 11
R1 R1

are written as an ordered o-list and called the o-block, characteristic of both the
half-reaction sequence and the pattern used. The possible o-blocks for the 13
patterns are appended to Fig. 8. The half-reactions of the masterlist (Table 3)

are also grouped into ‘“¢-blocks”, simply of oq.

The o-blocks are used to divide the general sequence lists into blocks of se-
quences for which that g-list represents the maximum allowed skeletal articulation
in any acceptable synthon skeleton. This simplifies searching the lists for particular
synthons, since only the sequences included in o-blocks equal to or larger than
the o-list of sites on the given synthon will fit. The minimum o-values are of
course o =1 for a site at the end of the strand of obligatory functionality in the

flist and ¢ =2 for a site within that strand.

The reactions sampled in Fig. 5 are all cases of internal overlap, for all the
overlapping functions needed to activate the two successive constructions are
contained internally, <.e., within the carbon strand of the synthon skeleton. The
cases of external overlap (Section 10) need to be defined and added in order to
produce the full sequence lists for the 13 patterns. These will be cases like 70 in
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Possible patterns:

) a’ B, 7’)
Primary: (C—-—C-——C
+ Half-reaction
(e~ C—— a;:tlrzgm_ (e a)@(>oz @ a) (ao oz)<®
Main synthon (@af) (xfo) (@fp)
@ay) (xye) (@y9)
Present
construction
Reactive strand shaded
Partner synthon
( Oi' ﬁ’ 7: )
Secondary: C——C——cC (@f) (@fa) (@af) (@)
+ . («@fp @foa) Bra)
—C—Cm—C—— _Prior_ @B?) (@BP) (ayp)
Construction Bva)

Main synthon

Present
construction

Fig. 6. External overlap

which the reactive strand for the second construction overlaps the bond construct-
ed in the first, and so bears some requisite functionality left on the partner syn-
thon from the previous construction.

The possible situations in which external overlap can occur are analyzed in
Fig. 6, which shows that there are two kinds of external overlap. In primary
overlap the previous construction was at the same site as the one under consider-
ation. Hence only the a-carbon of the synthon is now part of the reactive strand
for the new half-reaction, the rest of the strand lying across the previously con-
structed bond into the product f-list of the previous partner synthon, as in 70.
Thus primary overlap can involve only half-reactions of s’ =2 or 3. With second-
ary overlap the prior construction has occurred at the f-carbon of the present
reactive strand and allows external overlap to involve only the first («’) carbon of
the prior partner synthon and so only present half-reactions of s"=3.

These two kinds of external overlap are characteristic of particular patterns,
such as (aa) for primary overlap and (af#) for secondary, with (ay) offering no option
for external overlap. The kind of external overlap available to each pattern is set
out in Fig. 6. Primary overlap usually arises either with a-functionality of 0
(requiring partner activation for 4g or A3) or a double bond extending over the
previously constructed link (as in 70). With secondary overlap the main synthon
either exhibits a double bond at af (requiring y-activation) or a double bond over
the previously constructed link at g. The possible substrates for external overlap
are, therefore, the normal s" =2 or 3 f-lists truncated after fy for primary, after
1 for secondary, overlap, the remainder of the strand being found on the partner
synthon. In order to recognize f-lists on the main synthon which will serve as
reactive strands if coupled to a suitable joined partner synthon, we can gather all
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Table 4, Half-reactions with external overlap

Partner Substrates a-Blocks (Max 64):
sets Products: { 3 2 1
- apy afy By By

Primary:

JEM 0 AsAz 0 AsAj T

J 1 Ag T

F,G,H,IL T AgTalglaTs 0 A3Bs 1

K 1T As 00

F,G1,L 2 Ba 1 Bs 2

BgB323§3 1

Secondary;

F o1 Ag 01 Ajg T

r 1T Az 0T Az i)
Bs 1T Bs 21
B; i1 B3 21

O,E I AgTs 0T Ag I

E 12z 1z 02

K,0 21 23 11
Bg 1T B 21
Bs 11 B 21

Partner sets (available functionality in prior product, to

activate external overlap)

Partner synthon:

Prior product

From half-reactions

Set afly - -+

0 0 A1A1A1235  11T.I313
E 1 B,(B2B3)

FooT)

G 10 B 2y

H 11 —

I 12 AsBs

J T Be Z2(23,23)
X 3 C1 3

L 2 B1B2B3C; —_

M 53 Co 32

such truncated f-lists, These are collected, as both the substrate and product
functionality which appears on the main synthon, in Table 4, and they offer a set
of acceptable sequences to be added to those of the masterlist when seeking the
second or third half-reaction in a sequence 43, At the bottom of Table 4 is a guide
to the restrictions placed on the possible half-reactions of the previous partner in
order to leave the functionality needed for the external overlap.

Thus the strands in Table 4 are incomplete and can only activate construction
when taken together with functionality provided by a prior construction partner.
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The main consequence of this analysis is that sequences for a synthon may still
be listed independently of the construction partners but that the nature of the
given synthon f-lists and half-reactions fully defines the requirements that must
be laid on the prior partner if an external overlap sequence is to succeed. Hence it
is enough in the general sequence lists to indicate which sequences invoke external
overlap in order to define completely the limitations imposed on the prior partner
reactions. By way of illustration the aldehyde synthon in 70 is simply written as
f=2 - 0(2:13) with external overlap (primary) in the (ea) pattern list; this im-
plies 2 - 1 in the first (2;) half-reaction and the second (13) is external overlap
using the 1 as substrate as listed in Table 4. The implication is that the first con-
struction partner, which must have © polarity, used an A or By half-reaction.
The example in 11 lists the main synthon (boldface in 77) with (af) pattern and
secondary overlap, simply as (212)2343 -~ (102), 7.e., (substrate f-list at afy)
sequence of two successive self-consistent half-reactions - (product f-list at
apy), the italics indicating the secondary overlap of the first construction link to

As_
CH—
| (rY) l (RY)

(@fy): (212) (112) (102)

R1 in activating the second (As) half-reaction; the sequence can be found in the
23 o-block of the (af) pattern sequence list.

For the generation of the sequence lists now there remains the problem of
defining only the sequences with maximum overlap. Continuing the discussion in
Section 10, we must now examine the various choices for laying on reactive strands
in the 13 patterns so as to achieve maximum overlap and to minimize excess
functionality. Clearly the maximum overlap for (a&) will result from the reactive
strands of both half-reactions taken to the right of their common site of con-
struction. This yields full overlap and a maximum functionality span (FS) of 3 if
at least one half-reaction has s” =3. The same is true of (aae) with all three half-
reactions overlapping to the right of the site. Thus the only sequences accepted
into the lists for (ae) and (aaa) patterns are those with all reactive strands oriented
to the same side of the @ construction site, .¢., functionalizing the same carbons
for each successive construction.

Similarly, the (ay) pattern will exhibit overlap only with the first half-reaction
{at &) to the right and the second (at y) to the left. This again yields a full function-
ality span of 3 for the (ay) pattern. For both patterns the functionality placed by
acceptable sequences will appear at a,f,y. The locations of these functionalized
carbons are shown in Fig. 7 as a bar indicating the extent and position of the
functionality span (FS) below the strand of the synthon skeleton marked with
the construction sites and their site span (SS). The directionsof the reactive strands
of the successive half-reactions are also indicated as lying to right (R) or left (L)
of their respective construction sites. Hence in all lists for patterns (aa) and (ay)
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Two Strand of construction sites Derived patterns for
constructions and overlapping functional span three constructions
a f ¥
(aa) (8§ =1): ——rr—@———— (eca) (aap) (eeaxy)
(FS = 3): —>—>—i RR
: « By
(@) (§§ =3): ——mr—"Q@Q——@—— (aya) (arf) (ayy)
(FS = 3): [ —— RL
ooy Broes az fr oye
(ef) ($§ =2 ——0—0Q——— (e pa) (eeBp)
—————t RL
(FS = 4) e ———f LL
3 RR
« By
y1 B1 o1 a2 B2 p2
(8§ =3 —— O —— (afy)
(FS =3 —_—
« By
Yy B1 o az flz ya
(8§ =3: ——OQ-—-O-Q——— (Byar)
(FS = 3): —

SS = Site span; FS = overlapping functional span; R = Right, L = left (directions of
reactive spans from construction sites); construction sites circled with numbers showing
order of reaction.

Fig. 7. Functional spans used for sequence lists

and their derived three-construction patterns the requisite functionality will
always be found on the span of the a,8,y carbons.

The (af) pattern is more complex. If the functionality span were limited to the
site span (SS =2), half-reactions of s'=3 would be omitted. To include these
obliges acceptance of a functionality span of 4 and reactive strands for each site
either to right or left. Hence the two reactive strands can be RL, RR, or RL with
maximum FS =4 in three ways, but the fourth combination, LR, results in no
overlap at all and is omitted. To encompass these variants the synthon strand
cannot simply be labeled a,f,y as before, but is labeled yifia1@2f2y2 over the
six accessible carbons, four of which may be functionalized in three ways, with
a1 and a3 the first and second construction sites, respectively, as illustrated in
Fig. 7.

With this definition of functionality span in (af) all sequences used are over-
lapping except the simplest, i.e.,, s =sz=1, and these simple non-overlap
sequences are all added to the list. The wider site span of the (ay) pattern results
in more non-overlap sequences: if one half-span is s’=1, and the other s’ <2,
there is no overlap even though all functionality lies within the functionality
span accepted, ¢.¢., a,f,y. Hence these non-overlap sequences are also included in
the list, as in (120) 1y 45 —~ (020), 7.e., CX—CO—CH E;ii R-C—CO-C-R’".

The three-construction sequences are derived from two-construction sequences
by accepting the product f-list of two constructions as the substrate for a third.
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The derived patterns are assembled in Fig. 7 at the right. From (ea), (aea) fully
overlaps but (agf) will have no overlap for the third reaction if s; =s3 =1.
As with the non-overlap case in (@) these must be separately generated by adding
to these (aa) products (with FS=1) all possible §-functionalities to make non-
overlap substrates for the third half-reaction. (aay) is similarly parallel to (ay)
and non-overlap cases must be created by adding all possible p- or f,y-functionality
to the parent (aa) sequences of FS =1 or 2. In extending (ay) to its three derived
patterns, (aya), (apf) and (ayy), all non-overlaps have already been included in
(ay) and no added functionalities are required. All six of these derived three-
construction sequences will have FS =3, their functionality fitting onto the
a,f,y strand; in all cases the reactive strand for the third half-reaction also lies on
this strand.

Again, three-construction sequences derived from (aff) are less simple. The
(efa) and (epp) patterns utilize only the two construction sites of the parent
(ep) and have the same three functionality spans of FS =4. In creating these lists
all cases of (@ff) product f-lists which acted as substrates for a third half-reaction
were used and no new functionality was added. However, the last two patterns
have again a site span of three and so are parallel to the (ap) and its derived pat-
terns. Like these other patterns, the functionality span was limited to the site
span (FS =SS5 =3) as shown at the bottom of Fig. 7 and only (af) product
f-lists within that span were used to generate the sequence lists for (afy) and
(fya). New functional groups were added at Bz for (afy) and at g, for (fya) if
there was no present indicated functionality there in the (aff) product as third-
construction substrate, 7.e., for (af) products with S =2 only. This parallels
the addition of extra functionality described for (aaf) and (eay) patterns above.

In this way the 13 general sequence lists were mechanically generated, with
no judgments made as to chemical practicality, in order to see all possibilities that
could arise from applying these few simple and clearly defined criteria and overlap
limitations 44. A key feature of the criteria of self-consistent sequences with
maximum overlap is the expectation that they will result in a stringent reduction
of possible sequences, and hence a significant pruning of the synthesis tree. It is
important, therefore, to examine the extent of this reduction. There are 60 half-
reactions and so there should be (60)2 =3600 two-construction sequences pos-
sible without this reduction, and four times this number (14,400) if all options of
strands both left and right are allowed. For three constructions there are (60)3 =
216,000 and eight times as many (1,728,000) with right-left placement options.
Thus without these stringent criteria acting to reduce the number of possible
sequences this approach would be unmanageable. The reductions amount to a
selection of particular favored (short) routes through the synthesis tree, and the
resulting selection is severe.

There are only 237 sequences (substrates and two successive half-reactions)
for the (aa) pattern which emerge from application of the criteria and lead to only
30 different product f-lists. This represents a selection of 237/14,400 or 1.65%,.
The other two-construction sequence patterns list 396 sequences (2.75%,) for
(af) and 503 (3.49%,) for (ay) with less overlap. Indeed the latter two contain a
large proportion of non-overlap sequences, as noted above, whlch rapidly swells
the total; the non-overlaps for (af), for example, are the s; =sz =1 sequences,
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amounting to 10 x 10 =100 of the total 396 sequences, since there are ten half-
reactions of s’ =1, although a few are disallowed 44 ; for (@p) more than half of
the sequences (327) are non-overlaps. The extent of external overlap possibility
may be seen in that there are 98 such sequences in the total of 237 for (e¢) and
64/396 for (@f). For the three-construction sequences the selection is even stronger,
as may be expected for the greater stringency of the self-consistency criterion
applied twice. The (aaa) pattern is the most severe with only 531 sequences, or
0.03%, of 1,728,000, leading to 14 product f-lists. These enumerations are dis-
played in Table 5 and show under 1%, selection for most three-construction se-
quences. The stringency of selection also shows in the products. The number of
possible f-lists for a three-carbon strand (f.fgfy) is 175 if all f-values of 0,1,2 and
all barred combinations of them (12, 12, 2'5' etc.) are allowed. The number of
actual product f-lists which emerge is much less (Table 5), showing restrictions on
possible target functionality resulting from self-consistent construction sequences.
Self-consistent sequences, therefore, will not produce all possible targets.
Parenthetically, these enumerations also indicate the importance of separate
consideration of each synthon, using only half-reaction sequences. There are
40 © and 20 @ half-reactions in the masterlist, or 800 possible isohypsic (® &)
combinations for one construction. Since some combinations are unreal 17, this
figure is actually reduced to only 350. Two successive full constructions then
represents (350)2 = 122,500 combinations and a sequence of three has 42,875,000.

Table 5. Enumeration of general sequence

lists

Number of Number of
Pattern sequences productsl)
(aa) 237 34(30)
(aaa) 531 15(14)
(aaf) 823 65(49)
(axay) 1879 91(58)
(ap) 396 132(104)
(apa) 1313 116(100)
(aBB) 1159 88(80)
(apy) i 936 181(90)
(Bya) 1085 221(93)
(ay) 503 128(86)
(aeper) 1621 82(63)
(cyp) 1506 175(95)
(apy) 1589 84(56)

1) The total number of products in the list is
shown first and in parentheses the number
of different products (no duplication).
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Thus the combinations are already much reduced on separate consideration of
one synthon and its half-reaction sequences only. If considerable selection is then
achieved on each separate synthon and its sequences, the combinations of full
constructions possible when they are finally matched into whole construction
routes will be far fewer.

Thus the complete sequence lists are generated and displayed at the end of
the text. They constitute a huge number of synthetic reaction combinations which
are dramatically reduced in representation by including only synthetically signif-
icant information, the net structural changes defined by the numerical convention.
Without this convention the lists would require many volumes of written structures
to reproduce, as may be seen by expanding any list item into a fully written
structural sequence (cf., the examples of Fig. 5 or 77 in the text). With a little
practice this becomes an easy process and also clearly demonstrates that the
spatial condensation afforded by the numerical convention sacrifices very little
significant information.

13. Practical Use of Sequence Lists

Although the foregoing explanations of sequence list generation are rather com-
plex, the practical use of these lists is simple. The protocol calls for assembling
several bondsets from bonds selected as good candidates for construction, and then
considering these bondsets separately. The bondset in turn reveals the skeletons
of the starting materials and these synthon skeletons are then each overlaid with
the functionality required to achieve self-consistent construction sequences all
possible ways. The criteria of maximum functional overlap (Section 10) are applied
to focus choices in order to avoid excess proliferation of functionality, and this
focus is already included in the given sequence lists, as described in Section 12.
The sequence lists now offer all sequences within these criteria, and those appro-
priate to the given synthon skeleton and its pattern of construction sites may be
withdrawn from the list for consideration.

The general sequence lists are presented as an ordered listing of product
f-lists, with the several half-reaction sequences leading to each and the substrate
[-lists required to initiate each of these sequences. The sequence lists are organized
by products in order to compare quickly with given target functionality. They
could also be re-organized into another set by substrate f-lists, showing all se-
quences and products arising from each substrate, if it were more useful to focus
selection on available starting materials. The lists are further divided into o-
blocks indicating the maximum synthon o-value allowed by sequences in that
block for each construction site. Thus only those o-blocks with ¢-values equal to
or greater than those in the given synthon may be used to provide valid sequences.

In each block the products are ordered by increasing functionality level in
the f-list. Those products with fewer functionalized positions than the full func-
tionality span allowed for the pattern (Fig. 7) are listed first. This allows their
quick isolation for use on synthon skeletons whose carbons also do not cover the
full functionality span. Thus only example 1 in Fig. 5 could be used with a one-
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carbon synthon, and its place in the (ae) sequence list is quickly seen by inspection
among products with only one-digit /-lists. In general the f-values at the con-
struction sites are the same for all the products in one block and equal to (3—g),
the o being the substrate value at the site shown in the o-list defining the block
(2—o if two constructions at the site). In those cases with lesser f-values there
must be an obligatory hydrogen appearing at the site in one half-reaction. Hence
certain product f-lists turn up not only in their expected block but also in lower
blocks, although always formed there by different sequences.

The procedure for using the sequence lists is as follows. One synthon is selected
as the prime synthon for consideration first, preferably the one with most con-
struction sites. The synthon skeleton is numbered as desired and its product
/-list entered below the numbers. The construction sites are marked and their
pattern noted. The o-list of the construction sites on the synthon is also noted
and all o-blocks of that list or higher are then valid sources of sequences. Within
these blocks on the sequence list for the given pattern are now located all sequences
yielding an acceptable product f-list, usually the f-list of the synthon as it appears
in the target. The general sequence lists must always be applied to the synthon
skeleton in two ways: left-to-right and right-to-left, reflecting reversed orders of
constructions.

The process may be illustrated with the two simple examples of Fig. 8. In the
first the bondset was chosen to afford an unbranched cyclohexane derivative as
starting material and yields that prime synthon in the (af) pattern with a o-list
of 22 for the construction sites. The atom numbering is superimposed on the
strand of the (af) pattern used in the sequence list (y1f1a1a282y2) and the target
functionality entered for each position. A list of starting materials, similarly
numbered, is now culled from o-blocks 33,32,23 and 22 of the (af) sequence list
and entered as f-lists with corresponding two-construction sequences. Two lists
are collected for the reversed orders, 7.e. a=C—3, f=C—2or a =C—2, f=C-3,
with five examples found for the first order and two for the second, leading to the
target functionality of 210 for carbons 1,2,3. The second (reverse) order is written
backwards in the example. The polarities of the sequences are shown in paren-
theses. Each of the seven sequences may easily be written out in full from the
collected list, sequence 2 (13A3) illustrated in 72 with the intermediate derived by
consulting the masterlist for the product of 13 and substrate of Az Sequences 4
and 5 arise from the (af)} product entry 01 (in ¢-block 22) which demands no
functionality at f;(=C—1); hence the target functionality is entered there as
extraneous and carried along unused. Sequence 4 also illustrates that other re-
strictions (protocol step 5d) may serve to eliminate sequences, here one requiring
a triple bond in a ring in the starting material. Sequences 6 and 7 show external
overlap; in the former the first half-reaction (Ag) leads to a double bond across the
construction link (intermediate f-list 012) and this is then used in an Ag half-
reaction (secondary overlap) to yield an identically functionalized product. Thus
the partner half-reaction for the first construction is restricted to SET F, @
polarity, ¢.e., only a 2, half-reaction (Table 4). Such restrictions and the remaining
protocol steps (matching the other synthons) are discussed below.

In the second example, a hydrocarbon, the bondset was selected to yield a
large but simple aromatic starting material and one with symmetry to avoid
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Fig. 8. Examples of sequence list use

Synthons: Target:

‘@ l\/ Bondset @ =
=
A=2
l )

o-list: 22

(o f)-pattern
Atoms: 54Q®1 6 Sequences ——» 54Q0@1 6
(af)-strand : y1 B1 a1 ag B ye ® ® y1 B1 a1 ag B2 y2
1 2 2 Is Bz (+ —) ]
2. 1z I Ae (4+ —)
3. 112 ls By (+ —)
4 x 222 Iy 2 (— +) 000120
5 122 I 29 (+ +)
Reverse strand: ya Bz azay 11
6. 00 2 Az Az (— —)
7. 012 By A3 (— —)

Synthons: Target:

Bondset
—
A=2
(ay)-pattern

5.M.-(&) sM-(®

apy (1-3) apfy (4-6)
yBa (3—-1) Sequences ——» Target «—— Sequences ype (6-4)
Atoms:
123 (1-—-3) (3—1) 123]|4586 (6—4) (4—6) 456
of1l AgAgjAsBy AzAs/BaAs 071000 AgTs ATy o011
012 — BaA3/Bsla [ AjAJAIl] AjA/1;A; 101
171 1,A3/11By  BalyfT3As LiAy/1:1l;  Agdy/lily —
AgAg/AgBy BaAg Agly Agl, fio
112 1;B, Boly/BoAj T3Tp/Tol;  14Ts 111
1,Tg T3Tg/Taly 111
111 B3Bs ByB3 111 Bgls — 012
112 — ByB;3 {I I1|o001 B1A;/B1l; A1B/11B; 101
211 2,8, Bo2; 21A1/211;  A323/152; 102
212 2:Bs Bs24/252; Bslg T2By i
21T2 ]-321 l_I 2
Polarity Matching to Target f-list 0I1000 or 117000: Combinations:
(1-3)(6—4) (2-1)(4-6)
(— —) 5 7 (+ +) 4 4 20 28
(= +) Y 5 (+ =) 1 1 0 S
(+ —) 5 1 (— +) 3 3 15 3
+ + 0 1 {(— =) i 1 0 1
Totals 10 4 9 9 35 37
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problems of regiospecificity (the two ortho positions are equivalent, one a con-
struction site). Both synthons exhibit the (ay) pattern and sequences in both
directions for that pattern are collected for each synthon; in separate columns.
Thus the (1—3) column for the aromatic synthon (A) refers to construction at
C—1 followed by C—3 and (3—1) refers to the reverse order. A number of sequences
were further eliminated by consideration of only aromatic starting materials,
hence those with barred f-values for C—2 and C—3. The o-list for this synthon (A)
1s again 22 and sequences are found only in o-blocks 33, 32, 23, 22. Furthermore,
the og value is not in the o-blocks, which refer only to construction sites, but
o =3 at C—2 and this will further eliminate any products or starting materials
with f >1 at C—2. Other products may be deemed acceptable even though they
will require a final refunctionalization. As illustration, the sequences leading to
(111) and (111) products were also collected. After the constructions are complete
these will require hydrogenation to the saturated target. The possible sequences
for synthon-B, to unfunctionalized product (000), are collected in the right column.

Use of sequence lists to formulate the constructions for a partial bondset may
be illustrated with the annelation of steroid ring C by a D-ring synthon 73. The

13 17
14755 = 16 ]3
14
15

possible patterns are (aef) and (afe) starting with C—13 and (efB) starting with
C—14, and in each case the choice of whether the angular methyl is to be attached
by the first or second of the constructions at C—13. If it is the first, it provides
only SET 0 (Table 4) for subsequent external overlaps. Various possible product
f-lists can be searched depending on the desired functionality in the final steroid.
Conversely, particular starting materials, like cyclopentadiene, can be systemati-
cally sought for all possible products;in the case of cyclopentadiene the afystrand
for the (aaf) pattern is C—13, 14, 15 and would include starting material flists
of (011) and (11) with the second double bond carried as extraneous. Alternatively,
a functionality like ketone at C—17 might be deemed a desirable product and
would also be carried as extraneous in the (aaf) pattern. In this way systematic
searches for various particular conditions may be carried out. The (aaf) pattern
produces the sequence AsA22; from f-list (02)=C—13—14, which if used with
the extraneous C—17 ketone added affords the Torgov steroid synthesis (see 7) 25
from cyclopentane-1,3-dione, shown in Fig. 9 and discussed in Section 14.

84



A General Protocol for Systematic Synthesis Design

<\

1 11

1 T; - 13-4,
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O‘ Refunctionalization O‘ OH
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Starting Materials: Product:
I I III
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I =002 1 ' 21® 430 )
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Fig. 9. The Torgov steroid synthesis

As a final example, consider the bondset shown in Fig. 10 for prostaglandin
E ., containing a (2 4 3)-annelation and an affixation of the lower linear side chain.
The prime synthon is II with three construction sites and o-list 221. All three
patterns (afy), (ayf) and (fya) may be used, both for C—8=a and for C—13=a.
Some 188 sequences emerge to the target f-list (001) from all six orders, and
eight samples are shown in Fig. 10. For synthon I, however, only eight (ay) se-
quences (both orders) lead to (201) in the target and eight more to (101) which
needs a final refunctionalization. Synthon III is limited to the 2; half-reaction to
form the double bond if f=1 at C—15 (RH half-reactions eliminate at C—15) 49 ;
the Az and Bz half-reactions offer © polarity but an altered product at C—15.
Matching these separate sets of sequences is discussed in the next section.

Thus the general sequence lists offer all posssible sequences within their defined
limits of self-consistency and maximum overlap. The number of sequences so
obtained will depend on the nature of the particular synthons, but often too many
sequences are produced and further restrictive conditions must be applied to
narrow the selection. These are outlined in steps 5—7 of the protocol, discussed in
the next section. Some of these conditions, such as limits placed on acceptable
functionality for starting materials and products, have already been applied in
the examples.
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Synthons: Target:
. Il COOH
a¥s : A=3
I 10 12 P 10
1" b 13 SN
oy 15 I
Atoms: 91011]81213| 1415 91011)81213|1415
=12 1|2 2 1] 1 2 —Sequences— 2 2 2|3 3 2| 2 2
II—(afy) 12 T3A22, 20 1]J0 0 T[1I 1 —Target
1 171 11158y f-list
1 732 AgZ 32,
(arp) T11 TsAsly 001
I_—i 2 T?ZIAS
(Bya) =(12,13) 1 232 232,11,
(Bro) =(12,8) 1 T2 22132;
23 2 3,142,
I—(aty) 301 3,B; 201
(9,11 20 2 C12; 201
102 B12: 101
(11,9) 102 CiB: 101
11— 21 2 11
12 B i2
0 2 As 12
Matched Samples:
— Reactions —
91011 (81213|415D @ O 91011]81213{1415
1 20 2 Ci© 2:8 ]
II  (afy) 12 I3® A0 2,9 }2 01joo ITT 2
111 0 2 A0 |
1 102 B;© 2:® |
11 (ayp) 12 13@ 2:1@ A0 }1 01|00 I7TT 2
III 12 B:& |
yA Z Z
1 - 1 1 1
R By 1 R 2, B; R 2;- A; R
l\[]/*"2 ® pﬂ/R’ @ K @ AN K
626 (0] 5 5 o] o OH S
(I () |

Fig. 10. Sample sequences to protaglandin E;

14. Final Protocol Steps for Route Selection

Step 5 in the protocol consists of eliminating undesirable sequences found in the
selection provided by the general sequence lists. The lists already provide exclu-
sion of reactions inappropriate for the skeletal level of the construction sites on the
given synthon, through the use of the o-blocks. Sequences inappropriate to the
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other involved synthon carbons are also easily eliminated (step 5a) by accepting
no sequences with substrate or product f-lists containing f-values greater than
4—g at each synthon carbon or requiring a functionalized carbon where no carbon
exists in the given synthon.

The imposition of requirements on product f-lists (step 5b) and substrate
f-lists (step 5c) reflects the focussing of the natural proliferation of possible funec-
tionality to that of the target and of the available starting materials. The method
is heavily oriented to skeletal dissection up to this point, offering all functional
variants for assembling given skeletons and so obtains compensation by these
important functionality selection steps, at both ends of the synthesis route,
target and starting materials. The target functionality is a single f-list, but there
are thousands of available starting materials and these should be indexed in a
catalog by skeletons and f-lists. The basis for organizing known starting materials
in this compatible format is described in the Appendix.

Finally many half-reactions and sequences are not practical in particular
cases. The difference in cyclic and acyclic situations is one such case. Certain
half-reactions, notably A,, C; and 33, and in some instances 2 and 23, are usually
unsuitable for cyclization, while others require triply-bonded substrates which
cannot be accommodated in common rings, as noted in the first example of Fig. 8,
sequence 4. The most common problem that rises, however, is that available
chemical methods do not presently exist for executing the change demanded by
the sequence, either in that other functionality present in the jf-lists will not
tolerate the required conditions for a given half-reaction or that the regiospecificity
implicit in the combination of particular synthon and listed sequence is mechanis-
tically unacceptable. At present these will be spotted easily by the experienced
chemist and eliminated, but much can be done in future development of the system
to eliminate such sequences automatically and systematically.

Certain half-reactions imply a regiospecificity which is often not warranted
when applied to particular synthon skeletons. All s’=1 half-reactions are of
course regiospecific as involving only one carbon and most s’=3 half-reactions are
clearly directive owing to functional asymmetry, but s'=2 half-reactions with
symmetrical substrate functionality are not. These are essentially those with
substrate f-lists of 11, T1, or 22, i.¢., 12,B,15, 15, 25 and 22 with minimum f-lists.
A major synthetic problem of regiospecificity is the Ay reaction when either
CH adjacent to ketone may act as enolate, and the Aj reaction, also with tauto-
merically equivalent a- and y-carbons, has the same problem. In many such
functionally symmetrical cases it is skeletal asymmetry which offers regiospeci-
ficity, and this is simply expressed in the different o-values of the two carbons
competing for the construction.

As this information is given in the synthon, it can be mechanically applied
to evaluate half-reactions offered by the sequence lists. Thus, in epoxide opening
(1g) the site of lower o should be preferred for most RH partner half-reactions,
i.e., a specification of o4< 6g. A similar Markownikoff specification can also be
laid on the B, and 12 half-reactions from substrate (l_i), at least when isolated
from other functionality, and similar o-preference is often valid for the Ay reac-
tion from (020). The presence of adjacent functionality in particular f-lists may
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also influence regiospecificity, especially with adjacent carbonyl, and such cases
could similarly be reduced to mechanical selection.

The Aj reaction, (and of course Ag) is given strong regiospecificity if sited
next to a carbonyl and sequences may often be legitimized by the addition of an
otherwise extraneous carbonyl adjacent {on a f-carbon) 1?. A second way of
providing this functional asymmetry to ensure regiospecificity is through external
overlap, in which a prior partner is selected to provide the extra functional group
(e.g., carbonyl). In this way an 1 reaction from (11) becomes 13 if there is second-
ary overlap with a prior construction leaving carbonyl on the partner synthon,
an A; half-reaction can become A or Ag with prior construction affording /=2
or 11 respectively on the partner synthon and so change reaction demands.

Finally cyclization reactions can be noted as providing preferential ring-size
regiospecificity for a number of these otherwise ambiguous substrates. All of the
considerations are capable of mechanical application to the process of sequence
selection, i.e., of eliminating sequences (step 5d) and so pruning the list offered,
but without resorting to yield prediction.

Another important factor in this selection of sequences is refunctionalization.
If sequences are selected yielding product f-lists different from target, refunction-
alization must of course take place as separate operations at the end of the syn-
thetic route, and this will be accorded lower priority on grounds of economy.
The basic condition of sequence selection in the lists is self-consistency, implying
that a product of one construction is ready to undergo the next construction with-
out refunctionalization intervening. This condition is rarely met in practice,
and indeed is often not met by the sequence lists. Many sequences contain smplicit
refunctionalizations, owing to a central feature of the initial definition 8, namely
the consolidation of all heteroatoms as Z. Thus an alcohol left from aldehyde
addition (23) is not distinguished from the bromide or tosylate required for an
alkylation (11) in the next construction. There is an implicit Z - Z’ refunctionali-
zation step which is not registered in the f-list by definition.

Such successive half-reactions are not properly self-consistent, and a tally of
such combinations could be made and used mechanically to discard certain se-
quences from a derived set if a criterion of true self-consistency is desired 45).
On the other hand many of the refunctionalization steps in the actual syntheses
surveyed 24:31) are of exactly this kind, .¢., derivatization of alcohols to mesyla-
tes, acetates, etc., ketone-ketal protective interconversions, ester-acid intercon-
versions, etc. Thus, although the self-consistency criterion was applied for reasons
of efficiency and does strongly reduce the tree, the fact that the original definition
of Z is broad allows a generous amount of implicit refunctionalization in practice.
Furthermore, it should be possible to tabulate which of the pairs of successive
half-reactions require it and which do not so that its exclusion can be a matter
of choice.

When the sequences for each synthon have been pruned to a minimum by
these considerations for step 5, they are ready for combination into full construc-
tion reactions, by matching the half-reactions of each of the two synthons involved
in each construction (protocol step 6). The importance of eliminating undesirable
sequences prior to matching will be evident since the number of combinations will
be the product of the number of sequences chosen for each synthon. This is,
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however, much reduced in several ways, the chief one being the selection of match-
ing half-reactions of opposite polarity only.

For two general synthons combining there are up to 60 half-reactions each
(dependent on o¢-values) or 3600 possible matchings but this is reduced to 40 ©
X 20@ =800 combinations of opposite polarity. This is reduced further by a
number of half-reactions creating double bonds at the construction link, which
require a similar half-reaction in the partner, lowering possible combinations to
350 17, The construction at C—2 in example I, Fig. 8, shows this, as does the
C—13—14 construction in prostaglandin (Fig. 10). There are in the former case in
fact only the B1© and 2:1@ options for the 4-carbon synthon to yield target
functionality and only A1© and 1,® for the methyl synthon, hence only six
possible synthetic routes after matching. In prostaglandin synthon III also only
one @ (2;) and two © (Ag, Bg) half-reactions can yield the double bond as well
as functionality on only C—14,15 of that synthon. In example II, Fig. 8, the
polarity matchings yield 35 synthetic routes for one order of constructions and
37 for the reverse, or 72 syntheses to two functionalized variants of the target.
There are similarly 8 +9 =17 syntheses to the target with the 1—6 double bond.
The number of syntheses for the bondset of prostaglandin in Fig. 10 will be com-
posed of polarity matchings for 188 sequences on synthon I (but reduced by the
above sequence eliminations of protocol step 5), 8 or 16 sequences for synthon
II and 3 for synthon III. This would be 188 X 16 X 3 =4524 synthetic routes
without polarity matching but still in the hundreds with matching. Indeed many
of these are seen to be only minor variations, but this combinatorial proliferation
nevertheless puts an especial premium on examination of the viability of the
separate half-reaction sequences before matching.

