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‘The time has come,’ the Walrus said,

‘To tatk of many things,

Of shoes — and ships — and sealing wax —

Of cabbages — and kings -

Lewis Carroll, “The Walrus and the Carpenter”
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David Ginsburg

1 Introduction

I should like to attempt to explain why a starting material that may apparently
afford a propellane and/or a dispiran sometimes gives one or another, apparently
not a mixture of both. There does not appear to be a denominator common for all
the cases to be discussed but perhaps discussion of cases pertaining both to carbo-
cyclic and heterocyclic compounds may cast some light on the problem; there need not
be a unique reason for the behavior in the two series.

To empbhasize this statement I should like to begin with a heterocyclic case which
provides an outlet for the molecule’s behavior that leads to neither propellane or spiran
albeit, on paper, both of these types might be expected to form. In Miilheim/Ruhr the
following reaction was studied

OH OH RB-0 RB-O
HAio, OH RBCH § R({ 9
2 —_
4 4RV AE =
HO OH

¢; O

boox .

N\

2 3

The product I is formed exclusively »). No propellane is formed. An explanation
has been given by a group interested more in propellanes than in spirans and
therefore considered only the relative stability between / and 2.

MNDO calculations indicate that I, rather than 2, forms because of repulsion
between lone-pairs on proximate oxygens which would occur in the propellanes but
not in compounds of type /*. Compunds I and 3 were not compared. In the two
systems which were compared, the hetero-rings are five-membered whilst in 3 they
would be four-membered, perhaps sufficient reason without further ado to ignore
the importance of 3 being potentially formed. The simplistic argument with respect
to relatively greater strain in 4-membered rings may not be the only congideration,
however. Here too electrostatic interactions between oxygens in the spiro-rings might
be of even greater weight.

Often there are two (or more) courses that a reaction may take, say, cyclization
of a common starting material (under whatever conditions that are being used) leading
to several possible products. In this chapter, I want to discuss just such a case where
cyclization of a generalized 1,1,2,2-tetrasubstituted ring 4 may lead to a propellane 5
and/or to a dispiran 6.
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It may be useful either at the outset or post factum to use molecular mechanics to
calculate which of these products may be the more stable. A priori there is no way
to tell whether either of the two products is the generally preferred one. In the
present case such calculations do not appear to have been carried out at the outset;
not surprisingly. This sort of thing was not done at the time the work was conducted.
I know of only one very recent paper in which such calculations appear, comparing
intermediates between a dispiran with its isomeric propellane (see below **).

Although we are dealing with work described in the literature by means of a posterio-
ri molecular calculation it is useful to see the relative calculated heats of formation
of the isomeric propellanes and dispirans and note particularly the right-most
columns so as to be in a position to gauge these against the experimental results or
vice versa.

Amnon Stanger *® has kindly calculated the heats of formation H; and strain
energies E, of the two sets of isomers shown in the Table.

Table 1. (Program MM2, QCPE No. 395)

Compound AHg keat/mol ) Strain Energy . E AAHg AE
chair 9.0 50.7
boat 13.2 54.9
7.5 9.7
E)‘i' chair 165 604
31 L
OjJ 235 60.7

Thus, the experimental results follow in the path of the calculations.

Incidentally, PE spectra of these dispirans in addition to several others, have been
reported 39,

2 Carbocyclic Propellanes and Dispirans

Let us now turn to simpler systems in which there are two, not three, structural
alternatives for the potential product. Buchta and his collaborators published many
papers on the preparation of spiro-compounds *). His work stemmed primarily from
his greater interest in these *) rather than in the propellane by-products obtained
in certain cases *¢~®. The case was reversed for our group. Propellanes were para-
mount but sometimes spiro-compounds were obtained 3. First we shall discuss a
number of carbocyclic examples. )

At the time our work was done (1968) very few “small-ring” propellanes were
known *). Nevertheless it was clear that these molecules would be strained and that
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the smaller the rings the more care must be exercised in choosing the reaction con-
ditions for the last step(s) in their synthesis; the limiting cases certainly wouldn’t be
formed under relatively stringent reaction conditions.

A propellane containing, say, a six-membered ring and two four-membered ones
(a [4.2.2]propellane) would presumably be easier to prepare than one with three four-
membered rings. This assumption was proved amply true when the time came (1971)
and a [4.2.2]propellane derivative was used to prepare compounds successively con-
taining the [3.2.2] and the [2.2.2]propellane skeleton ©).

We tried in 1968, as it turned out, unsuccessfully, to prepare a propellane having
the [4.2.2] nucleus (actually it was a [4.2.2]propellene). But we were most successful
in preparing the isomeric dispiran 7). None of the desired propellane was formed
(see reaction scheme):

CH,Br CH,Br
CH,Br anem palc - i CH,Br
o, = “Teon ™ " aq MeOH
CH,Br (Ret.7a) MeOH e CH,Br
CH,Br CH,Br
7 $o 8 9 10
(,Q%@
CH,OMs
SS Nap$ N,
(Ret.8) CHC(;{&{S)MS (Rot 75) CN
2
2 11 13:4 of 6 possible isomers

The structures of the 4 isomeric nitriles listed in the above reaction scheme were
determined by NMR spectroscopy and dipole moment measurements "®.

The tetramesylate 7/ used had been reported previously**®. We shall see below
that it nonetheless is a useful intermediate in synthesis of propellanes ®).

The dispiro[2.4.2.0}dec-5-ene was later used to prepare the compound with a
conjugated diene in the six-membered ring ?. There is no sign of rearrangement
under the conditions used.

S

Buchta and his coworkers have contributed to the problem we are discussing.
The tetraester of the [3.3.1]propellane shown, 7, is formed ““iiberraschenderweise™
from 1,1,2,2-tetrakis-hydroxymethylcyclopropane tetramesylate /6 and sodio-diethyl

malonate, in 53 % yield *.
(CH,0Ms),

Q — (Et0C); (CO2Et )2
(CH,OMs),

16 17
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Wherefore “iliberraschenderweise”? For the corresponding cyclobutane-1,1,2,2-
tetramesylate /& gave the homologous [3.3.2]propellane tetramethyl ester 79 in only
0.5 % yield, the major product being 7-oxa[3.3.2] propellane-3,3-diethyl ester 20 ¥,

(CHyOMs), C@ . :@ CO3Et
[‘_’](CHZOMS)2 —= (Et0,C); (CO,E), 0 (CO2Et ),

18 19,0.5% 20, main product

Dispiro{2.2.2.0Joctane 22 was obtained in good vield along with a fragmentation
product 23 by treating 1,1,2,2-tetrakis-bromomethyl-cyclobutane 27 with zinc dust
in aqueous ethanol *®). The cyclobutene analog of 22 has also been reported .

D (CH?_ Br )2
{CH,Br), - *

5.5parts 1 part
21 22 23

A Waurtz reaction, using sodium, of the same tetrabromide gave a wealth of
fragmentation products whose formation may be reasonably explained mechanisti-
cally *®,

When the cyclopropane homolog 24, with the same 1,1,2,2-tetrabromide array,
was treated with zinc, the analogous fragmentation reaction occurred, leading in
this case to an 84 % yield of 2,4-dimethyl-penta-1,4-diene, 25 *®. This is in contradi-
stinction to the reaction of the corresponding tetramesylate 16 with sodio-diethyl

malonate 0, (vide supra).
<]f CHzBr)2
(CH2 BI’)Z
24 25

In the abovementioned cases preparation of the propellanes was direct. A very
nice instance exists, however, of rearrangement of a dispiran, 26, to Dewar benzenes
27 which happen to be [n.2.2]propelladienes. Silver ion (silver perchlorate at —20 °C)
promotes the isomerization, as shown 19,

c Hz)n — Y
% 7 C@ Zb
26b 27b
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Various Dewar benzenes of type 27 are formed depending upon the size of the
alicyclic ring.

To be quite formal about the connection between spirans and propellanes an
interesting pathway may be cited, although admittedly, it is farfetched.

The spiroketone 28 was converted into its tosylhydrazone whose sodium salt 29
was heated without solvent in a high vacuum. The bicyclic olefin 30 was formed
and being a cyclobutene, Woodward and Hoffmann allowed it to ring-open to afford
31 and these two products were collected in a trap cooled by liquid nitrogen.
When the mixture was permitted to warm up, an exothermic reaction (again allowed
by W & H) set in and the cyclobuteno[4.2.2]propellane 32 was formed 'V

o% N%_A_.@:}*[z
g o

3 Heterocyclic Propellanes and Dispirans

Let us now discuss heterocyclic propellanes and dispirans. 8,11-Dioxa[4.3.3]propell-3-
ene 34 was prepared (in 73% yield) by heating the tetrol 33 with KHSO, at
190-200 °C *®). This was accompanied by the bicyclic ether 35 (109 yield) but no

CH,0H
{CH,0H); AN OQO
{CHa0H), ~ i
CH,0H
33 34 35

mention was made of any accompanying olefinic dispiran containing two oxetan rings.
A saturated isomeric dispiran analog was prepared by another route *¢). Thus, rather
than form a dispiran a trans-fused bicyclic product is preferred.

Again, only oxa-propellanes, not dispirans, were formed when 1,1,2 ,2-cyclobutane
derivatives were used as starting materials “9. The tetratosylate 37 was formed by
esterification of the corresponding tetrol 36 with p-TsOH accompanied by the bicyclic

CH,O0Ts
(CH20H)2 (CH, OTs);
Cicrzot, —= ichzomn Y
CHzOTs
36 37
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ether ditosylate 38. The tetratosylate obtained, when treated with sodio-malonic ester,
did not give a [3.3.2]propellane tetraester (vide supra *¥) but rather the propellane
ether diester 39. This product was also obtained when the bicyclic ether ditosylate 38
was treated with sodio-malonic ester *¥). Treatment of the tetrabromide 27 with

oC@ (CO,EL),

39

sodio-malonic ester gave the bicyclic compound 40. It gave after heating in methanol
with KOH a salt which upon acidification gave the dicarboxylic acid 47. At first

CH2Br
(CHZ Br )2 —
Uichaen, qD(COZEt)z Q_I Ot
CHzal’
21 40 41

glance the conditions leading to the oxa[3.3.2]propellane dicarboxylic acid may appear
strange but though the reaction course is not explained one can rationalize it
by stepwise nucleophilic attacks, involving one set of cis-disposed bromomethy! groups
in each case:

AT
CHZBr  =CHICO,Et), CH,CHICOEL ),
CH;Br CH,Br
(Cstr )2 (CHZB”Z
21
CH;Br CH,Br CH,07
Qe KOH
CICO,Et); — (COzEt); 2. (003l a0 {CO5H),
Sy
CH, Br CHzBr CH Br
40 41

Both successive nucleophilic cyclizations to a ring are kosher because exo-
nucleophilic attack is involved in each '2’. In any event one can just as easily write
on paper, for example:

/"“_

B,LTCHZ C{(COzEf)z

d——-—CHz — [:P
{CH2Br); (CH2Br);

This clearly need not necessarily occur under nucleophilic conditions. But we note that
in the above case, mesylate, a better leaving group is involved whilst in the present case
bromide ion is the leaving group. Does one always get a propellane with the worse

7
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leaving group and a dispiran with the better one? No, we shall see plenty of examples
of propellane formation with a mesylate or a tosylate leaving group (vide infra).
But here too we note that the nucleophiles being compared in the various cases
differ as do the substrates, as do the strain energies of the potential propellane or
dispiran products. Many parameters differ and we must recall one of the teachings
of a great man when he gave the famous course on natural products: “Never compare
apples with pears”. This advice is useful far beyond the field of chemistry and was
in fact more generally intended (as [ was later told explicitly over “tea”).

There are many more syntheses of heterocyclic propellanes from 1,1,2,2-substituted
carbocyclic starting materials. The tetrol discussed above, when treated with KHSO,
at 170-190 °C affords the dioxa[3.3.2]propellane shown; no isomeric spiran is men-
tioned. Although the yield is only 50%; perhaps some dispiran is hiding in the
“brauner Riickstand” from which the propellane diether is either crystallized at low

(CHa0H); C@
D(CHzOH)z - 0 0
42

36

(CH;0Ts); C@
Uicrpore; VL7
37 43

temperature or sublimed? *® Heating of the corresponding tetratosylate 37 with
Na,S - 9 H,O in ethanol affords the oxathia[3.3.2]propellane 43 *®. (It should be
noted that in other cases dithioethers are obtained using analogous starting materials
with the same sulfide.) Using the tetramesylate 16 instead of the tetratosylate 37 in
dioxan/ethanol, albeit in the lower homolog (two parameters change: substrate and
solvent) the dithia[3.3.1]propellane 44 is obtained in 66 %, yield. When DMSO is the
solvent the yield of 44 rises to 72% *0.

(CH20Ms),
Q( — S S
CH 2 OMs})»
44
Returning to the higher member of the homologous series but nevertheless changing
the sulfonate type and solvent as compared to the above case of the cyclobutane-

1,1,2,2-tetratosylate 37 the corresponding tetramesylate 8 affords the dithioether 45
instead of the ether-thiocether 43 (dioxan/ethanol; 77 %).

D(CHZOMs)z SCQ?S
(CH zoMS
18 45

The result common to all of these cases is that apparently no dispiran is formed
under these conditions, both acidic (KHSO,) and basic (Na,S).

8
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Starting from 1,1,2,2-substituted derivatives of tetrahydrofuran 46, 47 and of thio-
phan, 48, 49, trioxa[3.3.3]propellane 50, oxadithia[3.3.3]propellane 57, dioxathia-
[3.3.3]propellane 52 and trithia[3.3.3]propellane 53, respectively, were obtained 8%°),
No dispirans were detected!

(CH0Ms ), A\
o/\:'(CH20Ms)2 S::@?/S

47 51
{CH0Ms ), ™\
SO(CHZOMs)z SARS
49 53
{CH20H)2 ™\
O\/](CHZOH)Z Oii)?/o
46 50
(CH20H);
OS{CH;OH)Z QLEP
48 52

To the Buchta heterocycles the higher homologs must also be added. The
cyclopentane-1,1,2,2-substituted tetrol 54 was cyclized, in this case heated rapidly
with H,50, at 160-170°, to give the dioxa[3.3.3]propellane 55 in 74 %, yield, no dispiran
by-product being mentioned here either ',

(CH20H), -~
Olecraorn <:©9/°
5% 55

A somewhat different method than those described above led to dithia[3.3.3]pro-
pellane. When the same tetrol 54 was treated with p-TsCl in pyridine, the ditosylate 56
was formed at room temperature. At —5 °C the tetratosylate 57 was formed without
formation of the five-membered ether ring '*.

CHo0Ts
—-’\
(¢} e
‘i/O
Jo2d CH,0Ts
~CHL0H), 56 58

{CH20HE <8¢

S4 (CHOTs), N\
Qg — CfFs
(CH, OTs), >/

57 59

So<'iiu'm sulfide then gives products 58 and 59 of the heterof3.3.3]propellane series:
no dispirans are reported. The same approach was used for preparation of the

9
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corresponding oxa-thia and dithia[3.3.1] and [3.3.2]propellanes, some reported earlier
by Buchta. Somewhat different reaction conditions have been published 4.

We turn now to the work of Jamrozik who has published several papers pertaining
to our theme. A new and different parameter is involved. If until now we have suspected
(but not proved) that a dispiran may form in lieu of a propellane with relatively
small rings because of higher strain in the latter, now we must bring a set in
which medium rings are involved. The relative difficulty in the formation of such
rings as compared to 5- and 6-membered rings on the one hand, and the so-called
large rings on the other, is too well known to require documentation.

When two equivalents of trans-1,2-dimercaptocyclohexane are heated with the
tetrabromide 24 (a substrate used earlier by Buchta ), again a priori there is a
possibility that a propellane 60 will form, a dispiran 6] or a mixture of both '

S S
S™Ng" Q
(CHZBY}Z / Q D
ZOi << S=60°

SNg* {CH2Br)2 Yo
2" A0
S 61 S

Jamrozik decided between the two on the basis of what he himself regards as a
tenuous argument involving UV spectroscopy. The arguments based on NMR
spectroscopy support the propellane structure shown, 60, rather than the one with
a cis-arrangement 62 of the abovementioned hydrogens:

SOvs

A mixture of the two is not obtained. Further mass spectral fragmentation did not
show fragments based upon cleavage of the cyclopropane ring, a cleavage which is
common for spirans containing such a ring, including that of the monospiran 63
(containing two sulfur atoms) shown *.

LGSO be

The yields of the tetrathia[6.6.1]propellane 60 and of the spirodithiabicyclo[5.4.0}-
undecane 63 are only 25% and 18 %, respectively. Perhaps this is the manifestation
of the relative difficulty in formation of medium rings. It is not otherwise obvious
why the yields should be so low. Of course propellanes with larger rings exist but the
medium ring isn’t cyclized at the bicyclic stage. It is already there 16y,

In an analogous study similar arguments were used to show that a tetraoxa[7.7.1}-

10
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propeilane 64, and again not a dispiran 65, is formed from the same 1,1,2,2-tetra-
bromomethylcyclopropane and from 1,8-dihydroxynaphthalene 7,

ONd 0~ f~0 Q 0 0
o o — ;ﬂo >A<o
24 64 65

With catechol or with 2,3-dihydroxynaphthalene, dispirans of the [6.0.6.1]type
are formed '®);

o 453 — 0D
ONd" (CH;Br), 0 66 0

O, — QA0

The author '’ explains the difference by involvong the “peri-effect” in 1,8-di-
hydroxynaphthalene.

Another similar case has been discussed. 2,2,3,3-Tetrahydroxymethylietralin 68
was dehydrated by the method liked by Buchta, KHSO, at 170-190°, followed by
sublimation. An ether 69 and a propellane diether 70 are formed in about equal
amounts (4:5, respectively). Neither monospiran diol nor dispiran are formed 2.

CHyOH
(CHaOH, . ~
@D(CHzoﬁlz ' @i}:\/’ @;{:@’f
CH,OH
68 69 70

The twice aromatic analog 71 of the propellane 60 containing cyclohexane rings !>’
(in which there are, of course, no bridgehead hydrogens), has been obtained from
the tetrabromide and 1,2-benzenedithiol. Again no dispiran is formed 29,

5 @SONC* (CHZ Bl’)z @SXS@
S-NCI* CH2 Br)z s s
24 71

3,6,10,13-Tetrathia[6.6.1]propellane 72 has been prepared 2). This is the parent of
the dibenzo compound 77 just mentioned 2%). The same tetrasubstituted cyclopropane
24 was used, this time simply with 1,2-ethanedithiol, under conditions of high dilution

11
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in ethanol in order to avoid the formation of polymers. Carbene addition to the double
bond in the bicyclic compound 73 afforded the same product 2,

G 00— OO
(CH, Br) ]
SH 2BTi2 S S S s
24 72 73

Jamrozik summarizes his work by pointing out that while 1,2-dithiols give
[6.6.1]propellanes, the corresponding 1,2-diols may give [6.0.6.1]dispirans 2. This is
explained in terms of conformations of the rings in the products, in which there are
different transannular effects for sulfur and oxygen atoms. NMR data is used to
support this contention *'’. Such a difference in an eight-membered ring, of course,
cannot be generalized so as to apply for the smaller ring propellanes and dispirans
discussed earlier.