In any case, if the protocol aims for discovery of all sequences within the de-
fined criteria, any published synthesis from this bondset should turn up, and
indeed one combination here has been successfully executed by Corey and his
group 48 ; this synthesis is outlined at the bottom of Fig. 10 and is written directly
as derived from the flists in the second matched sample above it. In the actual
work, the C—9—Z was a nitro-carbanion (B;), the C—13—Z was C®—P@3® for the
Bs reaction of synthon IIT and implicit refunctionalization occurs in protection
and release of the C—11 aldehyde as acetal before construction 3. The first matched
sample shown is an (afy) pattern of otherwise very similar chemistry for compar-
ison.

The Torgov steroid synthesis (Fig. 9) illustrates a number of the ideas presented
here, and represents a particularly efficient self-consistent route. The bondset
7 satisfies several skeletal criteria (Section 6): the large and available starting
material skeleton of naphthalene is recognized as is the need to create the quater-
nary center, and the bondset also serves to cut the skeleton into roughly equal
halves. The average synthon size (#¢]%) is 18/3 =6 and the construction ration
(4/bg) =3/20 =0.15, both ratios more favorable than the average values of 4
and 0.24, respectively, and so indicative of relative efficiency. The half-reactions
are annotated and matched by polarity. In construction 2 the T3 represents an
external (secondary) overlap on synthon II with its attendant functionality
change on the prior partner synthon I. The ketone at C—17 (cf., 73) was added
for reasons of desired product functionality to synthon III, delivering at the
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same time the necessary regiospecificity to the half-reaction Ay on that synthon.
Regiospecificity for the final Ag half-reaction is seen to arise from ring-size de-
mands in cyclization.

15. Conclusion

The intent of this exposition has been to delineate a protocol, or stepwise proce-
dure, for analyzing a target skeleton and arriving at a number of specific routes
for its synthesis. Disallowing yield prediction as too imprecise for discrimination
among millions of alternatives, the protocol seeks instead to locate the shortest
routes with least chance of deflective side reactions. As such it cannot hope to
single out a ‘‘best route”, but it does provide confidence that within clearly de-
fined limits it examines all routes, and so allows the user to know exactly what
kinds of syntheses it produces and what it does not. The protocol is largely free
of detailed bias concerning practical viability of the sequences produced. In gener-
al the numbers of routes produced are not excessive, but the final practical
selection among them remains a matter for chemical experience and, implicitly,
yield prediction. However, such prediction is only made on the few candidates left
after stringent selections made on other, more reliable bases.

The aim throughout has been to develop a system which encompasses all
possibilities within clearly defined limits. A clearer perspective on the scope of
the procedure can be obtained by summarizing these limits.

a) The initial consolidation of reactions into a numerical code not only sim-
plifies the sorting but also condenses synthetically trivial functionality distinctions
into a sharp definition. This leaves many options to the laboratory in such matters
as the practical choice of ester vs. nitrile, choice of leaving groups or carbanion-
stabilizing groups (Z), etc. However, the consolidation chosen largely parallels
the common expectation of such choice flexibility to meet experimental exigen-
cies.

b) The selection of the 60 construction half-reactions is quite specific as to
detailed functionality required and limitations placed on added, extraneous
functionality in the obligatory strand. The number is open to user alteration but
exclusion or inclusion of any possible half-reaction is clear.

c) The general sequence lists developed from the half-reactions demand
self-consistency and clear restrictions on functionality placement via the criterion
of maximum overlap, specified for each pattern.

Probably the least mechanical and easily defined operation is the initial
choice of bondsets as a starting point for the protocol. Criteria for bond selection
on grounds of both target functionality and target skeleton are applied but the
procedure is still somewhat arbitrary and in need of sharper definition. In view
of the enormous size of the synthesis tree this is probably inevitable, but it may
be noted that it is no more arbitrary than the “traditional” description of step-
wise retrosynthetic development from target functionality. In that procedure
a bondset is also ultimately defined in steps, of course, by the constructions
selected from the functionality each time. Such a procedure in fact misses many
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routes involving dummy functionality, which will, however, appear in the protocol
offered here.

Finally there are imposed limitations in the present method in that certain
important areas are not covered at all, although they can presumably be added in
future development. This is so because the present protocol only derives direct
routes of single sequential constructions and offers no consideration of indirect
routes, those which involve cleavages of C—C bonds or skeletal rearrangements
{RR reactions with concurrent cleavage and construction) 8. Nearly thirty of the
hundred syntheses in Ref. 24 and most of the newer prostaglandin syntheses to
date 47 exhibit such cleavages and/or rearrangements, Cleavages (and rearrange-
ments) can certainly be formulated in the same numerical format as constructions,
so that it should be possible to expand the present system by their inclusion
under acceptable, defined restrictions. In particular, an examination of the cleav-
age reactions in known syntheses shows many to be merely decarboxylations.
Thus carboxyl groups could be alternatively regarded in certain contexts as
functionalities (Z), particularly when used simply, as in f-keto-esters, to gain
reactivity or regioselectivity, and are skeletally extraneous. Rearrangements, on
the other hand, link functional change to three carbons in a triangle and such
triangles can be set up by closing any 3-strand in the target skeleton with a bond
intended for cleavage 19). This allows rearrangement options to be systematically
explored under the restrictions of the net structural changes of known (or know-
able) rearrangement reactions, involving a skeletal triangle unit for f-listing.

Furthermore, the single sequential constructions derived in this protocol will
miss some concerted two-construction reactions, most notably cycloadditions
like the Diels-Alder reaction. These are simply special cases of annelation. Annela-
tions are of central importance to the synthesis of cyclic molecules since they are
the family of reactions creating rings from separate, smaller starting materials
(see Section 8, item 3, and Ref.18)). They deserve separate special treatment as
linked pairs of two successive half-reactions on two synthons. This could derive
special exhaustive sequence lists for annelations, both those already buried in the
present sequence lists and the important cycloadditions, as f-lists of net structural
change.

The system as defined is also flexible with respect to future development in
incorporating presently excluded options. Since all possible target f-lists are not
produced by the self-consistent sequences of the lists, there must be occasions
which demand refunctionalization. At present these are assumed to occur at the
end of the route, following full skeletal construction, but it is equally efficient and
more flexible to allow them en route as well. It is possible to systematize refunc-
tionalization in the same format as constructions (cf., Table 3), perhaps including
the Z - Z’ reactions implicit in the present sequences 45, With this added
tool the self-consistency criterion could be made less inflexible by allowing certain
specified refunctionalizations to intervene among constructions, with a view to
exploring the expansion of options this will produce.

Development of the system to incorporate a more definitive handling of stereo-
chemistry is a clear need, but the necessary heuristic treatment of the relation
of stereochemistry to synthesis design has not yet been explicitly formulated,
{see, however, Ref. 10), The view implicit in the present protocol is that stereo-
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chemistry is of secondary importance to the main theme of skeleton building
and appears here largely as the selection, from those derived by the sequence lists,
of the sequences amenable to stereocontrol.

The half-reactions formulated here in the masterlist, and used in the general
sequence lists, have value for the synthetic chemist not only in clarifying our
sense of definition of construction reactions but also in pointing out deficiencies
in our practical collection of viable reactions. A check on the frequency of appear-
ance of the various half-reactions in the general sequence lists can show which
are most important and lead to reexamination of those with practical limita-
tions. In particular substitutions and nucleophilic or electrophilic additions to
simple, unactivated olefins, (respectively B, Ts andTé) seem to need better im-
lementation, perhaps through organometallic mediation.

The computer has not been employed here primarily because of the philosophy
that the development of a framework of logic must precede mechanization of
its use. It was also seen as an ideal from the beginning to be able to create tools
simple enough for the chemist to use without resorting to computer help, although
the complexity of the problem always made that ideal unlikely. The protocol and
its general sequence lists can indeed be used by hand, but their linear, numerical
format at the same time ideally suits them for computerization. Future expansion
of the system should also now be computerized to handle more expeditiously the
exploration of mechanizing refunctionalization, regiospecificity exclusions, and
sorting synthons by size, but it may well be that the results of such exploration
can be returned to usable form for hand searching.

Used by hand, the protocol is probably more time-consuming than the present,
intuitive approach to synthesis design, but the time spent is certainly valuable
in offering new structural insights and in satisfying the chemist that shorter
schemas are not missed, especially when that time is compared against the man-
years of time often required by the actual laboratory execution of a synthesis.
Furthermore, the protocol can provide standards against which syntheses derived
in the traditional intuitive way may be compared. However, the system offered
here is only a beginning and needs extensive use to perceive its strengths and
inadequacies for future development. It is not meant to replace art in synthesis
but rather to help clarify where real art lies.

The author wishes to express his gratitude to the University of Cape Coast, Ghana, and the
U.S. Department of State for a Fulbright visiting professorship which afforded the time and
serenity needed to consider the problem, to the Hoffmann-LaRoche Foundation for the
financial support of an unrestricted grant, and to numerous friends and audiences who have
listened to these ideas and responded constructively over several years.
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16. Appendix

Starting Material Catalogs
Although the product f-lists offered by the general sequence lists may be assessed
by comparison with target functionality, the substrate f-lists must be assessed
for availability against a starting material catalog. In the introduction above
appeared the observation that the tools of the synthetic chemist included a catalog
of reactions and a catalog of starting materials. The former is offered in the master-
list (Table 3); the latter is only presently available in general as alphabetical
lists of names from suppliers. What the synthetic chemist needs is a list sub-
divided by:

a) synthon size 48);

b) skeleton;

¢) locus of functionality on skeleton;
d) nature of functionality.

It is possible to formulate a simple cataloguing procedure which is fully
compatible with the foregoing discussion, and also easy to learn and use, by de-
scribing starting materials with f-lists. The f-list immediately satisfies require-
ments c) and d) and the skeletons, usually simple acyclic or monocyclic ones in
available starting materials, can be handled with a few superimposed conventions
for requirement b). The lists are then ordered in the catalog by a), synthon size 48,

1. A linear chain synthon is designated by its f-lists; the number of digits is the
chain length.

2. A branched chain is designated by the f-list of the longest chain or strand with
branched chains shown as f-lists, from the branch-point, enclosed in parentheses
directly following the f-value of the branch-point.

3. Two branches from a quaternary carbon are shown serially within the paren-
thesis, separated by a slash-line.

4. A monocyclic ring is indicated by enclosure of the cycle in brackets. The cycle
could be placed in parentheses as long as it stands at chain end since a paren-
thesis at the end of a chain cannot indicate a branch. However, the distinguish-
ing of monocycles as brackets is more definitive.

5. An aromatic ring will be a 6-digit set in brackets with a bar over all six digits,
but unsubstituted phenyl groups can be shown as &.

6. Bicyclics which are not fused or spiro are accommodated by # 4, but fused
bicyclics (not bridged or spiro) are designated with one ring listed in brackets
at chain end and the other nested between the two adjacent carbons of the first
ring to which they are attached 49).

7. Oxygen atoms in a chain (ethers, esters) are regarded merely as functionality
and the chain (or ring) as broken.

8. Nitrogen atoms in a chain or ring should be treated either way (catalogued
twice), as functionality (like oxygen) or as part of the skeleton. In the latter
case the letter N is inserted as the f-value in the f-lists and the adjacent carbons
are given their normal f-values.
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Acyclic: CH,CH,CH,COOH
CH,CH,CH,COOC,H;
CH,CH,CH,CN
CH,CH,CH,CCl,

0003

(CH;);COH
01(0)0

on

[01011]

:go
)
[0020(0)2]

Bicyclic: O

$00(¢)03
Nitrogen: 0

Monocyclic:

COOH

e

(a) 00(0)03N1g
(b) 00(0)03 + 1¢

CH,COCH,COOC,H;
0203

3[000211(0)]

Q

[{0000]00(00)203

CO—CHj
NHCH,CH, / \
HOOC

02[11(3)Nl(3)1]
3211(20)23

Fig. 11. Examples of annotated starting materials for cataloguing
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CH,CH,C(CH,0H),
000(1/1)1

OH
Eo<’Ko

101(0)03

Br
[ \S
H;C O CHO

021222

OzN C
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Cataloguing then proceeds by arranging compounds first by synthon size 48
and subdividing these groups in order of total functionality level 3/, or by number
of functionalized sites, as preferred. Final ordering within these subgroups can
then proceed by increasing value of the f-lists, seen as whole numbers, i.e. 0012
before 0021 before 0120 before 1200 before 2100. In this way duplication of entries
by reversing the f-lists may be avoided (the idea parallels that of IUPAC nomen-
clature which specifies which chain end begins the numbering).

This f-list notation generally reads like linear typed formulas, as in CH3CH
(CH3)COCOOH=00(0)23. The ¢-values of the various carbons are implicit, those
at list ends being terminal (¢ =1), those in mid-strand secondary (s =2), those
before parentheses tertiary (o =3) or quaternary (¢ =4) if a slash-line appears
in the parenthesis. Examples of annotated starting materials are illustrated in
Fig. 11. A useful though generalized structure may be drawn for any molecule
from its f-list coded in this way, just as structures may be drawn from IUPAC
names. Considering the number of different starting materials offered for sale in
commercial catalogs it is surprising how few different starting materials are used
in the many published syntheses surveyed 24, the same favored few in one after
another. This seems to imply that synthetic chemists, without catalogs arranged
according to their needs, have often employed a rather restricted, commonly
familiar set of chemicals. In general available starting materials are skeletally
simple, so that it is likely that >90 %, of commercial substances can be listed
easily without complication by this f-list method 49,



A General Protocol for Systematic Synthesis Design

17. Glossary

In probing a poorly charted area of concept the development of new terms and
the sharper definition of old ones is inescapable but should even so be as minimal
as possible. The particular definitions used here are listed below, divided into ref-
erent sections.

Structures

Synthon 28). A synthetic unit of defined skeleton, either linked into a larger
skeleton by constructed bonds or unlinked as a starting material with whatever
functionality it bears in the situation.

Starting malerial. Specific structure used as the starting synthon in a synthe-
81S.

Substrate. Relevant part of a synthon before construction,

Product. Relevant part of a synthon after construction.

Target. Full structure of the specific substance for which synthesis is to be
designed.

Parts of Structures

Bondsct. A set of 1 bonds or links in the target skeleton to be constructed
in a synthesis; the bondset defines the synthons.

Construction Sites. The carbons of a synthon skeleton at which construction
occurs, defined by the bondset.

Pattern. The arrangement of construction sites on a synthon and the order
of their construction. Indicated with Greek letters in parentheses, a designating
the leftmost site and where possible also the first construction, ¢.e., all cases in
Fig. 3 except (Bya).

Strand. Any linear chain of carbons in a skeleton defined by the pair of
terminal carbons. The reactive strand of a half-reaction constitutes the carbons
bearing the obligatory functionality which defines the particular half-reaction.

Span. The number of carbons in a strand.

Functionality Span (FS). The number of carbons between, and including,
any pair of functionalized carbons.

Construction Span(s). The span of outermost obligatory functions in a con-
struction (2 <s <C6).

Half-span(s’). The span on one synthon from the bond constructed to the
outermost obligatory function {1 <{s’<3).

Site Span (SS). The span of construction sites on the synthon skeleton. Taken
here as limited to three sites, this is the span of the strand joining them in the
synthon.

Reactions

Construction. Reaction creating a carbon-carbon ¢-bond.
Refunctionalization. Reaction changing functionality but creating no car-
bon-carbon o-bond, ¢.e., not affecting the skeleton.
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Affixation 19). Construction linking two separate synthons, unlinked by C—C
g-bond but perhaps linked prior to construction by a heteroatom bond (e.g.,
Claisen rearrangement).

Cyclization 19 . Construction within one carbon skeleton, to form a carbocyclic
ring.

Isohypsic ®. Reaction with no overall change in oxidation state of the organic
participants.

Half-reaction Net structural change in one synthon during construction.

Reaction List. A list of numerical characteristics of the strand of carbons
in a reaction or half-reaction, as substrate or product: f-list of functionalities (f-
values); o-list of skeletal levels (o-values).

Self-consistent Sequence. A sequence of construction half-reactions on one
synthon which requires no intermediate refunctionalization reactions. The func-
tionality left by one construction is consistent with that required for the next.

Overlap. ( Functional Overlap ). Occupancy of the same strand by the requi-
site functionality in the half-spans of two successive constructions.

Internal Overiap. Overlap entirely on one synthon.

External Overlap. Overlap on two previously linked synthons across their
construction link. Two kinds are distinguished in Fig. 6:

Primary Ouverlap. Only the a-carbon of the synthon involved in the reactive
strand of a half-reaction (s'=2 or 3), the rest of the strand lying across a prior
construction link at the a-carbon to a prior partner synthon.

Secondary Overlap. The reactive strand of an s’=3 half-reaction lying on the
«- and f-carbons of the synthon and the y-carbon across a prior construction
link at the f-carbon to a prior partner synthon.

98



A General Protocol for Systematic Synthesis Design
18. General Sequence Lists

The general sequence lists are printed here in a form suitable for use by hand in
seeking sets of half-reaction sequences to combine into synthetic routes as described
in sections 12—14. The lists are easy to use; familiarity with f-lists is easily
established in most cases and their translation to real structures on a given
synthon skeleton soon becomes a facile mental process. Although many sequences
may be offered by the lists for certain cases, many will quickly be seen to be
somewhat minor variants of each other and so encompassed as a group for com-
prehension.

There are 13 general sequence lists, corresponding to the 13 patterns of con-
struction sites delineated in Fig. 7. In use they must be applied to any given
synthon skeleton both left-to-right and right-to-left. The f-lists of products and
starting materials are annotated as a linear strand of three atoms through the
construction sites, as afy, for all lists except the (af) pattern and its derived (afa)
and (afp) three-construction patterns. In the afy-strand, the a-carbon is under-
stood to be the site of first construction and the sites of subsequent constructions
are implicit, in the pattern label, in every case except the (fya) pattern which
of course has first construction at the f-carbon. In the (af) and derived patterns,
the products are listed as a six-carbon strand, y;fi@ix2fay2, for which the a;-
carbon is the first construction site and g2 the second.

The products are listed in boldface in the right column with corresponding
starting materials and sequences to the left, sorted by polarity for the two-
construction patterns. The starting materials are shown as boldface f-lists in
parentheses, each followed by all sequences of half-reaction labels leading to the
product at the right; the various sequences are separated by slashes. Sequences
exhibiting external overlap are shown in italics and put restrictive demands on
the acceptable partner synthon reactions as shown in Table 4. The starting mate-
rial f-lists correspond to those for products, in most lists being afy (or just af
or ¢ if less obligatory functionality is specified). In the af pattern, and in (afa)
and (afp), only the central four carbons are specified in the starting material
fHists, ¢.e., (Bra1azf2); the 1 and p2 carbons bear the same f-value as seen in
the corresponding product f-list. A notation of x is used for $; and/or §2 when no
functionality is specified. Product f-lists bearing single barred digits (at a con-
struction site) imply double bonds created across a construction link to another
synthon; in matching synthons, the other must be chosen with such a barred
f-value at its corresponding construction site. In all f-lists, f =2 or 3 is consolidated
as 2/3 on non-construction sites where A4f=0. In two lists, (afly) and (fya), it is
common for the same set of sequences to afford both f=1 and 1 (or 2 and 2) at
a- or p-construction sites and these are consolidated via an asterisk next to the
a- or y-f-value.

In deriving three-construction lists from the parent two-construction lists it is
common to specify the whole set of sequences leading to the parent two-construc-
tion product followed by an entry showing the added third construction half-
reaction(s) yielding the specified three-construction product. This is only done, to
consolidate the lists, when such a set comprised more than four or five sequences.
Hence the two-construction lists, (ae), (¢f) and (ayp), have a left column labeled
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“SET” and bearing identification letters for all the sequences leading to the
product on that line. When used in three-construction lists, these sequence sets
are placed in brackets with the o-block, product f-list (numbers only) and identi-
fication letter of the parent set of sequences and a number showing the number
of sequences to be found in that set. Thus in the (ayf) pattern may be found
[SET 21-122E]¢ indicating that the six sequences in o-block 21 of the parent
(ay) pattern leading to that product f-list 122 identified as E (it is 122)
constitute (ayf) pattern sequences when the third half-reaction added after the
bracket is used to complete the sequence. In some cases of truncated functionality
the set description has the necessary added functionality included in parentheses,
particularly for (eaf) and (aay) patterns from (aa) products of FS =1. Hence
[SET 2-00 4 3]s in (aay) implies the eight (ae) sequences in o-block 2 to product
f-list 00 with an added carboxyl derivative (f =3) at the y-carbon. To consolidate
listing space, brackets are also used to contain a series of two-construction se-
quences which all require the same third half-reaction(s). Following all such
brackets which denote two-construction sequences are the third half-reactions to
be added to the sequence; they are placed after a +-sign and simply listed, with-
out punctuation, as the acceptable half-reactions to complete the several two-
construction sequences in the brackets.

The lists are organized first into o-blocks, which are o-lists designating the
maximum c-value at each construction site which is permitted in the given
synthon. In use the o-list of the construction sites for a given synthon is first
noted and then all o-blocks of the pattern list are examined, down from the top
of the list to, and including, the o-block equal to that given o¢-list. Within the
a-blocks the sequences are organized by product f-lists, first the truncated ones
suitable for smaller synthons (obvious by inspection of the lists). Within these
groups the product f-lists are arranged by increasing f-values in afy order (or
a1az2f1 P2 order for (af) patterns).
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eyer (11I%) Ev3L (111%)
LIo o §YEY (111x) EvEL (1L[%) gyty (L11x) {011%) (110%) v
10 ¢ Brey (11Iv) 318y (1y1x) (011 (L10%)
fo0 o E1EY (T1I%) Erey (111%) (0LIx) {110%) \4
00 0 3181 (111%) 218y (111%) (0LE%) (110%)
0 0 Tyey (xf1x) €8
tdzgin Tplftd + -+ —+ + — —— 9§ Woig
jonporg Luejod £q ssouenbag pue ssjensqug -0

weped ()
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s78p (111x) (011%) (110%)

00 1 B1eg (opzx) (111%) Bp8y (111%) (011%) (L10%) v
00 1 BiEg (oxgx) (I11%) 218y (111x) (01I%) (L10%)
zg0 o0 £ye1 (gIrx) v
£o0o o B1€z (§1Zx) 3yez (§1zx) 8ver (Frix) eyeg (§1zx) (FIX)
110 o tyey (f11%)
00 0© 218y (111%) (0L1%) (110%)
Epeg (xpzx)
6 I Eplz (x12x) (X0ZX) 878g (xJzx) (x11%) (x11x) ¢plg (xp1x) v
0 1 18g (x1zx) (x1Ix)
0 0 Ty31 (X11%) 3189 (xpgx) (x11%) €7
--z 00 0y -z v
-~z 00 gty (—£11) 9%y (—zir)
%1 (~g1%) 158 (—g1x)Ter?1 (-11%)
--z o0 g8y (—zI%) 3%y (-Z1%) (-Z0%) v
Tge [ {(~g1x) 15%] (~g1x)
--z 0 %1 (~g1%) Tgey (—¢1x) (~gox) 198y (-z1%) (~Z0%)
--1 0 1281 (-g1%) v
--1 0 1231 (-g1x) £
1 00 Tz8v (xzi1) v
I 00 128V (xz11)
1 o tgfv (gzix) (ggox) 4
t1 o 3yeL (Rr1x)3gtl (#21%) v 2€
33y Tolgid + + -+ + — - — 3§ }0Ig
onpoig Ayrejog Aq seduonbag pue sajensqng -

(penuniuos) uzapeq (F0)
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L

S W O N

o 0 0 o e e o Q

@ O e e W W

- - O D

<

o o o 0o o @ 9o e

(=] [T — T I

-k R

of
1%
1I1¢
) O §
ILI1o

o

Lo T B I B

t13g (xggx)
T11g (x1zx) 8ty (xggx)
2117 (x1z%) 218z (xggx)

g2y (x11x)
g8y (x1yx)

IZ1[ {xz1%)

g1 (xZ1x)

31%g

(xggx) 131 (x11%)

818z (F121) tyeg ($1z0)

t1%7 (F12#)

tyeg (xogg) $vee (xoz1)

Byeg (x1g) (x0gg)

818z (¥1ZX) eptz (§rgx)

21€g (Frgx)

g2z (xggx)
Tg2g (xggx)

g18vy (o011 (110%)

E13g (x111)
e13g (xpzd) (x11#)

£18g (orgx) (111%)
218 (012x) (111x)

tyty (1170) (0110) (1100}

epeg (xo1#) Ep%y (x00f)

epeg (x0z1) (x011)

Evey (xo11) (x011) (x00])

tyig (x1z0) (x0ZI)
gyeg (x110) (x01T)

315 (orzx) (LI1%)
21tg (o1gx) (111%)

v

(44
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F1 I sgez (kzgx) q
sgtg/epeg (LX)
1 20 S { tz¢z (fzzx) 2gtg (§zgx) *gez/tres (¥12%) v
L1 I tgeg (01g%) (L11%)
11 T tgeyg (0Lgx) (111%)
0L _1I tpEyfegey ([11x) (OLI%) (110%)
o0 I 8rey ($zgx) tpey (3gz%) v
fo 1 218z (g™
i1 o eger (1) N4
P10 32y (F11%)
IL11 o eqgey (J11%) 2
LIt O sgey (p11%) a
011 O Ey3 (J11%) A4
to o 3187 (#ggx) syeg (¥gzx)
I0 0 B181 (111%)
8p5z/5g%g ?muv Bgeg (xpgx) (xzgx) (xy1x)
tgeg (x2Zx) 878z (xggx) epRg (x12%) (xI1x)
L1 873z (xzzx) ez (x1gX) (X0ZX) Ezeg (xzx) Eplg (xo1x) a
I 1 T3tz (xzzx) 8gez (xggx) 8gle (x1zx) Tgég (xz1x) 138V (xgpx) tgeg (xggx) £qtg (xg1x) D
(G | Tglg (xzzx) 8g%z (xggx) BgTz (x1Zx) Tgeg (xz1x) g8y (xzox) Egtg (xzgx) 8g%g (xg1x) g
I 1 1313 (xzzx) 1z8d (xz1x) v
T 1 1213 (xzzx) 1784 (xz1x) 73
sdegey Tolgid 4+ + - 4+ + — —_ = 3198 yooig
jonpord fyurejod £q seouanbag pue ssyensqng -0

(penunuod) wisned (o)
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-z 1 Tglg (-gzx)
-1 €233 (~g7x)
-1 1
-1 1
-z o
-z 0 el (—g1%)
g 1% tg87 (fzch
1 11
Er 131
FI_10
0L _T0
to LI s18g ($gg1)
$0 ot 16z (3gzh)
L_1%
I 11t
T I1I1¢%
I I11
I 11
1 11
I_10¢%
I_1I100
L_190
0 LI 1%z (xzg1)
o o# 1%z (xgzd)
1 1

151z (-zzx)
2gez (-gzx)
£g%g (-gg%)
£g%g (-gz%)
g8 (-11%) 1D (-Z1%)
5Ty (~Z1x)

€qez (§zzo)
eqez (¥zzo)
tyeg (7o) €vEg (F120)

Eveg (#zz0)
tgtg (x12g) g8z (x1Z1)
tgtg (x177) EGfe (x121)
egeg (x1gg) Ba®y (xzzo)
ggeg (x1gg) £asz (xgzo)
Eytg (xozg) Svez (x0z1)

By8g (xzz0)

Eyoy (x172) (x070)

Eyeg (xzzo)

egtz (§ggx)

Tgtg (-£1x) 1otg (~z1x)
138z (-ggx)
g3z (-ggx) 1%z (-ggx)

eyEy (1110) (0110) (1100)

3%z (xgg¥) f2°g (xz19) tyeg (xo1d) $3p (x00f)

Speg (xoz1) (x01]1)
sgsg (xz10) (X111)
tg8g (xz10) (XT11)

gyey (xo1p) (x0I1) (x001)
gyeg (x120) (x110)
8ysg (xoz1) (xo11)

< < < /K

< M O O

M

1z
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1 z2-- Izl (xzg-) igte (x1¢-) 1713 (xzz-) gty (x12-)
0 z-- T1tg (x1e-) 2g%¢ (xzg-) T xrz-) g0 (xgz-)
I_1-- 3gtg (xgg-) %g%o (xgg-) A
Io g-- s1eg (012} (LI1-) v
too z-- e18q (01g-) (Ly1-) g
00 Z-- greg/318g (01g-) (L11-) v
VIO (112-)
00 z-- tyTe (11e-) 21eg (01z-) (1x1-)
00 1-- s18d (012 (1yr-)
0 z-- Tylg (x1¢-) (x0€-) 3y 1) (x12-) (x0Z-) €l
--¢ LI1# eqeg (~1gg) €ass (~1zp) q
£g%g (—zzo) tg3g (-gg0)
--7 LI tgeg (~gzo) (-1gg) kgeg (-z10) (-1LD) v
--z 10# 8g¢z (-17g) ®a®s (-1z1) q
£q2g (—zZo) eg 3z (-zgzo)
--g _I0 tgeg (~gzo) (-1gg) Egig (—z10) (-111) v
--L_1t% £zeg (—gg¥) v
8gtlz (-1zx)
--z 1 tgty (~ggx) 8g%e (-gzx) tgtg (-ggx) gty (-¢1%) a
8g3g (-gzx) g% (—gzx) tg%g (-ggx) tqtg (-71%)
--7 1 eglz (—1zx) Yo7 (-zex) 192g (-z1x) 108V (—20%) 2
--z 1 Te1g (~gzx) 1975 (~zzx) Tg?g (—c10) Tedv (-gox) 1989 (-z1x) tO8Y {-Z0%) q
--z 1 1077 (-2zx) 18 (~z1x) A4 I3
ddegin Tolgu + + -+ + — — 3PS w0ig
jonporg Arejod 4q soouanbog pue sajensqng -0

(penuryuod) ureyeq (§0)
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[

[o BN o BN o BN o |

C

i)

b= et bl

NN KN

[> .o BN o ]

tgde (—gg)

Tgtg (—g¢-)

TZtre (xzg-)

8y%¢ (—gg-)

ig (-zg-)
gqlg (-1¢-) TOT¢ (—zg-)
tg (-zg-)

2glg (xgg-)

eqig (x1¢-) 2vig (x0g-)

3¢ (~gg-)
Igeg (~¢1-)

1g1) (~¢2-)

1Z1D (xzz-) '28g (xz1-)
1z10 (xzz-) 1z3g (x21-)
Y210 (xzg-)

82%0 (~gg-)

1919 (-zz-) 'O (-21-)
1) (~zg-) 0% (~z1-)
1) (~zz-) 8gYD (-12-)
1) (-zz-)

tgeg (o1z-) (LI1-)
ggetg (012-) (111-)
3g80 (xgz-)

gty (x1z-)

g1y (x1z-)

tgT) (x12-) 31D (x03-)

< Mmoo A

< Mmoo A

11
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-
-]

o# sysiez (k1gh
o# syeisv (oLr#) (L10d)
00 spel+[e18z (Frzn) evez (§1zo)]
00 Bp2L + [Evev (1110) (0L10) (1100)]
o BrereIe ety + [Bp3g (xo18) S¢%y (x008)] ®vercg (xpzh) (x1rd)

= =2

S H O
[

011 Erer8rersy + [Speg (xozD) (xo1D)] EvevEV (xor1) (xoID) (X001)
or ¥ Tieveg (xozg) dI8veg (x0z1)
10 318vev (x011) (X0LI) (x001)
I 31 + ¢[vx011-£2% 1LES]
o# syt + [Eveg (xogg) EvEg (xozD)]
00 3oL+ [svEV (xo11) (x0LI) (x001)]
0 321+ ¢[vxo11~¢5 LHES]
spey + [Bvel (grix) EVEI/EV3L (ZI1¥)]

ersrersrey + [er8z/8pee (B1zx)] Tve1Es (BIgx) Epip +[vel (11x)] 9[z00x-£Z Lus]

epey + [ever (11x)]  ¢Ivioox-—gg 1as]

ererererey +2f1orx-¢z 1as] Tviitd (o1gx) (L11x) EpEp + [B11 (1z1%)  ®1e] (1LIx)]

ererererey + 8(go01x—¢z 14S) TvEIed (01z®) (111%) €¥ep + *[vooox—eg 13sS]

srerererey + 8[voorx—¢g 1aS] v+ S[001x-¢2 Las] E¥ew + E[000x—¢z Lus] Flooox-gg LaS]
erere ety + L[vxorx-gg 1as]

00 Tyersg (x1gx) (x11x) Spey -+ [Tver (xrix) °r°g (xpgx) 313g/'ver (x1x)] ¢z

<

o 0 o0 e o 0o e o @9

S o

L]
<
=

]
=4
e e e o @ o o0 o o e

siagen 1plgid sj9g aousnbag  yooIg
jonpoIg -0

J. B. Hendrickson

=]
N

—

unpned (0fo)



A General Protocol for Systematic Synthesis Design

[— T — I — I - -

1
11
0 L1

ILITI
01
01
fo
LI1o
10
00

00
o
011
01
0ot
000

0O 0O 0 0o o o o e e e e

=)

er+¥[x111-gz 1as] %1+ 2[x110-22 13S]

218y +¥[x112-2% 1as] ¢veItg (xggh)

Spepeg eIty ey (x0z1) (x01])

31e1Pg x(ggT)  BIE8Veg (xz70)

t18veg (xogg) °I8vEZ (xog))

¢pe1 + e[vx110-22 19S)

2p31 + L[x011~2% 1aS] 8[x110-22 1AS]

tp + [Egtz (fzzx) ovel (J1rx) *gep (Bgrx) *g®1 (F1ix)]?[vziix-zz 14s)

e +9[vgiix—gz Las] trfgte/ertgtziirtgie/eregqts (fggx)

21 +9[vgiix-gg 1as] ¢Isgtz/trsgszisregcziireate (§ggx)

eyvevel (1z1x)

eyeVEL (IT1x) &V + ¢[vi10x-2g 14S]

ersrererey + [2geq (o1gx) (1rmx)] v + [3ged (o1zx) (111x)]°[or1x-zz 1as] ¢[110x-z¢ 1as]
ey + [gsL (1z1x) ®gf1 (1z1®) ®gd1 (II1%) €g®1 (I11%)]

1 + [Epep/egey (1I1%) (oL1%) (110%)]

31epEy/218gty (L11%) (0L1%) (110%)

er8r3rerey + [er8g/e vz (ggx)] ewe1+o(vanix—gs 1as] Ewer +%[g00%—25 1as] £[z00x—z¢ 1aS]
tpey + [eve1 (121%)]

ety -+ [B1er (1gax) %181 (1p1x) %181 (111%))

i+ [Bptprgev (111%) (011%) (110%)]

erey + vi[ax11x-gz 14S] SISI3r%18v + [ox11%-32 LAS]

ey -+ e[vx11x-gg Las] §[vx10%—33 135] ¢[x10%-2¢ LaS]

srererer+ tlgx1ix-zg 13s] 91+ *[axiix-zz 13s]

tpep+vifaxiix-gz 1as] vy + [61%g (xggx) IRL/TVIL (xgrx) 18l (xppx) Ti8p (xpix)]
erer23rty + f[vxoix—gg 1as] TveIsg (xggx) Tveilz (x1ZX)

JEEL,L

(44
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1 01
1 01
1 00
§1 00
11 00
0T 00
o of
o0 o1
0 00
00 00
1 of
1 0#
1 01#
1 011
1 01
T o71#
1 011
1 01
1 00f#
T oot
1 000
1 00
1T 000

318g®z (§220)

318g87 (¥220)

3pL + [tats (§z20)]

S1eveg (¥ggo) B1tdatz (Fgzo) 218ves (F1Z0)

tvevey (1110} (0110) (1100)

318vey (1110) (0110) (1100)

Syeifzibggl) ©SvezEg/t18gEg (Fzgd)

21818z (Bggr) Treveg (Fzgo)

2per + [eveg (Bzgo) ®vez (B1zo)] w1+ [G1%z (Bggn) Svez (§ggo)]
3pe1+ [Evey (1110} (0LI0) (1100)]

srey +v[x112-22 1AS]

8] +¥[x11%-55 1HS]

s18aty (x1zg) °1%afz (x1g1)

trepyeglepep ey (xoz1) (x011)

318g%g (x1gg) %184®g (xzzo) C1fd®g (xzyo) (xI1D)

s1tasg x(1gg) °1%a®s (xign)

s1Eptg (xog1) (xO1])

%18geg (x1gg) %1f4%g (xzzo) *ifdacg (xz10) (x11I)

elfgeg (x1gg) C1fate (xigl) SISW + [Eveg (xogg) ©vez (xogy)]
£18gsg (x17g) °I8veg (xogg) °C1fdfz (x121) %1EvEZ (x0g@)
trey + [evey (xo1] (xo11) (x001)]

By +vlvxini—gg 1ds] &1fv +4[x110-zz.1as] v+ [Tz8v (xz11)]
318yey (x01]) (x01I) (x001)

(44

adegip Inigid
jonporq

syeg aouanbog  yoorg

-0

(penurnzuod) wiapeg (vgo)
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A General Protocol for Systematic Synthesis Design

00 I~- tg + [ez8q/e18d (012-) (L) 'z +*[ooz-¢1 1as] g+ ¢[oo1x—¢g 1aS]
10 0-- T1e1eg (oxg-) (111-)
$00 0-- neieg (oyg-) (1)
00 0-- 3gey + 8[vooix—¢z 1as] i+ s[oorx-€z 1as]
0 [~-- 2gey + ¢[vxorx-gg 1AS] T2evTg (x1¢-) (xog-) T3evI0 (xiz-) (x0z-) Eyig+ [¢1%g (x1zx) (xp1x)]
0 I-- 1z2vig (x1g- (xgg-) Tz3vID (x1z-) (xoz-) 'gi1%d (x]gx) (X1IX)
0 0~ -~ T1318g (x1gx) (X[I%)
--z o1# t18gfg (~1gg) S1fg®z (-1gD)
-~z 01 21 +9[v-211-13 14S]
~-z oot €181+ {eg®g (-1gg)  facz -1gy)]
-~z 00 21 +9[v—zii-1z 1as] € +*[v-g10-13 18]
-~z 00 %1298z (-1Z7g) ®BIfdtz (~1Z1
~-Z 00 31+ 9(v-210-12 19S] v'edv (-€11) %VIDV (-ziD)
-~1 0% ety + [sg3g (—gz¥)]
~~-1 0% 318g%g (gzd)
--1 00% s1tgtg (~1gg) °1%atz (~1z1)
~-1 00 ¢18gtg (-12g) (-gg0) ®I1fa®g (-ggo) 21%a®s (~gzo) ®1tdRg (-012) (-T11)
--0 of 218g%g/%vegeg (-ggh)
--z 0 87 +sla-gix-1z 1as] 12331 + 8fo-gix~1z LAs]
-~z 0 3+ s[a-z1x-12 1aS] SI8I3r%I8peV +0la—gIx-1z LaS] @V +¥[-z1x-17 LuS] Y [gox-13 Las] ¢[-gox-1§ 1as]
-~10 eLe12r%] + [fatg (-gg®)] o1t + [ez8g/2a%g (—ggx)]
--1 0 t1+S[a—six-1z 1as] erfr3rer+ [fatz (ggx)] s182%5/%1%g%z (-gzx)
--0 0 spey+ [Bz8g/2geg (-gg¥)]
$1 0% sty + (6787 (]
t1 0k

818787 (fz2h)

123



J. B. Hendrickson

For 1--

ByEgeT (171-)

oop J-- eyeyel (II-)  fv +¢[vinox—gzg 13S]
0 LI sz2g + [3gg (o1z-) (111-)] eveg + ?lotix—gz 1as] v+ 4[irox—zg 1as]
o 1-- sgey + (8188 v 0g (Bggo)] ravity g
fo 1-- epta + [e16g (gg-]
11 0-- evegeg (prg—) (LIr-)
fo 0-- 112185 (§gg-)
ez3g + [3z%¢ (xgg-) 3gto (xgg-)] epig +axiix-gz Las]
L1-- iy + 1572 (xzzx)  Tgrd (xeim) elvxiox-zg 135) S[x10%x-ce 138]
I 1-- Tz+e(vxiz-g1 1as] treedgfa +E[oxiz-v1 1as] egey +¢[ox1ix—gg 1as] g +elaxiz-g1 1as] tvxiix-gg 13s)
I I-- 828z 4 8[gx1z-31 1As] Tglz'e (xze~) 'géale (x1e-) Tglgho (xez-) YgRa'o (x1g-)
P 1-- 1z +9vxig—z1 1as] g+ %laxiz—z1 Las] toxis-z1 Lus] 3[vxiix—3z Las]
T [-- 13igte (vzg-) Tgidle (x1g—) TglglD (xgz-) TzEg™) (x1z-)
D I-- tgty + elvxpix-gg 13S] 'oRgte (xgg-) Tzlilg (xie-) 123zR0/'davite (xggo) ladilz (xig-)
0 1-- TgEgop (xgg-) TglrTe (x1e-) 13830 (xgg-) Evla + [B17g (x1z-) 312 (xgg-)]
I 0-- er8y + [8g%¢ (xgg-) 230 (xgg-)]
T 0-- sregle (xgg-) 31%g%0 (xggr-) ®RiTels (xzz-) 'zl (xg1-)
9 0-- B3+ [228¢ (xgg~) 3ge0 (xggz-)] TiR1%T (xrz-) U128 (xgg-) @l
10 1-- tz2zegegty g + (2184 (012-) (111
1p 1-- tgtg + [31%a (01z-) (1))
$00 1-- ezez3gegty g + [F1% (01g-) (L1l
00 I-- ezezegeg + [e18g/218q (01z-) (LITH)] Tz +v[00z-¢1 1aS] €pta + S[oo1x-5z 1aS]
faq 1-- sgtg + (184 (012-) (LI} €1
sdegen Tolgtd syooig
jonpoig -0

(panunuod) ussped (vgv)
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A General Protocol for Systematic Synthesis Design

--2 1
--Z 1
-—-T 1

--11
--z 0
--2 0

tL I
fF1 1
LIl
LI 1
LI 1

2z + ¥v[a-zg-11 1as] 4+ s[a-z1x-12 139]

tzozegtg +2[o-zz-11 1as] g+ ¥[v-gz-11 11S]

tzezegtg + v[g-gz-11 1as] Yo+ ¥[-zz-t1 ras] v +9[a-g1x-13 1HS]
8g + ¥[-z1x-13 1as] E¥ov + ¥[-gox-1z 13S] ¢[-zox-1€ 175]

gg +3%[o~zz-11 LAs] Yo+ ¥[v-zz-11 13s]

eg +v[g-zz-11 Las) Tz+¥[-zz-11 1as] ca+?[-g1x-13 LuS]

£p3g + [e28z/2g%g Tmlz

igtglp/eyegsy (-gz-)

101z (-zz-) T1TORg (—zZ1-)

2gele (-gg-) 2ge0te (~gg-) %g%e®o (-gg-) 8gB0%0 (gg)

epeg + 9vzrix—2z 19S] &+ [3g%1 (1) Bvel (Fpy-) Ratl (2]
sptgbz[igeqts (§gg-)

ey -+ [egsy (pri-) Egsr(1z1-) fdfr(izlo) 4y (111-)]

tzezeg + [°gea (ofg-) (1110)] Sacgta/tatged (01z-) (111-)
cgegealtatgeg (o1z-) (L1-)

11
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o0
--1 00
-=-1 00
-=-0 00
--1 0
~--10
~-0 0D

00 0
2Z20 0

o0 0
20 0
10 0
IL10 0O
0Tlo O

10 0
§00 0
000 O

00 0

00

‘ ﬁﬁ@%?<+w~ﬁ?ﬂ5ﬁu:?ﬁnvﬂm_ﬂ:u:uz
apay +vI[axi1x-g3 1as] Epoy + [f1%g (xggx) 21°d (xzx) (xpp®) TI%1/TveI (x71%)]
zigey (~gpp) €2%z8gsgiz + [0%v (-z1pD] gtyla + ['2ev (e

tgioty (-zip) 13ledv (11 Tg10Rv/latgtv (-z1Y)

111z8v (~z L)

ezezegeg + 9[v-g0x-1¢ 1¥S] 5+ ¢[xz0x-1¢ 13S]

sgey + [181 (~g1%)] S[x10%—3¢ Las] 'a'e®1 (-g1x) g+ S[xrox—gg LaS]

eg +*[v-gox-1¢ 1aS] 'z -+ i[-z0x-1¢ 13S] 'a'?Pl (-gIx) 4+ ¢[x10%-3¢ LuS]
erere e 8y Iy + [1g31 (-gy®)] 11+ s[x10x-z¢ 18]

sreperereply + [Tgev (xz1pl

tyeyey/eveve] (Z1%)

erersrsrey + [atl (Brgx) vl (FLIx)] 2veafl/PviISI/Avevel (§z1%) Svevel (RLIx)
Tybgtv/e1szty (gg1x) (Zgox)

318381 (1g1¥)

erere e ey + E[5110%-2¢ 19S) SVEVEI (1z1x) ®v + &[ariox-zs 1as) tfvitox-z¢ 13s] ¢[v1i00%-g¢ 1as)
1+ ¢[vitox—z¢ 1as]

g+ ¢[110x-gg 1aS] 128V (ggT1X) (ggox)

epey + [egeL (1] S¥ep + Y[v000x—gg LAS]

epe+ t[vitox—ge 13s]

ey +e{rox—zgg 1as] €vey +*[ooox—¢¢ 1as]

SIE[R81E Ty + S[x10%~2¢ 1AS] Epep -+ [MIBL/TVRL (xgrx) T12X/TVRY (x11x)]

t44
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& 0LI
8 0 of
m 0 011
&
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m 101
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<
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too I
00 I
00 I
230 0
0 0
L10 o
00 0
01
[

epep+- [218v (o11¥) (L108)]

ey +{epeg (xotd) Spoy (xoob)] €18y +¥[x11z-372 1aS]

31 +¥[x115-23 1HS]

eI erepty + [eglg (x1gg) Cats (xigp)] eveveg (xogg) Eveves (xoz1)
eISpEg/EEpEg (x0g1) (X011)

318p8g(xoz]) (x01])

sytyey (x01]) (x011) (x00])

erer3reey + Y[x111-gg 1AS] ev+¥[x111-22 1as] ¥*011-55 Las] {vxo11-¢3 13s]
er+v[x115-3z 1as] Ewep+ [Ersgxggd) treg (xpzd)(xprd)]

t1tptg (xoz1) (x01))

trtgez/ertgz/i1egte [f e gie/t v gte (§22x)

sy + [erfz/tpeg (Bggx) cate (§gzx) Srtz/epsz (B1zx)] ersv +°[vaii-oo Las)
21 +2[vai1-53 1as]

21egedg (01zx) (I11%)

¢18geg (01z=) (L11%)

&y -+ [e15g (01g%) (111%)]

21+ [egeg (o1g®) (1T11x)] 18w+ [Brewiegey (L11x) (op1x) (110®)] &¥-+8[voorx-£z 14S]
spegeg (01g%) (LI1%) 31+ [Evep/egev (LI1x®) (o)1) (110%)]

EyEVe (Z11X)

erere IRty + [2g®t ($11x)] °ver+°[vzrix-gz Las] ®v + %[z00x-2z 1us] s[z00x-€z 1as]
ererg ety + [eg?1 (ruim] EveQR1/EvEVEI (IT1X)

Tyl + [EpEp/Agev (LIT%) (oLr® (13ox)] epey + [B18v (111%) (011 (110%)]

8¢y + viaxnix-gg 1AS] Crtrererty + ¢[ox11x-gg 19s]

ey + tlgx11x-5z 13s] t[vxorx—gg 14S] ¢[vxo1x—¢7 14S]
g1 +r1{ax11x—gg 13s] EISI8I%I + 3[vx11%-3Z 1HUS)

PEREIDENE N
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T -+?[x111-2% 1AS]

sper-+ [653g (—ggd)]

tzeg +a-z1x-12 1as] sveg+[6z%z/2gee (-ggm)] V'lax11x-2g Las]

ey + [8g%3 (—ggx)] S[x01%x-35 Las] dvxorx-¢g 13s]

ezezegeg +8[0-z1x-1z 19s] gty +¢{ox11x-35 Las] [Fg?z (-ggx)]

rz+9g—gix-13 1as] g+ [fg%z (-ggx] fa-si1x-13 LaS] Lfgx11%-23 1AS]

g + [6g%; (-ggx)] s[a-z1x-1z Las] 8[o~z1x-13 13S]

T+ 9{g-g1%-13 18S] £g+4[ax11x-g5 14S]

tz3z+ [Tz (—zzx) 10%g (—zix)] Tglglz (~e2x) Tzlovg (~zzx) 'gledd (~¢1x) TgoRg (-z1x)
T3lgTg (~e2x)  TgT0lz (~zzx) Tglgeg (~¢1x) 12%0%d (-TIX)

erey+[ez%z/geg (~ggx)]  SrfrrRItw i+ [eag (ggx)] Y1+ 4axiix—gz 139]
T18z%3/21%g%g (~¢gx) °1leg (-zz®) °®1'ed (Z1x)

sgey +[1g8z (-ggx) TN (-zix) Ty (-1ix)] ezeztgig+[1oRg (~ggx) ToU (z1x) @l (-11%)]

--10 Tglg3g (~ggx) Tg'0%g/td Tzl (~ggx) Teleh (~e1x) Tgo'r/'alshr (zix) d'ddl (-11%)

eg+[to%z (-ggx) TOM (z1x) TElI (-T1x)]

--1 0 Tglgdg (-ggx) 1g10%3/1aTeeg (-ggx) Te'el1 (-e1x) TgROli/'g@ieln (-zix) Tg'del (-11%)
--0 0 eper+[e23z/egeg (-gzx)] TI'gdg (~gg®) MU (~z1x) Titgel (-11%) 1T

fo0 1% erep+-[eg8g (§zeh)]

o0 1% 318z (Fged)

e781% 138y + [fa®g (gg0)]

o 11 syeitg §(zgn) °©veveg (fzgo) °veafy (fggo) SvEIS (BIZT) SveEVEe ($1Z0)

00 II gyeyty (1110) (0110) (1100
$£0 of ByEISg (§ggd) C1%gie/oveste (Bged) oveifg (Rrgh) oo
zdzgzn Ipigtd sjag aduenbsg  Foolg
jonpoid -0

(penunuos) uzaneqg (§90)
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T11glg (-ze-) Tidgle (-1g-) '8 (~zzo) T1RdID {-1eH)
3zegee (~gg-) 3g%0%¢ (~gg-) 2EPerol~gg-) %8%0f0 (~gg-)
sg+v[a-zz-11 13S] Erig + [%g%e (-gg-) %g%0 (-gg)]
s1egeg (orz-) (LI1-)

ere1 -+ [egta (0xg-) (111-)]

ayeyTg ([1e-) °vevID (L1Z-) S1eged/sveged (0IZ-) (111-)
21egeg (o1z-) (111-)

g7+ [2geg (xgg-) 3g%0 (xgg-)] Srfrerer+e[oxizor Las]

= B,

mmnxcﬂ@ﬁnmmmw~<+¢?x§|§Em_
8185%0 (xgz-) %V +¥[x1z-21 Lus] ¢[x0z—3I 1aS] *[x0z-¢1 13S]

218geg/813gee (xzg-) °1%g80/31%%%D {xgg-)

srep + [3g%¢ (xgg-) 2580 (xgg-)]

sy + [3g%¢ (xgg-) 2220 (xgz-]

epeg + [sg3z (-ggd) 2tz (-ggh g ud ¢rig (ord) Epiy (o))
ezizegigtyta + [Paty (-1gg) fafz (-ig1l]

egtg+ [eats (-1zy) ®ats (-izp]

sgepeg/Epeyeg (—oz1) (-011)

sgey +r{vxi11-gz Las] fzszegsg+o[v—sii-1z 1as] fa+°[v-gi0-12 Lus)
eg +9{v-z11-15 1as] g +°[v-z10~15 1as]

ezeg+[a®s (12g) ®afs (-1z1)] evéveg (-ozg) SvevEr (-oz1)

tytyey (-o11) (01D (~00])

ezeg+9[v-g10-1z 1as] ev-+P[x111-zz Las) ot 1-23 Las] vor1-¢g 1as]
e18p + [65%g (-gg8)]

218g%z (-gg¥)

Tiegez (-17g) Uifgsz (-121)

I
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?g%e%¢ (-g£-) °gog®e/eg®ole (~gg-) %g°ePO (gg-) *dPEto/ig®o%o (g
Tz10%e (~ze-) Tglged (~g1-) Tg80%0 (~zz-) Te¥old (-Z1-)
TgI0%e (-gg-)  TgTeld (-e1-) 1z%0%0 (~zz-) TgloRg (—z1-)
syegsg (-gg-)
syeyle (-1g-) (-0g-) %v2egeD (~gg~) *WeVID (-1z-) (oz-) viile (-1g-) %28z + [Fo'D (-gz-) Tofd (-z1-)]
tgey +o[vxig-z1 1as] z8z8gdg +v[v-ge—11 1as] g+ ¥[-gz-11 1as] Fa+*[xrz-gr1 13s]
sg+¥[v-go-11 1as] o+ ¥[-g-11 xas] 2g+P[xiz-z1 1as]
gt (~¢z-) Yi'gid (¢r-) Hlgio rg-) It

edegen 1pigid
jonpoid

s3ag sousnbag  FHooig
-0
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zoo Tgervy (11 'giicg (1xg) (rp) TgErti (I p>
200 ID%182/10%yeg (z1g)  TORVRG/TORI%g (zIg) (211) TORLTT{(EID) TORIML (ZID) TORWRI (ZIr) 10%VIL (zov) -
Z00 Te2187/Teveg (e1g) Tedveg/lgereg (e1g) (e11) TeRrTi(gIT) T€3vwey (€r1) Te3vTr (gor)
«100 TZRIM(EXY)  1fT
Ygetz{'et vz (z12) Yetwlz (z1z) 'giive/vatltz (g17)
+101 Tat1lg (117) 'evTz (zoz) zireg/'etreg (zig) (e1n) Yaditd (o1g) (L) Ta®rg (1z) (1) ‘gév'd (zov)
sT0T 'Z1'e/'at1'e (g1e) 'atlls (7)) 'e1fz (zpz) TZRId (epz) (el ddIfd (org) (1D *airig (1pg) (rpy)
001 TiErTe/TveLE (g12) Midrts (L) 'icId (or) (o) trfrg (1rg) iy
001 Tieptg/tvente (g1e) Mgz (o) Yititd (opz) (ppy) “ad1tg (11g) (11D
T221%5/gt veg (Z1g)
+100 @t rac g Taiity (i TeRvegltetitg (z1e) (ep) 'atltg (11g) (Tmr) TZever (zIn) YgEvli (zov)
000 T1ereg (1) (ILp)  “rerto/teLTr(zIn TiBLTy (rv)  zez
001 Tveite (1e) Tveiitd (ore) (Lrv) 'vertg (1pg) (rpp)
001 'veilz (1re) 'veéitg (orz) () Tweitd (11g) (111
000 Tvereg (r1g) (t1p) Tvepln (1yn)  egg
zoo TOPVEL/TO%WS L (e1r) TPI81 (rmn) TadIfv (11 (orp) (110) T™0Pv'v (zo1)
Zo0 TeeyeL/Te3ve (1) TOSVEL/TOBVRL (zID) 'edviv (co1) TOBVTV (zo1) 188
100 TeveL/ 2oyl () tedIfL (1L 'gdISv (111) (01D (LI0) 'ZRVTV (zo1)
000 AL (D) Trdafv (U (o1n) (110)  zes
000 TweI1t1 (1rp) 'wEESv (LD (opp) (L1}  ees
g=" 7
igo 5395 aosuanbeg  yod0ig
waposg -0
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010 21eg ey (1z1) (D) SI%gev (111) (oLp) (L10)
g1+ fegtr (1gp) (ipp *gsv (o (ern) (1ro)] 'veiep(izr) vEIBL (ILD)  soe
z=9 11
38110 (g17) TORITO/TARI™O (zIz) T'gi1' (11Z) T'adltd (012) (11
g8 1ID/10% 110 (§12) TORITO (g12)
Tg+ {317 (gre) ®1%D (z12) 31'e (is) 21%0 (112)]
Te+[31%e (g18) 21D (g12) 3Vv'e (c1g) (g0g) 2V (€12) (c02)]
I+ [e1Te (g18) 231%™ (g12) 31 (z18) 2I%O (g12) 3v's (zig) (zog) 3v'o (z12) (zoz)]
Tz81%0 (£12)
Tze1%¢ (g1€) TgRI'0 (g1e) g1
Tz+ 3170 (z12) ev'0 (ziz) (zoz) ovid (zov)] Ta+ [B1fg (opo) (iv *1'o {giz) 31'0 (L12)]
Tge1g (z18) 12810 (z17) 'gEvle (z1g) (zog) TYERVID (z17) (zoz) Ta+ [f1'¢ (z1e) s1'e (11g) 1D (1) 3X'™O (112)]
Tye1To/TIe1tD (z12) T131'0 (112) Fititd (o1g) (1Im)
Tye1le/Tii1%e (g1e) YiB1'e (1) TveXTO/MIRITO (z12) Tid1'™o (7)) gel
y31io (112} Tviitd (org) (111)
Tysrle (1) Tveit™o (11z)  eet
1ge1Tz (z17) Tal1's (112) 'g®1ed (o1g) (11m) Tdaerdg (11g) (1L
IOerEz/ID8pEZ (zI2) 0817 (g17) ORIz (ZIZ) TOfrIg/'o%wBg (ZIZ) (ZID) 'O8wviz (z12) TO%VIZ (zoZ) 10%v'd (zol)
Tgerez[Tgep ez (c12) TeS1'3 (£12) Tefrsg/Tetpsg (c1g) (€11) Tefp'z (c12) TePvlz (c0z) TgBv'dg (go1)
Tqé1Tz (z12) 'g®1'z (1) Tal1fd (o12) (IID) faii®g (11z) (iLp)
211g (g12) To%1%7 (z1Z) 'OR1'Z (glz) 'OR1%g (zig) (z1D)
Ted18z (c1g) Yet1'z (gI7) TetIlg (c1g) (eLn)
. YZ811% (g12) 1€2
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o1
01
01
00
00
01
0t
00

S O O O O v i v e e

el
sZ10
zro
zZ10
z1

20
(AN]

[— ]

o1 ]
11
01
01
L 0
00
00

o 0 o o o o e

‘1°g'z (1z2) (112) ®1%geq (o1z) (LIT)

gty + [2g7z (122) (12)]  ¢v + [Y2's (1z2) (ozz) Te2a (1zv) (ozv) 2gtg (o12) (111)]

818gtz (122) (112) ®I1%gtd (012) (LIT)

t1eg's (1z2) (e) 'werdg (1gy) 'vei'z (112) ®1%ged (01g) (LIn)

d1ediz (1) (pe) 'werdg (1gg) 'veilz (112) 3i%gsq (o1g) (L)

e+ [Bgh (zv) (n] & +[2gez (1zg) (og2) Tz (1zv) (0z1) 'R (o1m)]

gregty (rgp) (Lrn

Bregty (pgn) (o) Tveifz (1zg) TvRIRL (111)

eg+ (1281 (1) 'z8v (1z1) (120)]

eg+[Tg81 (1)) 3%V (121) (120)]

O+ [fg€1/Te%] (zg1) Sai1/AveL (Z1D) 2oV (zz1) (zzo) viv (zo1)]

Te+ [2ge1/Tg3 ] (eg1) 2@s1/5vSI (€1D) YooV (cz1) (s20) 3VTV (g01)]

O+ [Baf1/T381 (zz1) *af1 (ZID) 38V (zz1) (zzo)]

e+ [tat1/Tee1 (eg1) 2g®1 (D) 'V (gzD) (cz0)] o+ [Pafl/TEe1 (zzn) %Al zln) etV (zzl) (zzo)]
Ta®1eL (1g1) 'a®18L (1in) 'O+ [328v (g1 (ggo) TiSIAvEL (zgn) Uil (zpp)]

Te+[re1/eveL (eg) 121 (eID] YO+ {328V (zz1) (zzo) UISL/AVEL (2gD) VIS (z1y)]

sz8g + [2z8v (ggv) (gzo)] g+ [eger (1izn) 1Ly 3%zfv (ggn) (gzo) 2gtv (111) (01D (110)]

¢y + ['g®1 (0z1) @1 (1ZD) ozD 'adp (omD) 'eev (121) (0z1) (120) (020)]

Tz+ [Bviv (zor) 2a®1/'2%1 (zz1) 2€®1/5vel (1D Y@@V (zz1) (zzo)] tg + [Tg31 (121 Yedv (1z1) (120)]
Tgtg31/tz%dat] (zz1) 'zPafl (2LD) 'g'ev (zz1) (zzo)

erey + [(zzn) (gzo)] T1'edx (igy) T1vgdv (1zn) (1z0)

21328V (ggn) (ggo) %1%gd1(1zD) *®1%gev (1z1) (120)

2+ [Bg8v (gg1) (zzo) Tis1/ever (zzn) Ti%1 (zip)] Ta®i®l (1gp) g8y (111

%1928V (zg1) (zgo) Ti®1%1 (1zr) Trd131 (11))

sy + [Fge1 (1zn) (1D *g®v (1) o1 (o)l ®v + [1331 (1z1) (ozD) 2%V (1z1) (0z1) (1z0) (0z0) 'ge1 (oz1) Ta®1 (oin)]

£33
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(445
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«1

812y + [837z (gg2)]

31851z (ggo) °11gte (1za) °1'z%dg (1zn) 21'gv (120)

erey + 215 (zz2)]

818tz (zgo) *®ivg'e (1zz) B1'gld (1z1)

Tz + [er8g/e vz (2gg) °@'c (gge) ®1'g(z1z)] T'a+ [Erfz (1zg) Ti's (1))
Yzeglolzge) 'zeitz (egg) ‘g%z (1gg) gtz (ziz) 'a®ilz (112)
813 (ggo) Tigrtg (igg) Ttz (112)

818’z (ggo) Titrtg (1gg) Titr'z (1e)

tv + [6z2g (17g) (0gg) ¢¥3z/°geg ogg) Sz%c (1) (ozz) 2g%z (0gz)]

ey 4+ [Ep7z (012) (00z) z%g (1z1) (oz1) ®geg (ogr) °gex (rgp) (rin) 2gve (rzv) (run)]
ev + [2g®g/freg (012) (0LD) ErSp/3gev (1IT1) (OID (110} &¢'4 (001)]

110 ey + 123z (172) (0gg) Tolr (rzw) (ozv) Tasr (oin)] epeg-- [zt (ggr) gty (v (L)
110 eg + ['g%g (1gg) Te'1 (1en)) Yo+ gz (zgg) Ye'1 (zzn) *g®i (zin)]
«1 10 Yziete (zgg) Ya'eli (zen)  'gRgli (zin)
0I0 Tiigeg (1gg) L+ [etr o] Yitetn (izn)
010 311g3g (1gg) 2I%gr {ggm) 2rv'er (1zn)
100 Tze1%z/ g8 veg (zgg) Ta®r®z (1zg) TzdgMi (zgv) gUit1 (zinm) ‘gl (rn)
000 Y1e1%g (1gg) Br%aTr (ggm) Tititr (i) gze
3:&@:& (ogg) tw3z/®geg (0gg) Ez%z (1zg) logg) 2933 (o0zg)]
ey + [¢57Z (012) (002) Sz2g (1gm) (oz@) 2geg (ozl) ®ger (izD) (rrp) 3g™r (1gv) (un)
0 L1 ey + [egeg/epeg (o1g) (o11) €wewfegev (1I1) (o1D) (LIO) ©v'g (oo1)] E£13atq (01g) (LIm)
erey + [3g1z (122) (112} °ged (012) (LIm)] ®regsz (pzg)
0I1 ¢y +[2g3z (0gg) ta®g (oz1) o'z (122) (0zz) €g'z (o12) 'z (1z1) (0z1) TYolv (120) (0z0)] €22
igd o s39g adusnbag  yooig
0NpoLJ -0

(panunjuod) wiayreq (4g»0)
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201
zZol
go1
zZo1

¢Jo
€10
Z1Io
ZT0
cTo0
oo
200

C

L1l

+T11
sT 1]
It
T 11
*TT1
011

Tafrsz (1gg) Tali'z (11e) O+ [Effe/tptg (zgy) 33 (ggE) V1T (1))

e+ [B182/f vz (egg) %g'z (ggo) "1'z (e12)] YO+ [Erfe/fwtz (zgg) 'z (o) iz (z1z)]
Yot 18z (zgg) TO%@le (g) 'gs1%z (igg) of1z (grd) 'a®1's {112)

Te21eg (egg) ORIz (zgg) Te%g'z(gge) TO%z'z {gge) Ted1'p (g12) TO31'g (zIT)

e+ [3g71 (ggn) %23z (1gg) 2%z (1gg) 2g'1(ggn) Yz'1 (gzv)]

¢g + [6z8g (1z1) °g'r @IV 32V (gD (gzo)] ea+ [Tz (1igg) to'1 (izv)]

1138z (egg) TOTgl1 (ze1) fa+[fgéz (1gg) Telt(izm)] 1oRgsi (zin)

Tglgdg (ezg) T0'z8g (zgg) Te'z'1 (gz1) 'O%gll (zen) Tergly(ern) To%g®l (zri)

Tolgez {egg) Yolghi (zzv) Tofg®l (zin)

tglgts (egg) 'o'elg (zgg) TeTali (gzr) TOTRr (zem) lgRgfy{(er1) TORAR1 (Z1l)
10%185/10%veg (zgg) 'a®I%z (1gg) TO%g'1 {ggr) Toi®1 (zi1) ‘t*a®i®1 (11D
Te81eg/Tefveg () TOPIfE/TO%veg {zgg) TO%¢M1 (zgr) TeNitr{grn) TOTI%I {ziD)

Tz + [ez3g/epeg/eaty (zgg) ©z8z/°gts (zzr) *gez/vee (z1g)]

Iz -+ [sz3g/egeg (cz1) ®wiglegeg (Z1g) @1l ®v'z (z1) (zoo) E€v'g (zo1)]

sg + [628z (1gg) %28 (1gg) %1 (ggn) °%g'r (zzn) Sz8g (1z1) 2gli(znn) %zt (ggv) (ggo)]
epeg + [3g'7 (ggz) *g'z (1ze) (112) *gtd (o12) (L]

ey + [g%z (0gy) ®g%¢ (0gg) tacg (oz1) g’z (012) T3z (122) (0z2) Tzéd (1z1) (0z1) 'g8v (120) (020)]
7+ [8g%g (zgg) tg9%c (zgg) °®g%g @zl

Tz+[1g'z (zze) Tg%a (ze1) '28V (zzo) 2dz (Zi2) °viz(zoz) ®v'd (zon)]

eg+ [3glz (ggo) %'z (o) *g'z(Quo) o'z (1zo) 'géa (1z1) TRV (120))

2+ [eg%z (zgg) tgfz (zzr) Tols (zez) 2da'c (e1z) tgtg (zgy) ‘o (zz1) TzRv (zzo)]
ey +[1g'z (122) (0zz) Tz%g (1z1) (0zv)] ¢weg + [37'z (zgz) ®gfg (o1g) (LIv)]

eg + [3g'z (gge) %23 (zzr) Tgle (122) (0z) TgRa (121) lozv)] Tolz'z (zez) ‘YavzRd (zen)
1zlglg (cze) 'g'eed (zzn)

ev+ [5g71 (zg0) %@tV (ggT) (ggo) 2ger (1zp) (i) *gev (o) (orn) (110)]