In the Baeyer-Villiger oxidation of [4.3.3]propellane-8,11-dione 74 the propellane-
bis-lactones formed, 75 and 76, are accompanied by a dispirolactone 77 22). Different
product mixtures result when different (acidic or more basic) reaction conditions are
employed but it has been shown experimentally for the head-to-tail propellane bis-
lactone 75, vis-a-vis the isomeric dispiran 77, the latter appears to be the thermo-
dynamically more stable product, resulting from the former under acidic conditions
(p-TsOH/C4Hg, 7 days, r.t.). The structures were established by means of X-ray
diffraction and 'H- and *C-NMR spectroscopy.

|
0 N 0 0
O
ODCQ}O — T, m:of .
74 76

75

4 Polyspirans

The work which casts the most light on our subject, is, I think, that of the Conia and the
Fitjer groups. It appears from several joint papers that the younger man had worked
in the laboratory of the elder, and perhaps thus increased his interest in spirans of
great beauty’.

' Indeed, the most Beautiful polyspirans are the rotanes. I have alredy taken issue with my friend,
Don Cram, in a seminar I gave at UCLA. In a beautiful chapter 23) in his capacity as the real
George Washington of cyclophanes he stated: “It seems that the selection of certain research
problems is dominated by a subliminal (my underlining, D.G.) aesthetic judgment. Certainly, the
author (D.J.C.) would not have selected cyclophanes as a field for investigation had they not
possessed beautiful symmetry properties.” The second sentence I fully understand but I take issue
with the first. “Subliminal, not so!”, said I to Don after reading the offending sentence from
my first slide. *“Not at all subliminal but quite conscious.” ’m not saying that Monsieur Conia and
Herr Fitjer are not interested in the chemistry of spirans. Of course they are and have
contributed much to it (with some propellanes thrown in}. But I am sure, without having asked them,
that their inspection, in paper, of rotanes, inter alia, was quite consciously, a major factor in
their beautiful work. The same for Buchta in his polyspirans **.

12
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The Conia group synthesized [4]rotane 78 from a dispiro[2.0.2.2]Joct-7-ene deriva-

tive. This and nearly all other syntheses of rotanes include one or more steps of
carbene additon to an exocyclic double bond 2%,

AN

78

One exception as to the previous sentence is the synthesis of [4]rotane by thermal
dimerization of bicyclopropylidene 79 25,

Y

79 78

The preparation of [Sjrotane 8/ (pentaspiro[2.0.2.0.2.0.2.0.2.0]pentadecane), again
includes one step of carbene addition, by the Simmons-Smith reaction, to 13-methyle-
ne-tetraspiro[2.0.2.0.2.0.2. 1]tridecane 80 2®). A full paper on the subject appeared

later 27,
CH212
TCarzn
&1

[3]Rotane 83 was similarly prepared from the olefin 82, albeit by a newly modified
Simmons-Smith reaction with silver replacing the copper in the above reaction scheme
%8)_ An alternative method from 79 was also reported 263, Deductions have been
made as to the strain energy of [3]Jrotane .

_ohany No
i g ~So =] + [>—N-CconH,
79

A short paper, the beginning of whose title is designed to catch the eye,
“A universal rotane synthesis” announced the synthesis of [6]rotane 85 for the first
time via carbene addition to 84 *'). An alternative method was to add carbene to a
starting material 86, containing two double bonds 32,

CHaly CHpIp
Znily ZnEty
orZn/Ag
84 85 86
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Thermal stability of the rotanes has been mentioned in most if not all of the above
papers 2° 739, But note that none of them mention acid-catalyzed rearrangements of
rotanes. The preparation of intermediates for such a process is first mentioned for the
eventual possibility of obtaining the compound called [6.4] coronane 87 ).

88

The syntheses of [4], [5], and [6]rotanes as well as precursors for those of [7] and [8}-
rotanes have been recorded in a full paper **. In another synthetic study of rotane
synthesis employing ring enlargement of certain ketonic intermediates, led perhaps
by design, perhaps with the intervention of serendipity, to compounds such as 88 >>.

Thus appetite has (rightly) grown to obtain [m - n] coronanes, 87 (and their
homologs) through rearrangement of the appropriate rotanes .

The point to note is that compounds such as 89, give by a “‘cascade” of acid-
catalyzed rearrangements products that are nearly the desired [m - n} coronanes,
e.g. 89 — 903737,

89

A very germane conformational discussion of sterically crowded cyclohexanes
has appeared *®).

1 have been following the work of the Fitjer group with bated breath because of
a bee which has long been buzzing in my bonnet. I cannot fault Fitjer’s interest in
the beautiful [m.njcoronanes but it should surprise no one that 1 have a certain
(vested?) interest in propellanes.

Since our work on the preparation of a dispiran rather than the isomeric propellane
7)1 have lived with the feeling, alas, the feeling, by no means the certainty, that
propellanes should be available from dispirans when the relative stability permits
it. (Cf. Ref. 3b).

Indeed, propellanes have been obtained from some of Fitjer’s new compounds,
e.g. 91 — 923,

OH
HCOH
L B

91 92
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Further, a very recent paper has reported a cascade rearrangement, under acidic
conditions of the simpler educt, a dispiro[3.0.3.3jundecane derivative 93 to the
dehydrated isomeric propellane 94 *%. It is somewhat reminiscent of the analogous case
of 26 where silver ion is the catalyst !9. Treatment of the dispiro-alcohol 78 when
heated for 2 hrs at 70 °C with p-toluenesulfonic acid in benzene gives in quantitative
yield the [3.3.3]propellene 94. The following cascade is proposéd to explain the
rearrangement.

S~
HO I: : N /' ‘\‘ /“
T« O = = O = O
+ b ‘x/ “I
93 94

The corresponding dispiroketone 95 gives the isomeric propellanone 96 after
10 hrs at 70 °C by an analogous cascade which is not reproduced here.

o]

95 9%

Molecular mechanics calculations show the [3.3.3]propellanes to be thermo-
dynamically favored over the other, intermediate, structures proposed above %),
and presumably over the respective dispiran derivatives albeit we have not conducted
the calculations for the abovementioned starting materials.

5 Conclusion

It appears that if one wishes to anticipate whether a 1,2-dispiran or an isomeric
propellane would be formed, it would be wise, before beginning trial and error, to
carry out simple molecular mechanics calculations as to which product experiment is
likely to give.

On the basis of the extant evidence, the organic chemist finds that use of his
intuition with respect to strain energies of ring systems would usually bring him
a priori to postulate that, say, dispiran 22 is more likely to form from 97 than
propellance 98. This is so even for the cases cited in six-membered analogs, although
this may be regarded as a border-line case for intuition. Not all chemists have the
intuition of a K. B. Wiberg but nevertheless he conducts calculations. In cases such

CHX)2
{CHX )z
22 97 98
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as 75, if any equilibration exists under acidic conditions the equilibrium is all on the
side of 77.

Once we leave the realm of small-ring propellanes® and post-1975 reports 4+42),
it appears that it should be possible to convert suitably disposed sets of dispiran moie-
ties into their respective propellane counterparts 3%-*%) because of the relative stabilities
of the two families. By the same token, there are plenty of examples of acid-catalyzed
rearrangement of propellanes, through which systems of yet greater stability may be
obtained >4,

Apparently Fitjer likes to work with p-TsOH in aqueous acetone. Since “‘as of the
day of the destruction of the Temple, prophecy has been withdrawn from the prophets
and has been given to fools and to babes” #* I shall not prophecy; but I shall hazard
a prediction. I belive that there are acidic conditions, yet to be found experimentally,
which will permit the synthesis of beautiful molecules, by malice aforethought, such
as, say, 99, from the properly constituted derivatives of certain rotanes and their
homologs. May Fitjer be successful in his quest for {m.njcoronanes but it behooves
him, simultaneously, to seek optimal conditions for the preparation of, say, 99 and
its propellane homologs. I would even settle for 700 or 101!

=) =) <\

X
)

99 100 101

It should be possible to develop a general route from di-, tri, etc. — spirans of suitable
ring size to afford the respective mono-, bis-, tris-, etc. — propellanes.
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An expert system for the prediction of the course of organic chemical reactions and for the design of
organic syntheses has been built. It does not depend on a database of chemical reactions. Instead, the
system generates reactions from first principles by formal bond- and electron-shifting processes. The
reaction sites are found by application of quantitative models for the prediction of chemical reactivity.
This approach is founded on procedures that allow rapid calculation of the various physicochemical
effects that influence the course of chemical reactions. The extent to which these factors influence
chemical reactivity has been studied by statistical methods. Examples of the prediction of quantitative
data on chemical reactivity, and of the course of complex organic reactions, are described.



A New Treatment of Chemical Reactivity

1 Introduction

Much of the work of the practicing organic chemist is centered on the two questions
implied by Fig. 1.

— Given a target molecule, how can it be synthesized to best effect?

— Conversely, given a substrate molecule, how will it react under certain conditions?

Synthesis design Reaction prediction
Target or
Precursors <=——— |substrate] ——3> Products
molecule
Fig. 1.

The problems are of both industrial and purely scientific importance, and they can
also be approached qualitatively and quantitatively. The “‘reaction prediction”
question, for example, might be directed not so much at what the products might be,
but rather how likely the reaction might be in comparison with an analogous system.
The scope of the problems is indeed vast, and Figs. 2 and 3 give some indication of the
width of the spectrum of organic synthesis and reactivity.

Laboratory scale Biological system Industrial process

D H;C=CH—C=N
1 3
-250°C 20...40°C 500°C
Listeps one step

Fig. 2. Examples of targets for organic synthesis

The synthesis of a highly reactive compound like cyclobutadiene, 7, requires rather
esoteric reaction conditions. Economic considerations, for instance, played no role
in the design of its synthesis; the aim was to synthesize this compound — at any
price. Nature makes complicated structures through highly specific reaction sequences,
and at ambient temperature and pressure. Chemists have taken up some of the chal-
lenging goals set by nature, but competing with nature can be quite laborious: a total
of 41 steps was required to synthesize gibberellic acid, 2, from readily available starting
materials . On the other hand, economic considerations are a major factor in the
synthesis of bulk chemicals on an industrial scale. Frequently, these syntheses involve
only a few steps, but the reaction conditions can be quite drastic as illustrated by the
synthesis of acrylonitrile, 3. Any approach intending to help with the synthesis design
question will have to face the complexities given by the wide range of reaction condi-
tions, and the varying degrees of importance given to economic and other considera-
tions.
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OH
3

O
bk

5 CHO
—_— ?
Al,04
6
/ o \ / chlz
_—fe  ?
7 OH H 20 Fig. 3. Typical reaction prediction problems

The problem of reactivity is no less extensive. Readers may care to test their organic
chemical expertise against the problems posed in Fig. 3. It is just such chemistry that
will later become the central focus of this paper.

The extent of the interaction of synthesis design and reactivity prediction is even
more extensive than implied above, in that both interrelate with a third very important
element of organic chemistry — that of molecular design. The factors which control
and are responsible for reactivity are precisely those that dictate how a particular

Reaction
prediction

Synthesis
design

Molecular

: Fig. 4. The central importance of mole-
design

cular property to synthesis and molecular
design, and reactivity prediction
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property should be built into a molecule. The manifestation of the property could be
physical or chemical, or correspond to a biological activity. Fig. 4 summarizes the
way in which we picture this symbiosis.

Organic chemistry has benefited most in its historical development from advances
in the conceptual understanding of chemical principles?. Milestones were provided
by the structural theory of Kekulé, the mechanistic perception of organic reactions,
conformational analysis, and the disconnection and synthon-approach >, These
developments have helped to put the more intuitive — and often failing — approach
to organic chemistry on a more rational and effective basis. In the electronic age,
with computers infiltrating many disciplines, it seems quite natural to keep an eye open
for applications in chemistry. The huge arsenal of synthetic reactions, and the many
different points to be considered in synthesis design and reaction prediction require
the processing of a large amount of information, and decision-making between many
-alternatives. It is in just such circumstances that computers should be of use 3. Com-
puters have several features that render them particularly attractive for assisting in the
problem areas defined by Fig. 1:

1. Rapid calculations: these may be useful in evaluating many different reactions
and synthetic pathways in a short time.

2. Large storage space: this can be used to build a database.

3. Logical operations: ideal for development of strategies and decision-making pro-
cesses concerning alternative reactions and pathways.

4. Graphical manipulations: these are important for the rapid input and output
of molecular structures, and their correct 3D manipulation.

5. Interactive: ideally, the computer can respond to interrogation and outline the
reasons for its decisions.

Synthesis design and reaction prediction can draw benefits from all these features
of a computer. Our own work in this area began in 1974, and in 1978 the computer
program system EROS (Elaboration of Reactions for Organic Synthesis) was first
presented . Since then, several reports on certain aspects of the system development
have appeared, but sometimes in less easily available journals or books”. Moreover,
there has been no description of the overall system as it now stands. This article is
intended to rectify this situation.

In developing EROS we have several objectives in mind:

1. To develop a practical tool that can help the chemist to design organic syntheses.
2. To develop a system that can predict the products of the reaction of given starting
materials,
- To provide a framework for testing quantitative models of chemical reactivity.
. To provide a framework for studying strategies of organic syntheses.
5. To provide quantitative data which can be applied at the design stage of organic
molecules, by modelling chemical, physical and biological properties.

As we discuss in the next section, we considered a system which is based largely
on a library of reactions to have limitations. The route followed was therefore quite
different, in that we intended the program to work out its own chemistry. This could
be; applied to prediction of reactivity and reactions, and also to suggesting retro-
synthetic pathways. In fact, the two problems are related in that a knowledge of likely
reaction path is necessary to know whether a potential synthetic precursor will in-

How
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deed lead to its intended target, or alternatively follow a different path to give an
unwanted product.

Recent developments have been aimed at facilitating EROS’s chemistry, and use
of the latter in the various evaluation steps necessary to the problem. Thishasled to a
version of EROS which is capable of solving some quite sophisticated reactivity
prediction questions, such as those posed in Fig. 3. Further developments of the
synthesis design capabilities have intentionally been kept in abeyance, and are follow-
ing on in the light of our experience with reaction prediction.

The main aim of this article is to describe the advances of the last 7 years, and show
how they have been brought together to give a working reactivity prediction version
of EROS. Secondly, we shall indicate where appropriate how the reactivity work
impinges on the problem of synthesis design. To conclude, we touch on the question
of EROS’s relationship to artificial intelligence and expert systems in general.

We are concerned only with EROS, a unique system for such studies, and this article
is in no way an overall review of computer-aided synthesis in general.

2 The EROS Philosophy

In order to understand the conceptual framework of EROS, it is desirable to consider
first the approach to computer-aided synthesis planning which is based on a library of
known reactions.

2.1 EROS — What It Isn’t

One of the principal strategies of a chemist for designing an organic synthesis is a
stepwise retrosynthetic approach. The target molecule is analyzed for structural
features for which synthetic reactions are known. Taking the hydroxycyclopentenone 8
of Fig. 5 as an example, it must first be recognized that a hydroxy group is in a position
B to a carbonyl group. Secondly, the chemist must recall that such a substructural
unit can be obtained through an aldol condensation between an aldehyde and another
carbonyl group. The reverse of the changes that occur in an aldol condensation are
applied to the target structure, leading to the synthetic precursor 9. Usually, there
will be several reactions that conform to various substructures in the target mole-
cule.

It is not surprising that computer programs have been developed that imitate such
an approach. To this end, the program must be able to recognize certain structural
features for which synthetic reactions are known. It must also contain a database of
retroreactions which when called perform these structural changes. (The retroreactions
that give the structural changes, like those contained in the frame of Fig. 5, are fre-
quently called transforms.) Such an approach is attractive as it models a basic strategy
used by the organic chemist in designing syntheses.

However, a database of reactions brings with it problems. The most crucial question
concerns the size of the database. To cover the entire range of organic chemistry
certainly requires very many reactions. Some classes of compounds have their own,
rather specific synthetic reactions; some technical processes apply to one compound
only; each week new reactions are being discovered. Are all these reactions to be
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Fig. 5. Retrosynthetic analysis of an aldol condensation

stored in the database? Systems have been developed with 5,000 transforms in the
database, but there is as yet no end to be seen. Furthermore, a program designed
around a database will only give access to known reactions, since obviously only these
will be stored.

Conventional thinking can be similarly inhibiting and limited when applied to
reactivity and reaction prediction. Thus, when a chemist is faced with the task of
predicting the reaction products for given starting materials, he usually looks for the
functional groups present, which in turn suggest reactions that he had learnt previous-
ly. For example, when an aldehyde group is found in one molecule, the known reactions
of aldehydes will be scanned mentally and those compatible with functional groups
elsewhere in the molecule or in reaction partners will be selected and further investigat-
ed. A more detailed analysis of the possible course of a reaction and the expected
products will elaborate on the mechanism of the reactions of these functional groups.
This approach is very powerful in rapidly directing the chemist to the actual reactions
between given starting materials. However, the concept of functional groups also has
its limitations and pitfalls. Thus, the reactivity oii chloral hydrate, /0, in the presence
of hydroxide ion cannot be completely understood from a knowledge of the two
functional groups present in this molecule: an aldehyde hydrate, and an alkyl chloride.
Whereas formation of the free aldehyde could take place in a rapid equilibrium, no
substitution of chlorine by hydroxide ion occurs. Rather, by a haloform reaction,
formation of chloroform and formate is observed. In this case, a CC single bond is
broken (Fig. 6). As another case, 3-chloro-3-methylbutanol, 11, reacts with hydroxide
ion to give neither a 1,3-diol, nor an allyl alcohol or an oxetane. Instead, in a fragmen-
tation reaction again a CC single bond is broken, giving formaldehyde, isobutene and
a chloride ion (Fig. 6). These examples indicate that bonds beyond those contained
in conventional functional groups must be considered when determining chemical
reactivity.
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Fig. 6. Breakdown of the concept of functional groups

The concept of EROS was devised in order to avoid the problems inherent in a
database of reactions, as well as to avoid the treatment of chemistry from the stand-
point of functional groups. This work was stimulated by a mathematical model of
constitutional chemistry 9. Central to the approach is a formal handling of organic
reactions, where they are treated as bond-breaking and -making and electron-shifting
processes. Furthermore, the approach is applied to all atoms and bonds in a molecule,
regardless of any preconceptions of functional groups.