¥4
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00¢ 1+ [egTe (1z9) (11e) °g™o (1ze) ()] *v + [Bgle (1gp) %80 (1gg) *1'e (11g) 3170 (112)]
011 byezig (1zg) (ogg) 8veg®o (1gg) (0zg) €21
eq + [822z (1gg) 2%z (1zg) g7 (ggu)]
T LI e+ [2g71 (ggr) o'l (gEn) tzRg (1g1) *gli@In) 2zEv (gg1) (ggo)]
g+ [ez8z/5ptz/egtg (sgy) Sz8z/°gfe (ez) Pgfz/evee (£17)]
z LI g4 [ezeglegeg (ez1) Sreg/egig (€12) (€11 E¢72 (€12) (c0T) SFTg (com)]
1o+ [623z/¢peg/egty (zgg) ®ete/°gee (zgg) *gfeltrez (zig)]
+Z L1 1)+ [eziglegeg (zgl) SvRgleged (z1g) @ID) ®v'z (z1o) (ZoT) Evig (zov)]
211 tqg + 357 (gze) 2g'q (zge) %3'g (zze) *gle (z1e) Yo'z (1zg) 'ged (1z1) 133V (1zo)]
211 eg+ [381z (gge) %'z (zge) %23 (zzo) *d'z (@1o) 'g'g (1ez) Yeod (1z1) g%V (120)]
Tg+4[eg2g (ezz) Sate (cgg) ®atg (ezn)]
zZI1 Tg+ (1372 (g22) 1g%d (cz1) 128V (czo) *d's (c1e) °v'g(£02) Tvid (gov)]
I+ [2g%g (zgg) tgtc (egg) ®a°g (zzy)]
NN 194 (1515 (zze) Told (zz1) T2V (zzo) %d'z (ziz) °v's (zoe) °vid (zov)]
AR | Tg+[eq%z (sgg) gtz (ggg) To'z (gee) *d'z (c1e) ®g%g (cqn) Tod (¢21) Y22V (gzo)]
NAS! O+ [eg3z (egg) tate (zzz) Yo's (czd) P4z (z1z) tgcg (zzn) 'z (ez1) TEPV (zzo)]
ZIt eg + [g's (gge) ®g's (gge) %c's (zge) 'a's's (1z2) Tola (1z1)]
ZI1 tg+ 2315 (gze) 2gle (gge) ®2'z (o)l Yo'z'e (zze) 'd'g'z (127) TO'zéd (zen) gzl (1z1)
Z11 Telglz (czg) TO'zlz (zzz) Telgéd (cz1) T'OTzRd (zzn)
AR Iylgig (zgz) 'O'zRg (zz1)
Z11 Telglg (czo) 105'g (zze) Telgidlszr) 'O'gRg (zzi)
W1 L1 eq + [2g'1 (gzn)]
oI [ Te tg+[3g'z (ggo)] 122
id o syag oousnbag  3joorg
}onporg -0

(penunuod) ureped (dgo)
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A General Protocol for Systematic Synthesis Design

1

1

11¢

) g4
1e
| 54
e
x4
1¢
02

0¢
4
0¢c

011
IL10

0

I¢

01¢
00¢

0I¢

0

12

121810 (zze) 'gta'o (z1z) 'gleRd (zzi)

epeg + [egle (1z¢) (L1e) *g'o (122) (112)]

3gez+ [3g'e (zge) 2g'D (ggo) %a'e (gge) ®g'0 (zzo) 3*g'e (@1e) *g™o (219)]

ey + [g1g (1z¢) (0ze) 2dle (o1e) 2vTg(oog) T2'0 (122) (0z2) 2a™o (o12) 3Vv'O (002)]
T2+ [Tete (zze) 2ale (zis) 2vie (zog) 310 (zz2) 2™ (e1e) *v'D (z02)]

tg +[2gT¢ (zge) 2270 (ggr) ®gve (zge) %210 (zzo) *d'e (zig) °g'o (@io) Tele (1ze) 210 (1z7)]
1zlgle (zee) gialg (zre) 'gle™o (gze) 'gea'™o (z12)

erey +[2g%0 (gge) %g'a (ggn] Yi'glo (1zz) M1z (1e1)

218510 (zzo) 31%e'd (ggn) %172™0 (1zo) ®1vgéd (1zr)

s1ey + [2g'g (gge) g0 (gga)] T1'gls (1ze) Y1110 (122)

2regte (gge) 21%g™D (ggz) %1'z'e (1zg) ®173'0 (122)

Tgeglo (gge) 'edg'd (ggr) 'gd1'o (112)

17+ {25 (zge) g0 (gge) 2g%e(egg) %220 (zgg) M'e(zre) Tivo (z12)]

g -+ [3g%¢ (1gg) 2820 (1gg) *1'e(11e) *21%D (112)]

£18gY0 (ggo)  %1%g'd (ggn) TiR1™D (112)

B12gTe (zge) 183" (gge) Vidglde (1gg) '1%z%0 (1gg) U1%1Te (11g) TIB1O (112)
tgsgle (1gg) ®a®g®o (1gQ)

T18g%¢ (12g) 11%2%0 (1gg)

svezee (1gg) (ogg) £v3e®o (1gg) (0gg)

sy + [1310 (122) (0z2) Tedd (1zD) (ozr) g™ (012)] Srew+ [3gtd (o12) (111)]
srrgeg (012) (1)

tye1to (11e)  ¢1°%geg (org) (111)

erep + [eg'e (1z¢) (Le) @™o (1z2) (112)]

ey + [153¢ (12e) (oze) 2ate (o1e) 2vTg{oog) T3'O (122) (02T) 24O (012) 2V (002)]
21+ [egie (1z¢) (1g) *g'™ (122) (112)]

44
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11 Igig1o (g2z) 'etgin (s12) Tglgey (ez1)

T 12 . . Oigts (zze) 10%arto (Z1g) Tolzeg (zz1)
z1¢ teizTo (ezz)  Te?g'D (12} TelgRg (£21)
og + (8% (gge) 22'0 (gg0) g'e (gge) %5'0 (ggo)l
a4 tg +[2gl¢ (zze) %20 (zz2) 3gTe (me) g0 (@ro) 'ele (1ze) gD (1z2)]
g + [3gle (ggr) %g'0 (gge) 3g'e (gze) 3230 (ggo)]
Al 4 eg -+ [fg¢ (gze) %20 (ggo) 3d's (ue) g™ (o) 2's (1ze) 2o (1z2)]
+21¢C 15+ [FgTe (czg) Bgte (zre) Bvig(zog) '3'0 (zze) %40 (212) V1D (zaz)]
T tg+{Tgle (gze) 2gTe(e1e) Bvle (gog) 270 (g2z) g™ (€12) %V (£02)]
T T ¥21e (zze) ToBgle (z1g) OTg™D (zz2) To%g™o (¢12)
z1¢e TgTzte (cze) Terarle (g1g) Telgld (cze) TeRg™D (e12)
112 tg+ [53%0 (gg2) °g'a (ggn)]
1172 eg + [eg'e (gge) %g™D (gge)]
70¢ gD (o) Yotzlg (ggn 'g®1to (112)
zog g+ [2g10 (gge) 2gta (ggn)] To+[5g™0 (ggd) %z'a (ggv)]
7027 g+ [2g%¢ (1gg) 3z°0 (1gg) 2r'e (11e) 1% (112)]
sT02Z 1+ [egle (zge) 2™ (Qge) %z%e (zgg) °&%0 gy Ti'e (ig) V1o (z12)]
zoz e+ [357¢ (gge) %g%0 (gge) %gle (sgg) %g%0 (egg) Mi'eleie) 11D (s12)]
T LI tgtgle (1gg) £a%geo g
gio tgigee (1gg) fa®zeo (1)) 121
zeg% (zgg) T2%g®0 (zgg)
L1z tyeg + 2510 (gge) %g'a (ggv) °gta (oIg) (L1v)] ¢+ [g@™ (zrz) 20 (122) (0ze) Te@d (1z1) (0zv)]
I12 Y2+ [Tg10 (zzg) 24™0 (z1w) '3%g (zzn)] g+ [%270 (gzr) F2'0 (z7) 3E'g (ggy) 70 (1ze) 'gEg (izv)] ool
igo 539G eouenbag  yoorg
jonpoig -0

(panunuod) waed (4o)
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A General Protocol for Systematic Synthesis Design

z12 . 10%g%¢ (egg) 10%2%0 (zg)
A &4 Tgegee (cgg) TO%z%e (zgg) Te®gl0 (egg) T'0%2%0 (zgg)
i1z eg+ [3210 (ggr) 2g'0 (gge) 'O (o) 2gta (ggr) 2z’ (ggy) Te'o (127) g4 (1zw)]
g1¢ eg + [2g'0 (gge) %210 (gge) %50 (zzo) 3g'a (ggn) 2g'd (ggn) 'e'o (1ze) Ygid (1z1)]

«Z1¢ 11210 (zzz) 021D (212) ™OTzeg (zz1)
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174 [10%] (g£12) 14?1 (212) T0%1 (z12) (212) a1 (112) (112) 0%V (212) (z02)]
20T g + [10%] (z1g) 'G51 (11g) TO8L (£11) '€?1 (z12) TORX (ZLI (11 'ge1 (111 (11v)]
17+ {1021 (g1e) Te21 (£12) (g12) TO%1 (z12) (1) 163V (€12) (£02) 1%V (212) (z07)]
201+ g + [Tg?1 (£17) 1081 (z12) TD%1 (gX1) Y681 (£X1) (£11) 1021 (ZL1) (Z11)]
*» 10 Ta Tg¥gel (g1e)  Te'zel (g1n)
zoo Ty + [19%1 (z1g) Ya®1 (11g)] U1+ [19%1 (z12) Ya®1 (112) YOBI (€1 1) Y9l (11 TD%1 (rp) (21D tasl (11p) (1l
200 T3y g (£1g) TITOBL/TVIDRL (z1g) Fr'0%I (gyr) T17€%1 (¢1D) {gx1) 1031 (1D (21v)
«100 iR (g1 1£T
Tglg81/TaTe%1 L1z} To'glif'etedl (g1
« 10 1s Igigey (117) ta'all (112) () 12'eev (212) (zor) 'a'gel(enn) 'a'gdl/'grsil (zin) atgcr (Ipn (LI
00 Tx Tg1e1/TgTver (z12) Ya'1el (112} Te'131 (112) (112) 'aMs1/'a™vel (1) 'arti31 (o) (UIm
+»100 g2 fiyige (z1z) Titgll/tvilgcl (11z) UitgRlizin) Tylgdy/nilziiigin  'i'gdl (pn (um
000 IR vieL (11g) TrTitn/Uetvel (grr) Tymidr (o) (1n) zes
00 Ix Tqtyey (11g) Yg'vel (11g) (112) Tavtver (1in) (rn)
000 Iy /yivey (11g) Y1tvel (pp) (1) e€e
zoo Tyiney (g11) bvigey (@) Tviogp (1D (g1v) Tvra?l (1ip (un
Zo00 TyIo%1 (gx1) Yv1gR1 (1D (g11) TvTORI (21D (g11)
+ 100 Tytget (g11) 1€
+100 Tyig31 (20D 'wigll/'vetl (grn) Yvtg?l (1) (un
000 Iyey/tyivey g1y Tvhidr Qrp (uan  zse
000 TyIye1 (111) (II1)  €€€
g="9 ]
igd» sjog souwanbag  3yoog
jonpoig -0

woneg (0if)
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A General Protocol for Systematic Synthesis Design

010
0to0
000

go¢
202
co0¢
20¢
202
z02

-
=]
o~

[ I ]

e o @
—
-

L T — I — R B |
o o ¢ o o e
-
*

e e
[— T ]
- N
»

1+ [81%g (LI1) 6v3g (012) (120) (ory) (LI0)] €v + [Pz (1Z1) (0Z1) (120) (0Z0) E13g/EKRg (120) (110} £¥1q (010)]
TIeI%g (LI1) 21%veg (ozp) (1zo) (01D} (110)

3re1eg (v} Ywiver (11p) 318veg {ozr) (120) (011) (110)

z="9% I

Tg + [10%1 (z17) Ta®1 (11g) TO%1 (£11) Y&®1 (gX1) "O%1 (e1p) (Z1v *a31 (rpp) (111)]

1+ [19°%1 (z1g) Ta?1 (11€) 1071 (£12) Ta®1 (Z12) %1 (z12) (Z12) *gs1 (112) (112) 10%V (212) (202)]
g+ [10%1 (g18) a1 (z1€) 1021 (z1€) (21€) "ael (v1g) (11€) 'OV (z1¢) (zog)]

g+ [1631 (€12) 7031 (z1Z) PO°1 (g11) V&8 (¢11) (g11) YO (z11) (Z11)]

Iy [Tg31 (g1€) T0%1 (TIg) 0% (£12) €1 (€1g) (£12) TO%1 (212) (z12) €%V (£12) (€02) 0%V (212) (z02)]
g+ [10%1 (g1€) T€21 (e18) (£1€) TOS] (ZIg) (ZI€) €8V (£1¢€) (c0€) FO%V (z1£) (20g)]

OIge1 (g12) TdTZRI (£1T)

tglge] (g1e) TOYZRI (g12)

121081 (z1g) 'a'ddl (vIg)

13131 (c1g) TgO%I (z1f)

e + 1281 (2)2) Ta®1 (11g) 231 (z1p) 'a®1/1781 (211) *asr (1) (r1n)]

1+ [1g31 (zIg) Ta®l (11f) 1231 (Z1Z) Ta?1/13%1 (ZI2) 'as1 (112) (112) '2%v (z12) (zoz)]

g+ [1221 (z1g) *a®1/72%1 (gag) Tas1 (11g) (11€) 123V (z1e) (zog)]

T3+ [1131 (11g) MIBL/TveI (212) T1eL (11g) (112)] g+ [F181 (rxg) Tiey/TveL @Im) Y1 (e (n)]
T+ [T181/Tve] (z1e) T131 (118) (11e)] "o+ [F1%1 (11€) T131/7ve 1 (z12) *181 (112) (112)]

Tz1z8]1 (z1g) T'g'dacl (11g)

Tgrisy (11g)

DIvel (11g) 'OTveI (11 (12) 'a'vel (11g) Tavve1 (rrp (pIn)

TeTyey (11g) (1xe) TOTVeL(11€) TOTvel (112) (112)

1Ztvsy (11g)

£€C¢

1€1

ol

gel
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tr¢y + [133g (zgp) (zLp) ®a®g (ggo) tasg (ggo) ®ag (zzo) ®a?g (111 (z10)]
ey + [Eg3z (gZ1) g%z (gg1) g% (gz1) 10z (zz1) Bg'e (1z1)]

Z1o0 £y + [2g%z (zgo) 1077 (zz0) Bq'z (120) fQ%d (Z10) 10%4 (zto} T8V (zool]
ezt + [Te2g (egr) (e11) 0°d (221 (e11)]
z10 ey + [YeTz (ez1) 1072 (zz1) T 22 (£20) 1017 (zeo) Te?d (£10) Teov (£00) 1O (Z10) 1V (zoo)]
Z10 21+ [vgeg (2g1) (2y1) Ealz (ggo) faly (7go) ea%s (zzo) tatg (1Ll (z10)]
10 syterg (ez1) (11} S1'O%g (2z1) (21
LIo® tyegsg (ggo) eV + [Ez%z/gea (gz1) (ggo))
+110 ety + [(gzo)]
+ 110 g12g%z (ggo)
Z00 Tylogz (zgo) TvI0RM (zrn) Tviglr (D) eI+ [Teg (ezp) (e1p) ®acz (ggo) tgdz (ggo) tgdzizze) facg (11D (z10)]
Z00 eytgsg (szD (1D E1'0%g (zg) (1) Tv'edz (gZm) Tv'O%g (Zgm 'VIeRr(erm) TVIORI (zim)  1ge
syeIeg (I31) ®veved (o1g) (1z0) (011) (110
syizeg (zzn) (1) E1%4®7 (zgo)
sreglyg (ILD) (Z10) SvEeI®g (ggr) ®v + [Fz3z/epeg/Pase (ggv) (ggo) S2%z/2gez (zz1) (zZo) E¥'z (1z1) (oz1) (120) (020)]
LIo ty + [geg (z10) 3g%g (120) (Z10) (L10) €w3g (ozD) (o1X) (1g0) (110) E¥Tq (010)]
+110 ¢y 4 [eg2z (220 £q% (zz1) (20 2%e (zz1) (zze)] Ev + [EgTe (1zv) (1z0) Egtg (R10) TgPa (z16) T2PV (zoo)]
110 2ylzeg (zgy) (Zy1) 1%z (zzo) Sitacg (11D (Z10)
010 ey + [ex%g (gz1) € (go)] v+ [8r3a/eweg (ggn) Lile (1z1) S1%8/Cveg (gZo) T1'g (120)]
010 eie1%z (Zg1) °1%veg (o)
+100 Yyigiz (gz1) Tvizer{zin) ‘viglr (1im)
000 B181Rg/tversg (gg) ®Ifveg (gzo) 1vlidy (min)  goe
dgdo 38g souanbeg  jooig
npolg -0

(penunuod) ureped (oig)
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A General Protocol for Systematic Synthesis Design

o T T 1
T 1 1s

0Ll

01 1«

=T 0 I

00 TI»

D m O O = o
S © m bl o
o O O o 9o o ©

I Is
I I«
0 T»

[— 2 — I

0Io0
010
000

g + (135 (zgg) 2% (zgg) T3%g (TIg) Bqse (ggn) Ya's (zzn) gz (121)]

1g1glz (zz7) 1g'zed (Z12)

eveg + [V13g (1gg) 81%2 (gg1) °©v3g (gzo)] ©veveg (1gg) (ogg) °©v + [Ez2z/eviglrgeg (zg1) (ggo) €28z
« « (44

feg®g (zz1) (zzo) ¢¥ 'z (1z1) {oz1) (120) (0z0)] v + [£z3g (z10) 3g®g (1z0) (Z10) (110) £ved (oz1) (011} (1zo) (110) E¥'g (010)]

B1vs%z (zgg)

ezeg + [T13g (17g) T1%3 (122)] ®v + [Er%2/¢¥3g (gg1) (ggo) T172 (121) (120)]

z+ [er2g/evez (gge) Tive (1z0)] g+ [Er3g/¢ 2z (gg1) 1'a (121)]

Tz81%z (ggz) Yei1'z (122)

T2+ ['e3z (zgg) (ggo) 'acz (1gg) Yl (zi2) 'ae1 (112)] ‘'a+ [Tedz (ggm) @1 (zrr) '@ (111)]
Tz¢1%g (gge) Te'1%g (1gg) TYaid1 (11e) 'adidg {ggu) Yglisi (1in)

e1egeg (1gg) ©vEVeg (1gg) (0gg) TiBz%z/NiEptz/lItgey (zgr) Ti%z%z/T18glz (gzm) T18pTe (121) (0z1)
Tiegez (zz1) Y1'glz (zzr) Titgtz (1z1)

81tzBg (zgg) %184z (1gy) *®1'3'g (zen)

er+ [F1%z (1zg)] "itrRa/itwRz (ggn) M1tz (121)

21Mi%g (1gg)  %1%1°%2 (ggn) ®1%1'z (121)

Titgez (ggr) "i'ge1 (zro) Trlgly (111)

grnizg (1gy) WidIeg (ggm) Tivrdi (rmn)

eyeg + [Eveg (1gg) (0gg) €1°g (111 Bvig (oz1) (120) (o1D) (110)]

£y + [epTz (120) (020) €1°g/5K2g (1Z0) (110) €3 (010)]

7+ [Ep'z (122) (022) E18g/epeg (122) (112) EW3g (012) S P2 W (002)] ta®vTz (121) (0z1)
Iz81%g (122) (112)

glveg (1gg) 'af1dg (1go) (L0 'a'ver (11g) Ta®vei (1p

tyeyeg (1gg) (0gg)

er + [ev2g (1gg) (0gg)] "1ew Tz (121) (021)

18vez (122) (0gg)

218veg (1gg) (ogg) ‘Trvver (111)

(4

£2%
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2711 12101z (zz2) '3'0%d (212)
271 1 Tzielz (ez2) glole (zez) Te'lsed (€12) Yg'oRd (212)
« TL1L sgtacy (ggo)
LI T 1z8g%g/12%9%g (§g0) *aselz/tactgeg (£21)
« T TIs 1z8gsg (gg2)
011 Eyezigftyigsy (gzT) (gZ0)
201« 17+ [1g3g (gge) 10%2 (zgg) (z22) Ta?g (1gg) '0%1 (z12) 'a®1 (112)] Ta + [¥0%g (gg1) 081 (z11) *g?1 (111)]
Tzlesz (ggg) (gge) '2'o%g (egg) (ggo) 'e'eMi (1) Tg'ovi (z12)
20 I Tqlelg (ggr) TaTORg (zz1) Tavedy (e11) T@1DBY ZIn)
tA ] itgee (gZn) Ti8glz (zgv) Titgte (ggr) Titglz (1zn)
Z10 ey + [13%g (egg) tade (1gg)] "1+ [2g®z (gz1) €43z (ggv) tg?z (gg1) 0% (221) €'z (1z1)]
zZ1o0 eper+ {Te2g (cgg) T0%% (egg)] SileTg(gzn) 1107z (zzn)
zZ10 e1lz%g (zzg) ©1®g®z (1gp) ®1'DTz (2zn)
Z10 B1te%g (€gg) 21'0%g (egg) ®17e" (gen) 21707g (zzn)
zo0o0 °1'g%z (zgg) °1%a®z (1ggy) 1'%z (zgn) '1'of1 (zrn) Frigdr (1im)
zoo e11gg (egg) SI'O%z (2gg) Trtedz (gZU) Ti'O%g (ggm) Mgl (ern) TiYOr (zin) 132
&z + [123¢ (zgg) To%s (zzo) Y5°d (z1z)]
eg + [Yg3¢/1%°¢ (zgg) 12°5 (zgg) Badg (1gg) ta®g (11D (z10) 24®% (g20) 15%g (z1Z) (zz1) (Z1D)]
« T LI ey -+ [tz (zgo) T4 (zz1) (ggo) T2’ (ze1) (zzo) Sz (121) (120) £g®g (z10) T234 (z10) T3V (z00)]
T2+ [Ep Tz (122) (022) €34 (g12) 2gd (122) (z12) (112) £v0g (122} (112) % (012) EP2 v (00T)]
LI I tg + [113z (129) 1132 (122) 8233/8 p2g/egeg (zg1) €2%2/°geT (zz1) Epiz (121) (021)]
g+ [tq37 (zzz ®az (zge) *atg (¢12) Yo'z (eze) Ea's (122) Yood (z12) Telv (zo2)] 2Te
id»n sjag aouonbag  Ho0[g
pnpoig -0

(psnuyguod) wrepeq (04g)
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*

C 0 e o e e @ -

00¢
002
TLI
LI Ix
I T«

Ie
Iz«
Ie
e
1e
0c
0z

L1
(4 g £

11

I Ix

1081%% (gga) ToTi%g (1zg) oM (112) T'dafIfg (ggr) 'g®isi (11D

e+ [B1%z (gge) Tieg (1igg) Uit (1ie)] Yo+ [E1%g (zgr) Tidg (1g) %1 (112)]

ezeg +- 1223 (zgg)]

egTi%g (1Z¢)

eg + [1z3g (zgg)]

ezeg + [T13g thz

sgeyp e (1z1) (0Z1)

tgep iz (121) (0Z1)

Yoty iz (122) loze) Tot1Rg/'ofpRg (1Z2) (112) 'OPreg (012) TOEWew (002)

TeEpiz (12¢g) lozg) Tgtreg/Tetpig (1ze) (11€) T681%4 (o18) €Wy (00g)

2 18g (122) (112)

g2 12g (1ge) (118) o139 (122) (L12)

o+ [Tveg (1g2) *1%g (1z2) () vt (1) ‘atver (o)

e+ [Tvez (1zg) B12g (1ge) (1I9) Tver (11)] "o+ [Tvez (1g7) S13g (122) (L12) Tve1 (112)]

gz2g + [10%g (zgg) 10%3 (zzg) T0%g (212)]

tyeg + [T28z (zgg) 1o (egp) (eIp)] ®wveg + [egeg (111) (z10) tatz (17g) (gZ0) $4®z (gZ0) Eass (zZo)]
¢y + [eg%z (gz1) Bate (gg)] €w + [eg%z (g21) (zz2o) 10Tz (221) (220) 4z (121) (120) Ea’g (z10) '0%d (z10) TRV (z00)]
£z%g + [Te2z (sgg)

Te?z (£22) Tetg (e12) 1082 (zgg) '0°z (zzg) Y0°g (z12)] tw3g + (1633 (eqg) T0%2 (zgg) Te®g (ezD) (LX) YO (zg1) )]
ey + [TeTz (c21) (c20) ™03 (z21) (z20) *e3d (c10) €8V (£00) O34 (z10) D%V (z00)]

Tgegty (gge) Tztglz (ggo) Tgtg®z (zzz) Votglz (1z2) ztgRg (giz)

7+ [eg3z (gge) €93 (gg7) ta®e (z22) 1013 (zz2) 892 (122) 24%g (g12) To%d (z12) 108V (zoz)]

g + [T0%g (egg) T0%3 (zge) ToRg (212) $4®z (gz1) €425 (gg) tgde (zz1) ¥O' (zz1) Eg%z (121)]

Tz + [TeTz (g22) 1073 (zz2) Teod (£12) 163V (€02) 1074 (z12) TRV (zoz)]

&g + [1e3g (£gg) 108z (2gg) Y% (£72) 0% (zz2) 'eg (£12) 10%g (z1Z) 'e'z (g21) ™01z (zz1)]

2ol

831
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z LI eg + [*0%g (zzg)]
A tzeg + [Tesz (egg)  "olz (egg)]
Z11s eg + [10% (egg)]
ZI 1« sg + [fe2g (cgg) 0%z (gg)l 131
s 112 eg+ (1287 (zgg) '%%g (egg) o°% (zzr) o?d (crg) tg%c (g 'e'z (ezv) Egvz (121)]
L1 sgt1%z (1gg) €ali%e (1gg) ®a'1%s (1zr) Ba + [Ew2g/fz%g/?gRg (ggn) Se8z/Pgls (zzn) €v'z (121) (oz)]
¥+ [e3z/8z%a/2geg (gge) ®z%z/°g®s (zzr) ¢w'z (122) (0z2)]
LIZs ©+ [ezeg (z17) *g®g (1z2) (212) (L12) ®v%g (122) (L12) tridg (012) €w2y (002)]
g+ [ep2g/8g8q/egRe (gge) ®2%e/°ges (zze) t1z (1z¢) (0zg)]
L1z g+ [ez3g (z1e) 3g®d (1ze) (g1e) (L1e) ®weg (1ze) (L1e) €734 (o1g) 3¥2w (00g)]
eg + ['zeg (zgg) To°g (cgg) 1% (zgg) 'td (zIT) tg%z (zzn) g% (czv) Eaz (1z1)]
s 11¢ 1+ [eg3z (zze) ®g%c (gge) ‘o'z (zzo) gz (1z2) t4°g (o) 'gid (z12) 1%V (zoz)]
« 112 Tgegly (zze) TeBgtc (zze) 'e'g's (zze) 'etg'z (1eg) Tebgtg (gre) ‘teletd (zig) Telgdv (zog)
o/ I9'g%g (zze)  YO'zed (212)
« 117 Telgly (zze) 'glzéd (z1g) 'Otz (zzz) ™OlzRd (z12)
eg + [T12g (1gg) T1%g (1gg) Tri%g (1zg) Eelg/twRg/tgig (gg1) €z%z/egec (zzv) vz (1z1) (021)]
0LZ eg + [e133/6v3g (ggn) T1'g (121)]
01¢ 812310t ey (zgz) OTIVZ (122) 'dBrsgz/tatyig (zgr) g (1z1)
0I¢ Teerog/TeB oy (zge) Tel1Tg (1z€) TOE1%g/TOfpeg (zgz) TOl1vg (122)
012 1D21%z (gge) TO%1%% (122)
01 tg31%g (zge) Te®1vz (128) T0%1%g (zgz) To%1'z (122)
10¢ 1+ [Ygez(egg) (gge) Tadz (1gp) T8 (ve) Yati(re)] Ta+['géz (ggy) TR (i) Ta® (1in)]
102 tg+[Tg3g (egg) (gge) Ta®g (1igg) To'r (zre) a®r (mig)] o+ [Tz (zg) (zze) 'a®g (1gg) ol (zir) 'dli(riz)]  gal
i4gdo s39g sousnbog  yoo|g
jonpoig -D

(panuryucd) urapeg (vig)
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€L

LA 4
C 1 2
¢Ie

t1I¢
C1lis
g1¢e
Z1¢
TI s
ZI¢C
g1e
FA O 4
cI¢
c1e
L1¢
) S g4
T1¢
TI1¢
01¢
g0¢
Z 02
£0¢
c0¢
202«
z20¢

eg + [To%g (zgg) T0%% (2zy) '0%¢ (zz@) To%d (zre)]

eg -+ [6g%z (gg1) €%z (ggn) ®ac (ggn) '0'z (zzD) ®g'z (1zn)]

eg + [tetg (egg) 10%g (zgg) 'els (ggg) 0%z (zg))

eg + g%z (ez7) 0% (zzz) e (e1z) 'O°g (e1z) 's'g (ez1) 107z (zew)]
o+ [Eg%z (ggz) ta%z (ggo) Bg%z (o) tg'e (1z7) tgtg (z17)]

e+ [eg%z (gze) €%z (gge) ®g%c (zze) *q'z (1ze) ®gcg (el

eg + ['0%z (zgg) 0%z (zzy) 0% (zzg) To%d (z1o)]

tg + [eg%z (gz1) ®4%z (ggn) ta%z (gD T0'g (ezn) tgz (1z1)]

15+ [egeg (gge) ¢4z (gge) t4%c (ggr) 'O'z(zzr) ta'z (1zz) fg%g (Q10) '0%d (zig) 'Odv {zo)]
g+ [fg%z (gge) gz (gge) ®g%z (zze) 'Ol (zze) gz (1ze) ®g°g (gre) 0% (zie) OBV (zog)]
eg + [Teeg (cgg) 0%z (zgg) 'e%g (egg) TO%z (egg) €%z (£72)'0%C (zzz) TePd (1r) 'O°g (z1z) Te'z (ez1) YO'g (ez1)]

Tg + [1e1g (czg)

Inlglz (czg) TOIOVg (zzz) 'Oleld (g12) TOTedv (coz) TO'ORd (z1z) '0TO%V (z0Z)
Tglglg (gze)  TeTDVg (zze) TeTedd (e1g) Yeledv (gog) T1gT0%d (zig) TelD%V (zog)
g (2z) otodd (Z12)

Tgiolg (zeg) Telodd (zig) 1OOYZ (zze) 10TOA (ziT)

Ioiglg (gze) T0™O'g (zzz) Toledd (€17) YOTORd (z17)

19z (zze) Tetd (g1g) T03d (zig)] YO+ [Te7z (£27) TOTg (zz7) %A (1) TORd (zi2)]
I0tgRg/T%geg (gge) taszg/éqdgls (ggr)

Tgegiz/lesgsy (gge)  ToSEeE/*0%gRg (£g7)

o8geg (£27)

Tgeqgeg (gze) TofgBz (gge)

egtziz/catgls (gg1)

Tatotz (ggr) *arofr (zrn) atdadr (1rn)

ToToeg (egg) (gge) To'glz (1zg) 'O'O%1 (z1z) To'gdl (112)

Tgtotg (zgg) (gge) Te'alz (1gg) Te'ofr (zie) 'etatr (11gf)

Tgtesz (gz1) TaTo%z (zgn) 'gvedr (exm) @Oty (zIM)

Iolgeg (cgz) (gge) TOT0%g (zgg) (ggz) 'ovelr (e1z) OO (Z12)

Tetgsg (gzg) (gge) €108 (zzg) (zze) TeTeli(s1e) TETO'I (z1E)
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220 Tg21 (gg) Tedv (szD) (ez1) (20} 021 (zg1) 0%V (ez1) (zz1) (z20)
Z10 ¥of1 (z11) 03] (zp) g1 (1p) v
Z10 081 (g21) o8y (zz1) Tg21 (g11) 581 (z11)
zo00 981 (z11) IOy (zo1) 'a'V (101) v
RAN] TgeL (€11 1581 (Z11) ety (go1) DTy (zo1) £
LZo tgs1 (121) gty (ggT) (gZo) a
1731 (zz1) sger/evel (1g))
I1Zo Izev (zz1) (zz1) (zz0) tgev/evev (1zp) (121) (120) v
120 Tz (ezp) Tg2v (zz1) (ZZ1) (zzo) ®a3l (1z1) *atv (1z1) (1z1) (120)
110 eyer/egey (1) gz8v (gz1) (zgo0) dgty/evey (o1D) (LI1) (L10) v
IT0 Tz (zg1) 1781 (z11)
110 1z8y (zz1) Tz31 {z11)
100 YZ81 (Z11) Tgey (111) 1z'v (zo1) Taty (1o1)
100 gty (z11) Tq3y (111) 1z1v (zo1) gy (101)
0z0 Treg (rgp) M1%v (1zp) (e (reo) %g8v (gz1) (ggo)
010 T8y (1zp B131/T181 (111
000 ey (1) 1Ty (101) 4
sve1 (rzp) Gz (ozr)
ayey ﬁ (rzp (1zp) (ozp) (121) (120)
0Z0 318 (121) (1z1) (0Z1) (120) (0ZO)
010 5181 (1Z21) 2181 (11D 218y (o) (orp) (110)
000 srey (rip) 818y (111) (011} (110) yly (101) eg
440 + + -+ + - — — ®S o g
jonpolg Ajuejog Aq saouanbog pue sajensqng ~0

urneq (do)
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TZzo

110
110

00
00
0
T0
00

O QO O w -

e

[0
z1

<o

TI
1
0
01
(A 1]
T0
00

o o o 0 0 o o e

¢co

gzl (ggu)
Yz (z11)
21 (211)
1zt (zot)
211 (zo1)