2.2 Reaction Generators, an Introduction

For explanation, the example 8 of Fig. 5 is again used (Fig. 7). The essential features
of an aldol condensation in its retro-form are the breaking of a CC- and of an OH-
bond, and the making of a CO- and of a CH-bond. Alternatively, if this process is
considered in an even more general manner, two bonds between atoms I, J and K, L
are broken and two new ones between the four atoms involved are made.

26



A New Treatment of Chemical Reactivity

CI/O-}H c—0 I K
I AH 4+ + l E
[¢]
8
l
Casy =0 I—K.
| H
<H/\ C—H J—L
by A Fig. 7. Bond changes in a retro-aldol
9 condensation

As we shall see in the next section, other formal reaction schemes play their part
in describing other chemical reactions. However, this reaction scheme, breaking two
bonds and making two new ones, is of paramount importance in organic chemistry.
In fact a majority of organic reactions, of different mechanistic types, follows the
scheme. Figure 8 gives some representative examples. Applying the scheme to various
combinations of bonds of the molecule 8 gives the reactions of Fig. 9

~ / Lo zc—B \é/ Br
c= —C—~C~ = f—
SN == — 1
8r—Br Br Br HO—H OH H
@—H + Br—Br —— @Br + H=—Br

~ i

/C-—O ~C—0~H —_

= — I
H—H H =

Fig. 8. Reactions breaking two bonds and making two new ones, as indicated

For each set of two bonds broken there are two alternatives for making two new
ones as indicated with reactions 9.1 and 9.2 as well as 9.4 and 9.5. The bonds made can
be contained in two different molecules (reactions 9.3 and 9.6), or the bonds broken
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Fig. 9. Some reactions obtained by breaking two bonds of molecule 8 and making two new ones (bonds
broken and made are emphasized)

can come from two different molecules (reaction 9.7). Naturally, all these reactions
can also be generated by pencil and paper. A recent example of such an approach, in
effect, is the retrosynthetic analysis of a-methylene-y-butyrolactones 1®. However,
the human generator may get tired or overlook certain reactions, so in this situation
the potential of the computer to do the job exhaustively becomes quite helpful.
Observe that to generate the reactions of Fig. 9 no information was necessary on
whether such a reaction is known: no database of reactions is necessary. The problems
in building, updating and maintaining a reaction library are thus avoided. The formal
treatment of reactions as bond and electron-shifting processes allows the generation,
in principle, of all conceivable reactions, and can be seen as a method to deal freely
with molecular architecture. The program’s result could be a known reaction, but
equally a new, as yet undiscovered reaction which could be realised in the laboratory.
But a price has to be paid for this potential advantage, because the number of
reactions that could be obtained by applying a formal reaction generator scheme
could be very high. Furthermore, most of the suggestions could be chemically mean-
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ingless. One cannot just pick any bonds of a molecule, break them and make new
ones, and always get a good reaction. For example, reaction 9.6 of Fig. 9 seems to be
rather unlikely. Thus, either selections have to be made among the formally con-
ceivable reactions to find the chemically interesting ones, or steps must be taken to
ensure that only sensible ones are generated. This is the major task in program devel-
opment. The selection is based on various evaluation procedures that are conceived
to model chemical reality. Approaches and solutions to this problem are the main
theme of this article.

The high number of reactions that can be obtained by the formal reaction generators
have forced us from the very beginning to work on an automatic evaluation package
that allows the selection of chemically feasible reactions. With continuing program
development the evaluation process will become increasingly better and more selective,
thus discarding poor reactions and offering only a few, realistic, good reactions. There
is convergence in this development.

A system for synthesis design working with a database of reactions will initially
contain only a few reactions and thus produce only a few alternatives. Thus, evaluation
and selection are not very important. However, as the size of the database is expanded,
more and more alternatives will be obtained for a given target structure. Here again,
the development of a general evaluation and selection package will be required to
handle the various transforms of the database.

There is a further advantage in working with formal reaction generators. The
reaction scheme of Figs. 7 and 8 has two bonds on both sides of the reaction equation,
and moreover implies nothing about the directionality of the reaction represented.
In other words, the scheme is formally reversible, and the reactions generated by such
a scheme can be interpreted to proceed in either direction. If it is assumed that the
reactions occur physically in the direction as generated by the computer, then a
forward search, reaction prediction, can be performed (Fig. 10a). From given starting
materials, the system proceeds through various intermediate structures until it ends
up with the products of a reaction. Alternatively, the reactions as obtained by the
computer can be considered as retro-reactions (Fig. 10b). The system proceeds from
the target molecule through synthetic precursors until arriving at available starting
materials. Again, various alternatives are explored.

Naturally, there must be differences in the two types of search procedures. However,
they do not originate in the mechanisms for generating reactions; the latter is achieved
for both types of searches via the formal reaction schemes. Instead, the differences
come from the way in which the reactions are evaluared and selected. The various

a Forward search b Retrosynthetic search

Products Starting materials

A+B—> L, —>—> P, +,, T Sy Ay +, .

EIN —>—> Py t. . Esmm = An +, ,

Fig, 10. Forward and retrosynthetic search by formal reaction generators
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evaluations are used with different weight and emphasis depending on whether a pro-

blem is one of reaction prediction or of synthesis design.
To summarize the features which we regard as characteristic and crucial in EROS:

- EROS contains no database of known reactions;

— EROS does not recognize or work on functional groups;

— EROS is based on formal reaction generators which regard reactions as bond-
and electron-shifting processes;

- the chemistry generated can be forward or backward;

— evaluations and selections will restrict the formally possible reactions to the
chemically realistic.

3 Representation of Molecules and Reactions

Before continuing with the discussion of how reactions are represented in EROS, it
is more sensible to describe in outline some of the formal features associated with the
representation of molecules.

3.1 Molecules

In the first phase of the development of EROS it was decided to consider only the
constitutional aspects of molecules. By and large the most important factors in-
fluencing chemical reactivity are dominated by the nature of the atoms of a molecule
and the way in which they are bonded. Steric effects were regarded to be of lesser
influence. As the prediction of chemical reactivity has progressed, work has been
initiated on the stereochemical features of molecules and steric effects in reactions.
Some of the logic for the treatment of the stereochemistry of molecules and reactions
was presented some time ago '*). This, and the Cahn-Ingold-Prelog rules 12 form
the basis of the algorithms for the treatment of stereochemistry.

The constitution of molecules is given by lists of atoms and bonds (connectivity
lists; “topological representation”) 8 1In addition, the number of free electrons for
each atom is also carried in a separate vector. This is necessary as some reaction ge-
nerators may transform free electrons into bonds, or vice versa. Thus, by working with
free electrons and the electrons involved in bonds, all valence electrons of a molecule
are explicitly specified.

In representing a molecule by a connectivity list, the atoms have to be numbered.
For a molecule with n atoms this can be performed in n! ways. Thus a molecule can
be represented by n! bond lists which are all different provided that there is no symme-
try in the molecule. Several tasks in synthesis design require the automatic comparison
of molecules for identity. For example, this is necessary when the molecules generated
in a retrosynthesis study have to be compared with those contained in a database of
available starting materials, or with molecules already previouly generated in the
synthesis tree. As n! increases rapidly with n (10! ~ 3.6 - 10°), comparison of all
the different n! bond lists has to be rejected out of hand. Rather, we have developed
an algorithm for numbering the atoms of a molecule in a unique, canonical manner,
to give an unambiguous code **.

Breaking equivalent bonds of a molecule would result in the same products, and
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redundant reactions or retrosynthetic pathways would be generated. For example,
the three CH-bonds of the methyl groups of acetaldehyde are equivalent and therefore
it suffices to break only one of them in an aldol condensation. During the process
of canonically numbering the atoms of a molecule, constitutionally equivalent atoms
are detected'?. In order to define two constitutionally equivalent bonds, the atoms
at the ends of the two bonds must be pairwise equivalent. However, this is a necessary
but not a sufficient condition as the example of triphenylene, 12, shows: the six atoms
of the central six-membered ring are all constitutionally equivalent, but they split
into two groups of constitutionally equivalent bonds: 1-2, 3-4, 5-6, and 2-3, 4-5, 6-1.

New algorithms have been developed in order to detect such constitutionally equi-
valent bonds in a molecule '¥. Various spanning trees having different atoms as a
root are grown for each molecule. These spanning trees are compared with each other
to give both constitutionally equivalent atoms and bonds. Extension of these algo-
rithms provides the full automorphism group of a molecule, which in turn gives even
deeper insights into the constitutional symmetry of a molecule.

The para-disubstituted benzene derivative, 13, of Fig. 11 has two groups of equi-
valent bonds to hydrogen: the ones to hydrogens 1 and 4, and those to hydrogens 2 and
3. If only one C—H bond from the first group in this molecule is to be broken, it

Late ol
pu o
>

wIr
X

8 B
Y 15 Y 16

Fig. 11. Relationship between constitutionally equivalent bonds
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suffices to select only that to atom 1, leading to structure /4. The bond to atom 4 would
obviously give the same result, /4. If, however, two bonds are to be broken, one from
each of the two equivalence classes, both choices have to be made as the two alter-
natives /5 and /6 are now different. These symmetry relationships can be found in the
automorphism group of a molecule. (Incidentally, these relationships also express
themselves in the fact that the hydrogen atoms 1 and 4, as well as 2 and 3, respectively,
are chemically equivalent, but the corresponding protons are magnetically non-
equivalent. Thus, the 'H nmr spectral type, AA'BB’ or AA’XX’ for 13, can be obtained
automatically from the automorphism group.)

A further a8pect of the constitution of a molecule, the presence of rings, is of great
importance. Rings have a profound influence on the physical and chemical properties
of molecules. To mention just a few: small-membered rings are highly reactive; aroma-
ticity is intimately connected to the presence of rings; special care has to be given to the
construction of rings in a synthesis. Algorithms for the perception of rings in molecules
have been developed **' ', and on the basis of this program a smallest set of smallest
rings (SSSR) of a molecule is determined. An SSSR completely describes a ring system.
Additional rings can be obtained from the SSSR by linear combination, if needed in
specific evaluations.

3.2 Reactions and Reaction Generators — Further Discussion

In the previous section, we described how the generation of reactions within EROS
is performed by formal reaction schemes for breaking and making bonds, and intimat-
ed that some also involve free electron pairs. At that stage, discussion was restricted
to just the one type. In fact, there are many formal possibilities, encompassing different
combinations of bonds and free electron pairs. In order to keep the problem tractable,
a selection was made from amongst the set of all these possible reaction schemes.
Firstly, only those schemes were taken which comprise changes in the electron distri-
butions that the chemist considers to be an entire reaction. Those representing single
mechanistic steps, but incomplete reactions (e.g. bond homolysis) were excluded,
as the main objective in program development was the representation of complete
reaction steps. Furthermore, those reaction schemes most commonly met in organic
chemistry were preferred. Our own conclusions as to those schemes which are most
common found support in studies of reactions reported in the literature '*. The
presently available reaction schemes are given in Fig. 12. (The notation RGxyz is
merely a simple identifier for a reaction generator, x giving the number of bonds
broken, y the number of bonds made. z is a consecutive number where xy alone is
not unique.)

We emphasize that the exclusion of other feasible reaction generators should not
be construed as a limitation of the system — others could be included easily. In fact,
our current thinking is that the chemistry of the system should drive the reaction
generators, and not vice versa. In this approach, reactions are obtained from me-
chanistic steps, which allows the automatic generation of any reaction scheme. Work
on implementing this approach is in progress (see Section 10).

When bonds are counted as electron pairs, the same number of electrons is found
on both sides of a reaction equation. In order to ensure that both forward and retro-
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Fig. 12. Reaction schemes contained in EROS; bent lines indicate bonds that are necessary, but are
not involved in the bond and electron rearrangement

synthetic processes have the same formal characteristics, care was taken in the selec-
tion of reaction generators to include the reverse process for each scheme.

In the following, the individual reaction schemes selected for inclusion in EROS
are briefly discussed. The schemes only give the overall changes in the bond and elec-
tron distribution of a reaction. As such, they make no assumption regarding the
timing of bond-breaking and -making, which could be in a concerted or a stepwise
manner. Nor do they imply any other physical details on what is happening during a
particular transformation.

RG22: As already pointed out and illustrated with Fig. 7-9 this scheme is of great
importance in organic chemistry.

RG33: Thisis also a very important scheme, comprising many organic reactions.

RG12: Valence electrons are transformed from a free electron pair into bonding
electrons and a change in the valence state of atom X occurs. Before this
scheme is applied in EROS, a table of valence states for each atom is scanned
to determine whether this change in the valence for atom X is allowed. The
scheme has importance in representing oxidations at atom X as exemplified
with the change S" — S (Fig. 13).

RG21: This is the formal reverse process of RG12, but here the valence of atom X is
reduced. Obviously, this scheme should not be applied indiscriminately,
(for instance to each tetravalent carbon, changing it to a carbene) since many
reactions with no chemical significance would result. Care has therefore
been taken in the evaluation phase to find the appropriate sites for its appli-
cation.
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Fig. 13. Reactions described by application of the formal reaction schemes.

RG221 and R(G222: Both reaction schemes involve the breaking and making of two
bonds and the shifting of a free electron pair:

X: I—1 K—L-L-—1 J: X —K

However, before such a scheme is applied, additional bonds are required
between the five atoms involved. These, however are not changed on bond
rearrangement. These constraints fall into two types, thus breaking the ge-
neral scheme up into the two reaction generators RG221 and RG222. RG221
represents 1,3-dipolar cycloadditions'”. RG222 represents retro-1,3-dipolar
cycloadditions when applied in a forward search, or 1,3-dipolar cycloadditions
in a retrosynthetic search (Fig. 13).

Figure 13 gives examples of reactions obtained by single and consecutive applica-

tion of these schemes.
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Fig. 14. Classification of evaluations

4 Evaluations

We have already emphasized our view that the evaluation of chemical reactions and
synthetic pathways is of preeminent importance in any system for computer-assisted
synthesis design or reaction prediction. The quality of the evaluation process will
determine to a large extent the overall quality of such a system.

The various evaluations which form the basis for selecting the interesting reactions
and synthetic pathways fall into several categories: physicochemical, economic,
strategic, hazard or toxic evaluations spring to mind. Furthermore, the evaluations
can be classified according to whether they are to be performed on molecules, reactions,
or overall synthetic or reaction pathways. Figure 14 gives one example each for the
first three types of evaluations.

The intention is to keep the different types of evaluations strictly separate from each
other within EROS. Thus, the system is designed to be flexible, and can respond to the
different types of problems mentioned in Figs. 2 and 3. As an example, by raising the
weight assigned to the economic evaluations, more emphasis can be put onto such
considerations when studying industrial processes. However, although the various
categories of evaluations are distinct, some might draw their information from a
common source. For instance, values of reaction enthalpies determined in EROS
(see next Section) can be used for estimating the relative stabilities of products and for
determining the equilibrium of a reaction. Additionally, these enthalpy values can
also be employed for deriving an estimate of the energy costs — an economic para-
meter. By giving different weightings to these various flows of information — i.e. the
extents to which reaction enthalpies are used for physicochemical and for the economic
evaluations — the system can be made responsive to the needs of the user.

We now address the all-important question of how the evaluations themselves
are to be represented and enabled within EROS. Various possibilities exist, but our
approach is unequivocal: we have devised and applied wherever possible models of
chemistry to the evaluation processes. The use of models is common throughout
chemistry, as has been very effectively discussed by Suckling, Suckling and Suckl-
ing **. They can take many general forms, but the intention is always the same — for
the model to represent as closely as possible an aspect of chemical reality, without it
necessarily being applicable outside its intended context. Eigen’s warning ** quoted
at the beginning of this article is wholly appropriate. It is well known, for instance,
that Dreiding molecular models can represent static spatial relationships between
atoms in a molecule relatively accurately. On the other hand, the same models are
notoriously unsuccessful if used to try to predict energy barriers to conformational
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interconversions in the molecule, even qualitatively. The same type of restriction
applies to the models we shall discuss in the following sections. Models, of whatever
type, must be used with care; we believe they are in the present context.

The models which we have developed can be classified as follows. Some are in-
tended to represent physicochemical processes and properties by mimicking quanti-
tatively concepts which have become accepted by chemists in general. A simple example
would be the transfer of electronic charge between two atoms of differing electrone-
gativities. Other models are statistical in nature. We have applied parameters quanti-
fied by the physicochemical models to series of chemical data. The relationships thus
derived by various statistical techniques, and their form, is such that they are readily
applicable to the task of quantifying the evaluation process in EROS. Further dis-
cussion of these points is a major feature of this article.

In developing the discussion of evaluations, physicochemical parameters are
the only ones necessary for the prediction of reaction products (forward search). Thus
once the effects influencing the reactivity of a system are correctly modelled, the course
of a reaction and its products can be predicted. Economic and strategic considerations
only come into play in retrosynthetic searches, along with the physicochemical eva-
luations. In synthesis design, selections have to be made among various pathways
that could all be chemically amenable, but which nevertheless could be ranked accord-
ing to some economic or strategic reasoning. The physicochemical evaluations should
also reflect whether a forward or retrosynthetic search is being performed. To an
extent, the same types of parameters can be used but with weights that portray the
direction of a reaction. The discussion here will center initially around the devel-
opment of physicochemical evaluations for a forward search. The modifications
necessary for retrosynthetic searches will be briefly considered later.

We use the term “chemical reactivity” quite loosely throughout this article, and
it is intended to imply reactivity in both the kinetic and thermodynamic senses. When
several reaction sites are present in a molecule, it must be decided which site is the most
reactive in order to determine the predominant reaction path and whether reaction
at some of the other sites might lead to side reactions. Basically, this requires an eva-
luation of chemical reactivity at each reaction site. This requirement led to the conclu-
sion that a global approach to chemical reactivity should assign a reactivity value to
each bond of a molecule. However, there is no general method available for perform-
ing this task — there is no general theory of organic chemical reactivity. In this situation
we embarked on a program to develop just such a general scheme which is able to
assign reactivity values throughout a molecule. The working hypothesis in this
endeavor was that the concepts used by an organic chemist in discussing reaction
mechanisms have matured over the last several decades to a point that allows a ratio-
nalization of the individual steps of many organic reactions. These concepts include
bond dissociation energies, atomic charges, inductive and resonance effects, polariza-
bility, hard and soft character, etc. However, in many cases the concepts can only be
used in a qualitative or, at best, a semi-quantitative manner. We believed that quan-
tification of these concepts could provide a firm basis for a quantitative access to
chemical reactivity values.