B2 (1i1)
T (ron)
ez (122)

€173 (L12)
8177 (1¢2)
311z (1g2)
317z (112)
817g (11e)

81Ty (121)
N (gn)

eg Iy (121)
egty (zrv) (11v)
Eyeg {ogg) BV (L)

qr (101)
g1 (1o1)
ez1 (ggv)

311z (122)

By g (122} (122) (022)

21Ty (122) 2v'lg (122) (172) (022)
By%g (0gg)

Eyey (rrp) v (L1v)

#17g (112)

211z (112)

vz (102)

vz (107)

3T (rz1) ovTr (1zD) (1z1) (oz1)
21T ()

yT (1o1)

Y22z (zgp) sg%g (17g)
gyeg (012) (11D (01D}
gyvey (or1) (111) (110}

12z (122)

3veg (1z1) (121) (021)
2y2y (120) (120) (020)
sveg (121 (121) (0Z1)
eyeg (117) (012 (111) (01D
tyey (111) (011 {1L10)
21eg (01g) (LI1)

218g (org) (LI

Iyig (101)

vg (101)

v ez (1zg) (17g) {0zg)

e1¢g (ofg) (1IT)

3reg (012) (111}

3%y (zg1) (gz0)

sgey (1z1) *a?v (1z1) (121) (120)
1921 (zz]) T0%V (zzD) (zz1) (Z20)

(44

€3
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121 3gq1z (122) g% (zz1) sgeg (1z1) *a®v (120) o]

1z 32'g (gz2) 23z (2g2) *qle (120) 2

121 sq'z (122) 3v1z (022) 1324 (zz1) 8g%g (121) 2veg (0Z1) v

1¢1 2g Ty (122) 1z8d (zz1) tgeg (121)

1 LI Y28z (zgQ) "oz (212 egqiy (g11) Tzeg (zIg) (1) tgeg (11g) (1Ln) a

T 11 2% (zgg) o8c (212) g Ty (Z11) Tz8g (z1g) (z11) tgeg (112) (111 q

111 8gTg (zge) tgty (g12) (112) *gég (01g) (LID) v

LIt 331z (gge) 31z (g12) (112) tged (o1g) (1I11) v

101 131z (zoz) gz (107) Tz'd (zot) Tqig (101)

10} 121z (zoz) 1973 (107) z'd (zot) Tqlg (rom)

101 1313 (202) g7z (102) ztg (zo1) q'g (101)

101 TZ1z {202) g7z (102) 1z'g (zo1) ta'g (1o1)

01 118z (122) t1eg (1g2) Tieg (12D q

021 821z (ggo) Ireg (1z1) T1dv (1zo) v

0zt g7z (zge) TI3d (1z1)

011 sz (1gg) treg (112} (1p) A4

0rt1I 317z (112)

0TI 81tz (112)

001 Itz (102) g (1o1)

0071 11z (102) g (1o1)

1LZo 21 (gz1) ezl (ggm edry (1zn) g

120 3g 1y (121) 8y 71 (o2T) Tgog (zgg) 3g2g (122) %v2z (0gg) v k44

L + + -+ + - — — 3PS Hooig
jduposg Ajurejog Aq seousnbag pue sajenysqng -0

(penunuod) wened (12)
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Z1
<1
Z1
1

(o B o B o B o |

L1
01
01
01

"ty NN

zz0
rAR A
zzo
cro
z10
(AR
200
zoo

1¢1
121
121

121

Yoty (£gg) TetT (€1g)
etz (cog)

gtz (c02)
sgTy (gg1)

T2y (e11)

gl (go1)
1g8g (zgg)
1283 (zzo)
3glg (o)

gtz (122)

I8z (zgg) 0%z (Z12)
st (grrisacs (1gg)
108z (zgg) "obe (21g)
157z (zoT) Talg (10T
D17 (z0Z)
137z (zoz) g’z (102)
91z (z02)
257y (ggn)
8ger (121)

eglL (Z11)
%1 (Z11)
%1 (Z11)
1 (zor) g1 (101)
0T (zon)

22z (gzo) *g e (120

eglz (122) 3vTz (02T)

sgeg (121) *g®v (120)
8g 1z (122) 153 (zz1) 108V (220)
Ig3g (gz1) Telv (£20) I52g (zz1) 103V (2Z0)

Ry (zz1) 2geg (121)
Tgeg (e21) % (zz1)

1539 (z12) (z11) ¢a’g (11z) (1i1)
%g (z1g) (Z1n)
Inlg (zo1) 'g'g {101)

Tgeg (g1g) (€11)

Tetg (g01) I51g (zo1)
Oig (zo1) 'a'd (101)
Tgig (gco1) g (zo1)

g3z (1gg) 0%z (zgg)
tgeg (egg) o2z (zgg)
tgdg (112) (111)

tz3g (zgg) Yoog (zg1)
3%z {zgg) 'a%d (eg)

sgtg (1z1) 3ved (oz1)

1z3d (zz©) g8V (zzo) 3g%v (120) 3veV {(0Z0)

[

12
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10¢ 1710 (202) T3 (Zot) Igt) (102) *q'4 (101) v

102 1z10 {z02) *37a (zo1) 1915 (102) 'a'g (101) \'4

102 Izlg (zog) gTe (10€) 1310 (z02) g1 (102)

102 Tzte (zog) IgTg (10¢) 1719 (zo2) qts (102)

0Lz Tieg (1zg) Ten (1gg) g

02 Ti3g (121) 5210 (g22) v

0zz 3zle (gze) 2210 (gge)

01¢ 11o (112) v

0r¢e Syt (y1€) 31%0 (112)

007 D {102) 1t (101) v

002 T1tg (108) £t (102) ol

072 eyee (1z¢) (0gg) 8v%0 (1gg) (0gz) a

317 (1g2) 3vTo (1) (122} (022)

VA4 tveg (pey) (1z1) {ozn) v

0z¢ e1Te (1g¢) Bvle (12¢) (12¢) (0CE) 2170 (122) 8vTD (122) (122) (0Z2)

01¢ 311D (120) g18g (o1g) (11v) 2170 (112) v

012 E1Te (1Z8) 21Te (11¢) 8175 (122) 21T (112)

00¢ 818a (01g) (L1T) ¥170 (112) IyTs (102) 'v'da (101) A4

00¢ sive (318 Tytg (10¢) 811 (112) Wio (102) €l

AR A 1983 (gg) 153z (ggg) ofg (zgr) |

zZ1a Tgez (£g2) 1087 (z22) Tgog () Ted (cz1) 1%z (zgg) Yoig (zgD) q

21 tglz (gge) 3077 (gg2) a

231 BgTg (g72) 81z (232 a 12

o + + -+ + - — — 98 o
poupoid Lyrejog £q seouanbag pue sejersqng -0

(penunuod) uwrapeg ()
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(4
(4
¢
¢
(x4
A
gze

€0¢
zo0¢
g0z
zoz
1eg
reg
L

I1z¢
1¢¢
1¢g¢t
S A4
1¢¢
LIt
LI¢

Tele (eZg)

tete (gze)

elg (gog)
tzég (zgg)
Tz2¢ (zgg)

egle (zzs)

gle (gze) €2'¢ (z1¢)

1o%¢ (2gg)
1o%¢ (zgg)

307¢g (zge)
tgig (12¢)

oT¢ (zog) Tare (10€)
Totg (zog)

g'e (gge) tg e (12€)
tqtg (128) °v1g (028)
3glg (12¢)

egie (1) (11€)

9% (zgg)
g2y (egg) 10%) (zgg)
&8¢ty (gge) #0710 (zgo)

sgeg (1Z1) 3g 1o (122) 10°%d (zz1)
Tggg (£21) I9%g (221)
8gT1) (gga) 8019 (gg2)

g1 (122)

215 (zo2)

g7 (10z) 'o'd (zo1) '@'g (101)
13719 (z02) 104 (z0T)
1319 (zoz) 1910 (102)

e (g0z) Te'd (c01)

g1 (¢02) 15715 (zo2)
280 (zgg)
1280 {zgg)

3310 (z22) 8g'0 (zzo) *g ™o (122)

8g1D (122) 310 (0ze)

128g (zzn) 3geg (121) 3veg (021)

1z72g (ze1) 310 (122) °gld (121)

8210 (ggo) 2g10 (gge) *g ™0 (122)

gD {122) 21D (02Z2)

g1 (122)

ageg (o1g) (111)3g™ (212 (112)

210 (zz2) $2'0 (212) g1 (212) (112)

< Mo A Ml E O

m o

[y

< MmO A

m

n
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zzo ep3rerar ey pey + Plagsl-1s 1as] evTees (egg) evTO%g (zgy) dviedd (ez1) VIO (zz1) @V +8[gzo-1e 1aS]
Z10 811087 (zgg) ®1'0% (zgg) *°1'0°%g (zzp) %1+ ®[agi1-13 1as]
z1o0 1+ *[=331-15 LTS
zoo ep2] +8[gzri-12 1as] Er3fI%IEv Y +¥[vgo1-1z Las)
Zoo ey +8[vaii-ig 1as) €rerereyiv +vlgoi-iz 1as)  1g
LZo e1izeg (zzz) ©172%z (egg) er'eld (zzD) SIsrer+ (%33 (zz2) %@z (gge) *g'z (1z2)]
er3r8 318 e ey + 8[aizi-oo LHS)
1z0 31Tgeg (zgg) 21%6s (g) %1%aed (ezp) °v +Slvizi-zz 1as]e[vizezz 13s]3'[vizo-ge 1as]
E3I8I3 e R oY + ¥[01313% 1HS)
120 2yigeg (zgg) °vedsg (1gg) Svid'z (1ze) °v'ged (zen) *vegli/evigtd (1z1) v +#[1z0-2e Las]
ep+t{grii-gz 13s]
| ) ererererey + ¢[vir-gz 1ds] v+ $[vin1-zz 1as) ¢lvor1-33 1as] *{vito-ze 1as]#'[vor1-¢z 1as] 0Tvi1o-ze 13s]
I10 1'%z (zgy) %1%e%3 (zzg) *1'eld (zg) 31+ °'gri1-ge 1as)
100 spey+9t[gryi-zz xas] €r3frsrey +*lto1-g3 1as] v +rlio1-zz 1as]
100 sperererey + v[roi~zg 1as] *v+v[101-gg 1as)
erere eIt e v + [2g15 (ggo)  Ti%d (1zn) Wiev (120)] 2v3g'g (gge)
0zo erlrsg/Aylisg (1gy) 21'1%z {1gg) °vegl1 (ggr) dItrdg (rzp) ®v'itd (1em 2y + °[0z0—g¢ LAS]
010 ev1%z (1zg) ®1'1%g (1gg) ®1vitg (zp) *1Wieg (rgg) or'red (11g) (1ID)  Erf1%e/trér'z/eriie (11e)
000 spti+ [l (1gp) itg (1) (un] sr3erErtviv+ iz (o) g (lon)] oo
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id o s319G souanbag  qoolg
jonpoirJ -0

(panunyuod) wraneq (FLo)

164



A General Protocol for Systematic Synthesis Design

t1¢
Z21<
(4
[ K
Z21¢
¢1¢
(A x4

€1
1
(A S
¢1
Z0
<0
coc

N NN NN
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2glele (ggg) %gT0% (zgg) 2g'etO (egg) 2g™0%0 (2gg)
2g8eT) (gge) 2g%0T0 (ggo)

g+ ['0710 (zzz) 340 (122) Yo (zz1) *a?d (121)]

17+ [1g10 (ez2) 101D (zz7) 1ebd (ez1) 10%d (zz1)] 3v +¥[gzoz-11 Las]

Tz + [101D (zzz) 2o (127) 10%4 (zz1) 2atd (121)]

174 [Te10 (£22) 1T (zzz) T¢8d (gz1) 10°%d (zz1)] v +¥[dgoz-11 1as]

2gegTe (gge) 3g%0Te (gge) ©@e™o (gge) %50T0 (gga)

1z + [1o'e (zzg) *aTe (12¢) Y010 (z27) 3a™0 (1z2)] %v +¥[vzoz-11 13s]
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0zo0 2y + 8{130-2z 1a5] 2[050-5z 1as] 4[0z0-€5 Las]
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0z0 sy + 8[120~2¢ Las] °lozo-ze 1aS] 1{oz0-ce 1aS]
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Tzlgeq (e11) 2'0%1 (zr1)

€z8z8gsg + [To%1 (zor) Td't(ror)] Tz'e'1(gor) TZTOI (zom) Eger'a+ ['z'r (zov) At (1om)]
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Tgegly (gzr) eg%0l1 (ggu) Treglr (1zm) Mitglzleggy) Ni1dcz (1gg)

211Z%1 (z11)

1zigT (zot) Titg'y (101)

tgegey (1z1) ©geotv/egegtv (g (ggo)

tz8zegeg + 8[vezo-1e 1aS]

17+ 8[zg0-1¢ 1aS] &r + %' [vizo-ze 1as] 2d+%[1zo-ze 1as] v + *[ozo-ge 1aS] €7[0zo-¢¢ LAS]
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2ge08v (zg1) (Zzo) gtV + of'[vi1o-ze 1aS]
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YgTee1 (cz1)  Te'ofIL (zz@) To'e€f1 (e1D) '3TORI (zID)

ez3z8gsg + tlvgoo-1e LaS] Y2+ *[zo0-1e LAs] 2gtyla + *[100-5¢ LES]
TZIgE1/egiof/Tg1081/va e8] (z11) Ta'a®l (111) Yg'e'v (gom) Ta'alv/TeTolv/Eg'olv (zo1) eq'a'v/'a'a'v (ro1)
T3 (zgD) 18RV (zz)) (zz1) (zeo) 2g?0fv (Zgv) (zgo) TMitdly (1zn) Tidgev (1zp) (1T1) (120
ErTZE /eI gB /B ZE 1/ 1Ve8 (2z1) Er'TRU/eIYER1/oI gR /%120 (z1D)

Tr'ger (erp) Titgll (ipp) i'slv (co1) Ti'g'v (101)

ererers ey +3[a1zz—31 Las] v+ ¢[a122-21 Las] ¢[gozz-z1 1as] ¥{gaozz¢1 1as]

813310 (zzz) ¥v'edd (zz1) 318g'D (1g7) BISISIRISVEVev +S[a1z3-21 1aS]
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8z8z+¢[agz1-12 Las] Ez3zegsg +E[vezi-1z 1as] &v+S[viz1-gz Las)

BEA sgsgly (122) Tzletd (e21) 2d'géd/Tg'ofd (zz1) *dcadd (1z1) Epov +3[oz1-33 Lus] ¢[oz1-¢5 1as]
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Ieg
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11¢
11¢
10¢
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10¢C
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0g2
02¢
022
00¢
002
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IL¢I
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gz2z8gtg + [10%¢ (zgg) 10%0 (egg)] 'z +¥[agzz-11 1as] gty + [Tg3s (zgg) 120 (zgg)]

Tglede (egg) €g'0%e/1gT0%¢ (zgg) ToledD (egy) &gT0RD/Tg10%D (22g)

tg%e10 (gg2) °gPeto (gze) 3230'o/egdg'o (gge) ®*gida™o (127

€z8zegeg + t[agss-11 1as] ¢ +¢{aizz—z1 13s]

igegty (1zz) lgledd (£21) 3glg?d/1g'0%4 (zz1) 2a?dacd (1z1) ®#%v + &[voezz—z1 13s] ¢[vosz—<¢1 Las]
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tg+v[gsze-11 13s] *g+°[d1zz-31 Las]

epegTg (125)
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Y1Tgee (ggg) T1ve®0 (egg)

2ggTo (ggz) T1'eld (zer) 3070 (ggo) Titg™o (1zz)  TiRdRd (1c1)

dgegle (gre) %gPole (zge) TNisgle (1ze) gPgo (gge) 2g%0'0 (gze) Tidg'™o (122

11z (zoz) T1iz'd (zo1) T1'd'™o (102} Ti'g'd (101)

T1tztg (zog) 'ri'd'e (tog) Ti'3TO (zoz) T1TGTD (10T)

e'ots (zgg) Te'0%z (zzg) Tztotg (egD)

Tzigtz (¢22) T'g'0OSz (zzz) ‘'z'etglezg) Toletg (sgy) 'e'ORg (zgg) YeToRg (zgn)

3g8gTy (ggo) °gPele (gge) 2g0Te/*diz's (gg7) °*gg's (120

tz3zegsg + ¢[0zz1-13 14S)

3+ *[azzi-1z 13s] s¥ +8[arzi-zz 1as] a4+ ¥[orz1-25 1as] s¥Pv + £[vozi—gs Las] oY vozi-¢z 1as]
tg +%{0ge1-12 13s] Yz +*igssi-1z 1as] *g+v[o121-2% 1AS]

igoels (ggr) °gielz (zge) BgPole/égigls (gge) °degs (12o)
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est, not natural products) were not included in the survey. About 90 syntheses were ex-
amined.

32) Woodward, R. B,, Bader, F. E., Bickel, H., Frey, A. J., Kierstead, R. W.: Tetrahedron 2,
1 (1958).

33) Boeckelheide, V., Phillips, J. B.: J. Am. Chem. Soc. 85, 1545 (1963).

34) Barton, D. H. R., Deflorin, A. M., Edwards, O. E.: J. Chem. Soc. 7956, 530.

35 An initial survey is offered in Ref. 18 and a full treatment is in preparation.

36) Hendrickson, J. B., Bogard, T. L., Fisch, M. E., Grossert, S., Yoshimura, N.: J. Am. Chem.
Soc. 96, 7781 (1974).

37 The number of construction sites per synthon is 24/k. If the average synthesis has an
average synthon size of 4 carbons, then the number of synthons, 2 = n¢/4 and the number
of constructions per synthon will average (2 + 8(4r—1)/n¢). If no cyclizations occur in the
bondset, Ar =rg—r =0 and there are 1.2—1.6 sites per synthon for targets of #g = 10—20
carbons. At the other extreme, if Ar=3 rings created, there are 3.6—2.8 sites per synthon
for targets of 10—20 carbons, respectively.

38) The non-linear isobutane part-skeleton of three construction sites ( A ) each three
carbons from the other has been omitted. The possible overlap of reactive strands is very
small. Also omitted are three-construction sites linked in a ring in the synthon, which are
cyclic forms of the patterns in Fig. 3. These are somewhat more restrictive than their
linear counterparts in Fig. 3 but not significantly different.

39) If the branches bear functionality in a real case it is ignoted here since it is not functionality
required to activate (and define) the particular half-reaction. Certain partial synthons
exhibit branched (non-linear) arrangement of functionality, e. g. malonate and acetoacetate
carbanions in alkylation or e, f-unsaturated ketones in g-alkylation. In these cases, one of
the two functionalized strands out from the a-carbon may be deemed extraneous to the
definition, as discussed in Ref. 1.

40) The construction span is usually the functional span shown in Table 1 but not always since
the construction span must include the constructed link and hence at least the a-carbon
on both sides even though in some cases there is no product functionality on one synthon
(f« =0 in product, as in alkylation), e.g., acetylene alkylation (Table 1).

41 The masterlist in Table 3 is a slightly altered presentation of Table 8 in Ref. 17. It incor-
porates also the variants on certain half-reactions discussed in the appendix of Ref. 17,
These variants incorporate the net change of certain construction + refunctionalization
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combinations which commonly occur in practice, e.g., the creation of certain carbanions
by reduction, as R—X + Mg - R—MgX, as a preliminary to the A reaction (combined
f-list: 1 - 0 - 0, for refunctionalization followed directly by construction).

42 Certain limitations on excess functionality are defined in the Appendix, Ref. 19, and so a
few such half-reactions are not in the materlist, and cannot appear in the general
sequence lists. These omitted f-lists are few, as discussed previously 7,

43) External overlap is regarded as redundant and not listed if a half-reaction of lower half-
span on the main synthon can achieve the same conversion. Thus internal I and 2g are
equivalent to secondary external I3 and 23 as B; is normally the same as primary external
Bgor B3, but I - 2 can only happen with primary external Bg, not internal By, when the
2 product refers to a double bond formed across the prior construction link (B3 product
210). These cases may be confirmed from the masterlist (Table 3).

44) One exception was made on chemical judgment: RH half-reactions of the 4 and B series
(A1A42A43B1BzB3) with f =1 on an adjacent carbon to the construction site were disallowed
on grounds of facile §-elimination pre-empting construction.

49) The problem of definition of Z is only serious with single Z attachments (f = 1,2 or 3).
These might be subdivided as electron-withdrawing (NOg, —SOsR, —PR3+, —SRa*, etc.)
for use in half-reactions Bj, Bg,Ig, etc., as leaving groups (—X, —OSOgqR, etc.) for 13
and Tg, or as electron-donating to double bonds (—OH, —OR, —OCOR, —NRg, etc.) for
T3 or Z5. There are problems, however, in that the categories overlap for certain groups
and differently for different half-reaction contexts,

46) Corey, E. J., Vlattas, 1., Andersen, N. H., Harding, K.:- J. Am. Chem. Soc. 90, 3247 (1968),

47 Bentley, P. H.: Chem. Soc. Rev. 2, 29 (1973).

48) Synthon size must be understood as only the carbons of the synthon skeleton which are
carried intact into the target skeleton. Thus ethyl proprionate, enol ethers of pyruvates,
acrylic acid and «-methoxypropionic acid should all appear in the same group as three-
carbon synthons. :

49) Fused bicyclics are rare among available starting materials and, along with the few others
too complex for this simple, linear format, could be exempted into a separate named list.
Even unsystematically presented however, these complex molecules will be so few as to
present little search problem. However, a derivative system could simply arrange them,
grouped into common skeletons, by using a predefined skeletal numbering system as an
f-list order, e.g., a ten-digit f-list for naphthalene skeletons, etc.

Received June 18, 1975

172



Rearrangements and Interconversions of Carbenes
and Nitrenes

Dr. Curt Wentrup

Institut de Chimie Organique de I'Université, CH-1005 Lausanne, Switzerland

Contents

I, Introduction .......c.ooiiiiiiuiiiieirnrunersoonearossanensoeenns 175

II. Wolfi-Type Rearrangements .......c..ovviiiiirvrnninniinnnnnses 176
1. Oxocarbenes .........iiiiiiiiiiiii it ittt 176
2, Iminocarbenes ... ..ot iiiiiiiint et iie s 179
3. Thioxo- and Selenoxocarbenes .............coiiviiiiiiiennnas 183
4. Vinylcarbenes .......c..uiiriiiinnr i 184

III. Aromatic Carbene-Carbene Interconversions ..................... 188
Lo Introduction .......eeouniiiiiiiinn ittty 188
2. The Ring EXpansion ........coieiirieianenieennnneneennnns 189
3. Quantum-Chemical and Thermochemical Calculations ........... 192
4. A Bicyclic Intermediate? ........ ... . i, 193
5. Stabilizing and Destabilizing the Bicyclic Intermediates ......... 194
6. Digression into Transannular Reactions .................oo. L. 200
7. The Synergic Nucleophilic and Electrophilic Properties of Carbenes 200
8. The Ring Contraction ............ . ... i, 206

IV. Nitrene-Nitrene Rearrangements ............ ... ... ... .. ooL. 210
1. Pyridylnitrenes ........ccoiiiiiiiiiiiii it 210
2. Quinolyl- and Isoquinolylnitrenes ...........oooviiiiiiiinnna. 214
3. The Oxadiazolone Problem ...........ccoiiiiiiiiiiiienn, 217
4. 9-Phenanthridylnitrene ..........ccoiriuiiiiiiiiiiiiireenenann 218
5. 4-Pyrimidyl- and Pyrazinylnitrenes ..............coooioon.... 219
6. 2-Pyrimidyl- and 3-Pyridazinylnitrenes ....................... 223
7. The Ring Expansion - Ring Contraction Dichotomy ............ 224



C. Wentrup

V. Carbene-Nitrene Rearrangements ..............ccoiviiinnnns. 227
1. Phenylnitrene .......... vttt 227
2. Interconversion of 2-Pyridylcarbene and Phenylnitrene ......... 227
3. Chemical Activation in Phenylnitrene Ring Contraction ......... 231
4. Labeling Experiments ...........c.ccuitiiiriiiiiiiannnnnnnnn. 235
5. Arylnitrenes in Solution ............. ... oo 237
6. Other Carbene-Nitrene Rearrangements ....................... 237
7. The Stability of Nitrenes ..........ooiiierrniiiiiiiieeneann. 242
8. SpinState ...t e 246
VI, Conclusion ..........ciiiiiiinerimiii e i 247
VIL References .....oviviniii i i 248

174



Rearrangements and Interconversions of Carbenes and Nitrenes
L Introduction

The chemistry of short-lived intermediates is difficult to study because usually
the species cannot be directly observed under the reaction conditions. Much of the
knowledge is therefore obtained by deduction from product studies. In the present
review we are dealing mainly with intramolecular gas-phase reactions, and the
carbenes and nitrenes in question are most frequently generated from diazo-
compounds and azides (or in heterocyclic systems valence isomers thereof, triazo-
loazines and tetrazoloazines). It is known that diazo-compounds and azides yield
carbenes and nitrenes, respectively, by low-temperature photolysis 1,2). However,
the cycloheptatrienylidenes and azepinylidenes invoked in many reaction mech-
anisms have not yet been observed by any spectroscopic means, and their existence
is deduced exclusively from their chemistry.

When discussing the interconversion of reactive intermediates it is of interest
to have some idea of their relative stabilities. For this purpose, we are making
extensive use of thermochemical estimates. These estimates will not be precise
of course, for only two of the most crucial heats of formation are known with
reasonable accuracy: those of CHjy and NH. Nevertheless, when comparing closely
related carbenes and nitrenes, the errors committed in the estimates will be nearly
identical for the different species, and the differences in heats of formation — that
is, the relative stabilities — will be at least qualitatively correct. Entropy differences
are usually disregarded in this context, since they would contribute only ca. 2—3
kcal/mol to the free energies, and thus are within the uncertainties in the heat of
formation estimates.

In this review, pyrolysis is always, when nothing else is expressly stated,
carried out in a gas-phase flow-system as described, for example, in Ref.57,
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IL. Wolff-Type Rearrangements

1. Oxocarbenes

The Wolff-rearrangement of oxocarbenes derived from diazoketones is probably
the most widely known carbene rearrangement i),

There is much evidence that this is indeed a reaction of the carbene, at least
for the photolytic reaction and for the thermal reaction in the gas-phase 1.7,
although in solution one cannot always be sure that rearrangement is not concerted
with decomposition of the diazoketone (vide infra). The rearrangement is suppress-
ed by photosensitized decomposition, which should give a triplet carbene and/or
triplet diazoketone, thereby supporting the view that it is a singlet species which
undergoes rearrangement 3. Thermally or catalytically produced oxocarbenes have
been intercepted in solution by cycloaddition 4 and perhaps by SOg: 8

R3 R R3

R, c 2
. 1
V’ R4 R] 0 R4
%\ 0, g,
[ 0 S0, } R,R,C=C=0 RZISiRZ
2

R, TO7 N0

In the context of the present review, the possibility of carbene-carbene inter-
conversion in the Wolff-rearrangement is of particular importance. Radioactive
labeling has demonstrated that such interconversion takes place, presumably via
an oxirene 6),

0 0 0O
e _, /N, .
R—S—C—R == R-{=C-R' === R-C-C-}

#*

J l

R. . R
Sc=C=0 Proles
K K

The oxirene participation is up to 1009, in gas-phase photolysis, and less in solu-
tion. Oxirenes can also be involved in thermolysis 9, usually to a smaller extent
than in photolysis, their significance increasing with the temperature. Matlin and
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Sammes ? have taken advantage of the low-energy 1,2-hydrogen shift in car-
benes ® in order to demonstrate oxirene participation:

(8] 0
/\n/U\/Rz A /\/u\/R2 - . /\("\/RZ
—p— ——— 7 ———
R N, orlw Ry = Rl/\g/\RZ R, o

l 1

0}

/\/U\/ R RI/Y\/

R,

Oxirene is formally a 4z antiaromatic system, and furthermore contains consider-
able ring strain. The ring strain in cyclopropene is ca. 53 kcal/mol 9. Oxirenes are
therefore expected to be short-lived high-energy intermediates. There has been
much discussion among the theoreticians whether oxirene is more or less stable
than the isomeric oxocarbene. The conflicting results of calculations are indicated
in Fig. 1.

E (kcal/motl)
___ O=CH-CH . 0=CH-CH
<7 039 == = 0=CH-CH 3
O o
18-20 - <
~ O
36 _L W
0=CH-CH 70
~60
~33
CH=C=0 -L.cH,=c=0 L cH=Cc=0
Extended Hickel 11)  gb initio 12 MINDO/3 and Thermochemical
NDDO 13) (this work)

Fig. 1. Calculated heats of formation of oxirene, formylcarbene and ketene (CHg=C=0 =
— 11.4 kecal/mol 2D)

The results are typical of the methods: Extended Hiickel overestimates ring
strain and favors unbound structures 19. The semiempirical NDO methods usually
underestimate ring strain and thus make small rings too stable 1. The ab initio
results, which should be the best, are intermediate between the semiempirical ones.
The ab initio geometries were not optimized, however, and therefore the absolute
energies will not be correct.

A more reliable ordering of the energies can be obtained thermochemically.
Even though the required heats of formation of oxirene and formylcarbene are
not known, they can be estimated with sufficient precision using thermochemical
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group increments 14, isodesmic reactions and a calculated negative resonance
energy in oxirene of ca. 5.5 kcal/mol 19 (Table 1). The results are shown graphi-
cally in Fig. 1. Although the error in these estimates is several kcal/mol due to the
lack of precise data for more closely related compounds, the values are probably
more correct than those obtained by MO-methods. The thermochemical results are
in qualitative agreement with the MINDQO/3 and NDDO calculatations 13 and
show that the oxocarbenes should indeed rearrange exothermically to oxirenes,
and the oxirenes to ketenes. There is nothing to prevent an oxocarbene from

Table 1. Estimated heats of formation related to the Wolff-rearrangement

Speciesl) AH$ (kcal/mol) Source

2N, (D) 993 CH, + .o~, —= 7, + CHy
9219 41.417) 34.1 keal/mol!6-1®)
~97.3 Method of Bergman!®

~98.3t1  Average

0. (S) 60:5 A

+ 0N —= PN, AN
98 409 519
AH? (02,) =98 — 40 — 5 + singlet—triplet splitting

+R.E. (ally)) — R.E. (acetonyD)'"»*?

~ 6025 kcal/mol.
Y07 ~46.8 AR (G ) =AH2 () + AHY(7) —AH? (V) +RE. ()
=126 +66.6" -1274'0 +~55'9
CH;=C=0 ~11.4 Ref.2V)
HNAN, () ~108 AHD (2,) + AAHY (imine — alkene)'®) =~ 98 + 10
A ~o1 Am(W)= AR (W) +AH () = A () +R.E. (W)
H H H H
=30.40"" +66.6 1274  ~6.7'9

@ 89+1 Ref.?¥
@ (T) 105:2  Ref2?

©>NH 13t 891+ AAm(N-V)
H

NH
@/ (T) ~115  Ref?®

1) T = triplet; S = singlet.
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rearranging directly to a ketene, and this is apparently what happens in many ther-
mal systems in solution. Furthermore, in solution there is a higher probability
that the diazoketone exists in the sterically less demanding syx-conformation,
which may undergo concerted reaction 25),

R RI R Rf
Sec? ,-;c? — =0 + N,
N7 0 ~o° R

7\

Even when oxirenes are intermediates, their lifetimes may be very short.
Photolysis of diazoacetaldehyde in an argon matric at 8 K with concomitant IR-
observation showed fomation of ketene, but no absorption due to oxirene could
be detected 26).

It would be interesting to repeat this experiment with labeled diazoacetalde-
hyde, in order to determine whether or not oxirene is involved in this case.

If one increases the strain of the oxirene ring system sufficiently (by ca. 12—14
kcalfmol) its formation from an oxocarbene will no longer be thermochemically
favorable. Such a situation appears to be realized in the homoadamantane deri-
vative 7, which did not react by way of the oxirene 3 27). The rearrangement of 2
to the adamantane 4 will release ca. 10 kcal/mol of strain 28, It must be empha-

sized,

however, that these 10 kcal/mol of strain would also be liberated in a concerted
reaction 7 -4, and the necessary sys-conformation of 7 could favor such a proc-
ess 7,25),

2. Iminocarbenes

Iminocarbenes can be generated by thermolysis or photolysis of triazoles.
Like the oxocarbenes they ondergo a Wolff-type rearrangement 2%:39 and also
carbene-carbene interconversion vz a symmetrical intermediate, most likely the
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antiaromatic 1H-azirine (6) 3%:31). The thermochemistry (Table 1) indicates that
the reaction 5 +6 (Scheme 1) is exothermic,

1
SC=C=N-R,
R,
R, II{B N R,
Rz o A R, \N /N RS * R, W7
l ! R, R, 2 I
R, Rj R,
5 6 7

Scheme 1

and evidence for its occurrence was provided by the isolation of the stable 2 H-
azirine (§), formed by rearrangement of 6, when Rg =phthalimido (Scheme 1) 31,
When Rz was alkyl, the interconverting iminocarbenes § and 7 underwent a 1,4-
hydrogen shift leading to an isoquinoline, e.g.:

[} /N-—CH3 ] ..UI;I 1) H )L
o = LLcH, I _CH, ” [m/
CH;”* CH;” N~ CH,” ™N* H,C N
s s »
—il2
N N.
[ “N ¢ N O
) \ e
CH, CHy “CH, £

The first such 1,4-shift was observed in the gas-phase pyrolysis of 1-methyl-
benzotriazole, where the N-phenylformimine was isolated in the form of its
trimer 32). Since the trimer collected in the cold-trap at —196 °C — and not in
the warmer air-cooled part of the apparatus — trimerization must have taken place
in the trap after condensation.
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H

Ny __600° .
(@[N’ 70,005 mm @ ©\N _CHj N;CHZ
CIH3 l
¢\N/\N/¢
W
| 94%

In annelated triazoles the Wolff-rearrangement leads to ring contraction. Thus
gas-phase pyrolysis of benzotriazole (9) in a stream of argon gives a 999, vyield of
I-cyanocyclopentadiene (77) and 19, of aniline, the latter being formed, presum-
ably, vig H-abstraction by the intermediate 1,3-diradicals 10 33, The diradical
has been directly observed by ESR 34,

N »
A . 3
g NH NH

9 10 11 (99%)

O,
NH,

Several substituted benzotriazoles, 33) pyridotriazoles, 33) and isatins 3% react
analogously. In the case of isatin (72) it was shown by substitution that a sym-
metrical intermediate, the 1H-benzazirine (74) is involved 3% (Scheme 2).