The computer plays a vital role in this undertaking at several stages. Foremost, it
enables the efficient handling of all the numerical calculations for estimating the
magnitude of the various energetic and electronic effects. As the objectiveis to perform
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them on each bond of a molecule, these calculations can be quite extensive. Beyond
this, the computer can also serve as an invaluable tool in the development of the me-
thods for calculating the magnitude of the various effects on chemical reactivity. In
this process, a numerical model of the effect under consideration is designed which
should reflect chemical observations that are under the influence of this effect. As
a next step the model is put into an algorithm. Clearly, this requires an exact definition
of the model since only then can it be rigorously programmed. In this way, the require-
ment of an algorithm enforces a clear logical conception of any model on the chemist.
Once such an algorithm has been implemented as a program, the model can be tested
for its validity, scope, and limitation to an extent that can hardly be achieved by any
other means. The EROS system provides the ideal environment. The formal reaction
schemes can generate from input molecules a multitude of reactions and product
molecules, and all these can serve as test cases for the newly developed model in one
run of the program (Fig. 15). Comparing the results of such a test run against che-
mical reality can lead to modifications and extensions of the initial model thus im-
proving its performance. In effect, a tunable feedback loop can be established that
leads to new insights, and to an optimization of the model and the associated pro-

gram.

i

1 i

Model-—g—-»Aigorithm EROS E

z Reactions i
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Chemical Test‘ing Molecules i
knowledge ! I‘
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Fig. 15. Iterative process for development of a model (the large frame contains the tasks that are
performed in a program run)

This setup for the development of a model is of particular merit for those situations
where the performance of several models is being simultaneously tested with a single
run of the EROS program. One of the complicating features associated with deci-
phering and modelling chemical reactivity is that it is simultaneously influenced by
many of the various energetic, electronic and geometric effects, which can counteract
or reinforce one another.

Particular care is taken in the design of a model to define it in such a way that it
can be converted to a procedure characterized by short computation times. This is
deemed essential for the evaluation of the large number of molecules which can be
generated during a synthesis study or in reaction prediction. Since studies on molecules
with up to 70 atoms are quite often performed with EROS, rapid evaluations of many
large molecules has to be realistic.

The various evaluations can also be classified into two different types based on the
way in which they are invoked. Some are performed only on the starting molecules.
For example, this is the case when determining the dissociation energies of the bonds
in a molecule. Other evaluations need a knowledge both of the starting materials
and the products of a reaction, as in the calculation of heats of reaction (see next
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Section). Clearly the ideal situation is to employ as many evaluations of the first type
as possible, as these detect those bonds that actually take part in a reaction. A preselec-
tion is thus possible, guiding the reaction generation phase in the right direction. In
the second type of evaluation, the reaction products must first be generated, with the
possibility that they are ultimately evaluated as not being feasible for some reason.
The formal reaction generation step would then be wasted time.

The next two sections deal with physicochemical models for the thermochemical
and electronic effects which are used in the evaluations. This work is fairly well
progressed. However, there are other effects which we are fully aware influence
reactivity appreciably, but which we have so far investigated to only a limited degree.
These include solvent and steric effects. We refer to these topics only briefly later in
this article.

5 Thermochemistry

In this section we deal with the first of the physical effects which impinge on reactivity
— the influences which heats of reaction and bond dissociation energies have on the
course of chemical reactions. Both heats of reaction and bond dissociation energies
are enthalpy values that are experimentally determined by thermochemical methods,
in the first case usually by direct calorimetric methods, in the second by more indi-
rect techniques 2.

5.1 Heats of Reaction

Heats of reaction give the enthalpy part of the overall thermodynamic expression
of chemical reactions. The entropy contribution will not be discussed here, apart
from noting that estimates of reaction entropies can also be obtained by an additivity
scheme along similar lines to those used for estimating reaction enthalpies. Work in
this direction, which also has to consider the changes in the number of molecules in
a reaction and the symmetry numbers, has given promising results and w.ll soon he
included in the EROS system 2%.

The heat of a reaction, AH,, is given by the difference in the heat of formation of
starting materials and products (Eq. 1).

AH, = X AH;°(products) — X AH,°(reactants) )

In developing an empirical model for calculating reaction enthalpies %*'2% resort
was made to experience gained with additivity schemes developed for estimating heats
of formation of organic compounds. These can be obtained by summing parameter
vilues assigned to the various substructures in the molecule, the accuracy being
improved by increasing the number of parameters considered. The Allen scheme 26
was chosen as a reasonable compromize between the number of parameters and esti-
mation accuracy. Parameters for each molecule are assigned to 1,2-interactions
(bonds) and those 1,3-interactions not involving hydrogen atoms. This scheme is
numerically equivalent to the widely used Benson group additivity scheme 27 but
offers advantages over the latier for our purposes. An increase in the accuracy of the
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estimate has been achieved *® 2 by reparameterization of the scheme through multi-
linear regression analyses of experimental heats of formation. Only parameters for
those substructures involving the bonds broken and made in a reaction need be con-
sidered in calculating heats of reaction. Thus, only the reaction site need be scanned,
rendering computation times independent of the size of the molecules involved
in the reaction. Due to the parameterization the values refer to the gaseous state
at 293 K.

Ring strain energies > and aromatic delocalization energies must also be para-
meterized and calculated. This is handled automaticaily in EROS and makes use of
the ring perception routine mentioned earlier 1%

The standard deviation between experimental and calculated heats of reaction
are between 0.5 and 1 kcal/mol for those classes of compounds where enough experi-
mental heats of formation are available to allow a full parameterization. For those
classes of compounds where insufficient heats of formation are known to allow the
determination of all parameters for 1,2- and 1,3-interactions, an estimate can be given
for the bond energy terms which are the dominating parameters. Even here, therefore,
a reasonable value for the reaction enthalpy is available.

Table 1. Products and heats of reaction of C,-species from propane, oxygen and
water

CH,—CH,—CH, + O, + H,0 —

AH, (exp) AH  (calc)
(in kcal/mol)

O,-species
CH,CH = CH, + H,0, + H,0 28 — 272
CH,—CH, + H,0, + H,0 + 5.03 + 5.66
N/

CH,
CH,—C=CH + 3H,0 —46.38 —45.87
CH,=C=CH, + 3H,0 —45.14 —43.93
CH=CH + 3H,0 ~24.57 —24.15
N/ :

CH,
O, -species
CH,CH,CH,0OH + H,0, ~11.07 —10.53
CH,ﬁJHCH3 + H,0, —15.02 —14.44

oH
CH,=CH—CH,0H + 2H,0 —62.52 —63.72
CH,CH,CH=0 + 2H,0 —78.42 —77.13
CH,G-CH, 4 2H,0 —84.87 —85.03
CH,CH=CHOH + 2H,0 — —64.11
CH3(IJ=CH2 + 2H,0 — —65.55
OH

CH3C{I(~)7CH2 + 2H,0 —55.60 —53.01
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Table 1 (continued)

CH,—CH,—CH, + O, + H,0 -

AH, (exp) AH, (calc)
(in kcal/mol)
Cle—in + 2H,0 —52.22 —50.42
CH,—
CH,—CH, + 2H,0 — —59.25
CH-OH
C{27CH 2 + 2H,0 + H, — —46.77
C
|
O
CH,=CH—CH=0 + 2H,0 + H, — —48.97
CH,CH=C=0 + 2H,0 + H, - —51.37
O,-species
CH,ﬁIH—ClH2 + H,0 —79.80 —75.40
OH OH
H2C1~12(|3H2 + H,0 — —71.53
OH OH
CH,CH,CH,00H + H,0 — —18.30
CH3C‘HCH3 + H,0 — —22.21
OOH
CH,leH—?H2 + H,0 + H, — +18.21
0—O0
CH,-CH,—CH, + H,0+ H, — + 222
AN
0-0
CI—QC\E—/CHOH + H,0 + H, — —42.04
CH3\C o + H,0 + H, — —42.95
HO/ \_/ H.
O
?HZC{-{;CH2 + H,0 + H, — —30.94
OH O
Cle—C|HOH + H,0 + H, — —39.53
CH,-O
CH3(|f—(fH2 + H,0 + H, — —62.96
O OH
CH3$H—CH=O + H,0+ H, — —58.97
OH
— —55.06

H,—CH,-CH=0 + H,0 + H,
OH
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Table 1 (continued)

CH,—CH,—CH, + O, + H,0 —»
AH, (exp) AH (calc)

(in kcal/mol)

CHJ—%——CH=O + H,0 + H, —39.97 —43.03
O

CH,CH,C=0 + H,0 + H, —83.57 —82.86
H

?Hz—?=0 + H,0 + 2H, —42.77 —39.76

CH,-0O

CH,=CH-C=0 + H,0 + 2H, — —54.78
.

O,-species

CH,CH-CH, + H, —56.67 —53.45

OH OH OH

Cle("?—ﬁZH2 + 2H, — —40.97

OHO OH

As an example, reaction products generated from propane, oxygen, and water
are contained in Table 1 together with experimental and calculated heats of reaction.
All products were obtained with the reaction generators RG22 and RG33, either
directly from the starting materials, or by consecutive application of these two reaction
schemes. Only those reactions were generated that did not involve the breaking of
C—C bonds. This restriction was imposed, and the example chosen, to allow compari-
son with a sizeable number of experimental data. Within the C, series, experimental
heats of formation are available for quite a few compounds of varying oxidation state.
The values for the experimental heats of reaction were obtained with Eq. 1 by using
the experimental heats of formation of the species involved.

As can be seen, experimental and calculated values for the reaction enthalpy are int
rather good agreement. The compounds contained in Table 1 comprise quite a variety
of functionalities, illustrating that the method for calculating heats of reaction is of
general applicability. It can also predict values for compounds for which heats of
formation have not yet been determined or which are unstable, like the vinyl alcohols.
The formulae of the starting materials and products of the reactions contained in
Table 1 always add up to the empirical formula C,H,,0,. This directs attention to an
important application of the EROS system: the formal reaction schemes allow the
generation of various sets of species for a given empirical formula. The method for
calculating heats of reaction can then give an estimate of the enthalpy of these various
ensembles of molecules. Thus, those points on an energy hypersurface can be determin-
ed which correspond to a given empirical formula and which represent stable molecular
species or reaction intermediates, and their relative position with respect to each other
can be fixed. Clearly this approach alone is not sufficient for predicting the course of
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chemical reactions, since no predictions of thc cnergies of transition states can be
made. However, it provides a powerful means for determining the thermochemical
framework within which the actual course of a reaction has to be searched.

The values of reaction enthalpies in a forward search can be of use in predicting the
products of a reaction : the more exothermic a reaction, the more it should be preferred.
The situation will be different in a retrosynthetic search where retroreactions should
be calculated to be endothermic to some degree. This underlines the point previously
made (Sect. 2, Fig. 9) that the differences between a forward and a retrosynthetic
search do not reside in the way reactions are generated — in both cases in EROS by the
formal reaction schemes — but in the way they are evaluated.

So far we have not touched on the fact that the important topic of solvation energy
is not yet taken into account. The extent to which solvation influences gas-phase
energy values can be considerable. As an example, gas-phase data for fundamental
enolisation reactions are included in Table 1. Related aqueous solution phase data
can be derived from equilibrium constants *!). The gas-phase heats of enolisation for
acetone and propionaldehyde are 19.5 and 13 kcal/mol, respectively. The correspond-
ing free energies of enolisation in solution are 9.9 and 5.4 kcal/mol. (Whether the
difference between gas and solution derives from enthalpy or entropy effects is irrele-
vant at this stage.) Despite this, our experience with gas-phase enthalpies calculated
by the methods described in this chapter leads us to believe that even the current
approach is most valuable for evaluation of reactivity.

5.2 Bond Dissociation Energies

Homolysis of a bond is an elementary reaction that is of profound influence on reac-
tivity in many processes. The enthalpy of such a step, the bond dissociation energy
(BDE), can be calculated from Eq. 1 with the products now being atoms or radicals.

A—B > A +B.
BDE(AB) = AH,

Since homolytic or radical processes are largely governed by the effects of bond
dissociation energies, a knowledge of BDE is required for the evaluation of chemical
reactivity in such reactions. However, we have found, as we mention later, that BDE’s
are also an important factor influencing other types of reactions involving bond
heterolyses.

The same program as used for calculating heats of reaction can also be used for
estimating BDE when parameters for radicals are included. Such parameters have
been determined for the important types of bonds in molecules and incorporated into
tables in the program, so that the BDE is calculated automatically for each bond of a
molecule 2, Table 2 gives the results of a calculation on 2,2,5-trimethylheptane.
The small changes in C—H and C—C BDE observed in going from CH, to a primary,
secondary, or tertiary carbon atom are well reproduced. Equally good results are
obtained for those classes of molecules where enough data on experimental heats of
formation of radicals are available to allow full parameterization. For other cases
higher uncertainties in the BDE’s are inevitable.
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Table. 2. Bond dissociation energies calculated for 2,2,5-trimethylheptane compared with correspond-
ing experimental value; (a) Ref. 32 (b) Ref. 33

Cs
Ce—C,

Cl“éfz—ca“CA_Cs/\/

¢ 10
BDE (kcal/mol) cale (a) exp (b)
C,—H 98.67 Cim—H 98 98.2 + 1
C,—H 94.93 C..—H 95 951 £ 1
C,—H 92.53 C.n—H 92 932+ 1
Cy—C, 82.56 Corim—Corim 81.8 822 + 1
C,—C, 79.86 orim~—Caec 80.4 81 +1
C,—C, 78.44 srim— Crert 777 79.1 + 1
Co—C, 86.54 CH;—Corim 84.8 858 + 1
Cs—Cyo 83.84 CH,—C,,. 84.2 85.7 t 1
C,—C, 8242 CH,—C,_, 81.8 84.1 + 1

In calculating the BDE, the program automatically accounts for effects of ring
strain, aromatic delocalization energies, and stabilization through allylic or benzylic
type resonance. Figure 16 gives the values of the BDE’s in structure 7, a molecule
that has a variety of structural features, and which incorporates allylic and benzylic
resonance effects, as well as the resonance energy of the furan system when a ring
bond is broken.

H 112.1 H
\c ﬂ-cﬁlz'1 H H
6“'3// \Y‘” 815 839 Iuo.c /:3

H

e O ——(C
8.6/~ 913 8.0 7 8.2
/ as.o\o 6.0 |

80.9
H 0

]xoa.e
H

Fig. 16. Bond dissociation energies (in kcal/mol) calculated for 2-(but-3-en-1-olyl}-5-methylfuran,
7 {for double bonds, the value for the n-bond only is given)

?
C Ch?——-—c_c
H

6 Electronic Effects

Heats of reaction and bond dissociation energies allow the estimation of the feasibility
of homolytic processes, as these are largely — but not solely — governed by thermo-
chemical effects. The quantitative treatment of heterolytic processes, however, presents
a far more difficult problem. Basic electrostatic considerations indicate that the
dissociation of a covalent bond into positive and negative ions is inherently a highly
endothermic process. It will be facilitated by any mechanism that allows dissipation or
stabilization of the incipient charges. Chemists have come to differentiate these
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stabilization mechanisms according to various effects: charge, electronegativity,
inductive, resonance, polarizability, hyperconjugation, hydrogen-bonding, etc. and,
last but not least, solvent interactions. In most cases, several of these effects are si-
multaneously operative making a clear conceptual separation difficult. Indeed, two
or more of the different effects may sometimes be representing the same physical
phenomenon, and differ only in semantics. Additionally, these effects are frequently
based to a large extent on qualitative reasoning only, or are applied qualitatively.
Progress in understanding chemical reactivity can be best expected when the various
factors of influence are put on a quantitative basis. Development and application of
quantitative models for electronic effects is the theme of this section.

One of the concepts most widely used in discussing chemical reactivity and reaction
mechanisms is the notion of partially charged atoms in reflecting the polarity of bonds.
Thus, nucleophilic substitution at a saturated carbon atom is ascribed to an attack
of a nucleophile at the carbon atom which bears a partial positive charge (Fig. 17).
The nature of X in Fig. 17 will affect the positive charge on the carbon atom, but the
overall reactivity does not correlate well with this charge value alone. Other factors
beyond charge distribution are responsible for reactivity in nucleophilic aliphatic
substitution. These factors have been termed nucleofugicity, polarizability, or soft
character, and again are usually only applied in a qualitative manner.

[+2%
\C —X + Ye . \C —v s+ x° Fig. 17. Charge distribution in nucleophilic sub-

/A // stitution

Looking at nucleophilic aliphatic substitution in more mechanistic detail reveals
a further complicating feature. On heterolysis of the carbon-halogen bond in tertiary
alkyl halides by an Sy1 process, electronic reorganization through the three CC-bonds
occurs so as to decrease the partial positive charge on the central carbon atom. On
the other hand, formation of a unit positive charge at carbon is avoided altogether
in an S 2 process by simultaneous formation of a new bond to the nucleophile during
heterolysis of the carbon-halogen bond.

" This example serves to make the point that in a quantitative treatment of chemical
reactivity, electronic effects additional to those observed in the ground states of mole-
cules have to be considered. In the following these extra effects will be comprehensively
called transition state effects although they might also refer to electronic effects in
other intermediate structures, including true reaction intermediates. Having stressed
the importance of transition state effects we nevertheless aim to predict some of them
from calculations performed on the ground states of molecules. In other words, can
calculations on the starting materials of chemical reactions give information on the
extent of electronic rearrangement occurring when these molecules react with each
other? This approach is in line with our intention, stated in section 4, to assign a
reactivity value to each bond of a molecule from calculations performed on that
molecule. The reaction sites of molecules should thus be found without having to
perform calculations on the products or transition states of a reaction, as well as
starting materials. It will be shown later, for example, how data on the gas phase
acidity of alcohols can be quantitatively modelled by parameters obtained from cal-
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q.x. 0 qx.
\—
+
O==0C
- Fig. 18. Basic model for treating chemical reactivity
(q = atomic charge, = electronegativity, o = po-
“otS larizability)

culations on the alcohols themselves, without the necessity for calculations on the
alkoxide ion products.

Our objective has been to develop methods that allow the calculation of various
electronic parameters such as partial atomic charge, g, electronegativity, y, polari-
zability, o, for each atom of a molecule. In this way, the values assigned to an atom
not only reflect the type of the atom, but also the particular molecular environment
into which this atom is embedded (Fig. 18). The electronic parameters assigned to the
atoms of a bond will then be used to arrive at a quantitative value for this bond which
reflects its reactivity. A detailed description of a reaction will also have to include
parameters characteristic of the reagent in order to account for its influences on bond
breakage and formation.

In attempting to evaluate electronic effects in organic molecules, we perform cal-
culations on each molecule as an integral entity, that is, it is not separated into indivi-
dual groups (e.g. substituent,-skeleton, reaction site) that are assigned characteristic
parameters transferable from one molecule to another. (This, incidentally, contrasts
with the transferability of thermochemical parameters; see Sect. 5.) The interaction
of a certain group with the rest of the molecule is dependent on the particular mole-
cule considered, as for instance, with a nitro group, which not only interacts differently
with aryl and alkyl groups, but also differently with various alkyl groups.

A common feature of the various methods that we have developed for the calcu-
lation of electronic effects in organic molecules is that they start from fundamental
atomic data such as atomic ionization potentials and electron affinities, or atomic
polarizability parameters. These atomic data are combined according to specific
physical models, to calculate molecular descriptors which take account of the network
of bonds. In other words, the constitution of a molecule (the topology) determines
the way the procedures (algorithms) walk through the molecule. Again, as previously
mentioned, the calculations are performed on the entire molecule.

Concepts like electronegativity, inductive, resonance effects, etc. have been devel-
oped by the chemist to bring order into a wealth of experimental observations. They
are of an empirical nature defying an unequivocal theoretical derivation. Any attempt
to put these concepts onto a quantitative basis has to face up to this situation. Values
calculated for these electronic effects must be compared with experimental data in
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order to demonstrate their own validity, as well as the overall validity of the methods
derived for their calculation. A further complication is the fact that in nearly every
chemical reaction several of these electronic effects are operating simultaneously,
and they do so to varying extents. A chemical reaction is a multiparameter event.
It is therefore not simple to establish the significance of the individual values cal-
culated by a particular method, and to demonstrate that they do indeed reflect the
electronic effect for which they were designed.

In the absence of clear-cut guidelines on the mathematical form of the influence
of a given electronic effect on chemical reactivity, we took the simplest form, a linear
equation. If several effects were thought to be of importance, each of them was con-
sidered separately in a linear fashion. The significance of the calculated values was then
tested, if possible, against experimental data through direct correlation, or via multi-
linear regression analysis (MLRA). Statistical techniques of this type, generally termed
correlation analysis, are becoming increasingly important for analyzing quantitative
data throughout organic chemistry>®. However, such techniques bring certain dangers
deriving from their misuse. For this reason, certain standard precautions were taken.
For instance, the number of parameters applied at a time was always kept to a mini-
mum, and a particular parameter was only included in a MLRA study if a definite
indication of its relevance existed. ‘

Electronic effects pertaining to the ground state of molecules were tested as far
as possible against physical data of molecules. If feasible, several independent physical
measurements were investigated, and primarily those data were selected where a
clear understanding was available of the dependence of the physical observation on the
electronic effects being modelled. Investigation of transition state effects necessarily
depended on chemical reactivity data. Here, data on gas-phase reactions were in-
vestigated in the first instance. Recent progress in experimental technigues has given
access to many data of known and high accuracy on reactions in the gas phase. These
data are of particular interest as they reflect the inheren: reactivities of individual
molecules. In particular, the complicating effects of solvent which still largely elude a
quantitative treatment could be excluded. Only later have we directed our attention
to more generally interesting organic reactions, where the experimental conditions
are less well defined. It is significant that the same models can be applied to such
problems, as we describe below.

6.1 Partial Atomic Charges

The notion of a molecule as consisting of partially charged atoms is widely used in
organic chemistry. It is clear, however, that it can only be a rough approximation
to reality as in such an approach the continuous electron distribution of a molecule
is split up and assigned to individual atoms. There is no unequivocal theoretical
criterion for performing this separation. The most widely used method is Mulliken
population analysis 3% of wave functions obtained from quantum mechanical cal-
culations. However, the results of such an analysis are heavily dependent on the
quantum mechanical method used and the basis set chosen. Furthermore, it is known
that a Mulliken population analysis has basic deficiencies, primarily in its treatment
of the overlap population. Therefore, results from quantum mechanical calculations
cannot provide an unambiguous definition of partial atomic charges.
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In our context one of the main prerequisites was a procedure for calculating atomic
charges which was very rapid, as it is sometimes necessary to process many molecules
of a fairly large size. The method we developed starts from the electronegativity
concept, and uses electronegativity data, derived from atomic ionization potentials,
IP, and electron affinities, EA (Eq. 2) *®.

% = 0.5(IP + EA) )

Electronegativity was considered to be dependent both on the hybridization state
of an orbital, and also on its electron occupation: an empty orbital must be more
electronegative than a singly, and even more so than a doubly, occupied orbital.
Equation 3 quantifies this dependence on occupation number, or more generally,
on charge, q.

X =a-+bq+cq’ ©)]

The coefficients a, b, and ¢ (with a > 0, b > 0) for this charge dependence can be
derived from the electronegativity values of a given atomic orbital in the neutral
state, and in the positive and negative jons, which in turn are derived from the relevant
IP’sand EA’s 37, Thus, the latter are the fundamental data on which the whole method
is based.

On bond formation the more electronegative atom attracts electron density from
the less electronegative atom. The former atom thus becomes partially negatively
charged and consequently (Eq. 3) its electronegativity decreases. For the less electro-
negative atom the reverse applies. Thus, the orbital electronegativities of the atoms
in a molecule tend to adjust, that is, to equalize. However, contrary to other ap-
proaches **3?), the orbital electronegativities of the free atoms are not completely
equalized by our method, since the electrostatic potential that is created on charge
transfer acts against further charge transfer. An iterative procedure was developed
to quantify this Partial Equalization of Orbital Electronegativities (PEOE) 4041,
The form of the algorithm ensures rapid convergence. Consideration of changes
in hybridization enables the peculiar bonding situations encountered in systems
containing three- and four-membered rings to be calculated #?. The conceptual basis
of the PEOE procedure has been analyzed and compared with other definitions of
electronegativity 4¥.

As there is no unambiguous definition of partial atomic charges, a host of physical
data was investigated to show the utility of the charge values. The data studied in-
cluded C-1s ESCA chemical shifts *, 'H-NMR chemical shifts **, dipole moments **-
49, oy coupling constants *2), and 2Jyy coupling constants *®. Calculated values
for these data are in good agreement with experiment, thus demonstrating that the
values of partial atomic charges obtained by our method are of physical significance
and reproduce the phenomenon for which they were designed. Thus they can be
confidently used to study the effects of charges on chemical reactivity.

An extension of the above method was developed for conjugated m-systems:
Partial Equalization of Pi-Electronegativity (PEPE) 4" *®_ After calculation of the
charge distribution in the c-skeleton, the various resonance structures of a z-system
are generated. The n-charge distribution is obtained by assigning weights to these
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resonance structures. In this case too, physical data such as C-1s ESCA shifts ¥,
13C_.NMR chemical shifts *’"*®’ and dipole moments *® served to establish the im-
portance of the charge values thus obtained. A successful correlation with oy sub-
stituent constant values 47’ was an early indication of the potential of these charge
values for predicting chemical reactivity data.

In the course of these studies it became clear that the merit of the PEOE and PEPE
methods lies not only in providing for each atom of a molecule a uniquely defined value
of its o- and n-charges. Beyond that, an electronegativity value can be obtained for
each atom from the charge value through Eq. 3. This electronegativity value is not
only characteristic of the atom type, but also of the molecular environment into which
the atom is embedded. We call this value the residual electronegativity, since it reflects
the remaining potential of the atom to attract further electron density **. In this sense,
the residual electronegativity constitutes the property for which electronegativity
was conceived: “the power of an atom in a molecule to attract electrons to itself>?.
However, a dependence on molecular environment is now explicitly incorporated
into the electronegativity values.

6.2 Inductive Effect

The nature of the inductive effect has been the subject of much controversy. Through-
bond (inductive effect in its restrictive sense) and through-space (field effect) mecha-
nisms have been suggested and experiments have been designed in attempts to differ-
entiate between them. In our conceptualization of the inductive effect, we stay clear
from these two limiting situations, noting that both types of mechanisms are operative
and that, in general, the two effects parallel each other. However, it should be kept
in mind that deviations could occur in those situations where two atoms are near each
other in space, although separated by several bonds.

In attempting to quantify the inductive effect, two aspects have to be modelled:
firstly, the magnitude of the inductive effect when changing the atom or the group that
is exerting such an effect; and secondly, the attenuation of the inductive effect with
distance, or, equivalently, with the number of bonds. Both aspects of the inductive
effect as it influences ground state properties are quantitatively modelled by the PEOE
method as reflected by the charge values. This can be monitored by the various
correlations of the charge values with physical properties. For instance, the C-1s ESCA
shifts of a substituted alkyl chain are attenuated the further they are from the sub-
stituent. It is found that the correlation holds up well in these cases V).

Inductive effects in chemical reactions demonstrate their influence when charges
are formed during bond-breaking or -making. A measure of the inductive effect is
sought here which goes beyond that occurring in ground state charge distribution.
In these situations residual electronegativity values provide an excellent quantitative
measure of inductive effects on reactive states. Unfortunately, no satisfactory chemical
reaction was found which is solely under the influence of inductive effects, and for
which a sizeable amount of experimental data is available. The nearest test set we
could devise contains only four points, and concerns the gas phase proton affinities
(PA) of ethylamine and its three B-fluorinated derivatives °". In the light of other
investigations on such protonation reactions (Sect. 6.4), we were satisfied that the
magnitude of the PA should be influenced by inductive effects alone, since the polari-
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zabilities of fluoroethyl groups are the same as that of ethyl itself. Consistent with
this, a good correlation between PA and y was found (Fig. 19). The data set can be
extensively enlarged, but the effect of polarizability then becomes significant (Sect. 7).

Further discussion of the inductive effect is deferred until other effects have been
described.

6.3 Resonance Effect

As with the inductive effect, resonance effects on ground state properties have al-
ready been included in the procedure, PEPE, for calculating partial atomic charges.
This has been achieved by generating and weighting the various resonance structures
of a molecule. The significance and quality of the results has been shown by corre-
lations and calculations of physical data 47-48.52),

However, as for the inductive effect, models must again reflect the influence of
resonance effects on reacting states (transition states or reaction intermediates), as
well as just ground states. The breaking and making of bonds are strongly facilitated
when the charges thereby generated are stabilized by delocalization. In fact, this
effect is probably the single most important influence on chemical reactivity, as re-
flected by the range of reactions which are predominantly governed by this influence:
electrophilic and nucleophilic aromatic substitutions, aldol, Claisen and related
condensations, reactions of allylic and benzylic systems, etc. (Fig. 20).

Both positive and negative charges are generated in a heterolytic bond cleavage,
and in both cases resonance stabilization mechanisms can be envisaged. The —M
effect pertains to stabilization of negative charges, and the + M effect to stabilization
of positive charges (Fig. 21). For the former, the negative charge resulting from a free
electron pair is delocalized into an empty orbital located on an atom E, or into an
antibonding orbital of a double bond, C=D, with the result that D has the largest
orbital coefficient. Thus, the electronegativity of the n-orbital on E or on D is of
predominant importance, and we take this n-electronegativity, obtained from the
PEPE procedure (see 6.1), as a quantitative measure, R ~, of the —M effect.
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Fig. 20. Reactions that are influenced by the stabilization of charges through resonance effects

A positive charge in an empty n-orbital can be stabilized by the +M effect exerted
by the free electron pair on an adjacent atom X, or by a filled r-orbital of a double
bond C=D. In delocalizing a positive charge into a double bond C=D, the larger
orbital coefficient is again on atom D. The higher the electronegativities of the orbitals
on X or on D, the less they are available for donation of electron density into the
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Fig. 21. Situations where the —M and the +M effect are operating
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empty orbital on A. The reciprocal of the r-electronegativity of X or of Dis taken as a
measure of the +M-effect, R*. Values of R* and R~ could only be studied in con-
junction with other effects, in multiparameter analyses of various systems. These
are discussed in Sect. 7.

6.4 Polarizability Effect

An external electric charge induces a dipole in a molecule such as to stabilize the
presence of that charge. This induced dipole is the higher, the more polarizable the
molecule, as measured by its mean molecular polarizability, & The stabilization
energy, E_;, due to interaction between the external charge and the induced dipole
is given by Eq. 4, with r being the distance between charge, q, and induced dipole,
and ¢ the dielectric constant of the medium
E, = —aq*/2er* C))
However, this formula loses its significance when the charge is introduced into the
very same molecule that is being polarized. This is the situation most commonly met
in chemical reactivity, where the charge results from the attack of an electrophile
or nucleophile. In particular, the distance between the charge and the induced dipole
is no longer defined, and mean molecular polarizability is no longer the appropriate
property to use. In any case, different atom types have different ease of electronic
distortion and their contribution will be strongly distance-dependent. To accourit
for these two phenomena we have defined an effective polarizability, a,, and introduced
empirical methods for its calculation ** 3%, g, is to be taken as a measure of the po-
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Fig. 22. Proton affinity of 49 unsubstituted alkylamines (n 49; r 0.984; s 1.0 kcal/mol)
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larizability effect and in this sense is proportional to, and represents, the stabilization
energy resulting from the charge-induced dipole interaction.

The significance of the values calculated for the effective polarizability was first
established with physical data, among them relaxation energies derived from a combi-
nation of X-ray photoelectron and Auger spectroscopy, as well as N-1s ESCA data **
5, From our point of view, however, the most important applications of effective
polarizability are to be found in correlating chemical reactivity data. Thus, the proton
affinity (PA) of 49 unsubstituted alkylamines comprising primary, secondary and
tertiary amines of a variety of skeletal types correlate directly with effective polarizabi-
lity values (Fig. 22).

This is a case where a, suffices to reproduce the experimental data. For most of the
chemical reactions investigated, which were primarily gas-phase reactions for reasons
given previously, effective polarizability had to be used in combination with other
electronic effects, especially measures of the inductive effect. This becomes necessary,
for instance, when studying the PA of amines that contained species with heteroatoms
in the substituent. This and other reactions-are discussed further in Sect. 7. In all
gas-phase reactions investigated, effective polarizability proved to be of importance.
It also provided a quantitative explanation 3® of the puzzling result that gas-phase
protonation of alcohols (positive charge development) and gas-phase acidity of al-
cohols (negative charge development) are both favored in the order Me < Et < i-Pr
< t-Bu. The polarizability effect results in stabilization of both positive and negative
charges.

In solution, stabilization due to polarizability is of less importance, as the solvent
will provide other charge stabilization mechanisms. However, recent work shows that
polarizability is still of influence in solution 373859,

6.5 Hyperconjugation

It now seems well established that hyperconjugation provides an efficient means
of stabilization for positively charged species where the charge results from an empty
p-orbital, but is of less importance in neutral molecules. Alternatively, in MO ter-
minology, orbitals of appropriate symmetry of C—H and C—C bonds of alkyl groups
can overlap with adjacent empty orbitals and thus donate electron density. We have
modified ® a simple procedure introduced by Kreevoy and Taft ®¥ for estimating
hyperconjugation empirically. Here again, there is no physical or chemical phenomen-
on which allows a direct confirmation of the method, via correlation analysis, How-
ever, the values have been found acceptable in multiparameter treatments (see Sect. 7),
where we found that hyperconjugation contributions of C—H and C—C bonds are
the same. Such contributions are calculated in EROS itself simultaneously with
resonance effects. The two are of course conceptually related.

6.6 Frontier Molecular Orbital Approaches

Frontier molecular orbital (FMO) theory 2 has provided new insights into chemical
reactivity. This, and the simplicity of its application, has led to its widespread use,
particularly in the treatment of pericyclic reactions 63 An FMO treatment depends
on the energy of the highest occupied (HOMO) and lowest unoccupied molecular

52



A New Treatment of Chemical Reactivity

€nomo = 1P xj= 0.5 (IP+EA)

Eumo = EA Fig. 23. Comparison between FMO-parameters and

2 s q q charge/electronegativity values. c,; refers to the co-
i T 9 i

efficient of orbital i at atom j

orbitals (LUMO) of the reaction partners, as well as their orbital coefficients. Accord-
ing to Koopmans® theorem, the energy of the HOMO can be set equal to the first
ionization potential, IP, and the LUMO energy corresponds to the electron affinity,
EA. The definition of electronegativity (Eq. 2) indicates some correspondence between
an FMO treatment and our charge/electronegativity treatment (Fig. 23).

We have only just started to explore empirical access to FMO parameters based
on these similarities 52, Recently, others have reported empirical equations for calcu-
lating IP’s and EA’s for a variety of n-bonded systems %¥. This approach used a large
number of parameters for the underlying n-system, heteroatom substitution, and the
substituents on the n-system. However, we aim at calculating FMO parameters from
fundamental atomic data while taking due account of the bond structure of a mole-
cule.

In line with expectations suggested by the comparison of Fig. 23, electronegativity
data do indeed prove valuable for correlating ionization potentials. Thus, the IP’s
of a variety of dienes, enynes, diynes and heterodienes comprizing molecules like
butadiene, styrene, acrylonitrile, hexatriene, dihalodiynes, furan, naphthalene, phenol,
and anthracene, could be reproduced by three parameters: the mean of the 6- and
of the n-residual electronegativities, as well as the mean of the R* values 2, The R*
parameter (Sect. 6.3) is necessary because on ionization a positive ion is generated
that can be stabilized by resonance effects. The statistics of the correlation with these
three parameters is reasonable. A similar result could be obtained with these same
three parameters for the IP’s of dienophiles. In fact, the coefficients for the three
parameters in these two correlation equations are rather similar; a sizeable difference
exists only in the constant term of the two equations. However, the difference of
1.46 €V corresponds nearly exactly to the difference between the IP’s for the two basic
systems of the two correlations, butadiene and ethylene. Thus, the two data sets can
be combined into a single correlation equation. This result is remarkable in that it
covers both electron-rich and electron-deficient systems, including acetylenes, ethy-
lenes, dienes, and aromatic compounds with a variety of substituents, as well as systems
with heteroatom substitution. The ionization potentials for these systems vary from
7.29—17.70 eV. They can now be estimated through the electronegativity and reson-
ance effect parameters, directly from the constitution of a molecule, without recourse
to M.O. methods.

Frontier orbital approaches are not yet implemented in EROS. Nor does EROS
take account of the features of reactivity which are controlled by orbital symmetries.
This will follow the current work on stereochemistry and conformation.

7 Chemical Reactivity — A Multiparameter Event

In the preceding two sections we have introduced and described models which quan-
tify various physicochemical effects. Wherever possible we have demonstrated their
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validity by direct correlation with appropriate data. However, as was implied in those
sections, in many cases the parameters are applicable in combination to descriptions
of less well resolved situations. It is widely accepted that chemical reactions are fre-
quently under the influence of more than one effect. Thus, when developing quantitati-
ve descriptions of such reactions it becomes necessary to use several parameters
which describe the different effects: the treatment becomes multiparameter. In this
section we develop the discussions of the previous two. However, we continue to
concentrate on well-defined, accurate data wherever possible, in a gradual approach
toward building up a general treatment of reactivity. In the following, MLRA is
applied to the various problems.