Table 2. Pyrolysis of isatins 35 1)

Relative yield

Isatin 72 T°C 16 17
2-CHjy 606 100 0
2-CHg 900 94 6
2-CHg 1100 94 6
4-CHg 900 95 5
1- or 3-CHg (mixture) 900 95 5

1y Pressure: 0.005—0.10 mm throughout.
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Thus each mono-methylisatin 72 gave the expected aniline 76 plus a 5—6%,
relative yield of the isomeric aniline 77 (Scheme 2, Table 2). Since only the two
anilines expected from interconversion vta 74 were formed, methyl-migrations can
be discounted. The formation of 5—69%, of 77 from 72 implies a 10—129, inter-
mediacy of 1H-benzazirine (74) in the aniline forming rection.

1

1
QL o
3 3
Y ~NH, 3

16 17
0
1 1 . H
2 A 2 U 2 l 2 1 NH A 2 1 N
3 Q —= @ . —_— NH = — Te)
N 3 NH 3 3 - 3
4 4 4
H 4 4 0
12 13 14 15

3 t

3
18
11

Scheme 2

"Assuming that the strain-energy in 1H-benzazirine is the same as in benzo-
cyclopropene, its heat of formation can be estimated (Table 1). These data in-
dicate that the cyclization 73 -74 is still exothermic by 1—2 kcal/mol. It may well
be that the involvement of 74 increases if the rates of the product forming reac-
tions are decreased. The above experiments allow no conclusion as to the level
of importance of 74 in the ring contraction to 77, for the two iminocarbenes 78
and 79 will yield the same cyanocyclopentadiene, 77. In order to clarify this point
we prepared 13C-labeled isatin and pyrolyzed it at 715°/0.15 mm 8. The cyano-
cyclopentadiene obtained was equally labeled on all ring-carbon atoms, but the
CN-group was five times as much labeled as any other carbon atom.

O — O™ Oy,
. . 1
NTXQ CN CN o =t
H
1lla 118

This result demonstrates guantitative intermediacy of 1H-benzazirine in the ring
contraction reaction. The first formed product will be 77 2, which is equally labeled
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on CN and C—1. Subsequent sigmatropic CN-migrations 3% will randomize the
C—1 label over the five ring carbon atoms, resulting in the 5:1 ratio observed
(778).

3. Thioxo- and Selenoxocarbenes

The decomposition of 1,2,3-thiadiazoles gives thioxocarbenes which undergo
a Wolff-type rearrangement 36),

RIS R’ R S R
OGN
RS8R RS %

When the thiadiazole was decomposed in the presence of diironnonacarbonyl it
was possible to isolate a complex of the intermediate thioxocarbene3?, and to
show by substituent labeling that a carbene-carbene isomerization had occurred,
presumably via the thiirene:

Rue, R R S
R'"s R R'e

lFez(CO)g \Fez(co»
R, RS
(c0)31:e———;[i——-}:e(c0)3 (CO),Fe—:]f—Fc(CO)3
R'7g R"

The corresponding selenadiazoles behave analogously 39,

The formation of thioketene has been confirmed by direct observation during
matrix photolysis of 1,2,3-thiadiazole 364.. In addition, ethynyl mercaptan was
observed in this work. The simultaneous formation of two deuterated ethynyl
mercaptans in the photolysis of 4- or 5-deuterio-1,2,3-thiadiazole implies the in-
volvement of a symmetrical intermediate, thiirene 36d);

D

D
H-o \Y7 D-_e
N s T . 7\—N

A"

A7

HC=C-SD + DC=C-SH + HDC==
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4. Vinylcarbenes

The strain energy of cyclopropene is about 53 kcal/mol. The energy of a normal
C—C bond is about 83 kcal/mol. If all the cyclopropene strain were concentrated
in one C—C bond, then only ca. 30 kcal/mol extra energy would be required to
break the bond. Indeed, cyclopropenes thermally open to vinylcarbenes with
activation energies of 30—40 kcal/mol 19,38—40)_ (Table 3). The carbene-diradical
resonance hybride 79 can also be formed from appropriately substituted vinyl-

diazoalkanes (20) 41.42),
H H
A H ~—H
o= — L
L
18 H 19 H

A

o,

20

Inasmuch as the cyclopropene ring opening is reversible 19, it constitutes a
carbene-carbene interconversion:

<: — A == :_\X

19 18 19

In comparison with oxo- and iminocarbenes, cyclization has now become the
predominant reaction; a Wolff-type rearrangement to allene 38 is not very well
known for simple vinylcarbenes, even though it is thermochemically favorable:

é"“‘“L:—’":’:

AH): 66.6 ~98 46 kcal/mol

It does take place in cyclic systems where the cyclopropene is more highly strained
(Scheme 3).

The heat of formation of triplet vinylcarbene is estimated as 97—99.3 kcal/mol
(Table 1). With an activation energy of ca. 35.2 kcal/mol, the transition state for
cyclopropene ring opening lies at 4 H ~100.3 kcal/mol, 7.e. only 1—4 kcal/mol
above the triplet carbene. Substituted vinylcarbenes give stable ESR signals, the
Curie law dependence of which indicate that either the ground states are triplets,
or the triplets are within 4 kcal/mol of a ground state singlet 422, If the triplet is
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Table 3. Activation parameters for thermal isomerization of cyclopropenes

Starting Ejy(kecal/mol) log 4 AS* (e.u.) Phase Ref.
material

V 35.2 + 1.3 12.13 gas 38)
v/ 34.7 £ 1.2 11.4 gas 38)
7 37.60 + 1.2 13.540.5 gas 39)
j 36.60 - 0.85 13.0 4+ 0.4 gas 39)
j 39.00 + 1.35 13.4 4 0.6 gas 39)
\j 39.97 +2.00 125408 gas 39)
7/\ 32.6 1) 11.8 1) gas 19)
j( 29.8 4-1.1 —17.8 benzene 40)

1) Parameters are for optical isomerization.

indeed the ground-state, and if the singlet-triplet splitting is a few kcal/mol®,
the ring closure 79 78 will have virtually no activation energy. Bergman 19
estimated that the transition state for ring closure of 1,3-diethylvinylcarbene can
be no more than 6 kcal/mol above the triplet carbene. If the singlet-triplet splitt-
ing is 6 kcal/mol, the activation energy will be zero.

Benzocyclopropenes can be prepared by photolysis of 3 H-indazoles (27) 41):

R R R
R’ ) ‘
1\&/ . .o R’
21 22 23

a) For CHg the singlet-triplet splitting is 8—9 kcal/mol 48).
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The intermediate diradical-methylenecyclohexadienylidene 22 shows a triplet
ESR spectrum at 77 K and rearranges to the benzocyclopropene 23 on warming
to room temperature 41,

The reaction is reversible, for the gas-phase thermolysis of benzocyclopropene
under mild conditions yields the Wolff-type rearrangement product of 22, namely
fulvenallene (24) 44). Several other precursors of carbene 22 are known 44-48)
(Scheme 3, Table 4).

%

23

J
Do
0

Y,
@,
N \

o 700 . .. ©;_. =
L

5@" 22 24

98

27

)
O
o

28

2650 ©\AN
V4
N

Scheme 3

T2

29

Those precursors which require high temperature also give some ethynylcyclo-
pentadiene (25), but this is most probably due to a secondary isomerization, in-
dependently established 44,46) (Table 4):

O-- -G

24 25
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Table 4. Formation of fulvenallene and ethynylcyclopentadiene

Starting material T°C P mm ] @ Ref.

\

24 25 23
515 0.01 14.2 < 0.75 85 44)
590 0.1 81 <2 15
800 0.01 74 16 0
23
760 0.01 70 12 —_ 44,45)
0 850 0.01 71 16 -
O 1000 0.01 9.6 25 -
26
700 ~0.05 2 — 1 46)
750 ~0.05 7 — 3
0 850 ~0.05 55 — 8
0 900 ~0.05 63 2-5 4
27 950 ~0.05 68 2-5 3
1000 ~0.05 72 5-—-10 0.5
0
o) 520 2N, 20 - - an
& 570 2,Ng 71 — -
28
mixture (1:2.6) of 24 1000 0.01 24 76 44)
and 25 repyrolyzed twice
Mixture (1:2.6) of 24 1000 0.01 20 80
and 25 repyrolyzed four
times
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III. Aromatic Carbene-Carbene Interconversions

1. Introduction

The observation 49 that 2-pyridylcarbene and phenylnitrene interconvert in the
gas-phase via an intermediate which has an arrangement of atoms as in 2-azepi-
nylidene [Eq. (1)] led to the prediction that

Q= () — O

N

(1)

phenylcarbene and cycloheptatrienylidene should similarly interconvert [Eq. (2)].

Cu ..
5o

The reversibility of this process should lead to carbon scrambling in phenyl-
carbene [Eq. (3)].

«CH
-1
Written as above [Eqs. (1), (2)] the ring expansion of an arylcarbene is nothing
else than a Wolff-rearrangement of a vinylcarbene. The Wolff-rearrangement could
lead initially to an allene [Eq. (4)] and since strained allenes can be converted to

carbenes 50) it is g prior: difficult to describe the species which we shall call cyclo-
heptatrienylidene: a carbene or an allene or both?

('C'H 1 .. o
O—0=0-=0 o
30 31

We might further expect a Wolff-type H-migration interconverting the cyclo-
heptatrienylidenes 30 and 37 [Eq. (4)]. The sum of Eq. (3) and Eq. (4) would be
complete carbon scrambling, which has, in fact, been observed 51.

)
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In the next section we shall consider some simple carbene expansions. The
complete carbon scrambling is discussed in Section III.8 in connection with ring
contraction.

2. The Ring Expansion

Acrylcarbenes can be generated in the gas-phase by pyrolysis of aldehyde tosyl-
hydrazone salts, aryldiazomethanes 52-34), or 5-aryltetrazoles 55-57), The im-
mediate carbene precursor is in each case

Ar~CH=N-N~Ts ~2— Ar—CH=N, A A
Na* N,

32 33

A1~_ N, ®)

iy
sl X
H
34

the diazomethane (33), which can be isolated by mild pyrolysis of 32 58) or 34 579
[Eq. 8)]-

Evidence for the interconversion of phenylcarbene and cycloheptatrienylidene
was obtained by gas-phase pyrolysis of the corresponding tosylhydrazone sodium
salts, 35 and 40, which both yielded the dimer of cycloheptatrienylidene, hepta-
fulvalene (39) [Eq. (6)]. 59,60,54)

CH=N-N-Ts CH=N, CH .
Ve Q0=
5 36 37 39
35 (6)

a

N-N—Ts
Nat
40

Heptafulvalene (39) is also formed by thermal or photolytic decomposition of 40
in solution 618), but not from 34 in solution. The existence of 37 in solution is
established by its nucleophilic addition to alkenes 81b.f), when generated by de-
composition of the salt 40. Evidence for the reversibility of 362> 37 was obtained
by gas-phase generation of the tolylcarbenes, which interconvert according to
Eq. (3), all yielding benzocyclobutene and styrene [Eq. (7) and Table 5] 53.57,
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Table 5. Rearrangement products of tolylcarbenes and methylcycloheptatrienylidenes

Rel. yield

Carbene Precursor 1) Te°C Pmm @:I / ©/\Ref_
Tosylhydrazone 250 10-2 6.0 57
Tosylhydrazone 250 1 1.45 52
Tosylhydrazone 350 1 2.3-3.0 52)

Tetrazole 6) 420 10-2 4.0 57

Diazo 420 0.5 2.8 5%

@f Tetrazole 6) 610 4-10-2 1.65 57
CHS Tetrazole )~ 800 4-10-2 10.37 57)

Diazo 700 2) Low 3.0 62)

Diazo 150 3) 760 0.45 52)

Diazo 30, hy 2 1.4 63)

Diazo 420 0.5 ~0.8 (1.1) 53) (1b)

@\ Diazo 700 2) Low 0.80 62)
cH: Diazo 30, hy 2 0.7 63)
Tosylhydrazone 250 4) 40 0:0 63)
Tosylhydrazone 250 4 0.4 0:0 57)
Tosylhydrazone 320 9 0.3—0.4 0:0 57

Tetrazole 9) 320 %) 10-2 0:0 50

Tetrazole 6) 420 5) ©10-2 0.75 57)
Tosylhydrazone 400 4) 0.3 0.9 57

Tetrazole 6) 420 5) 0.1--0.2 0.93 57)

Diazo 420 0.5 0.8 (1.1) 53) (1D)

Tetrazole6,7) 420 1 09 57

CH Tetrazole 6,7) 420 10 0.9 57
o Tetrazole 6) 610 3-10-2 0.8 57
Tetrazole 8) 800 5-10-2 0.33 57

—6-10-2

Diazo 700 2) Low 0.83 62)

Diazo 30, hy 2 0.5 63)

Diazo 420 0.5 0:1 53
Tosylhydrazone 720 10-3—10-2 0:1 57

Q Tosylhydrazone 450 6 ~1 63)
Q/ Tosylhydrazone 350 3 ~0:1 63)

1) Refer to Eq. (5)- )
2) “Flash vacuum pyrolysis”. The contact times are shorter here than under our conditions,

resulting in a lower effective temperature.
3) “Violent’!, presumably explosive reaction.

4) Dimethylheptafulvalene and dimethylstilbene are formed.

5) Dimethylheptafulvalene not detectable.
6) Tetrazoles always give benzonitriles in a side-reaction.

?) p-Tolyldiazomethane isolated from the pyrolysate.
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(.EH):_(EH): 6)/ B é
o |

The reaction mechanism shown in Eq. (7) was confirmed by 13C-labeling of p-
tolylcarbene62).

p-Tolylcarbene generated from the tosylhydrazone yields dimethylhepta-
fulvalene in the temperature interval 250—400 °C (Table 5). Above 400 °C the
rearrangement in Eq. (7), leading to benzocyclobutene and styrene takes place.
From this it appears that the multiple rearrangement in Eq. (7) has a higher ac-
tivation energy than the simple rearrangement in Eq. (6). It is hard to find a
convincing explanation for this, but it is perhaps significant that p-tolylcarbene
formed from the tetrazole 34 via p-tolyldiazomethane, which is isolable, does not
give any detectable dimethylheptafulvalene (Table 5). Therefore, the yield of hepta-
fulvalene cannot be used to measure either the equilibrium constant or extent of
carbene-carbene rearrangements.

The formation of fluorenes from diarylcarbenes 64 has been shown to proceed
by carbene-carbene rearrangements 69,63}, Thus, di-p-tolylcarbene gave only 2,7-
dimethylfluorene (75%,), and not 3,6-dimethylfluorene 69 [Eq. (8)]. Similar results
were obtained with p-tolyl phenyl carbene 83), p-methoxyphenyl phenyl car-
bene 83), p-biphenylylcarbene 63, and p-nitrophenyl phenyl carbene 6%. In addi-
tion to the fluorene, Jones e¢ al.63) isolated triphenylheptafulvene and diphenyl-

QO
|
—— — 00

75%

heptafulvalene (30—35%,) from both diphenyldiazomethane and 2-phenyltropone
tosylhydrazone [Eq. (9)].

There is, however, one report in the literature of a diarylcarbene yielding a
fluorene which cannot involve carbene-carbene rearrangement [Eq. (10)] 89).
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3. Quantum-Chemical and Thermochemical Calculations
CH .
36 37 38

Semiempirical INDO calculations 87 of the species 36—38 indicate the relative
energies 36 >37 > 38; the allene 38 can be destabilized by benzannelation in
positions which decrease the number of Kekulé structures 7. However, the cal-
culated energy differences are small, and the reverse result is obtained with the
CNDO/2, Extended Hiickel, and MINDO/2 methods 56.57,68):

36 < 37.

A comparison of the results is shown in Table 6.

The safest conclusion is perhaps that none of the semiempirical methods at
the present level of sophistication are capable of producing reliable energies for
large carbenes and related species. Again, a thermochemical estimate is both
cheaper and more useful. The procedure has been outlined elsewhere 24). The
results are included in Table 6.

Unfortunately, no thermochemical data for strained allenes are known, and
an estimate for 38 cannot be made with reasonable accuracy. It is conceivable,
however, that 38 is comparable in stability to 36 and 37, and that a resonance
37 < 38 would stabilize the cycloheptatrienylidene 37.

In this connection it is interesting to note that carbene 47 appears to react as
an allene, undergoing 1,2-dimerization, but the isomeric carbene 42 undergoes
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Table 6. Quantum-chemical and thermochemical estimates of the total energies of phenyl-
carbene and its isomers

) Energy — Eiot (eV) AHY? (kcal/mol)
Species Method CNDOJj21) EHU INDO 69 MINDQ/2 1) Thermochem.24
Spin state  $58) $56) S 568 T
L1]
CH
1466.472 598.209  1417.539 107 102
36
L3
@ 1465.970 597.497  1417.877 120 115
37
@ 1418.475
38
AHY (37) 11.5 16.4 —7.79 13 13
0
— AHy (36)
(kcal/mol)

1y Geometries were not optimized for CNDO/2, Extended Hiickel (EH), and MINDO/2
calculations.

1,1-dimerization and 1,1-addition to olefins 70, The chemistry of the cyclohepta-
trienylidenes so far discovered is that of a carbene rather than an allene.

41 42

4. A Bicyclic Intermediate?

Although the ring expansions [Egs. (1)—(4)] have been represented above as one-
step reactions, it is conceivable that a bicyclic intermediate is involved. This would
form by a simple vinylcarbene-cyclopropene cyclization [Egs. (11)—(12)].
Furthermore, the bicyclicintermediates, e. g. 442> 46, could interconvert directly
71,83), thus bypassing carbenes 45 and 37. It is therefore important to know the
relative energies of the carbenes and the bicyclic intermediates. The heat of forma-
tion of 48 can be estimated by various thermochemical schemes 29, yielding values
between 115 and 128 kcal/mol. The lower value is obtained by adding the strain
energy of benzocyclopropene (70 4-1 kcal/mol 23) to the strain free value obtained
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N: N cn
a . ]\{ N N
43 44 45 46 47
Oo—0-=0 2
36 48 37

by group additivity 14 (45.0 kcal/mol}. Even if 48 contained no strain whatsoever
apart from normal cyclopropene strain, its AH would be ~110 kecal/mol 29,
The unambiguous result is therefore that the reaction 36 -48 is endothermic,
and most probably, the reaction 37 »48 is also endothermic. Inclusion of entropy
would further raise the relative free energy of 48.

5, Stabilizing and Destabilizing the Bicyclic Intermediates

In order to obtain reliable heats of formation of the condensed cyclopropenes, we
have used a combined Force Field-SCF-MO procedure 72 which reproduces ex-
perimental heats of formation and geometries of strained hydrocarbons and hydro-
carbon radicals remarkably well. The method is at the limit of its applicability
with the highly strained cyclopropenes which concern us here, and the calculated
heats of formation of benzocyclopropene and naphthocyclopropene are 7—8
kcal/mol too low (Table 7). Therefore, we have added an empirical correction of
7—8 kcal/mol to the calculated values (Table 7). The heat of formation of 48 ob-
tained in this way is lower than the thermochemical estimate, but Eq. (12) is
still endothermic. To the extent that the singlet-triplet splitting in phenylcarbene
is greater than zero, [Ep. (12)] will be correspondingly less endothermic. The tran-
sient formation of bicycloheptatriene 48 in the ring expansion of phenylcarbene —
with an activation energy of about 10 kcal/mol — now seems perfectly possible.
Since the ring expansion has been observed only in the gas-phase, and not in
solution, it is evident that an activation energy is required.

The reaction in [Eq. (13}] has been observed both in the gas-phase and in solu-
tion 63). When carbene 49 was generated from the

. 4 o
QO —QU— Q0 — e o
49 50 51

corresponding tosylhydrazone salt, products derived from 2-naphthylcarbene 57
were isolated 63). In solution, it was possible to trap the intermediate 50 in 169,
yield using cyclopentadiene 79 [Eq. (14)].
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Table 7 shows that the carbene cyclization 57 50 has now become exothermic
by 2—3 kcal/mol. The reason for this is that when 57 closes to 50, only the difference
in resonance energy between naphthalene and benzene is lost, 4.e. 10—15 kcal/mol.
Thus benzannelation will stabilize the bicyclic intermediate relative to the parent
carbenes.

This effect is even more pronounced in the phenanthryl series where, starting
from the tosylhydrazone salt of 54, the cyclopropene 55 was trapped in up to 739,
yield using cyclopentadiene 7 [Eq. (15)].

‘ ~—— Products
(15)

Adduct

Table 7 shows that the bicyclic intermediate 55 is now several kcal/mol more
stable than carbene 56.

The cyclopropene 57 has also been generated in solution by the reaction shown
in [Eq. (16)], and it was trapped with methanethiol 75,

© Cl _KOBu O‘ / 58 (16)
© DMSO © CH,SH
\ @ SCH, © SCH;
37 ‘} a4 — ‘P
O Q

SCH,

In the absence of trapping agents, products derived from insertion of the phenan-
thrylcarbene 58 into the solvent were isolated. Hence, the energy barrier separat-
ing 57 and 58 cannot be very high.
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Table 7. Force field — SCF and thermochemical calculations 73}

Carbene 4H ? Bicyclic AH ? (kcal/mol) 1) AAH] 3
(triplet) (kcal/mot) exptl, FF FFeomy. Th.
(thermo- ’
chem.)
©> 8941 81 89
104 97 105
CH
102 @ 104 112 115-128 24 10
36 48
Ci <
118 @‘ 107 115 116 2) —2-3
51 50.
scu 115 123 +5
OO 142 150 432
52
v 53
¢
- <]
O‘ 132 © 120 128 124 2) —4-8
56 55
©.© 120 4 1 O/ @ 144 152 +23

1) FF = force field — SCF calculation; Th. = thermochemical estimate.

2) By using AH,O (48) = 112, and group increments.
3 AH? (bicyclic) — AHP (triplet carbene).

Above the intermediates were stabilized by decreasing the loss of resonance
energy with respect to the carbenes. It is also possible to destabilize the inter-
mediates by increasing their strain. Pyrolysis and photolysis of 5-diazo-10,11-
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dihydro-5H-dibenzo[a,d]cycloheptene (59) is known to yield carbene 60, which
undergoes intermolecular abstraction and insertion in solution 78, If it were to
undergo carbene-carbene rearrangement in the same way as diphenylcarbene gives
fluorene [Eq. (8)], it would lead to 8,9-dihydro-4H-cyclopenta[d.e.f]-phenantrene
(64) by the sequence shown in Scheme 4. Indeed, gas-phase pyrolysis of 59 gave
up to 25%, of 64, the remaining 75%, being 4b,9a-dihydro-9H-benzocyclobut[a]-
indene (65) and dibenzocycloheptene (66) 73,77,

Oy — G0

66.

|
—-~

59 60 61

Q

62 63 64

% — O a0

Scheme 4

65 is the product of a transannular insertion of carbene 60, and it rearranges
itself thermally to dibenzocycloheptene, 66. A similar rearrangement of cyclobut-
[a]indene is known 78). The results of pyrolyses at different temperatures are
given in Table 8. Assuming that the Arrhenius equation is applicable, and that
the A-factors for the reactions 60 -64 and 60 -65 have a similar temperature
dependence, these data permit the calculation of the difference in activation
energy for the two processes of 60, (Eags—Eags). This will probably not be
strictly correct under the low-pressure conditions of the experiments (ca. 0.01
mm) 79. Nevertheless; a plot of the logarithm of the ratio of yields (65 --66)/
(64) vs. 1/T gives a straight line from which

Eags — Eags ~ 5 kcal/mol
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Table 8. Pyrolysis products of 5-diazo-10,11-dihydro-5H-dibenzo[a,d]cycloheptene (59) 1)

Starting Rel. yields (%)

material T°C 65 66 64
59 300 53 43 4
59 385 20.6 73.0 6.3
59 490 1.8 87.5 10.7
59 580 0 84.5 15.5
59 685 0 80 20
59 750 0] 78.5 215
59 815 0 74 26
65 385 80 20 —
65 580 0 100 —

1) 59 was sublimed into the furnace at ca. 40 °C; average pressure outside furnace 0.01 mm.
Total yields were 77—1009%,.

is calculated. In other words, the carbene-carbene rearrangement appears to have
an Ea only about 5 kcal/mol higher than the one for the transannular insertion.

If the highly strained cyclopropene 67 is an intermediate or transition state
in the ring expansion, calculations of the heats of formation of 60 and 67
(Table 7) predict that the reaction must be endothermic by at least 22 kcal/mol
{(counting from the triplet ground state 78 of 60). Eags must then be at least 17
kcal/mol. Since the singlet-triplet splittings in diarylcarbenes are believed to be
very low 80, 4 e. less than ca. 5 kcalfmol, the activation energies for the singlet
carbenes 60 can be correspondingly lowered.

The worst destabilization of a bicycloheptatriene intermediate is obtained by
complete loss of resonance.

CH
CO—CD—CC
@@ T OO T O (17)
52 53
AH? ~118 ~150-kcal/mol

The hypothetical reaction 52 -53 would be endothermic by ca. 32 kcal/mol
(cf. Table 7). Nevertheless, such reactions are known, ¢.g. the gas-phase isomeriza-
tion of 1l-isoquionolylcarbene (67) to 2-naphthylnitrene (68), which has been
verified by 13C-labeling 81, [Eq. (18)],

@(@N T < \N T i}:ﬂ— NH, (18)
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and the clean isomerization of 4-(2-phenylquinazolyl)nitrene (69) to 2-(3-phenyl-
quinoxalyl)nitrene (77) and then to I-cyano-2-phenylbenzimidazole (72), evi-
denced by 15N-labeling 8V [Eq. (19) and Section IV.5].

.y

N CN
N N2 X Nt *14
@) ) o, — ¢
CNDJ\‘?S @Nz’4¢ CN> ¢ ¢ 19
69 70 71 72

The model reaction in [Eq. (20)] is endothermic by ca. 45 kcal/mol -

Ne N
N N ~
©© —_— Cb AH, =+ 45 keal/mol (20)
73 74

AH}’ ~128 ~173 keal/mol

since each ring-nitrogen in 74 increases A Hf by ca. 12 kcal/mol 14, but the ni-
trene-N in 73 decreases its AHf by ca. 2 kcal/mol in comparison with [Eq. (17)]
(cf. Section V.7). Nevertheless, the reaction sequence of [Eq. (19)] takes place in
solution at 180°81), It is even observable, though very slow in refluxing benzene.
It competes strongly with intermolecular H-abstraction and dimerization of the
solvent radicals. In toluene some bibenzyl is formed. In both toluene and cyclo-
hexane a dimer, probably of the rearranged nitrene 77, is formed (see Tables 15
and 16). Nitrene dimerization promoted by hydrogen abstraction has been re-
ported previously 82, It is inconceivable that a nitrene-carbene rearrangement
could take place efficiently in solution if it involved an activation energy any-
where near 45 kcal/mol. Alternatively, no intermediate of the kind 53 or 74 can be
involved at all; instead the ring expansion has become a one-step process.

It is not surprising that the concerted Wolff-type expansion is particularly
favorable in 69. It is in effect a migration of a phenyl-group, as made clear in the
limiting resonance form 75. Phenyl-migrations are wellknown in Wolff- and Curtius
rearrangements 83), in radicals 8%, and in cations 85,

N@

69 —a—a @EN\\;N —_— 70
§A¢
75

Conclusion: the ring expansion of arylcarbenes and arylnitrenes can involve
discrete bicycloheptatriene intermediates though not necessarily so. Whether they
do or not depends on the stabilities of these intermediates. Bicycloheptatriene in-
stability is no obstacle to ring expansion. The ring expansion of acenaphthyl-
carbene 86) may be cited as a further example.
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6. Digression into Transannular Reactions

The observation that the carbene-carbene rearrangement 60 -64 (Scheme 4)
does take place, and that in so doing the carbene must move out of the molecular
plane, approaching the geometry of 67, implied that the transannular reaction
60 65 had a sizeable activation energy. This was not to be expected a priori,
for it is known that alicyclic carbenes undergo such transannelations in competition
with 1,2-H shifts U, [e.g. Eq. (21)] and the latter are calculated to have almost
zero activation energies by semiempirical MO-procedures 9.

=0 O
45% 9% 46% 0%

AH~ 6.2 -3.8 —22.3 ~6.1
keal/mol

However, no 1,4-transannular reaction is known for cycloheptylidene 1), even
though it is thermodynamically feasible [Eq. (22}].

OO =00

(22)
21% 79% 0%
AHI~ 1.8 0.4 1
kcal/mol

Since thermochemistry does not control the rearrangements of alicyclic carbenes,
it is probable that conformations do. It is also probable that several of these reac-
tions have sizeable activation energies, and that even 1,2-hydrogen shifts in cyclic
carbenes have activation energies. There seems to be a general reluctance to form
four-membered rings in this type of reaction 1.

7. The Synergic Nucleophilic and Electrophilic Properties of Carbenes

It is known that most carbenes, including arylcarbenes, undergo intermolecular
electrophilic addition to double bonds 87. Then we might expect that if aryl-
carbenes cyclize intramolecularly to bicycloheptatrienes [e.g. Eqgs. (12), (13}],
this should be an electrophilic addition, and the carbene should add preferentially
to the double bond of highest bond order 83, Gas-phase experiments with substi-
tuted naphthylcarbenes indicated that such was the case 69,

Thus, the 2-naphthylcarbene 76 added only to the 1,2-double bond of naph-
thalene, leading to 2-vinylnaphthalene (77). Carbene 78 did not add to the weaker
2,3-double bond, which would have led to 1-vinylnaphthalene, 79 (Scheme 5 and
Table 9). However, other carbenes do not react in this way, and it will be shown
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76 77
of Z
-0 —00 — Q0
78 79
Scheme 5

Table 9. Pyrolysis of methylnaphthaldehyde tosylhydrazone sodium salts at 5§ mm 63)

Carbene T°C

Yield (%)

00 oo™

©© 350 0 17.5

o 350 55 22
CH 300 53 42
250 70.5 5.6
200 485 5.9

OO 350 24 2.5

below that the selectivities observed in carbene ring expansions do not follow
bond orders. In fact, the carbenes do not react simply as either electrophiles or
nucleophiles, but as both.

2-Pyridyl phenyl carbene rearranges in the gas-phase to 2-biphenylylnitrene,

The latter cyclizes to carbazole in 1009, yield 49 [Eq. (23)].
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CLO>" 0~ 506000

N=—=
R=HorCH;
(23)

Substituent labeling (R=CHj or H) confirms the skeletal rearrangement.
The results demonstrate a 1009, regiospecific pyridine ring expansion.

4-Pyridyl phenyl carbene rearranges analogously to 2-azafluorene. Here,
carbon labeling is necessary in order to distinguish the rings undergoing expansion.
14C-labeling followed by degradation of the 2-azafluorene-14C to 4-aminonicotinic
acid and COg established that 91.49, of the label was situated in the pyridine
ring; 8,6% in the benzene ring 77 [Eq. (24)].

N

N
91.4%
(24)
o %.C'H o
@) @
N N
8.6%

3-Pyridyl phenyl carbene yields a ca. 56:44 mixture of 1- and 3-azafluorene 77,
13C-labeling of the carbene followed by a complete analysis of the 13C-NMR
spectra of azafluorenes proved that the l-azafluorene was 1009, labeled in the
benzene ring, and the 3-azafluorene was at least 849, labeled in the benzene ring.
Thus, this carbene undergoes at least 939, expansion of the benzene ring [Eq.
(25)]. '

The direction of ring expansion is summarised in formulae §0—82.
N
OO o o
80 81 82

Bond order cannot be the determining factor, because the bond orders of pyridine
and benzene are — to the best of our knowledge — identical 88). Furthermore,
carbenes 87 and 82 show opposite selectivities, even though they both have the
opportunity of adding to a 3,4-pyridine bond. The same goes for the pair 80, §2.
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The carbene does not react as an electrophile, because in that case 80 and 87
should definitely attack the benzene ring. Neither does it react as a pure nucleo-
phile, as in that case all three carbenes should preferentially attack the pyridine
ring. .

The selectivities of these and other carbenes can be understood in terms of a
simultaneous electrophilic and nucleophilic attack, symbolized in formula 83.

The carbene lone-pair goes into the lowest vacant molecular orbital (LUMO) of
the most electrophilic ring. The vacant carbene p-orbital undergoes an electro-
philic substitution onto the o-position of the ring. The electrons come from the
HOMO of that ting. Ring expansion will then be favored by a low-lying LUMO,
a high-lying HOMO, and a high electron density in the ortho-position.

The two interactions are synergic. The donor property of the carbene makes it
more electrophilic. The ring becomes more electron-rich by the donation, and
electrophilic substitution then becomes faster. In 80 and 87 the carbene is situated
in the electrophilic 2- and 4-positions of pyridine. The electron density in position 3

0,00

&

@ OT"
0
| |

N
Qv pydd
0. Qoo o
H- 48% 16%

Scheme 6
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is low, but electrophilic substitution is known to occur. In 82 the carbene is not in
an electrophilic position. The coefficients of the LUMOis low in position 3, and the
coefficients of the HOMO are low in positions 2 and 4. The donor-acceptor prop-
erties of the carbene are maximally hindered with respect to the pyridine ring, and
in fact reaction occurs with the benzene ring.

2-Pyridyl 2-naphthyl carbene (84) undergoes espansion of both the pyridine
and the naphthalene rings 58 (Scheme 6).