The proton affinities (PA) of two restricted subsets of amines were correlated direct-
ly with inductive and polarizability effect parameters, respectively (Figs. 19 and 22).
These can be combined with data on other hetero-substituted amines to give a set
of 80 amines of different skeletal and substitution types (e.g. Fig. 24). In this and all
other systems (below), a residual electronegativity value, ¥, ,, (Eq. 5) derived from those
of the atoms of the first, y;, and second, ¥,, sphere neighbors of the nitrogen atom is
preferred as a measure of the inductive effect 4%,

K12 = 0'5(5(1 + 0-2522) (5)

Thus, the PA data (in kcal/mol) on the 80 amines can be reproduced quantitatively
with Eq. 6 (r 0.998; s 1.33 kcal/mol) °*, §;, being a measure of the inductive effect and
oy that of the polarizability effect.

PA(amines) = 343.0 — 27.79%,, + 2.99, 6)

The signs of the coefficients in this equation are consistent with the interpretation
of the two factors: the negative sign of the coefficient for the §,, parameter indicates
that an increase in the inductive effect destabilizes the corresponding ammonium
jon and thereby leads to a decrease in the proton affinity. On the other hand, an in-
crease in the effective polarizability, o, stabilizes the ammonium ion and therefore

CH,F CF, Ch
( [ [ F304|-— NH,
NH, NH, NH, ChH

()L ©

|
Si(CH,), o C f
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Fig. 24. Example amines included in the
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leads to increased PA. Note that the influence of the inductive effect, as well as that of
polarizability, on stabilization or destabilization of the ammonium ion has been
derived from calculations on the neutral amine. This is in line with our intention,
mentioned previously, to predict data on chemical reactivity from calculations on the
ground state of reactants.

Extensive studies on other gas-phase reactions support the interpretation of a
residual electronegativity value, e.g. calculated as in Eq. 5, as being a quantitative
measure of the inductive effect for reacting species. Thus, two-parameter equations
similar to Eq. 6 using i, and oy values were developed to reproduce PA data of alco-
hols and ethers, as well as those of thiols and thioethers *® (Fig. 25). In addition,
the same two parameters were used for correlating data on gas phase acidity of al-
cohols (Fig. 25) *®. In this case the coefficients of the %,, and the a, parameters have
the same sign, consistent with the physical picture that an increase of both the in-
ductive effect and of polarizability stabilizes the negative alkoxide ion, leading to
increased acidity.

Our study of these elementary reactions was extended to protonation reactions
of unsaturated species (Fig. 26) . For protonation of ketones and aldehydes the

R’ R‘I
(]
R2—>N + H — R%N—-H ref. 49, 53,54
a R rR?
R R}
;]
No ok W ——— - By ref. 56
/ /
b R R2
RT R1
\ \&
/s + H® —— - /S—-H ref. 56
e R? R
d R—0~H ~—— R—0% + H® ref. 56

Fig. 25. Gas-phase reactions for which quantitative 2-parameter models have been developed

@
£=0 e (=== —H
+ B + H°
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CH—0 S — Ch—G—H Fig. 26. Reaction cycle between carbonyl

compounds and alcohols
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same inductive effect and polarizability terms can be used, but it is found that a hyper-
conjugation parameter is also needed. This latter effect is a feasible source of stabiliz-
ing interaction between alkyl substituents and the positively charged hydroxycar-
benium center. Values for hydride ion affinities of carbonyl compounds can be estab-
lished by considering the differences in the heats of formation of carbonyl compounds
and of alcohols (Fig. 26), and combining with PA and acidity values. Correlation
equations with the above parameters have also been obtained for these hydride ion
affinities.

These models refer to reactions with the simplest nucleophile, H™, both under
neutral conditions and in the protonated form. Chemical reactivity can be strongly
altered by catalytic effects; acid/base catalysis is of particular importance. We regard
the studies on gag phase acidities and on proton affinities discussed in the above
sections to bear special significance for quantitative modelling of acid/base catalysis
in the future.

Yet further extension of these multiparameter models brings in not just hyperconju-
gation effects of simple alkyl groups, but also resonance stabilization effects of hetero
and unsaturated substituents. One such example is the rate of gas phase elimination
of HCI (or HX) from substituted alkyl chlorides (or from bromides and alcohols).
These reactions proceed via rate-determining cleavage of the C-X bond, to give
transition states which resemble substituted carbenium ions. Correlation analysis
between log k data (or activation energies) and three parameters which describe
inductive, resonance, and polarizability effects, gave good quantitative models 89,

One of the underlying reasons for the intensive study of gas-phase reactions by
workers in this area has been the belief that only by eliminating the influence of solvent
can inherent effects be studied. Our approach is consistent with this, in that once
chemical reactivity in the gas phase can be modelled, a foundation has been laid for
investigating the additional influence of solvent. In fact, a study along these lines
has already related gas phase alcohol acidity to the equivalent process in aqueous
solution . The underlying trend in pK, variation is dominated quantitatively by
inductive effect considerations. In contrast to the gas phase, polarizability influences
are not generally apparent, and only enter into the model when particularly polarizable
groups such as CCl; and CBr, are present. On this basis, a good two-parameter
model can be derived for polar-substituted derivatives. The major difference between
acidity in the gas phase and aqueous medium is the opposite influences of nonpolar
alkyl and aryl groups in the two phases. Via a polarizability effect, such groups sta-
bilize negative charge in the former, while their dominant acid-weakening effect in
solution is ascribed to their different interaction with solvent structure, compared
with polar-substituted derivatives. This results in differences in entropy (rather than
enthalpy) contributions to free energy. Such an effect can be modelled by quantifying
the number of such groups in the alcohol, and the good overall correlation derived
includes 45 alcohols *%).

This chapter has outlined specifically how quantitative data on somewhat idealized
reaction systems can be used as a basis for demonstrating the validity of our empirical
electronic models in the field of reactivity. The multiparameter statistical models
derived for the systems studied (PA, acidity, etc.) have limited direct application in
EROS themselves. The next section develops the theme of applying the models in a
much more general way, leading up to general reactivity prediction in EROS itself.
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8 A General Model of Chemical Reactivity

More than just a few parameters have to be considered when modelling chemical
reactivity in a broader perspective than for the well-defined but restricted reaction
sets of the preceding section. Here, however, not enough statistically well-balanced,
quantitative, experimental data are available to allow multilinear regression analysis
(MLRA). An additional complicating factor derives from comparison of various
reactions, where data of quite different types are encountered. For example, how
can product distributions for electrophilic aromatic substitutions be compared with
acidity constants of aliphatic carboxylic acids? And on the side of the parameters:
how can the influence on chemical reactivity of both bond dissociation energies and
bond polarities be simultaneously handled when only limited data are available?

Nevertheless, we are aiming at a global treatment of reactivity that incorporates
all the various effects mentioned in Sects. 5 and 6 and is applicable to any type of chemi-
cal reaction. This is most certainly an ambitious goal. To progress in this direction we
are balancing the various effects against each other by a combination of efforts.
A brief outline of one approach that determines a function for calculating a value for
chemical reactivity is given here,

8.1 The Reactivity Space

The breaking or making of a bond is an event influenced by many parameters. In
order to represent these influences on a system, a multi-dimensional space can be
constructed. Each coordinate represents a certain effect and has one of the parameters
calculated by the procedures mentioned in the previous sections as its quantitative
measure. Each bond of a reacting molecule is represented in this space by a single
point having a specific value for each parameter. For example, Fig. 27 shows such a
reactivity space spanned by using the differences in charge and in electronegativity
of a bond, as well as bond polarizability, as three coordinates. Two bonds of differing
reactivity are shown in this space. The I-Br bond is characterized by high polarizability
but low polarity and electronegativity differences. The opposite is true for the H-F
bond.

Fig. 27. A three-dimensional reactivity space defined by

polarizability, o, and charge, Aq, and electronegativity,
Ay, differences
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In general, reactivity spaces of higher dimensionality have to be considered as more
physicochemical effects become influential. Although such spaces can no longer be
given pictorially, they represent no problem to investigation by pattern recognition
methods. We have applied both supervised and unsupervised techniques such as linear
discriminant analysis, the K-nearest neighbor method, and principal component and
cluster analyses. These methods have shown that chemical reactivity is a property
well represented in such spaces, bonds being further separated from ¢ach other the
more they differ in reactivity. When the bonds are classified as either breakable or
non-breakable a good clustering of the two types is observed.

This classification of bonds allowed the application of logistic regression analysis
(LoRA), which proved of particular benefit for arriving at a function quantifying
chemical reactivity. In this method, the binary classification (breakable or non-
breakable, represented by 1/0, respectively) is taken as an initial probability P,
which is modelied by the following functional dependence (Eqgs. 7 and 8) where f is
a linear function, and x, are the parameters considered to be relevant to the problem.
The coefficients ¢, are determined to maximize the fit of the calculated probability
of breaking (P) as closely as possible to the initial classification (P,).

P=1/(1+¢e¢h N
f =c¢ + % + % + . ®

An important feature of the logistic regression method is that although the input
modelling data (P,) are binary, the calculated probability (P) is a continuous function.

In application, the method involves the following: from a series of molecules,
assign a selection of bonds as definitely breakable or definitely non-breakable. These
binary data are input, along with their calculated physical properties (e.g. BDE,
Aq, Ay, o, etc.) into the LoRA. This in turn calculates the optimum functions, f and
P, to describe the input data set. This calculated f is defined as the reactivity function.

In one analysis aimed at determining the reactivity of single bonds, 29 molecules
were chosen as a training set for representing a wide variety of aliphatic chemistry 66),
From the 770 bonds contained in these 29 molecules, 111 were selected and specified
as either breakable (36) or non-breakable (75). Four of these molecules are shown
in Fig. 28, and the bonds selected as breakable or non-breakable are indicated. Note
that not all bonds of a molecule have to be specified as either breakable or non-
breakable. Thus the LoRA study can be concentrated on a particular field of che-
mistry. In fact, this data set contained a sizeable number of multiple bonds that are of
course potentiaily reactive. However, in the present study no specification of breakable
or non-breakable was made for multiple bonds in order to focus the investigation on
the reactivity of single bonds. It was found by LoRA that with three variables (the
polarity Aq, BDE, and resonance effect, R), a probability, P, is calculated that re-
produced well the classification of bonds into breakable and non-breakable. Of
even further significance is the fact that with the corresponding reactivity function,
f, a numerical estimate of the ease of breaking of each bond is obtained, that is, a
quantitative measure of its reactivity. By using logistic regression analysis we have
managed to use the gualitative information of whether a bond is breakable or not,
to arrive at a function that predicts chemical reactivity quantitatively.
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Fig. 28. Example molecules used in a training set for LoRA. Assignments of breakable and non-
breakable bonds are shown

Although the reactivity function obtained above is of quite general validity, we
do not believe that just one such simple, singular function will describe chemical
reactivity in a universal manner. Rather, we are presently working with several such
functions. Thus, in a similar manner to that described above, additional functions
were obtained by LoRA for the reactivity of multiple bonds, and for bonds in charged
species.

8.2 Heuristics in EROS

However, there are still important reactivity features which have so far been neglected
by the reactivity functions, but yet which must be accounted for even at this stage of
development if a sensible overall approach is to result. An important case concerns
the special position of the hydrogen atom, and its ion, the proton. Its peculiar role in
chemistry is reflected particularly in the way that even weakly basic solvents are
able to interact with, and stabilize, it to a degree sufficient to render it a common and
feasible independent entity in chemical reactions. This is in marked contrast to
simple alkyl group ions, such as the methyl cation, whose electronic properties in
many respects are very similar to those of the proton. OQur current level of model
development does not reflect this difference, and so specific allowance must be made
artificially for the proton.

This is achieved by the inclusion of “heuristic rules”. These are general rules-of-
thumb which owe nothing to theory or an understanding of basic underlying prin-
cipals, but which emanate from empirical observations of relevant systems (i.e. che-
mical reactions). (For further discussion of heuristics, see Sect. 11.)

The most important heuristics relate to reaction conditions, in particular, to acid-
base catalysis. Depending on whether acidic or basic conditions are specified, the
reactivity of certain bonds is changed. As an example, under basic conditions the
breakability of H-X bonds is increased in comparison with other bonds. In fact, the
relative acidities of all H-X bonds (X = any other element) can be rapidly calculated
in EROS, and this allows further distinction within this class of bonds.

EROS also contains other less important, more formal heuristics which together
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with the reactivity functions comprise the chemical knowledge from which the pro-
gram works out reactivity in general.

The approach which is now available is sufficiently general to be applied to organic
reactivity in a much broader sense. The examples in the next section show how the
reactivity functions perform in EROS when confronted with reactivity problems of
several types.

9 Examples for Reaction Predictions

The important question is how good the reactivity functions are when applied in
EROS to real problems, centered on molecules other than those whose parameters
and properties led to its derivation. For this purpose, we now return to the problems

18 21 ® {10.1
{-2.5) {20.3) eo@ (49.5])
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23l
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Fig. 29. Bond breakages calculated by EROS for the reaction of hydroxynorbornene 4 with base.
Enthalpies are in kcal/mol in parentheses, relative to 4
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posed in Fig. 3. The following studies were made by combined application of the three
reactivity functions mentioned above, the two pertaining to the reactivity of single
and double bonds in neutral species, as well as the reactivity function valid for charged
species. These functions determine a series of preferential heterolytic bond cleavages
giving intermediate structures. It is emphasized that the charges shown on the inter-
mediate structures in Figs. 29 to 32 are not to be taken literally. They represent bond
polarization and direction of bond-breaking, and do not imply that species containing
multiple charge centers are actually present as intermediates or transition states!
At each level in these figures, the intermediate structures are arranged from left to
right by decreasing value of breakability as calculated by the reactivity functions.
Some are not developed further into the next level, when rejected by a heuristic judge-
ment, e.g. that based on acidic or basic reaction conditions. Values for the reaction
enthalpies are given in parentheses and are in kcal/mol with respect to the heat of
formation of the starting molecule.

A summary of EROS’s results for the reaction of the hydroxynorbornene, 4, under
basic conditions is given in Fig. 29. In practice, the experiment was performed with
the potassium salt in HMPT solution 7.

The reactivity function calculates four potential bond breakages. (Each bond is
represented twice in EROS, once for each direction of polarization on heterolysis,
thus the C=C bond can break in two ways.) However, in the presence of base, only
one of these is considered likely by EROS and developed further. A reactivity function
derived for charged species is then applied to this “intermediate”, with the result
that at the next stage, equivalent to the reaction generator RG22 (Sect. 2.2 and 3.2),
only one further bond is considered breakable. Bond reformation according to RG22
leads to the ketocyclopentene, 17, as a possible product. The process of applying the
reactivity function is then repeated, to give the RG33 level containing three possible
3-bond combinations. One of these corresponds to 18, an isomer of I7.

In practice. fragmentation of exactly this kind is observed under basic conditions,
to give I8 in 45% isolated yield along with less than 10% 177, (With alkyl groups
other than the methyl substituent the ratio of 2- to 3-cyclopentenyl isomers can rise
to 40:60.) 7. The reactivity functions in EROS evaluate these products quite highly.
The enthalpy of reaction is also realistic at —2.5 keal/mol for both products. This
value is more favorable than those for the other possible products suggested.

What of the other suggested products in Fig. 29?7 The RG33-type fragmentation
leading to 20 is still formally permitted by EROS. However, orbital symmetry con-
straints suggest that such a reaction would not occur in practice. As yet, EROS pays
no heed to this type of orbital overlap consideration, which depends on knowledge
of stereochemistry and conformation.

The third alternative product precursor in Fig. 29, 19, can lead to two possible
products by RG33-type bond formation, 2/, and 22 plus acetone. Each is rather un-
likely, a fact which is also reflected by the unfavorable reaction enthalpies. However,
further development of 79 gives 23 which results in cyclopentadiene and acetone.
(When starting from 4 this sequence corresponds to an RG44 type, a reaction ge-
nerator not used directly in EROS. Rather, it is currently obtained by consecu-
tive application of RG33 and RG22 generators.) In fact, evidence for a retro-
Diels-Alder reaction was found when the reaction was performed on the anion of 4
containing a benzyl or phenyl group in place of methyl. For the pheny! derivative,
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the product corresponding to 18 was isolated in only 8 % yield, accompanied by 62
acetophenone, which was assumed to be formed in a retro-Diels-Alder reaction 7.
Furthermore, the bond-breaking scheme of /9 does suggest an alternative pathway
to the observed reaction products, /7 and 18, as follows. Could the alkoxynorbornene
in the reaction mixture undergo retro-Diels-Alder reaction to these intermediates
(enolate anion rather than acetone), which then recombine in a Michael-type reaction
to give 17 and 18? This pathway in practice is quite different from that implied by
Fig. 29, but is sensible enough to warrant consideration. After all, Fig. 29 suggests
carbanionic intermediates which would not normally be considered particularly
favorable products to emanate from less basic alkoxides.

The starting hydroxynorbornene, 4, contains 22 bonds, of which 18 are consti-
tutionally distinct. There are therefore 36 distinct single bond heterolyses. Application
of RG22 to all possible bond combinations leads to at least 864 possible reactions *%.
RG33 can give at least 10,000 possible reactions °®. Thus, to summarize, EROS’s
evaluations not only reduce a totally intractable number of formal possibilities to
five feasible products, it also suggests, correctly, which of these are the most likely.

29 30 5 )]
(45.6) (6.8) (33) (1.9)

Fig. 30. Acid-catalyzed rearrangement of 7-methyl-norbornadieneoxide, 24. Values in parentheses
are enthalpies relative to 24, in kcal/mol
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Furthermore, it has also suggested a less obvious pathway for their formation. And
finally, it points to a side reaction actually observed in a slightly modified system.

A second interesting reaction sequence is presented in Fig. 30, which displays the
intermediate structures and possible products as predicted by the reactivity functions
of EROS.

In practice, during epoxidation of norbornadiene with peracid, 24 could not
be isolated but rearranged to give 5 as product ® ~7, Apparently, passing through 26
is favored over a pathway involving 25, an effect not yet modelled by our reactivity
functions. However, it is significant that the two intermediates 25 and 26 differ only
slightly in their evaluation. In discussing the structure of the final product, 27 was
considered as a possible product, but was rejected on the basis of spectral data 7%.
This illustrates that EROS can be of help in structure elucidation work by suggesting
structures that should be considered when analyzing the spectral data. As can be seen
from the values of the reaction enthalpies, 5 is thermochemically preferred over 27.

{-4.3)
35
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Fig. 31, Rearrangement of the formylbicyclo[3.1.0]hexene, 5. Values in parentheses are enthalpies
relative to 5 in kcal/mol
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Formation of 3/ should be disfavored by the same orbital symmetry constraints
mentioned for the sequence 4 to 20 (see above and Fig. 29).

The chemistry of the system can be extended further as presented in Fig. 31. Appli-
cation of the reactivity functions to the product 5 of the previous reaction shows that
an additional rearrangement is possible as indicated by the high values obtained with
the reactivity functions for the relevant reaction steps. An RG33 process breaking
and making the bonds indicated in Fig. 31 was evaluated as the highest rating for
further reaction of 5. This leads to product 36, again as observed experimentally ">.
The RG22 process to 34 is slightly less favorable. This structure 34 has been considered
as a possible reaction candidate for the reaction product but was excluded on the
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Fig. 32. Acid-catalyzed rearrangement of 1,2:4,8-diepoxy-p-menthane, 6. Values in parentheses are
enthalpies relative to 6 in kcal/mol
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basis of the NMR data "V, The RG22 process to the isomeric structure 35 is rated even
less, as 33 lacks the allylic cation stabilization encountered in 32. Interestingly, the
reaction of 5 to 36 is predicted to be only slightly exothermic (AH = 3.0 kecal/mol).
In fact, 5 and 36 exist in a mobile solvent-dependent equilibrium 7). Thus the reactivi-
ty function correctly predicted both steps of this reaction sequence, and the values
of the reaction enthalpies rationalize the observed equilibrium.

1,2:4,8-Diepoxy-p-menthane, 6, rearranges when heated with alumina in toluene 7.
What is the product of this reaction? An organic chemist would predict that acid
treatment of the diepoxide 6 (Figs. 3 and 32) would induce one or other of the oxirane
rings to open. But which of the two will be the more reactive, and would overall
reaction necessarily involve such an initial step? Furthermore, for each oxirane there
are two possible C—O cleavages.

The reactivity functions in EROS give rise to a reaction network which is repro-
duced in part in Fig. 32. The first three oxirane cleavages, 37 to 39, receive the same
rating, since they all lead to tertiary carbenium ions which the current evaluations
do not distinguish. The initial rating of intermediate 40 is lower, as the carbenium ion
is at a secondary center. Nevertheless, this oxirane cleavage is evaluated to be of im-
portance in the best overall bond rearrangement process leading to 43 via intermediate
41. At the third level of application of the reactivity functions, it is found that 41
is more likely than 42, and any other intermediate structure. Significantly and sur-
prisingly, a C—C bond of the saturated six-membered carbocycle is also found to
be breakable. This illustrates the power of the EROS approach which simuitaneously
considers the breakability of all bonds involved in a reaction. Thus, in this example,
an intuitively less likely oxirane ring opening (to the secondary carbenium ion) and
the breaking of an unstrained C—C single bond are predicted to occur on the basis
of evaluating the overall electron shifting pattern. The evaluations led to the prediction
that structure 43 should be the product of acid treatment of 6. Indeed, this is also the
experimental finding ’®. Interestingly, this is the most exothermic reaction path.

Other predicted reactions, not shown in Fig. 32, include rearrangements of the
oxiranes to give a cyclohexanone, and various allyl alcohols. These predicted pro-
ducts are entirely consistent with the type of by-product to be expected under such
reaction conditions.

Figure 33 gives the results of a more extended study. Intermediate structures are
no longer shown. Only the molecules involved in the scheme which result from the
application of the RG22 and RG33 generators are drawn. The circled numbers above
the arrows give the ranking that was assigned by EROS to the corresponding reaction.
In the vertical direction the compounds are arranged to reflect their enthalpy content.

An entry to this network was obtained by starting from 7. The reaction most favored
by the reactivity functions leads to 46, but this reaction is endothermic by 17.4 kcal/mol.
The second best reaction leads from 7 to 47. In order to explore the chemistry of these
systems further, structures 46 and 47 were also submitted to EROS. Starting from 46,
the reaction predicted to be the best leads back to 7, the second best reaction to 47.
Thus overall, rearrangement of 7 to 47 is expected, with 46 as a potential intermediate
of this reaction. The most favored reaction of 47 leads to the cyclopentenone 8, a
reaction which is also favored by its exothermicity (—14.8 kcal/mol). The second best
reaction leads from 47 to 48. In a further study, 48 was also submitted to EROS. The
two reactions evaluated to be best by the present reactivity functions lead to 49 and

65



Johann Gasteiger et al.
OH

"N =
— 49 {13

4 AH 1 [E:i/\

O 50 (378)

OH
/[ZL/\/ ® @

® & (fg.) ©)

@\‘/\/ H?S}/\/ \48 (7.2)

OH
10.70 | (55) O @/ /®
® oH

8 8(-16.5)

Fig. 33. Reaction network for furan to cyclopentenone interconversion, predicted by EROS

50. However, these are highly endothermic processes and may therefore be disregarded.
(These reactions are also restricted by orbital symmetry considerations.) Thus, com-
bining electronic and thermochemical evaluations, the preferred reaction of 48
should lead to 8. The picture that emerges from this analysis is that 47 will rearrange
to 8 with 48 as a possible reaction intermediate. Overall, the reaction pathway 7 — 47
— § is predicted.

These predictions correspond closely to the experimental observations and the
mechanism suggested in the literature ", The conversion of furans to cyclopentenones
is used industrially to obtain intermediates for the synthesis of insecticides, prostaglan-
dins, perfumes, and compounds for energy storage 7.

We have intentionally selected example reactions (Figs. 29-33) that would not
usually be immediately obvious to a chemist. The examples chosen have all been
concerned with rearrangements of various types, since their courses are frequently
difficult to predict. It remains to emphasize that the reactivity functions contained
in EROS perform perfectly well with other types of reaction. This is true, for example,
with reactions that a chemist could derive directly from an analysis of the functional
groups in a molecule. Thus, EROS predicts addition reactions to carbonyl compounds,
nucleophilic substitutions, and condensation reactions, to name just a few examples.
In all these reaction types, the possibility of assigning a quantitative estimate to the
reactivity at the various sites via the reactivity functions is of particular merit. It
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permits a decision on the extent of competing reaction pathways when several func-
tional groups are present.

Throughout this section, and indeed the majority of this article, we have been
concerned with developing and using evaluations in order to model reactions in a
forward direction, that is, to predict the products from given starting materials. We
now briefly consider how the reactivity functions could have application in retro-
synthesis studies.

When the reactivity functions are applied to 8 in Fig. 33, the two reactions most
favored by the reactivity function lead back to 47 and 48. Both reactions are endo-
thermic and thus unfavorable in the direction leading to 8. In synthesis design, endo-
thermic retroreactions should be preferred. Therefore, in searching for a synthesis of
8, the compounds 47 and 48 are attractive precursors: based on considerations of
electronic effects, favorable reaction mechanisms for the conversion of 47 or 48 to 8
can be established. Furthermore, these conversions are thermochemically favorable.

Thus, applying the reactivity functions onto a target molecule has led to interesting
synthetic precursors. This suggests that reactivity functions could have more general
use in retrosynthesis studies than we had previously thought. Of course, other strategic
considerations will also become important in any general approach to this problem,
but further discussion of these in the context of EROS’s current development would
be premature.

10 Current Developments and Future Prospects

Throughout this article we have indicated areas where further development is
continuing. This section elaborates on work which is incomplete but in progress.

The full scope and potential of reactivity functions has yet to be explored. Particu-
lar attention is presently being given to the differences between aliphatic and aromatic
chemistry. The role of acid-base catalysis in modifying the reactivity functions is
being developed. Further in the future, the effects of different solvents, or solvent-
classes, on reactivity will be built into the models. Perhaps the most promising devel-
opment to come from the area of reactivity functions will be the possibility of shedding
further light on the basic understanding of organic chemistry itself, as for instance,
in the balance of the various effects on reactivity under different conditions.

Up until now, the results of the reactivity functions have been taken as one type of
evaluation, while the calculated heats of reaction (Sect. 4.1) have been considered
as a second. This parallels ideas based on kinetic and thermodynamic approaches.
While it is possible to interpret the EROS results in terms of these two evaluations
separately, it would be preferable to consider them together in some sort of combined
function. Initial studies are indicating that this idea is feasible.

Experience with reactivity functions has led us to reconsider the manner of the ge-
neration of reactions altogether. As of now, various types of reaction generators
(see Sect. 3.2) have been presupposed and then the chemistry has been built around
them. We have now come to the conclusion that, instead, the evaluation phase should
also decide which type of reaction generator should be applied. In other words, the
chemistry, corresponding to the individual steps in Figs. 29--32, should drive the reac-
tion generators and not vice versa. This has the added advantage that no selection of
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a subset of reaction generators, as previously necessary, now has to be made. Rather,
the evaluation phase can select any pattern of bond-breaking and -making and elec-
tron shifting. This should lead to a closer modelling of the reaction mechanism. In
effect, the new concept depends on just two “‘reaction generators”: break a bond, and
make a bond. Extension of the original scheme to include many more formal reaction
generators is therefore superfluous. A preliminary version of EROS based on this
new concept is already functioning, and giving highly promising results.

Recent work has concentrated on the reactivity prediction version of EROS des-
cribed in this article, and less effort has gone into synthesis design. Further efforts are
now being made in this direction. The extent to which the reactivity functions already
derived could be applied retrosynthetically has already been touched on in the pre-
ceding section. Of course, this alone will not suffice to give sensible retrosynthetic
routes, and a major goal is to define and build into EROS the necessary strategies.
Many of these depend on formal information already calculated by EROS procedures
based on constitutional information. For instance, factors relevant to the symmetry
of a molecule, ring-combinations and bridgehead bonds, and molecular complexity
as defined by Bertz 7®, are all available from routines already functioning.

Both synthesis design and reactivity prediction require a knowledge of the 3-dimen-
sional structure of molecules which is so far lacking in EROS. Procedures for the
perception of molecules as 3D objects are being developed. Programs for handling
the stereochemical features of both molecules and reactions are now available 77, some
of the logic being based on concepts derived some time ago '*). The formal aspects of
stereochemistry also take account of the Cahn-Ingold-Prelog rules 12) The program
package that generates 3D coordinates works from constitutional information on
molecules, plus stereochemical descriptors 7”. A direct application is to steric and
conformational influences on chemical reactivity. However, this work also has signifi-
cance for the whole area of molecular modelling in general. Thus, the interrelationships
between synthesis design, reaction prediction and molecular design summarized in
Fig. 4 are again stressed.

To date, EROS development has concentrated very much on the system itself
and its chemistry. Far less attention has been paid to the interface between EROS
and user. To rectify this situation, work has begun on implementing procedures for
graphical input and output of molecular structures.

11 EROS, Artificial Intelligence and Expert Systems

Several chemists unrelated to the EROS project have recently described it publicly
as an example of artificial intelligence (Al), or as an expert system (ES). In fact,
amongst computer chemists in general there seems to be a slide towards referring to
many programs, usually their own, as having “artificial intelligence™. This is regardless
of the fact that the program might not conform to any of the accepted criteria applied
to such systems, and despite the fact that a few years ago the chemist would have been
perfectly satisfied to accept classification of his system as a conventional program.
It is almost as if some sort of late twentieth century symbol of scientific or technological
virility attaches to the magic words “artificial intelligence”.
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In view of the current interest in Al and ES across many disciplines ’®, as well as
in chemistry, it seems appropriate to give our views on how EROS fits into the scheme
of things.

We have described in an earlier section how EROS is able to predict reactions given
starting materials and conditions, at a level sufficiently advanced to tax professional
organic chemists. Surely, then, EROS must be deserving of some accolade in the Al/
ES assignment stakes? It would be best to consider first how professionals in this
field are currently defining the terms Al and ES. Unfortunately, even the professionals
seem to be having difficulty. For instance, in their superb book’® Michie and Johnston
state that there is no rigorous definition of Al, but make it clear that it has to do with
the “construction of a mechanizable logic of commonsense reasoning”. Our view
is that an acceptable transposition of this statement to the area of organic chemical
reactivity is the following. A system would be definable as chemically “intelligent”,
if it made use of chemical “‘commonsense reasoning” in the sense that it could accept
individual observations on known chemical reactions, draw whatever inferences and
conclusions it could from these data, and thereby make a stab at answering other
reactivity problems. In the light of correction by more chemically astute assistants,
and the provision of more information on known reactions, it would then reformulate
its opinions such that it became more successful in tackling further problems posed to
it. The same would apply to retrosynthetic planning, or any other chemical problem,

EROS is not able to do this. In fact, it falls down in its inability to extract its own
rules from input organic reactivity data sets. It is this information to which organic
chemists have applied their intelligence and experience, and then, in the case of our
research group, built into EROS. Thus, in the sense which we believe was intended when
the term “artificial intelligence™ was coined, EROS is not yet an example of Al

Expert systems (ES) are offshoots from earlier development work towards Al
systems. They are characterized by containing a database, or “knowledge base”,
which stores “rules”, interfaced to a “rule interpreter” (or “inference engine”). The
“rules” are frequently, but not necessarily, wholly heuristic in nature — that is, they
are rules-of-thumb which derive from pure empiricism, or belief, or folklore, applying
to the area of expertise in question. The “rule interpreter” then works out the logical
consequences of these rules taken together, given a starting proposition (i.e. some
sort of question). A further desirable characteristic is that at any time during a consul-
tation, the ES can explain its line of reasoning to an interrogator, just as a human
expert should be able to do when requested. The ES, then, can be regarded as that
part of an Al system after the latter has been divested of the requirement to work out
its own rules.

In the context of ES, EROS is close to the definition we have outlined above. In the
Jargon of AI/ES, EROS’s “rules” are based largely on a “top-down” approach, using
“causal models”. That is, the rules have been derived by some sort of treatment which
is based more on a fundamental understanding of the system of interest (organic
chemistry, and reactivity, in particular), than to pure empiricism. The latter approach
isa “bottom-up” one, and depends on the heuristic models mentioned above. Although
EROS is based largely on “causal models”, some purely heuristic models, or rules,
are included in EROS’s evaluations, as noted in Sect. 8.2. In the computational sense,
most of the models on which the evaluations are built are to be found in specific pro-
cedures of the program, immodestly titled BRAIN’s. The application of the models
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is, however, purely procedural, according to algorithms we have developed. An in-
ference engine, in the sense applied to true ES, is not used {(nor, we believe, needed).

We are therefore inclined towards the opinion that EROS can be classified as an
ES, based as it is on distilled knowledge of organic chemistry in the form of our quan-
titative models (Sect. 8). EROS calculates its results based on these models, in contrast
to the organic chemist who depends on a sort of mental qualitative pattern recogni-
tion when considering functional groups and their interrelationships. Despite this
difference, EROS can provide answers to questions that are not always straightforward
even for an expert in the field.

We have dwelt on the semantics of Al and ES merely because of the current interest
in such matters. However, we conclude this article by emphasizing the fact that EROS
functions successfully as a tool to aid chemists, wherever it fits into the taxonomy
of computer software. We believe that this is far more important than whether the
system conforms, or not, to any particular definition of AI or ES.
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13 Appendix — Current Versions of EROS

The EROS program system is written in PL/I and implemented on various IBM,
Amdahl, CDC, and Siemens machines. Presently, two versions are supported, the
3.2 and 4.1 versions, consisting of about 9,000 and 13,000 statements, respectively.
The essential difference between these two versions is that in EROS 3.2 the various
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methods for calculating electronic effects discussed throughout this article have not
been implemented, whereas they are included in EROS 4.1.

In this article we have said little specific about the 3.2 version. This represents a
lower stage in the conceptual development of the system, but is still supported for vari-
ous reasons. Its main strength is that it is capable of stimulating lateral thinking in’
the design of synthetic routes, and can suggest new reactions. It is being used success-

fully and routinely in industry.

EROS 4.1 is what has been described in this article. It too is running routinely, but,
as outlined, is mainly of use only for reaction prediction. EROS 4.1 is still undergoing
development and extension as outlined in Sect. 10.
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Transition-metal Catalyzed Decomposition of Aliphatic Diazo Compounds

1 Introduction

Since the early observations by Loose !’ and Wolff 2, who noted a significant lowering
of the decomposition temperature of diazoketones and diazoacetic ester in the presence
of copper powder, cupric sulfate or silver salts, the catalytic decomposition of diazo
compounds has become a standard procedure in organic synthesis. Generally speaking.
nitrogen evolution from aliphatic diazo compounds occurs in the presence of several
metals, metal salts as well as transition metal complexes. Among the reactions so
initiated, one finds cyclopropanation and cyclopropenation, insertion into C—H,
O—H and N—H bonds, ylide and dimer formation, in all of which the carbene
moiety remaining after N, loss is formally involved, A number of reviews have covered
the catalyzed decomposition of diazo compounds both from a preparative 3~1-1%2)
and from a mechanistic point of view '':'41%) The preparative value of the
method is well supported by the fact that a plethora of several hundred aliphatic diazo
compounds is easily accessible to the organic chemist *7-18),

Up to the late seventies, catalytic decomposition reactions were usually carried out
in the presence of copper in different oxidation states, e.g. copper powder, copper
bronze, Cu,Cl,, Cul - P(OMe),, Cul - Bu,S, CuCl,, CuSO, or copper bis(1,3-dike-
tonates). If Wolff rearrangement products from o«-diazocarbonyl compounds were
desired, Ag,0 was the catalyst of choice. As a result of a systematic screening of
transition-metal compounds in recent years, copper(I) or copper(Il) trifluoromethane-
sulfonate as well as palladium and rhodium compounds have emerged as highly
efficient catalysts which for many applications are superior to the traditional copper
catalysts although the latter may still be considered to be more all-round catalysts.
Detailed studies concerning the different aspects of selectivity of the new diazo
compound/catalyst systems, as well as optimization of reaction conditions, have shed
light on possible reaction intermediates and will help the experimentalist to draw
optimum benefit from the correct choice of the catalyst. The majority of these
systematic studies have been published, mainly by the research groups of Doyle in
Michigan and of Noels and Hubert in Belgium after the last, very extensive review '’
was written. It seems, therefore, appropriate to collect these results in another
account, together with some further applications of the new catalysts and comparison
with traditional catalysts. Furthermore, decomposition of diazo compounds even
with more traditional catalysts is involved in a number of novel contributions to
organic synthesis which deserve recognition in a review article!.