The LUMO energy in naphthalene is lower than in benzene, and the carbene
can now act as a nucleophile with respect to both rings. The naphthylcarbenes al-
ways prefer to attack the l-position in naphthalene 6%, which has the highest
electron density and the lowest localization energy for electrophilic substitution,

The carbenes 85 a—f all expand exclusively into the pyridine ring.

0_OC

~

R

H
OCH3
Cl
NOg
CN

H

85 a—f

~ a0 e
ZETDEODTO| R

O2

1t was expected that the nitro and cyano groups in 85 4 and ¢ would have
lowered the benzene LUMO sufficiently that reaction could occur there. However,
these LUMOS are localized essentially on the substituent groups, and the LUMO
coefficient in the carbene position is low, judging from the electron densities in
nitro- and cyanobenzene radical anions 898, Furthermore, these groups deactivate
all ring positions towards electrophilic substitution. An example from the nitrene
field, which shows that a p-cyano group may decelerate ring expansion, will be
discussed in Section IV.1.

The reports that 2-furfurylidene and 2- and 3-thenylidene do not undergo ring
expansion, but ring open instead 99 are understandable in terms of the donor-
acceptor properties: furane and thiophene are

<=\\\\\*— @-C'H = @“—“ @_
+

(6]
H

too electron rich, the LUMO energies are too high, and the carbene-LUMO inter-
actions are strongly disfavoured.

Quantum-chemical (Extended Hiickel, CNDO/2, and INDO) calculations
fully corroborate the contention tht arylcarbenes and -nitrenes can function as
nucleophiles during ring expansion. The argument is independent of the question
of formation of bicyclic intermediates. Calculations of the phenylnitrene energy
surface show that the nitrene loses electron density, and C-1 gains electron density
until the transition state for ring expansion is reached 57,

The Extended Hiickel and CNDO/2 procedures give conflicting predictions of
the most stable ground state conformations of phenylcarbene and phenylnitrene.
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However, on bending the carbene or nitrene 10° out of the molecular plane —
as required for rearrangement — both methods give identical answers: the carbene
or nitrene lone-pair conjugates with the ring. The HOMO and LUMO orbitals in
phenylnitrene are shown below. The more electrophilic the ring, the more pro-

nounced
’ oONe

(7) Homo (z) Lumo

the stabilization of (z) HOMO will be.

A molecular model shows that, irrespective of the ground state conformation,
an attempt to perform a ring expansion in phenylcarbene by means of an overlap
between the vacant carbene p-orbital and a ring-p-orbital in an out-of-plane move-
ment of the carbene, will ¢pso facto lead to interaction between the carbene lone-
pair and the ring. The success or failure of the reaction depends on whether this
interaction is attractive or repulsive, that is, on the ring-LUMO.

8. The Ring Contraction

Flow pyrolysis of phenylcarbene progenitors at temperatures above ca. 580 °C
results in two new products: fulvenallene and ethynylcyclopentadiene (the latter
is a mixture of two isomers ®4). The mechanism in [Eq. (26)] was first postulated
to account for this fact 54,60),

«CH

CH
N H —
O —O=+03" @
\\H
36 86 24 25

This mechanism would lead initially to 86, which should undergo facile 1,5-
hydrogen shifts to give 25 as the primary product. The direct formation of 24
would constitute a “forbidden” 1,3-shift. However, 25 does not appear to be a
primary product. Fulvenallene (24) predominates at low temperatures and elevated
pressures (Table 10). Thermochemical estimates 24 indicate that [Eq. (26)] is
exothermic by ca. 20 kcal/mol, and that 24 and 25 have almost identical heats of
formation. Experiments 44,46) show that 24 rearranges to 25 at elevated temperatu-
res (cf. Table 4). Thus the predominance of 24 at low temperatures cannot be due
to a rearrangement of 25.

If 24is the primary product, it will be chemically activated by the exothermicity
of the reaction, .e. ca. 20 keal/mol; but not only by this. The reaction in [Eq. (26)]
also has a considerable activation energy, since it occurs only above ca. 580 °C.
The sum of the activation energy and the exothermicity is probably at least 40
kcal/mol 24, all of which will be present in fulvenallene (24) as chemical activation,
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Table 10. Ring contraction in phenylcarbene

Ratio
Precursor T°C P mm, = Cpmbined Ref.
carrier Q @ yield, %
I
Phenyldiazo- 800 ~0.05 2.5 14 54)
methane 900 ~0.05 2.1 44 54
1000 ~0.05 1.3 44 54)
Benzaldehyde 590 0.1 2.9 2.5 449
tosylhydrazone 655 0.1 2.0 8 44)
sodium salt 800 0.01 1.5 14 449)
850 0.01 0.8 — 44)
675 1.5, N2 3.3 16 22)
590 5—7,Ng 4.0303 13 92)
5-Phenyltetrazole 800 0.02—-0.05 1.3 2.7 57

and hence accelerate its isomerization to 25. If the pressure is increased, initially
“hot” 24 will be collisionally deactivated, and isomerization to 25 will lose im-
portance. This is precisely what is observed (Table 10). There is a limit to the
amount of deactivation which we can achieve under our conditions: too high
pressures result in lower pumping speeds, longer residence times in the furnace, and
collisional activation. The ratio 24/25 then decreases again. If the pumping speed is
increased, the ratio increases again. These results demonstrate conclusively that
chemical activation is involved, and that at least 809, of the primary ring contrac-
tion product is fulvenallene, 24. The same chemical activation effect is observed
in the reaction in [Eq. (27)] which also yields fulvenallene #1).

-GN —g (—87) =

The products 24 and 25 are also formed in the Wolff-rearrangement of methyl-
enecyclohexadienylidene (Section II.4, Scheme 3), and it was shown that 24 was
the exclusive low-temperature product. Since chemical activation is unimportant
here, the Wolff-rearrangement must have a much lower activation energy than the
ring contraction in phenylcarbene. The proposal, first made by Wiersum 93, that
phenylcarbene undergoes a H-shift to methylenecyclohexadienylidene [Eq. (28)]
before ring contraction then seems reasonable.

5 - é - (28)
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Since ring contraction has a higher activation energy than ring expansion (600°
s. 200°), carbon labeling of phenylcarbene should result in limited carbon scram-
bling according to [Eq. (3)] (p. 88). However, Crow and Paddon-Row 31 observed
complete carbon scrambling, implying that H-shifts must take place somewhere
along the reaction coordinate before ring contraction, e.g. by means of [Eq. (4)]

(p. 88)
OEH

O ———Lr

The tolycarbenes did not give any methylfulvenallenes, and did not undergo
13C-scrambling in the rearrangerment to benzocyclobutene and styrene [Eq. (7)]
Hence, the relative rate constants can be derived 51 :

kring expansion > ¥H-shift > *ring contraction .

When the Wolff-intermediates are generated directly (pyrolysis of methylphthal-
ides) ring contraction to methylfulvenallenes does take place 94 [Eq. (29)].

O - == o
(o}

Crow and Paddon-Row %1} also discovered that pyrolysis of 13C-labeled
indazole led to fulvenallene containing excess label in the extremity, and being
uniformly labeled in all remaining positions. Most probably, there are two reaction
pathways [Eq. (30)], one (a) leading directly to methylenecyclohexadienylidene
(87) which undergoes direct Wolff-rearrangement; the other (b) leading to phenyl-
carbene, which undergoes carbon scrambling. If the carbon scrambling is uniform,
it must be completed before the rvearvangement to methylenecyclohexadienylidene

(88 ~ 89).
o QO — g ==
\ ©/CHN2 ©/ )
U - Iif

Evidence for two such reaction pathways was obtained by pyrolysis of pyrazolo-
[3,4-b]pyridine 99). Here, the arylcarbene route (b) leads to the pyridylcarbene-

= Z\ZE
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phenylnitrene rearrangement (cf. Section V.3, p. 231) and cyanocyclopentadiene.
The methylenecyclohexydienylidene route (a) leads to ethynylpyrroles and aza-
fulvenallenes:

4

N = I =z __
(@\A\y@j\?‘“q—'@a-—@ =
N
NH &
H%Q ""CN>\_"© - @CN

CH
™A N

In both systems studied the arylcarbene route (b) increases in importance with
increasing temperature.
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IV. Nitrene-Nitrene Rearrangements

The reactions discussed in this chapter give ample evidence that hetaryl-
nitrenes interconvert via intermediates which have an arrangement of atoms asina
seven-membered ring carbene. Such intermediates have never been directly ob-
served, and only in one case can we exclude the existence of “bicyclic inter-
mediates”. For the sake of brevity, the ring expansions will be presented as one-
step reactions.

1. Pyridylnitrenes

Gas-phase pyrolysis of tetrazolo[1,5-a]pyridine produces nitrenes under quite
mild conditions (=365 °C). The nitrenes undergo three intramolecular reactions
with the relative rates: '

kring expansion > ¥ring contraction > Fring opening .
A minor intermolecular H-abstraction yields 2-aminopyridine. The evidence
comes from 15N-labeling, which shows that the nitrogen atoms have intercon-
verted before formation of cyanopyrrole and aminopyridine 98 [Eq. (31)]. The

15N -contents in 97 and 92 were assayed before and after

&

B A N N
O % @* \_/N @"-
Yo v
.*N:N

90

(31)
]
Qi+ G &
NH N CN CN
¥ MR
91 92 93

conversion to 2-pyridone and pyrrole carboxylic acid, respectively, with the results
shown in Table 11.

The product yields at different temperatures are shown in Table 12. The forma-
tion of 3-cyanopyrrole is probably mechanistically insignificant, for control ex-
periments show that 2- and 3-cyanopyrrole interconvert at elevated tempera-
tures 3%), If 2-cyanopyrrole is the primary product of ring contraction, it will be
chemically activated by > 54 kcal/mol due to the exothermicity of the reaction.
This will suffice to interchange it with 3-cyanopyrrole.

The pyrolysis of methyltetrazolopyridines (Table 13) proves that all products
must be formed after interconversion of the nitrenes according to [Eq. (31)].

As shown below, pyrimidyl- and pyrazinylnitrenes give rise to N-cyanoimid-
azoles, For this reason, it was thought for a long time that 2-pyridylnitrenes con-
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Table 11. Pyrolysis of tetrazolo{l,5-a]pyridine-1(3)-15N (90) 1)

Product % 15N 2) Yield 9%,
Tetrazolo[1,5-a]pyridine (90) 8.37

2-Aminopyridine (97) 4.18 2
2-Pyridone 3) 2.1

2-Cyanopyrrole 4.22 68
3-Cyanopyrrole 4.17 17
Pyrrole-2(3)-carboxylic acids 4) 2,15 4-0.15

1) Pyrolysis at 600°, 0.1 mm. Products were separated by GC.
2) By mass spectrometry (AET MS 902).

3) From diazotization of 2-aminopyridine.

4) From hydrolysis of the mixture of 2- and 3-cyanopyrrole.

Table 12. Pyrolysis of tetrazolo[1,5-a]pyridine (724) 1) and pyrido[2,3-a][1,2,4]-oxadiazol-2-one
(125) %)

Starting material 124 125
Temperature, °C 380 500 600 700 800 600 790
2-Aminopyridine 15 4 2 1 0.7 0 0
Glutacononitrile 0.3 3 4 4 5 1 3
2-Cyanopyrrole 26 65 68 68 55 3 1
3-Cyanopyrrole 5 15 17 17 27 3 3

1) Yields in 9%, by GC. Pyrolysis of 1.00 g tetrazole at 0.10 mm in 40 min; sublimed in at
100° 92),
2) Relative yields; pyrolysis of 600 mg oxadiazolone at 0.02 mm in 30 min 100),

tract initially to N-cyanopyrroles. These are unstable and presumably rearrange
to 2- and/or 3-cyanopyrroles. To our knowledge, only two N-cyanopyrroles are
known: l-cyano-2,3,4,5-tetrabromopyrrole 92 and N-cyanocarbazole 97. Both
are thermally unstable. A labeling experiment 92 of 5-methyl-2-pyridylnitrene 94
shows, however, that this hypothesis is wrong [Eq. (32)].

\(Nj\ _—.\(@\N*: /\N,\j* =\©N*
N

N
SN=N
94 95
1 ! (32)
?/;-\)\CN* e ;3\
H H
96 (62%) 97 (38%)
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Separation and hydrolysis of the products 96 and 97 demonstrated that 96
was labeled only on the cyano-group; 97 only in the ring. Accordingly, nifrenes
94 and 95 contract directly to 96 and 97, and not to N-cyanopyrroles.

An analogous labeling experiment 98) of 5-cyano-2-pyridylnitrene (98) showed
that only 8%, of the dinitriles formed contained 13N in the pyrrole ring. This is
the same as the relative yield of 707, so most likely it is 707 which is ring-labeled
[Eq. (33)].

NC
NC\(j 365° NCU \(_\\N* NC
I\‘T AN 1 mmN, <N> N* \NJ.‘ _ ( )N*
7

#N=N N

98 99

NC NC
@\CN* ne-4 ;I\
H H
100 (92%) 101 (8%)

The comparison of 94 and 98 indicates that the CN-group in 98 either accelerates
ring contraction or decelerates ring expansion, or both. Both effects are plausible,
If 99 were formed to a large extent, ring expansion back to 98 should be difficult
because the CN-group in 99 reduces the electron-density in the 3-position. Since 99
is not formed to a large extent, 98 expands at most 16%,, and this could be be-

cause the cyano-group deactivates all ring positions in 98 towards electrophilic
attack (cf. Section IIL.7).

CN
CN
OO O — O = OF
NNt PmmN SRR SVA N
‘ / e
=N N
102
[\N Sﬁ*] NC /ﬁ\ CN (34)
H
103 105 (23%)
/ \ #
NPo—CN
H
104 (77%)
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Labeled 3-cyano-2-pyridylnitrene (702) yielded dinitriles 704 and 705 99).
The reluctance towards ring expansion is seen in the formation of 704 as the major
product [Eq. (34)]. This must take place via the 2H-pyrrole 703.

It is possible that electronegative groups accelerate ring contraction by making
the nitrene-nitrogens more electron deficient [Eq. (35)]. The reaction may be
either concerted or proceed via diradical 707, although the latter is open to ques-
tion, since no cyanoglutacononitrile (708} was isolated in these reactions. An
electrocyclic reaction leading to 706 109 would not be expected to be favored part-
icularly by the CN-group, which is in a position where it cannot delocalize the
negative charge.

pd \ 106 35)

2. Quinolyl- and Isoquinolylnitrenes

The balance between ring opening (to glutacononitriles) and ring contraction (to
cyanopyrroles) is shifted in the quinolyl- and isoquinolylnitrenes. Both give pro-
ducts derived from isoquinolylnitrene [Eq. (36)] namely 775 and 776 97,100

ES +23 Z
Q) - OOy
NIN NN N

N:]\f N

109 110 11
AHE: (128) 4 53y (15D)

36
N (36)
X C (+12) @(\\, @\CN d
— — - L —— +
C;\ N C:N N CN CN
B N CN

N-N

112 113 114 15 116
AHS: (128) (140)

The contention that this is indeed the rearrangement taking place is supported
by generation of 8-phenyl-2-quinolylnitrene (777), where the sole product (779)
results from trapping of the isoquinolylnitrene (778) 101.102) [Eq. (37)].
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N 2R\
—— N
00— 00— — 00
¢ N=N ¢ ¢ $ N
117 118
0@
o™

119 (73%)

(37)

—_—

Further proof comes from 14C and 15N labeling experiments of 2-quinolylnitrene
by Brown and Smith 100},

A satisfactory reason for this selective nitrene-nitrene rearrangement is found
in thermochemistry. Approximate heats of formation can be estimated asindicated
in Table 14. The values are given in parentheses in [Eq. (36)]. The reason why
isoquinolylnitrene (773) ring opens instead of expanding is simply that the former
process is thermodynamically less costly. The analogous ring opening in quinolyl-
nitrene [Eq. (38)] is not observed.

QO O
N : N (38)
AHY: (128) (147-156)

The thermochemical estimates for the 2-pyridylcarbene system are given in
[Eq. (39)].

78
+23 ~ J..
=23 N
NN (39)
327 X Z
Afp: (112) k |§:CN _’.(QN
(139)

In agreement with observations, ring opening is more endothermic than ring
expansion. However, in this comparison entropy differences may be larger than
usual, and these would tend to decrease the free energy difference between ring
opening and ring expansion.

It must be noted that the thermochemical estimates for seven membered ring
carbens 24 are very unreliable, and we do not attach much importance to them.
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It is much safer to compare differences in heats of formation of seven-membered
rings. Therefore, the frends of the comparison of [Egs. (36) and (39)] will be correct,

irrespective of the accuracy of the absolute values.

Table 14. Estimation of heats of formation of nitrenes and related species

Compound AH;«’ Source
(kcal/mol)
Aoe (D) ~97 (Table 1)
ANNE (D) ~95 A\ + :NH= /\N: +CHg Y
97 90 2) 92 kcal/mol
Z~CN “

e (T) ~139 From #\N: and group increments 19,
N3 allowing 10 kcal/mol exira resonance
120 [R.E.(”\#\) —R.E.(#\.)17]

~ .
67—76 By group increments 14
CN
\CN D 147156 From AHP (o — N) (100 keal/mol 24)
N and group increments
éﬁfn 144 From AHP (720)+A44H) (o —N-—
’ Z\N:)~ 139 4 100— 95
>
N (D 107 From group increments, allowing 9
‘es kcal/mol extra reeonance (cf. Ref. 17)
122
s
2 (D) 139 From AHP (122) +AAHP (o — CN —
cN"’ ZH) 19 = 107 432
114
=
IN (D 165 From AHY (174) + 26 kcal{mol 14
N
\\H
O .. (D ~112 From A4HY (5 — N) = 100 29 and group
N : increments 14
123
©f®\ & O (T 128 From AH (723 and group incre-
e
N H N ments) 14
N
110 113

3]
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Table 14. (continued

Compound 4H ? Source
(kcal/mol)

©C‘j\°c'ﬂ & @N ~130 From AHP (2-pyridylcarbene) 24
N

+ group increments 14
CH

197 200

1) This requires that R.E. (#)\.) = R.E. (//'\i\.I:). The following comparison indicates that
this is correct: AHP (& — NH) — AHP (@ — CHg) = 10 kcal/mol 104; AH{ (5 — NHg) —
AHQ (@ —CHg) = 9 kecal/mol 14,

2) See Table 26.

3. The Oxadiazolone Problem

There remains the astounding abservation 100 that pyridylnitrenes generated
from pyridooxadiazolone (725) give much more glutacononitrile and 3-cyano-
pyrrole than does 724 (Table 12). The first explanation which comes to mind is that
the nitrene from 725 is more highly chemically activated than the one from tetra-
zolopyridine, 724.

This explanation is, however, untenable. The estimated thermochemical values
are indicated in [Eqgs. (40) and (41)]. The activation energy for decomposition of
2-azidopyridine cannot be much lower than those of other aromatic azides (~35
kcal/mol 199)). The nitrene in [Eq. (40)] will then be chemically activated by at
least 30 kcal/mol initially 24). In order that the nitrene in [Eq. (41)] be more highly
activated, Eazss for the process 726 —723 must be more than 17 kcal/mol. This is
quite surprising since it is an exothermic reaction. The heat of formation of 725
is unknown and difficult to estimate. A reasonable value is —25 kcal/mol. If the
reaction 725 »723 were concerted, an activation energy higher than 73 kecal/mol

RS E, *
Q, —— O, w5 Qv
vy W o9 G o

[A

N=N 123

124 (112) (1125

AH? (105)

Eap29)31 E

S OV @ IRTes

NN N N N N (41)
O

Y 07530 123

125 126
AH? (<0) (~31) (112) (~94)

E¥ 130 = 12417 keal/mol
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would be required. It may be excluded that such a process is efficient at 600°in a
flow system.

A clue to the solution comes from the lack of formation of 2-aminopyridine
in the pyrolysis of pyridooxadiazolone 725 100), Perhaps no nitrenes are formed.
The radical nitrogen in the hypothetical intermediate 726 would be electrophilic,
and ring opening leading to glutacononitrile could then be a concerted process

[Eq. (42)].

~
126 — ||.. (N €Oz + 14 keal/mol
Ne

AH? (~31) © (~139)  (~94)

(42)

The reaction should be restudied at higher pressures to determine the im-
portance of chemical activation, and 2-aminopyridine should be resought.

4. 9-Phenanthridylnitrene

We had not expected to find ring expansion in this system. Nevertheless, the 15N-
labeling showed that the products 737 and 732 both had undergone nitrogen
scrambling, at least to the extent of 709, and probably more [Eq. (43)] 27.101)

I

N=N
127 128

(43)

CN
Q10
N N
cN*
131 132
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This is the only system where an ‘““N-cyanopyrrole’ (732) has been found. The
nitrenes have no other alternative but to form 732 or to ring open to 729 with
subsequent closure to 737. The formation of 732 occurs only above 500 °C, in
contrast to other hetarylnitrene ring contractions.

The radical pathway via 730 then seems reasonable, but this cannot be the normal
route ro ring contraction, e.g. in pyrazinylnitrenes, which yield N-cyanoimidazoles
already in solution, or pyridylnitrenes, which contract at 365 °C.

5. 4-Pyrimidyl- and Pyrazinylnitrenes

From the reluctance of 3- and 5-cyano-2-pyridylnitrenes to expand (Section IV.1)
one might naively expect that 4-pyrimidylnitrene (733) should not expand but
contract. Quite on the contrary, 733 rearranges almost exclusively to pyrazinyl-
nitrene, 734.

4

7N

~

(44)

C

N N
— O, —
N~ TNs If
CN
133 134 135

Derivatives of 733 and 734 yield N-cyanoimidazoles (735) both in the gas-phase
and in solution (Table 15) 101,106-107) The activation energies for ring contrac-
tion must then be quite low in this case. That nitrenes are involved is demonstrated
by the formation of amines in hydrogen rich solvents. Labeling experiments
(Table 16) show that at least the major product forming path involves the re-
arrangement in [Eq. (44)]. So the activation energy for ring expansion in 733 must
also be very low; so low that the reaction competes favorably with intermolecular
reaction with the solvent.

The gas-phase pyrolysis of 5,7-dimethyltetrazolo[1,5-¢c]pyrimidine also gave a
very low yield of a product believed to be 4(5)-cyano-2,5(4)-dimethylimidazole
(Table 16). Hydrolysis gave the unlabeled acid (Table 16). This indicates that 4-
pyrimidylnitrenes can undergo direct contraction, albeit in low yield.

We once believed 109 in a “prefulvene” intermediate in the ring contraction.
The methylthio-group in 736 was expected to stabilize such an intermediate, and
this would explain the facility of ring contraction [Ea. (45)].

— — 7\ 45
Mes)\CND e Me$ MeS$ N 43)

N—N°®
136 CN

Now that labeling has shown that at least the majority of the ring contraction is
not direct, the mechanism in [Eq. {45)] can be discounted.
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Table 15. Pyrolysis of tetrazolo[1,5-¢]pyrimidines and tetrazolo[1,5-a}pyrazines

Starting material

Products, %,

R;
sz/\\f/N R,
O o R R
& Re e Sk
NYN\N NN NON
~CN
X, Y NG

Ri Rg R Conditions R, R, Dimer 3)

Me Me H 340 °C{0.03 mm 95 0 0

Me Me Me 320 °C/0.01—0.02 100 0 0

MeO MeO H 340 °C/0.10 mm 121 0 0

MeS Me H 380 °C/0.01—-0.02 88 [} (]
GC. at 300 °C 100 0 0
125 °C/CDCl3/70 h 89 2) 0 0
125 °C/CgH12/72 h trace 10 0

o) —C4Hy— 380 °C/0.001 mm 99 0 0
180 °C/Cg1g/72 h 4) 59 0 10
180 °C/Toluene/72 h 52 0 45 5)
180 °C/CgH13/72 h 10 0 57
180 °C/DEA/72 h 6) 0 0 0

N=N
A
Rst’: N RZH 3 NH,
J I Na N\CN :[C)I
Ry SNASR,

Ri Rg R3 Conditions R1 Dimer 3)

H H H 380 °C/0.1 mm 65 0 0
GC. at 300 °C 100 7) 0 0
180 °C{CgHgf6 b 40 0 0
125 °C/CgH12/96 h 8) trace 10 0

53 —CaHg— 380 °C[0.001 mm 92 9) 0 0
180 °C/CeHg/72 h 88 0 12
165 °C/mesitylene/240 h 60 0 25

1) The starting material exists exclusively in the azido-form. Pyrolysis resulted in extensive

tarring.

2) On the basis of 55%, recovery of starting material.

3) See text.

4) Same products form slowly (30 days) in refluxing benzene (90°)

5) Bibenzyl isolated.

6) DEA = diethylamine; products of reaction with DEA formed.

) Based on 509, recovery of starting material.

8) 259, recovery of starting material.
9) 89, indoloquinoxaline (743) formed.
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Table 16. 15N-contents in pyrolysis and degradation products of 4-pyrimidyl- and pyrazinyl-
nitrenes 1)

Starting material Conditions Pyrolysis products  Hydrolysis products
(labeling, %)

cN* COOH

*

Wl‘l o »:\ * — 2 B
N 375°/0.00lmm N NICN N\ NH NTNH

NYN\I;I T N\rNH \r

(49.8) (24.8) (z4.1), (24) 0)
Wﬁ{ , bt s
sN  400°/0.01mm Ny N-CN Ny NH
Nx N"N Y Y
b SMe SMe
SMe
(92) 46) =37
N—N
NYN /CN N*
450°/0.001 @L_'
oo QL A,
H
92) (45) 45
idem '
92) ¢H/180°/72h (45) (35)
*N=N
! A
* = ™\
ENI 375°/0.001mm I\@—CN* Ny NH
(50) (25) )

1) 15N-contents (by mass spectrometry) indicated in parentheses. The starting materials
- were labeled on only one N.
2) See text.

2-Phenyl-4-quinazolylnitrene (738) rearranges to 3-phenyl-2-quinoxalylnitrene
(740) both in the gas-phase and in solution. The labeling was performed in both
media. The rearrangement is complete in the gas-phase, and at least 78%, in solu-
tion (Table 16). In the gas-phase, only the quinoxaline 747 gave indolo[2,3-b]-
quinoxaline (743) (8%).
Neither 737 nor 747 formed appreciable amounts of 743 in solution. The ring con-
traction 740 +742 must therefore be very fast. For the analogous formation of
carbazole from 2-biphenylylnitrene [Eq. (47)]
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a rate constant in cyclohexane solution of 2.18-10% s~1 was measured at 300 K.
The activation enthalpy was measured by flash photolysis as 11.46--0.76 kcal/
mo] 109},

The nitrene-nitrogen in 740 is in movement away from the phenyl group at the
moment of its birth, due to the requirement of an out-of-plane movement of
nitrenes during ring expansion and its reverse 57 (Section II1.4). This may suffice
to deter nitrene 740 from giving any indoloquinoxaline (743), when the nitrene is
generated from 737. An analogous effect is observed in the tolycarbenes 57).
It should be noted, however, that the results do not exclude a direct ring contrac-
tion, 739 - 742.

From the effect of solvent (Table 15) it is evident that the reactions discussed
are nitrene reactions: hydrogen-rich solvents suppress ring contraction and give
rise to solvent dimer (bibenzyl) andfor a yellow nitrene dimer. The structure of
the dimer is not known, but one possibility is shown in 744. A similar (colorless)
dimer was obtained from 9-phenanthridylnitrene at 500 ° 27, The two dimers form-
ed from 737 and 747 in cyclohexane have nearly identical IR spectra. How could
a hydrogen-rich solvent promote dimeriztion? There is evidence from aryl azide
decomposition in solution that amino radicals are formed first, and these dimerize
and dehydrogenate as shown for 1-naphthylnitrene in [Eq. (48)] 82.
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N, Ne NH
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As mentioned in Section III.5. the facile reaction 738 740 - 742 definitely rules
out a bicyclic intermediate in this process [see Eqgs. (17)—(20)].

6. 2-Pyrimidyl- and 3- Pyridazinylnitrenes

In contrast to 4-pyrimidyl- and pyrazinylnitrenes (Section IV.5) 2-pyrimidyl-
nitrenes give rather low yields of ring contraction — 1-cyanopyrazoles — and quite
high yields of 2-aminopyrimidines [Eq. (49) and Table 17)] 106,107,

R R
RI\A‘/R3 Rx\(‘\l/'Rs Ra = Rs RI\')YRB ? :
' = Ol —=& aN-N~cn * OL * =N
NTN\N NYN 1 N N 1" N (49)
L1 N NH H
— 3 2
145 146 147 148

Table 17. Pyrolysis of tetrazolo[1,5-¢]pyrimidines (745) 106,107

Starting R; Rg Rg Conditions Products, %,

material 146 147 148

145

a H H H 400 °C/0.1 mm 14.3 17.5 1
600 °C/0.1 mm 33 7 8

b Me H Me  320°C/0.05—0.1 mm 15 58 -
400 °C/0.05 mm 21 34 —
190 °C/CDCl3 0 64 —

¢ MeO H Me  380°C/0.02 mm trace 40 -
600 °C/0.1 mm 6 43 —_

d MeS H Me  380°C/{0.]1 mm 0 17 -
GC. at 270° 0 100 —

e Cl H Me  380°C/0.01 mm 2 15 —
190 °C/CDClg 0 13 -

f —CaHy— ] 380°C/0.01 mm 62.5 — -

Tetrazolo[1,5-b]pyridazine (749) gives no cyanopyrazole, no aminopyridazine
and no aminopyrimidine, but gives instead a mixture of fragmentation products
109 [Eq. (50)].
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These products were formed even at temperatures as low as 305°, with 339, conver-
sion of the starting material. It seems very certain, therefore, even though labeling
has not been performed, that 3-pyridazinylnitrene and 2-pyrimidinylnitrene do not
interconvert [Eq. (51)].

QO i:? = N@ﬁ: 1

7. The Ring Expansion ~ Ring Contraction Dichotomy

Calculations of different nitrene stabilities are indicated in Table 18. Unfortunately,
the CNDO/2 method for pyrazinylnitrene did not converge, so the Extended
Hiickel result, that pyrazinylnitrene is much more stable than 4-pyrimidylnitrene,
stands unconfirmed. However, the chemistry (Section IV.5) certainly agrees with
the. calculation.

Table 18. Total and binding energies in hetarylnitrenes and isomeric species 1)

—Eyut(CNDO/2) —Eot(EH) ~—Ebinaing(CNDO/2)
2-Pyridylnitrene 1674.036 . 615.877 162.965
2,7-Diazepinylidene 1670.660 613.355 159.590
Pyrazinylnitrene —2) 628.843 —
4-Pyrimidylnitrene 1776.318 623.580 148.975
2,4,7-Triazepinylidene 1772.331 ) 621.495 144.998

1) In eV. Geometries were not optimized (Ref.10D),
%) Did not converge.

The fact that 4-pyrimidylnitrenes expand, while pyrazinylnitrenes do not, can
also be understood in terms of the donor-acceptor requirement in the ring ex-
pansion (see Section IIL.7).
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7 e
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150

The #-LUMO and p-HOMO interactions are symbolised in 750 and 757. 750 is a
nitrene situated in the very electrophilic 4-pyrimidyl position. The 2-pyrazinyl
position appears less electron-deficient as judged from the rates of nucleophilic
substitution of the corresponding chlorides 110}, Furthermore, nitrene 750 has to
undergo electrophilic substitution onto the relatively electron-rich 5-position in
pyrimidine. Pyrazinylnitrene 757 has only an electron-poor «-position to attack.
On this basis, expansion of 750 should be faster than that of 757. The selectivities
observed here are the same as in the pyridylcarbenes (Section I11.7).

An equivalent argument can begiven in terms of the Wolff-type rearrangement.
The ortho, para relationship of the nitrogen atoms in 750 will make the nitrene-N
more positive than in 757 (cf. mesomers 752—753).

s 2
N NN
150 ~—= 1o [ 151 e ENI/A
152 153

A Wolff-type ring expansion will then be faster in 752 than in 753. The Wolff-
rearrangement produces triazepinylidene 754 rather than 755, where a weaker
N=N bond would be formed [Eq. (52)].

/" Nea 7 .;\T
\ )' - *’ A i
N\;N NN (62)
154 152 155

For the same reason, 2-pyrimidylnitrene does not expand; and it contracts only
with difficulty. Both processes form a high-energy N =N bond (pyridazine is 19.5
kcal/mol more endothermic than pyrimidine; pyrazole 12.7 kcal/mol more than

imidazole 19).
NQNJ O (171_/\
CN

156

In addition to this, nitrene 756 may enjoy special stabilization by overlap
between the empty nitrene p-orbital and the pyrimidine HOMO, which is the
assymmetric combination of the two ring-nitrogen lone-pairs 37, At the same time,
the filled nitrene z-orbital will overlap with the LUMO of the ring (757).
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This synergic interaction will stabilize the nitrene in the plane of the ring, thereby
preventing rearrangement. Since the singlet nitrene is thus unreactive, reaction
occurs mainly after intersystem crossing to the triplet nitrene, and this gives rise
to the amines formed.

The ease of ring expansion in the nitrenoazines correlates very nicely with the
electron densities in the parent azine radical anions. Since the extra electron in
these radicals goes into what was formerly the LUMO of the heterocycle, the
electron densities, or splitting parameters, may in the first approximation be used
as a guide to the LUMO-coefficients in the azines. The splitting parameters 89b)
ag tesp. ax (in mT) are shown below.

0.970 0.326 0.718 0.592

(‘j 0.082 (Nj 0.072 ENJ 0263 0 C‘j
NA035s 0131l y N 0.592

0.628 0.978

The larger the splitting (the larger the LUMO coefficient), the stronger the z-
LUMO interaction in the corresponding nitrenoazine, and the faster is nitrene ring
expansion: 4-pyrimidyl > 2-pyridyl > 2-pyrazinyl > 2-pyrimidyl > 3-pyridazinyl.
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V. Carbene-Nitrene Rearrangements

1. Phenylnitrene

Phenylnitrene and its substituted derivatives undergo three principal reactions in
the gas-phase [Eq. (53)]: (1) dimerization to azobenzene (which can also derive
from reaction between phenylnitrene and phenyl azide 109,111 (2) H-abstraction
giving aniline; and (3) ring contraction to l-cyano-cyclopentadiene 112}, Yields
of these and other products are given in Table 19.

$—N=N—

N, Ne
O+-0=.
¢—NH, (53)
™~
{Dex

The data in Table 19 require that the activation energy for ring contraction be
very high; even at 800 °C and low pressure the yield is very low. Carrier gases
only decrease the yield further, perhaps by collisional deactivation of any “hot”
nitrenes that might be present. The best results are obtained by rapid sample
introduction (distill in temperature ca. 45 °C at an initial pressure of 10-3—10-2
mm), producing an apparent explosion. The apparatus fills with a bluish smoke,
the pressure rises to ca. 1 mm, and the temperature of the sample flask rises above
100 °C. Phenyl azide would explode at this temperature at atmospheric presure,
as was confirmed by experiment. It may then reasonably be assumed that a high-
pressure, high-temperature shock-wave forms in the furnace, thereby providing
the necessary energy of activation. Hedaya and co-workers later reported yields
of up to 50%, of cyanocyclopentadiene 113), The difference is ascribed to different
apparatus design. Substituted phenyl azides behave analogously 114,

2. Interconversion of 2-Pyridylcarbene and Phenylnitrene

At first it was a great surprise that gas-phase generation of 2-pyridylcarbene (47)
resulted in the same products as obtined from phenylnitrene: 77%, azobenzene
and 4%, aniline at 500°/0.04 mm [Eq. (54)] 49.

= A
04 Qe — Q=0
N CH N~ N$
N 59
158 47 45 43

A 139, yield of 1,2-di(2-pyridyl)ethylene was also obtained, indicating that the
desired carbene 47 had been formed. Further evidence was obtained by pyrolysis
of 3-methyl-vic-triazolo[1,5-a]pyridine, where the sole reaction product was
2-vinylpyridine (1009, at 500°/0.15 mm or 800°/0.20 mm) [Eq. (55)].
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Table 19. Pyrolysis of phenyl azide 1)

T°C P mm 1-Cyanocyclo- Benzo- Aniline Azo Conditions
pentadiene nitrile benzene  of intro-

duction

300 0.05 - 0.5 82 20° 2)

400 0.05 5 52.5 20°

450 1.3, air 75 . 20°

450 1.3, Ar 66 45°

450 1, self-pressure 10 5 5 40° 3.4)

600 1, self-pressure 18 2 2 40° 3)

450 1.3, air 1 5 13 25 45°

700 1.3, air 0.5 2.5 22 20° 5)

750 0.1 0.5 1.6 2 0—-20° 6)

800 0.04 1.5 2.5 3 0°7

450 1.3, air 46 lg PNz in
10 ml
o H 8),

500 0.1 40 g sNgin
7g
ZNHp 9)

1) Product yields in %,.

2) 20%, azide recovered; yields are corrected for this.

3) “Violent pyrolysis”. See text.

4) 3%, benzene, traces of biphenyl, azobenzene, and diphenylamine isolated; HCN detected
by IR. R

5) 23%, hydrazobenzene and 0.7%, biphenyl isolated.

8) 0.59, pyridine isolated.

%) 3%, biphenyl, 2.5%, diphenylamine, traces of pyridine and azobenzene isolated.

8) Low yields of aniline, biphenyl, and diphenylamine isolated.

9) 119/ diphenylamine isolated.

@A’ QL— Q. )

N=N

Pyrolysis of 758 at 800°/0.1 mm gave benzene (2.89,), x-picoline (1.19%),
benzonitrile (3,7%), and a low yield of 1-cyanocyclopentadiene, identified by its
gas-chromatographic retention time, uv and mass spectra.

Pyrolysis of 6-methyl-vic-triazolo[1,5-a]pyridine (759) at 300 °C gave m,m’-
azotoluene (80%,) and m-toluidine (49). Pyrolysis at 800 °C/0.10 mm gave the
same products as those obtained from 1n-tolyl azide (Table 20). Innumerable
products are formed under these reaction conditions, and only some of them have
been identified. However, the gas chromatograms of the product mixtures from
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Fig. 2. Gas chromatograms of the pyrolysates from (a) m-tolyl azide, (b) 6-methyl-vic-triazolo-
[1,5-a]pyridine

759 and 7605 were almost identical (Fig. 2), and there can be little doubt that the
two compounds give rise to a common intermediate.

IN\ \ _A*\@m =\© ‘__*N'_Q—QN
‘ -- (56

N=N

l )
' 1606
Minor products Major products

159
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Table 20. Pyrolysis products of 6-methyl-vic-triazolo[1,5-a]pyridine (759) and m-tolyl azide
(7608) 1)

Starting material 159 160b Excess
Product ' 800 °C/0.1 mm 450°C/1.0 mm 15N-content 2)
Toluene : 10.2 3.7 -
m-Xylene 0.34 0.18 —
Pyridine 0.11 - 0
a-Picoline 0.38 0.26 0
B-Picoline 15.3 2.1 0
p-Picoline — — -
2,5-Lutidine 4.1 0.05 -
2,3-Lutidine — 0.05 -
4-Vinylpyridine Trace 3) Trace 3) -
3-Vinylpyridine Trace 8) 0.1 0
2-Vinylpyridine — Trace 0
1-Cyano-2-methylcyclopentadiene Trace 3) 0.2 0
1-Cyano-4-methylcyclopentadiene Trace 3) 0.4 0
Benzonitrile 0.6 1.0 0
m-Tolunitrile 1.1 0.6 0
m-Toluidine 4.3 2.3 0
2-Cyano-5-methylpyridine 2.0 Trace 4) —

500°C/0.04 mm  400°C/0.1 mm

m,m’-Azotoluene 80 Isolated 0
m-Toluidine ~4 Isolated —
1,2-Di(5-methyl-2-pyridyl)ethylene  ~1 0 —

1) Yields by GC. in 9 ; products identified by Ry, UV, IR, MS, except when stated otherwise.
2) By pyrolysis of m-tolyl azide-3-15N (8.40%, 15N).

3) Identified by Ry, UV, and mass spectra only.

4) Identified by Ry only.

The reason why nitrene products {e.g. azobenzenes) predominate in these
reactions could be thermodynamic (nitrenes being more stable than carbenes)
or kinetic (product formation being faster from nitrenes). In order to check this we
generated a sterically hindered nitrene, where intermolecular product formation
should be slowed down, and where the corresponding pyridylcarbene would have
an activation free 8 escape route. The reaction is shown in [Eq. (57)].

OO =0
l l (57)
o™

30% 8%
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The maximum yield of 2-vinyl-6-methylpyridine was 8%,, and the nitrene product,
2,6-xylidine still predominated (309,) 119). From this it appears that the carbene-
witrene equilibrium lies to the side of the nitrene.

In order to be sure that we are dealing with nitrene reactions, m-tolyl azide-3-
15N was pyrolysed under the conditions shown in Table 20. All the nitrogen con-
taining products isolated had lost all of the 15N (the lutidines and 4-vinylpyridine
were not isolated). The same was true for m,m’-azotoluene, formed by pyrolysis
at 400°/0.1 mm [Eq. (58)].

£l
N=N=N Ne Products
/

e .
o

3. Chemical Activation in Phenylnitrene Ring Contraction

Another surprising result was the observation 55:58 that good yields (20—709,)
of cyanocyclopentadiene could be obtained by pyrolysis of 2-, 3-, and 4-(5-tetra-
zoly)) pyridines as well as of 3- and 4-pyridyldiazomethanes, the latter generated
from the tosylhydrazone salts 55),

o o o,
| |

/B\}
CH ® L 1)
= )= =(r=0,=0.
Q= - = =00y

NN

H
- N-N
= ~CH=N-N-TsNat or  // W @
NN CN

H

(59)

5-Aryltetrazoles pyrolyse by way of aryldiazomethanes [Eq. (5), Section III.2]
and in the present case vic-triazolo[1,5-a]pyridine (758) was isolable from pyrolysis
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of 2-(5-tetrazolyl)pyridine (767) 36). Solution thermolysis of 758 permitted the
trapping of 2-pyridyldiazomethane,

A
O A C - X
“Nz QCH"N ‘
NN N =N, N
\ N=N
H

N‘N’N
162 158
161 l A (60)
Ol
47

762 29, We should then expect that the diazomethane 762 is the immediate
carbene precursor, irrespective of the starting material [Eq. (60)]. A difference in
product yields cannot, therefore, be due to different reaction mechanisms, but
must be ascribed to energetic reasons,

An energy surface based on thermochemical estimates and kinetic experi-
ments 24 is shown in Fig. 3. As before, absolute energies may be inaccurate, but
there can be no doubt that 2-pyridylcarbene generated from 767 will initially be
more highly activated chemically than the same carbene from 758 (that is, by the
difference between the 4 HYf of the carbene and the crest of the energy barrier for

~151.5

Fig. 3. The C¢H N energy profile (values in kcal/mol) 24
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Table 21. Pyrolysis of pyridylcarbene precursors

Starting Products, yield %,
material Ovenl) T°C P mm 2) N
[y U ——
I;I >
N=N
A 500 0.05 33 0
O A 550 0.001 425 0
NN A 550 0.05 33 0
NyeN A 570—80  0.001 39 0
H A 570—80  0.05 31 0
A 600 0.001 42 0
A 650 0.00001 70 0
A 650 0.001 48 0
A 700 0.001 45 0
A 770 0.001 41 0
A 800 0.001 32 0
A 880 0.001 12 0
B 400 0.001 ~1 17 15
B 400 0.1 - 18
B 400 1 0-3 77 9
B 400 10 - 41 3
B 610 0.001 27 4
B 610 0.1 36 7
B 610 1 27—30 20—30
c 400 0.01 0 24
N-N B 400 1 2 12
[ N B 515 0.001 13 0
N s 515 0.1 18 0
B 515 1 17 3
B 515 10 12 4
A 610 0.001 30 0
N=N B 400 1 6 12
Na NH A 560 0.001 51 0
B 560 0.001 18 2
B 560 0.1 14 3
O B 560 1 40 7
N B 560 10 18 4
CH=N, B 350 0.001 6 0.5
B 400 0.001 11 6
O« B 400 0.1 10 10
B 400 1 3 10
N B 560 0.001 14 3
B 560 0.1 6 5
B 560 1 3 8

1) Oven A: 53 X 3 cm quartz tube; flow system.

Oven B: 30 x 2 cm quartz tube; flow system.

Oven C: 53 x 3.5 cm quartz tube; static; 100 mg pyrolyzed for 6 min.
2) Ng carrier gas is used at pressures » 1 mm.
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decomposition of the starting materials). If the pressure is low enough, and the
rearrangements faster than the collision rate, the resulting phenylnitrene will also
be chemically activated. If the pressure is raised, the pyridyldiazomethane and
subsequent intermediates will be collisionally deactivated, the activation energy
for ring contraction will no longer be available; cyanocyclopentadiene will tend
to disappear, and azobenzene will form instead. The data in Table 21 support this
contention; low temperatures, short pyrolysis tubes, and relatively high pressures
favor the production of azobenzene 29). The effect is not very large because of
the short lifetimes of the reactive intermediates, with the consequential low
collision numbers, and the use of a low molecular weight bath gas, nitrogen 79).

Further evidence for chemical activation was found in a comparison of the
tolyl azides with 6-(5-tetrazolyl}-2-picoline (763).

Whereas m- and p-tolyl azides (760b and ¢) give rise to the expected cyano-
cyclopentadienes 764 and 765 (which interconvert thermally 119) o-tolyl azide
(760 a) could not be forced to undergo the violent decomposition, and only minute
C=N absorptions were visible in the IR spectra of the crude pyrolysates, obtained
even from pyrolyses at 900 °C. The main product was o,0’-azotoluene (379, at
450 °C/0.1—0.2 mm). The failure of the nitrene from 760a to contract may be
ascribed to collisions with the methyl group, deactivating the nitrene (cf. Ref.57).

Pyrolysis of 763 also produces o-tolylnitrene, but now the cyanocyclopenta-
dienes 764—765 were also obtained (Table 22) 99). If the ring contraction is at all a
nitrene reaction, the nitrene from 763 must be “hotter’” than the one from 760a.
[The methylcyanocyclopentadienes 764—765 rearrange thermally to benzoni-
trile 114), The use of a higher pyrolysis presssure results in a lower yield of benzo-
nitrile, and a higher yield of the primary nitrile, 765; at the same time, more
o-toluidine is formed (Table 22)].

CH,
JONN \&m - d@:
N;
/A
160 a: ortho NN
b: meta H
c: para

163

Table 22, Pyrolysis of 6-methyl-2-(5-tetrazolyl)pyridine (763) 1)

& ®m©<w@m©@2©f

610 0.001 4.9 2.3 2.9 17.8 2.6
4002) 1, Ny — 4,7 — Trace 21.9 -

1) Yields in 9%, based on relative peak areas by GC., without correlation factors.
2) 0,0"-Dimethylazobenzene formed.
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4. Labeling Experiments

On the basis of 14C and 13C labeling experiments it was reported 116,117 that
phenylnitrene undergoes essentially complete carbon scrambling prior to ring
contraction. Like in the case of phenylcarbene (Section III.8) simple ring expan-
sions/contractions do not suffice to randomize all carbon atoms; hydrogen shifts
are needed. Two possible mechanisms, incorporating the original postulates 116,
117 are given in Egs. (61) and (62). The first involves hydrogen shifts in the
azepinylidenes; the second is a ring-walk of the nitrene.
Some evidence for interconversion of all the azepinylidenes [Eq. (61)] is found in
the formation of some products otherwise difficult to explain: the formation of
2-, 8-, and 4-vinylpyridine and 2,3-lutidine from 759 (see Table 20). The three
vinylpyridines were formed from both m- and p-tolyl azides as wel.

If carbon-scrambled phenylnitrene 766 is formed [Egs. (61) — (62)] it must be
possible to deactive some of these nitrenes and obtain scrambled aniline and azo-
benzene. Crow reported that aniline was zof scrambled 117, To check the point, we

Y e J AR
- I -
i I i

:N: y @ @ (61)
| | { N
N\© | N@ N/@ - @

N

Ne
N N ah
Z| H H | NS
. - — ©/ e — 6  (62)
166

generated 2-pyridylcarbene-13C under conditons which gave both cyanocyclo-
pentadiene, aniline, and azobenzene (610 °C{1 mm N3), and conditions which gave
azobenzene only (400 °C{1 mm Ns). In both cases, antline and azobenzene were
specifically labeled in the ortho-positions only [Eq. (63)]. 81

Since no evidence for scrambled nitrenes could be found (namely scrambled
aniline and azobenzene), the scrambling process must take place in an intermediate
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other than phenylnitrene, and it must occur after the highest activation barrier towards
ring contraction has been passed, i.e. in a new intermediate on the down-hill right-
hand side of Fig. 8. A closer scrutiny of the cyanocyclopentadiene now revealed
that the scrambling was in fact not complete : the CN-group carried more label than
the ring-carbons, and the ratio CN/Cring was 1.7. This result is in precise agree-
ment with our previous postulate?4 that phenylnitrene isomerizes to iminocyclo-
hexadienylidene, and it.is the latter which undergoes a Wolff-type ring contrac-
tion (see p. 182). Since the iminocyclohexadienylidenes interconvert wia 1H-
benzazirine (cf. Scheme 2), and the cyano-group in the final product undergoes
sigmatropic shifts 33), the observed labeling ratio obtains:

- ﬁj: @H‘: @ﬂH — g

166a 166b

[”CN (63a)

D,

e=]
o=3;

The first formed intermediate in Eq. (63a) may be either the iminocarbene 7664
(a H-abstraction reaction) or the benzazirine 7665 (a C—H insertion reaction).
The latter is the more attractive pathway in view of the precedence for a direct
intramolecular insertion of a singlet arylnitrene into-an aliphatic C—H bond 108a).
Furthermore, both theoretical and experimental evidence indicates that the transi-
tion state for H-abstraction is linear, whereas for insertion it is triangular 108D},
Phenylnitrene can only adopt the angular transition state. Accordingly, the results
are explained without recourse to [Egs. (61)—(62)]. The final proof that phenyi-
nitrene does not undergo carbon randomization was obtained by generation of 13C-
labeled 4-pyridylcarbene [cf. Eq. (59)] which resulted in cyanocyclopentadiene,
which was wunlabeled on the CN-group 8V. The now complete C¢HsN energy
surface is shown in Fig. 3. The same type of mechanism was advanced for phenyl-
carbene [Eq. (28)].
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5. Arylnitrenes in Solution

The chemistry of aromatic azides in solution is somewhat outside our domain, and
only brief mention can be made here of this rich field. Aryl azides yield azepines
by thermolysis or photolysis in nucleophilic solvents 71,82,105,118),

Pyridines are observed in some of these reactions, and the substituent pattern is
that expected from nitrene-carbene interconversion 119, Small yields of azepine
have been recorded in the photolysis of 758 120, The bicyclic intermediate 44
[Eq. (64)] has been postulated frequently over the last twenty years. A wave-
length dependence of the formation of azepines has been observed 122); the yield of
azepine increases with the energy of the light and with the concentration of the
trapping agent (diethylamine). At the same time, the yields of competitive proc-
esses of the nitrene (carbazole formation from 2-biphenylylnitrene; p-cyanophenyl-
hydrazine from p-cyanophenylnitrene) decrease. The rate of the azepine-forming

N3 Nz N . N=N
Z N._-CH N

— (==

43 44 47 158

lNHEtz

@NEQ ONEH
x-NH x-N

reaction (3-104—8-108 1-mol-!s—1) is believed to be too low for that of a reaction
of the singlet nitrene itself 122), By an analogy with phenylcarbene and bicyclo-
[4.1.0]heptatriene (Section III. 4.—5.) one may estimate that the reaction, triplet
phenylnitrene -~44 is endothermic by at least 24 kcal/mol. Since the singlet-
triplet splitting in nitrenes is unknown, it is impossible to say how high 44 lies
above the singlet nitrene. In any case, the 24 kcal/mol are available in both ther-
mal and photochemical decomposition of the azides, and it is quite possible that 44
could form, especially by short wavelength photolysis. It is also possible that 44
could form directly from an excited singlet state of the azide.

On the other hand, the energy of 2-azepinylidene may be lower than that of 44
{cf. Section ITL.5). Experiment must resolve the question of the nature of the inter-
mediate(s) in the azepine forming reactions.

6. Other Carbene-Nitrene Rearrangements

The rearrangement of hetarylcarbenes to arylnitrenes is a general reaction. Further
examples are given in [Eqgs. (65)—(69)]. Product yields are reported in Tables
23—25.

In the quinolyl- and isoquinolyl series good yields of ring contraction products
(777,772) can be obtained from both triazoles, tetrazoles, and azides (768, 775). In
the pyridine series best yields were obtained from tetrazoles (Section V. 2.—3.).
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The effect of annelation seems to be a lowering of the activation energy for ring
contraction in the nitrenes; azides 768 and 775 contract more easily than phenyl
azide (cf. Table 19). The fact that 767 and 773 do give ring contraction products
reaffirms the statement that triazoles do not pyrolyze by a mechanism funda-
mentally different from that of the tetrazoles (p. 232).

The effect of annelation is again seen in a comparison of [Eqgs. (67) and (68)].
7183 (R =) gives 784 as the main product 123}, whereas 787 gives 788 and very
little, if any, ring contraction product 36)®, The same increase in the rate of ring
contraction as opposed to intramolecular cyclization to carbazole derivatives was
also observed in 3-phenyl-2-quinoxalylnitrene [(740, Eq. (46)].

The fact that more than one ring contraction product is formed in each case
(171172, 179181, 185—186, 194—195) implicates chemical activation: the ring
contraction is exothermic, and the five-ring nitriles interconvert themselves at

NH2

169

O 00 t‘“t

Ns

@Q -0, @

CH 176
173 \
‘ Q0. . OO
N/ l;\TH 177
174

b) The crude pyrolysate of 787 showed a medium C=N band at 2200 cm~1. No nitrile has been
isolated, and it can at most account for 109, of the products. The possible presence of an
acetylene (789) has been excluded by the failure to obtain its product of reaction with water
77,
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Table 23. Products of quinolyl- and isoquinolylcarbenes, and naphthylnitrenes 56,92,123)

Starting 7°C/Pmm  Oven 1) Products, yield % {cf. Eq. 65)

material 171 172 769 176 170 177
167 340/10-3 A ~3:15)

450/10-3 B 4 3.2 37.6 6

510/10-3 A 28 12 6 5

400/1, N26) B 0.8 3.2 17 33
173 340/10-3 A ~20:1 5)

500/10-3 A 14 24 7.7 8

400/1, N2 B 0.8 3.2 41 33
174 480/10-3 A 18 32 28

400/1,Ng B 3.4 20.6 7.5 6.4
168 500/0.03 B 0 <001 24 48

480/10-3 A 4.6 5.4 12.6 2.4

800/0.1 2) B 0.7 0.1 1.9

1000/0.058) B 0.25 Trace 0
175 500/10-3 A 10.6 11 7.8 14
171 1000/0.254) B 21 16
172 800/0.02 B 39 61

1000/0254 B 21 16

1) For ovens A and B, see Table 21, footnote 1).

%) Also formed: 0.15%, indene, 299, naphthalene, 0.3%, 4(7)-cyanoindene, and 1.3%, 1-cy-
anonaphthalene.

3) Also formed: 39, indene, 259 naphthalene (809 of all product)}, 0.25%, 4(7)-cyanoindene,
0.25%, 5(6)-cyancindene, and 0.5%, 1-cyanonaphthalene.

4) Also formed: 4-, 5-, 6-, and 7-cyanoindenes; see Ref. 33),

%) Ratio of 2- to 3-cyanoindene by GC; product yield was very low.

6) Under the same conditions, 2-(5-tetrazolyl)quinoline gave 2-cyancindene (2.79%), 3-cyan-
oindene (10.3%), 1-naphthylamine (209}), and 1,1’-azonaphthalene (139).

elevated temperatures 3% (Tables 23—25). Increased pressure removes chemical
activation, so that 779 becomes the main product from 778; and 787 becomes the
main product from 782 (Table 24). Further, unidentified dimethylcyanopyrroles,
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Table 24. Products of pyrimidylcarbenes 124

Starting Products, relative peak areas by GC.
material T°C[P mm 179 180 181 Other dimethyl-
cyanopyrroles
178 400/10-3 63 29 7 -1
400/10-2 68 26 6 -1
400/1,Ng 98 1.5 <0.5 -
600/10-3 70 23 7 —
600/10-1 79 19 2 —
782 400/10-3 34 22.5 42.5 -
400/10-1 27 15 58 —_
400/1, Ny 21 10 69 —
600/10-3 28 22 36 14
600/10-1 25 22.5 44 8
179 800/10-3 49 32 14 5
187 800/10—3 21.5 22 50 6
1) Ca. 15%, unidentified product formed as well.
Table 25. Products of pyrazinylcarbene and 4-pyridylnitrene
Starting T °C/P mm Relative yields by NMR/GC Total yield,
material 194 793 192 196 %
791 450/10-3 1) ~1 ~1 ~1 ~1 <30
193 400/1 2) 2 1 <10
400/0.05 54 54
194 800/0.01 2 1 98
195 800/0.01 1 2 98

1) Unstable products are formed; no acetylenes could be detected by IR or NMR.
2) “Violent pyrolysis'’. Other products formed: 29, pyridine and 17%, 4-cyanopyridine.

which must arise through both CN- and CHs-migrations disappear when the pres-
sure is increased. The primary products, 779 and 787, respectively, indicate that
ring contraction in the nitrenes occurs predominantly to the side which is un-
substituted 124,

The rearrangement of 1-isoquinolylcarbene was corroborated by 13C-labeling
81) [Eq. (70)]. 2-Naphthylamine was labeled only in the 1-position. 3-Cyanoindene
was the main product when the reaction was carried out at 400°/1 mm Ng (cf.
Table 23), and it was labeled predominately in the 3-position and on CN, with a
very small amount of label in the 1-position. 2-Cyanoindene was equally labeled
on C-1 and C-3, and these two positions are interconverted by hydrogen shifts.
Since 2- and 3-cyanoindene interconvert at elevated temperatures 33, this ex-
plains the formation of label in the 1-position of 3-cyanoindene, which was found
to increase with the temperature. The results are therefore entirely consistent with
ring contraction via iminocarbenes and naphthazirine [Eq. (71)] (cf. also p. 236).
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7. The Stability of Nitrenes

The observation that hetarylcarbenes always rearrange to nitrenes, when possible,
suggests that nitrenes are thermodynamically more stable than carbenes {cf.
Section V.2). That this is so can be seen by comparing the heats of formation of
CH: and NH (triplet ground states) with those of some ‘“normal” molecules
(Table 26). Normal nitrogen containing compounds have heats of formation

Table 26. Heats of formation of isosteric molecules (kcal/mol)

CH2924+11) CHz-341) CH1428) CHy—17.91) CH3—CHg —20.25) gH 19.8 5)
:NH 90 2) NH.-454) N1133) NHg—113)  CHz—NHj — 5.5 5) pyridine33.5%
814251

1) Ref. 16,17,18),
2) Ref. 125),
3) Ref. 126),
4) Ref. 109,
5) Ref. 14,

10—12 kcal/mol kigher than the isosteric carbon compounds. Although AH £(NH)
is not known with precision, it is stated that it cannot be more than 94 kcal/mol
125), Using the best values of Seal and Gaydon 129 and Stedman 125, AH{(NH)
=90 kcal/mol, NH is some 10—15 kcal/mol more stable than would have been ex-
pected from the value for CHs. That this conclusion is correct becomes even more
probable when one compares CH and N (Table 26). The N atom has a heat of
formation 29 kcal/mol below that of CH.

When one estimates the heats of formation of aromatic nitrenes and carbenes
from those of NH and CHj with the aid of group additivity, the nitrenes will
automatically become 10—15 kcal/mol more stable than the isomeric carbenes.
These estimates are of necessity for the triplet species; we do not know the reson-
ance energies in the singlets. Nor do we know the singlet-triplet splittings, which
may be different in carbenes and nitrenes. We have, therefore, also performed semi-
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empirical calculations of the total energies of the singlet states of several carbenes
and nitrenes (Table 27). The conclusion is the same: the nitrenes are always more
stable than the isomeric carbenes 101,127),

On this basis one can understand some reactivity differences between ¢sosteric
nitrenes and carbenes. The quinolyl- and isoquinolyl carbenes and nitrenes are
compared in Scheme 7. 2-Quinolylnitrene (770) and 2-quinolylcarbene (797) are
analogous in that both expand and contract, rearranging to 773 and 799, respecti-
vely (cf. Section V.2). However, l-isoquinolylcarbene (200) is not analogous to
l-isoquinolylnitrene (773), for no acetylenic ring opened products, 204—205 were
observed. The estimated enthalpies of formation and reaction (cf. Table 14) are
indicated in parentheses in Scheme 7. To the extent that differences in activation
energies are proportional to differences in reaction enthalpy (Bell-Evans-Polanyi
Principle), the thermochemistry explains the reactions. Thus, ring expansion in
1-isoquinolylnitrene (773) is endothermic by ca. 23 kcal/mol, but ring opening

HN—)
O ~H2- ——@?@?
N cN*’ CN CN

116

. 115
@I@\ +11) 73 (=25)
N .éH NN Al
Ne \

CN
(~130) (~141) (~116) @
197 198 199 /

O +11) =z N (-25)
N A N2

CH

(~130) £r36) (~141) (~116)
200 201 202 HN ]

203 204 205
Scheme 7
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only by 12 kcal/mol. By contrast, ring expansion in 1-isoquinolylcarbene (200) is
endothermic by only ca. 11 kcal/mol, whereas ring opening requires ca. 36 kcal/mol.

The difference is twofold: (1) the higher heat of formation of an acetylene over
a nitrile (ca. 26 kcalfmol!4) makes ring opening in a carbene unfavorable; (2) the
lower heat of formation of a nitrene compared with an isomeric carbene makes ring
expansion more favorable in carbenes than in nitrenes.

Using similar arguments it can be understood why 2-pyrimidylcarbenes
[Egs. (66) and (68)] and pyrazinylcarbene [Eq. (69)] expand, while the isosteric
nitrenes do not (Section IV. 5.—6.). The alternative is ring opening or ring contrac-
tion to acetylenes.The 2-pyrimidylcarbenes enjoy the same stabilizing 4-electron
3-center bonding as 2-pyrimidylnitrene 57 (see 757, p. 226), but the lower elec-
tronegativity of carbon compared with nitrogen makes this stabilization less
pronounced, and the carbenes do in fact expand [Eq. (68)]. The carbene expansion
will be less endothermic then the nitrene expansion, since C=N bonds are formed
in the former; N=N bonds in the latter.

It is also known that 1,4-diphenyl-5-(1,2,3-triazolyl)nitrene (206) undergoes
ring opening in solution, whereas the carbene 207 only gives normal intermolecular

carbene reactions 128),
] P
v \ e vm——— lﬂ4

b’:\.,l\, it Ny N
é ¢
206
vy ="
I\Ifi‘g\.C.H = ,:N S~H
¢ :
207

2-Azidopyridine N-oxides (208) undergo ring contraction to 2-cyano-1-hy-
droxypyrroles (209) in solution 129), The reaction is formally analogous to the ring
contraction in pyridylnitrenes (Section IV.1) but probably does not involve ni-
trenes 129). In any case, analogous acetylenes have not been obtained from the
corresponding diazomethane 270 130),

@N3 - @‘CN
bH

0
208 209
Ol —~ O
N CHN, NS H
& OH

210
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It is possible to stabilize a carbene sufficiently, so that it becomes more stable
than an isomeric nitrene. Cyanocarbene (NC—CH) is expected to be more stable

than ethynylnitrene {:N—C=CH) due to the lower heat of formation of the cyano-
group. There is experimental evidence for this: attempts to gemerate phenyl-
ethynylnitrene led only to products derived from phenylcyanocarbene 131

[Eq. (72)]-
$-Cc=C-N: —= ¢-C—CN

v
$-C=C-NCO — 5

o] N
RH_ 4 _CH,—CN + j]:c
¢~ “CN

Aminocarbene (NHy—CH) is probably more stable than methylnitrene
(:N—CHj) due to stabilization by the amine lone pair 132, but H;N—CH,—CH
would be ca. 9 kcal/mol less stable than :N—CH2—CHg (cf. values in Table 26).

8. Spin State

In this account little has been said about the spin states of the carbenes and
nitrenes which react, and it has-been tacitly assumed that rearrangement occurs
from singlet states, whereas amine and azobenzene formation most probably
occurs from triplets. Since we are dealing with thermal reactions, the law of spin
conservation 133) would predict that the first-formed species are singlets. However,
this is claimed not to be absolutely necessary, for the direct formation of triplets,

iR5C=Nz -~ 3RsC: 4 1IN, (73)

is allowed by overall (space X spin) symmetry 139 [Eq. (73)].

The direct generation of triplet phenylnitrene from (singlet) phenylsulphinyl-
amine is certainly an allowed reaction, since the ground state of SO is a triplet 139,
The reaction occurs, and both aniline and cyanocyclopentadiene is formed 136),

A s, .

Although the yield of the latter is low (4%, at 1000 °C) it is not very much lower
than from phenyl azide (Table 19). Since ring contraction in arylcarbenes and
-nitrenes requires high activation energies (temperatures of 600—800 °C) it is of
little importance in which state the initial species is formed. The activation energies
are probably higher than the singlet-triplet splittings, and rapid intersystem
crossing can take place prior to ring contraction.
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V1. Conclusion

Acrylcarbenes and arylnitrenes undergo two major kinds of isomerization, namely
ring expansion and ring contraction:

cX X . Y cy
Y Y 78R X X
J— Y
17\ — @ = (2] = @ Z)

X,Y,Z=CHoryN

The ring expansion proceeds via bicyclic intermediates when these are stabilized
relative to the carbenes, but the formation of such intermediates is not a pre-
requisite for the reaction. The expanding carbenes and nitrenes show both electro-
philic and nucleophilic properties, and the ease of expansion can be predicted from
a qualitative consideration of HOMO and LUMO energies, and general organic
chemistry. The activation energies for ring expansion are often, but not always,
lower than those for ring contraction. Both expansion and contraction is accelerat-
ed in heteroaromatic systems, where both the carbenes, the nitrenes, and the rings
are more electrophilic,and LUMO energies are lower. Hetarylcarbenes rearrange
efficiently to (het)arylnitrenes, the latter being thermodynamically more stable.

There are at least two mechanisms of ring contraction: direct and indirect.
The direct contraction can yield either N-nitriles (in pyrazinyl- and 2-pyrimidyl-
nitrenes) or C-nitriles [in 3-cyano-2-pyridylnitrene, 702 (Eq. (34)]. The indirect
contraction takes place via iminocyclohexadienylidenes (in phenyl- and 2-naph-
thylnitrenes), or methylenecyclohexadienylidenes (in phenylcarbene). The cyclo-
hexadienylidenes are themselves formed from — and in equilibrium with —
1H-benzazirine and benzocyclopropene, respectively. Ring contraction is favored
by high temperature or precursors which decompose with high activation ener-
gies, thus producing chemically activated (“‘hot‘‘) species. The ring contrac-
tion is strongly exothermic, so that the final products are chemically activated
too, and they isomerize by CN- and alkyl shifts. The energies involved in gas-phase
isomerizations of carbenes and nitrenes are often higher than the singlet-triplet
splittings, so that the initial spin state of the species may be without importance.
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Canberra and Lausanne. I thank Professors Rolf Gleiter, Hans Jérg Lindner (Technische
Hochschule Darmstadt), Wilfrid D. Crow (Canberra), and my students, Célestin Thétaz, Ray-
mond Harder, Nguyen Mong Lin, and Dr. Claude Mayor for exciting and stimulating collab-
oration. The financial support of the Schweizerische Nationalfonds zur Férderung der Wissen-
schaftlichen Forschung under Projects No. 2.241.70 {Prof. H. Dahn) and 2.258.074 is gratefully
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