Not included in the present review is the fascinating new chemistry which results
from reaction between diazo compounds and low-valent transition-metal complexes
bearing easily displaceable two-electron ligands as well as with metal-metal multiple
bonds and metal hydrides whereby a variety of novel organometallic molecules could
be obtained. This field has been covered, in accord with its rapid development,
by successive reviews of Hermann ° 2% and Albini 2%,

! This survey covers the literature between 1978 and August 1985. Reference to earlier research
papers has been made where it seemed appropriate.
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2 Reaction with Olefins

2.1 Cyclopropanation with Diazoalkanes, Aryldiazomethanes and
Diazocyclopentadienes

Methylene transfer from diazomethane to olefinic and aromatic double bonds has
traditionally been carried out with Cu(I) halides *). However, other copper salts have
occasionally been used.

Smooth and efficient cyclopropanation also occurs with copper(Il) triflate and
diazomethane. Intra- and intermolecular competition experiments show that, in this
case, the less substituted double bond reacts preferentially 23’. The same is true for
CuOTf and Cu(BF,),, whereas with CuX - P(OMe), (X = Cl, I), CuSO, and cop-
per(Il} acetylacetonate, cyclopropanation of the more substituted double bond pre-
dominates. An example is given for cyclopropanation of /.

M+CH2N2_.\?\/\/\ Y\/\/<] \P\/\/Q
0-10°C

cat. relative yields
Cu(acac), 1:0.1:0.6 (at 90 %, conversion)
Cu(OTH), 1:2.5:0.4 (at 50 % conversion)

The same difference in regioselectivity holds for cyclopropanation with ethyl diazo-
acetate ). Tt is assumed that Cu(OTf), or Cu(BF ), are reduced to the Cu(l) salts
by the diazo compound; the ability of CuOTf to form stable complexes with olefins
may then explain why, with these catalysts, cyclopropanation is governed by the
steric environment around a double bond rather than by its electron-richness.
Copper(II) triflate has also been used for the carbenoid cyclopropanation reaction
of simple olefins like cyclohexene, 2-methylpropene, cis- or trans-2-butene and
norbornene with vinyldiazomethane 2 26-27), Although the yields were low (20-38 %),
this catalyst is far superior to other copper salts and chelates except for copper(1l)
hexafluoroacetylacetonate [Cu(hfacac),], which exhibits similar efficiency. However,
highly nucleophilic vinyl ethers, such as dihydropyran and dihydrofuran cannot be
cyclopropanated as they rapidly polymerize on contact with Cu(OTf),. With these
substrates, copper(II) trifluoroacetate or copper(Il) hexafluoroacetylacetonate have
to be used. The vinylcyclopropanation is stereospecific with cis- and trans-2-butene.
The 7-vinylbicyclof4.1.0lheptanes formed from cyclohexene are obtained with the
same exo/endo ratio in both the Cu(OTf), and Cu(hfacac), catalyzed reaction. The
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preponderance of the endo-isomer contrasts with the result from copper-catalyzed
cyclopropanations with alkyl diazoacetates.

=
t -
O + HC-CH=CH, %% _, R [y\/
“ r.t.
2

2

cat.: Cu(OTf); or total yield: 20%
Cu(hfacac), endo : exo 1.2 :1

However, cyclopropanation of cyclohexene with methyl (a-diazomethyDacrylate 3
in the presence of copper(Il) trifluoroacetate furnished the 7-exo-substituted bicyclo-
[4.1.0]heptane preferentially 28,

- COOMe
¢OOMe COOMe
@ + HE:I--(::CH2 m, &/ + W

N,

total yield: 8%
endo :exo 1.2

Palladium-based catalysts also bring about cyclopropanations in high-yield. With
palladium acetate/CH,N,, styrene®”, unactivated terminal olefins ¥, strained
olefins *!-32), 1,3-dienes 3, an enamine **), as well as o, p-unsaturated carbonyl
compounds ***%) have been cyclopropanated (Table 1). Contrary to an earlier
report, the reaction also works well with cyclohexene if the conditions are chosen
appropriately; it seems that the rat=lyst is rapidly deactivated in the presence of this
olefin 3. Trisubstituted o,B-unsaturated carbonyl compounds were found to be
unreactive, and the same is true for the double bonds in diethyl fumarate, maleic
anhydride, coumarin and 1,3-dimethyluracil. Whereas the latter two were totally
unreactive, [34-2] cycloaddition of diazomethane gave pyrazolines in the former two
cases. The last entry of Table 1 shows that an allyl alcohol function can still be
cyclopropanated, but methylene insertion into the O—H bond is a competing
process.

Instead of Pd(OAc),, other catalysts such as PdCl, PdCl, -2 PhCN and
[(*-C,H,)PACI], can be used without significant loss of activity 32, Comparison of
the Pd(OAc),/CH,N, reagent with the CuCI/CH,N, system reveals some comple-
mentary behavior: Cyclopropanation of carbonyl-substituted alkenes works well
with palladium, but fails with the copper catalyst. The same was true for cyclo-
propanation of a B-arylenamine **, although other enamines and 1,2-enediamines
underwent the expected reaction with CuCl/CH,N,. In intramolecular competition
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Table 1. Cyclopropanation of olefins with Pd(II)/diazomethane

Olefin Conditions® Product Yield [*%6] Ref.

PhCH== CH, Ph—<] 90 #

 -CgHyy CH=CH, n-CgHyp—<] 89 3o

PhOCH,CH==CH, PhOCH,—<] 97 30)

CH=CH

O/ 2 &b ©/<] 77 30)
32}

P Me ¢ <kJMe 90

CHy==CH—C(Me),CH,COEt B

12

A
A

{

M,

N
~
3,4

r=3,4 -dimethoxyphenyl

n

7\

—

9

X-Ph

X=CH,N

D
(-15°C—»r.t.}

c,D

3

D
{-10°C—wr.1.}

0°C

Et02C”>K:<j % ¥
i l l 63 323

N 33
N X-Ph 10
/v
Ar
n=4 : 15-60 2
n=5 : 80-82
(C@ n=6 : 93

32)

(-

65 12°% 10%
32}
-
15% 75%
g6 cy 32}
97 (D) 31
94 {C) 32)
63 (D) 3t
ﬁ 78 3
Ph H
A O ,‘\\“Ph
\v;( j “quant” o
H fr “Me
Me
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Clefin Conditions® Product Yield [*] Ref.
34)
r' R r! R?
>—<_ D 7v<
Rr? COR% R? COR4
R R?R® R*
Ph H H Ph 98
Ph H H Me 85
Ph H H COOEt 90
H Ph H COOEt 85
Me H H COOMe 89
H H Me COOMe 80

36)

34)

3 343
o) H

0]
A

+ 92 35}
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Table 1, continued

Otefin Conditions® Product Yield [%s] Ref.
0 NN
[N OH 20
Y S 35
large excess +
Q\é\/\/\/ of CHaNp § Py
oP8  OH OH
+
AN
éMe 2

a Excess diazomethane was used in all cases. Catalyst was Pd(OAc), if not stated otherwise. A:
Gaseous diazomethane added at 0 °C. — B: Catalyst added to the solution of olefin and
diazomethane/ether 0 °C. — C: Gaseous diazomethane added at —10 to 0 °C to the solution of
olefin in CH,Cl, ; catalyst PdCL, - 2 PACN. — D: Diazomethane/ether added at 0 °C to olefin and

~ catalyst.

® With PACl, - PHCN: 3-cyclopropyl-1-cyclohexene (70%); 3-vinylbicyclo[4.1.0]heptane (3%); 3-
cyclopropylbicyclo[4.1.0]heptane (7 %) 2.

¢ Olefin: CH,N, = 1:2.

of unactivated dienes (e.g. 4-vinylcyclohexene), Pd(OAc),/CH,N, prefers the less
substituted double bond 32, whereas CuCl/CH,N, is rather undiscriminating .
The cyclopropanation of strained cyclic olefins proceeds in high yield with both cata-
lysts 338); norbornene and norbornadiene yield exclusively exo-cyclopropanes in
either case. Exo-cyclopropanes are also obtained, when the strained olefins 4-7 are
treated with diazomethane in the presence of bis(u-chloroa3-allylpalladium) .

CHyN
N T

0 CHzNz
2t . 90%

CH, N
6 2. 95%
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CH,N
m 22 % 85%

7
Conditions: Excess CH,N,, [(n®—C,H,)PdCl],, 0 °C, in ether; [CH,N,]: [catalyst] = 600:1

Diazomethane is also decomposed by Ni(0)*°~*® and Pd(0) complexes +¥.
Electron-poor alkenes such as methyl acrylate are cyclopropanated efficiently with
Ni(0) catalysts, whereas with Pd(0) yields were much lower (Scheme 1) *®. Cyclo-
propanes derived from styrene, cyclohexene or 1-hexene were formed only in
trace yields. In the uncatalyzed reaction between diazomethane and methyl acrylate,
methyl 2-pyrazoline-3-carboxylate and methyl crotonate are formed competitively,
but the yield of the latter can be largely reduced by adding an appropriate amount
of catalyst. It has been verified that cyclopropane formation does not result from
metal-catalyzed ring contraction of the 2-pyrazoline. Instead, a nickel(0)-carbene
complex is assumed to be involved in the direct cyclopropanation of the olefin. The
preference of such an intermediate for an electron-poor alkene is in agreement with
the view that nickel carbenoids are nucleophilic *.

CH,N +  H,C=CH-COOMe 2 COOMe +  MeCH=CHCOOMe
272 2 ether

catalyst temp. molar ratio yield [ %]
cat.: alkene

“Ni(-BuN=C),” —78°C 0.10 66.5 20.4

Ni(PPh,), —78 °C 0.025 21.6 334
0.5 71.0 6.7
1.0 75.4 1.0

[Pd(+-BuN=C),], —78 °C 0.10 0.9 24.4

— 1.t
Scheme 1

As for cyclopropanation of alkenes with aryldiazomethanes, there seems to be only
one report of a successful reaction with a group 9 transition metal catalyst:
Rh,(OAc), promotes phenylcyclopropane formation with phenyldiazomethane, but
satisfactory yields are obtained only with vinyl ethers **) (Scheme 2). Cis- and trans-
stilbene as well as benzalazine represent by-products of these reactions, and
Rh,(OAc), has to be used in an unusually high concentration because the azine
inhibits its catalytic activity. With most monosubstituted alkenes of Scheme 2, a
preference for the Z-cyclopropane is observed ; similarly, syn-selectivity in cyclopro-
panation of cyclopentene is found. These selectivities are the exact opposite to those
obtained in reactions of ethyl diazoacetate with the same olefins *>, Furthermore,
they are temperature-dependent; for example, the cis/trans ratio for l-ethoxy-2-
phenylcyclopropane increases with decreasing temperature.
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R ]! 2 53
Np=CHPh  + Y=\ a0k l? . R\VR .
R? RS RZI'R3 R’
Ph Ph
Ph H
= +  PhCH:=N-N=CHPh
R Ph

cis/trans = 4
Conditions: ether, 25 °C; [N,CHPh]: [cat.] = 25:1

R! R? R? cyclopropane
yield [%] Z/E ratio
Ph OMe H 98 0.67
Me OMe H 82 1.2
t-Bu OMe H 92 0.15
n-Bu0 H H 92 2.5
EtO H H 54 3.0
AcO H H 7 3.8
Ph H H 38 33
Me Me Me 23 12
n-Bu H H 6 0.90
H —(CH,),— 6 1.6 (syn/anti)
Scheme 2

The limitation to electron-rich alkénes in Rh(II)-catalyzed cyclopropanation with
phenyldiazomethane leaves untouched the great versatility of zinc halides for this
purpose; with this catalyst, efficient and very mild cyclopropanation of 1,3-dienes
and unactivated alkenes has been reported *.

Only one report mentions the cyclopropanation with diazodiphenylmethane in
the presence of a group VIII metal catalyst, Remarkably enough, the selectivity of
the reaction with 5-methylene-bicyclo[2.2.1}hept-2-ene (8) can be reversed completely.
With Rh,(OAc), as catalyst, the exocyclic double bond is cyclopropanated exclusively
(>100:1), whereas in the presence of bis(benzonitrile) palladium(II) chloride the
endocyclic C=C bond is attacked with very high selectivity (>50:1) *7.

Ph
PhoC=N PhoC=N
2 2 2 2 Ph
Rh,{0Ac), PdClZZ PhCN

8

Phy

Apart from these findings, the limited application of ZnCl, (cyclopropanation of
some cyclic 1,3-dienes, isoprene and ethyl vinyl ether *3-4%)) and copper(II) acetyl-
acetonate (cyclopropanation of enamines 5?) still stand alone.

Other than for the reaction of diazomethane with methyl acrylate (see Scheme 1),
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Ni(0) and Pd(0) are not efficient in catalyzing the cyclopropanation of diethyl ma-
leate with diazofluorene 4*. In contrast to CH,N,, which is decomposed even at
—78 °C, diazofluorene forms a thermally stable complex 9 with “Ni(+-BuNC),”,
in which the diazo group is n®-coordinated to the metal atom. Only at 100 °C is
the trans-cyclopropane 10 formed from 9 and diethyl maleate, but as free diazo-
fluorene yields the same cyclopropane (via ring contraction of a primarily formed
1-pyrazoline) at 30 °C, it is likely that the nickel complex releases diazofluorene at
100 °C which then reacts without catalytic assistance. The formation of cyclopropane
10 (21%) by thermal decomposition of Pd(PPh;),(diazofluorene) at 80 °C in the
presence of diethyl maleate *® can be explained in the same way. Other Ni(0) or
Pd(0)-diazoalkane complexes, such as Ni(PPh,),(diazofluorene), Pd(z-BuNC),
(diazofluorene) and Ni(z-BuNC), (diazodiphenylmethane)*") are thermally more
labile than 9, but their aptitude to cyclopropanation reactions has not been tested.
The Ni(0)-diazoalkane complexes which are formed in situ from diazocyclopentadiene
or tetrachloro-diazocyclopentadiene and Ni(C,H,)(PPh,), and which are assumed
by analogy with 9 to have the stoichiometry Ni(PPh,),(diazoalkane), do not yield
cyclopropanation products with diethyl maleate 52,

A

N © EtOOC.  COOEt ’
(+-BunzC), Ni || . \—/ 1% ¢
N

EtO0C COOEt
o0 - v -
0C 10

Ny

2.2 Cyclopropanation with a-Diazocarbonyl Compounds

2.2.1 The Influence of the Catalyst on Reactivity

Copper powder, copper bronze, Cu,0, CuO, CuSO,, CuCl and CuBr were the first
catalysts which were used routinely for cyclopropanation of olefins as well as of
aromatic and heteroaromatic compounds with diazoketones and diazoacetates.
Competing insertion of a ketocarbene unit into a C—H bond of the substrate or
solvent remained an excpetion *® in contrast to the much more frequent intra-
molecular C—H insertion reactions of appropriately substituted a-diazoketones
or diazoacetates '». Reviews dealing with the cyclopropanation chemistry of diazo-
acetic esters ® (including consideration of the efficiency of the copper catalysts
mentioned above) and diazomalonic esters >!¥ as well as with intramolecular
cyclopropanation reactions of diazoketones ' have appeared.
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Catalysts more efficient than the catalysts mentioned above are copper(]) trifluoro-
methansulfonate, copper(ll) trifluoromethanesulfonate, copper(Il) tetrafluoroborate,
copper(Il) acetylacetonate and related chelates as well as complexes of copper(I)
halides. The first three of these catalysts have the advantage that their very
weakly nucleophilic anions do not interfere with the catalytic action of the copper
ion, Moreover, Cu(O,SCF,), Cu(BF,),, copper(I) halide/phosphite or sulfide com-
plexes as well as copper(Il) acetylacetonate are readily soluble in many commonly
used solvents, thus creating conditions of homogeneous catalysis. The assumption
that yields of cyclopropanation under heterogeneous conditions are generally superior
to those of homogeneous catalysis >* can no longer be maintained. A more recent
investigation*> of the reaction between dimethyl diazomalonate and cyclohexene in the
presence of copper(Il) acetylacetonate, (MeO),P - CuClor (MeO),P - Cul has revealed
a strong dependence on catalyst concentration for all products (cyclopropane,
C—H insertion product, carbene dimer). Under optimum conditions, homogeneous
catalysis gave consistently higher yields of cyclopropanation than heterogeneous
catalysis. Another example is found with the cyclopropanation of 2-butene by ethyl
diazoacetate, which gives a ca. 50 %, yield with copper(I) trifluoromethanesulfonate 2>,
but only a 5-10% yield under the heterogeneous conditions of CuSO, catalysis >°.
Some experiments have shown that even under formally heterogeneous conditions,
the active catalyst may exist in solution ¥. This means that in these cases homogeneous
catalysis is actually also taking place, but the concentration of the active catalytic
species is not at its optimum. An additional advantage of soluble copper catalysts
is that a considerable lowering of the decomposition temperature of diazocarbonyl
compounds occurs, such that reactions can be performed at room temperature or
below. Nevertheless, higher reaction temperatures might be desirable in some cases.
For example, cyclopropanation of cyclohexene by dimethyl diazomalonate can be
favored over the C—H insertion reactions by raising the temperature >”.

Among the homogeneous copper-based catalysts, trialkyl phosphite-copper(l)
iodides have been recommended for cyclopropanation with diazoacetic esters 8)
and diazomalonic esters ®), and (n-Bu,S) - Cul for cyclopropanation with a-diazo-
ketones 5. Furthermore, copper(I) acetylacetonate (with somewhat restricted
solubility) is a versatile catalyst. A recent comparison of the influence of various copper
catalysts on the yields and stereoselectivities of cyclopropanation is given in
Table 2 5. It can be seen that Cu(OTT), generally produces the best results, although
its drawback is the ease with which vinyl ethers are polymerized. This problem,
in some cases only, can be partly overcome, either by lowering the reaction tempera-
ture or by performing the reaction in a co-solvent. Cu(acac), is, on average, less
reactive than the CuCl-phosphite complexes, and an elevated reaction temperature
is required to improve the yields. Alternatively, Cu(acac), was found to serve better
for cyclopropanation of silyl enol ethers with methyl diazoacetate than CuCl -
- P(OMe),, copper bronze and copper(II) hexafluoroacetylacetonate 80y,

Thorough investigations with dimethyl diazomalonate and catalysts of the type
(RO),P - CuX have revealed that the efficiency of competing reaction paths, the
synjanti or E|Z selectivity in cyclopropane formation as well as the cis/trans ratio
of carbene dimers depend not only on catalyst concentration and temperature but
also on the nature of R 58 and of the halide anion X 37¢"). Furthermore, the cyclo-
propane yield can be augmented in many cases at the expense of carbene dimer
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formation by adding the diazo compound at a controlled rate to the mixture of
olefin and catalyst. These few remarks are made to point out that, even with a given
alkene, diazo compound and catalytically active metal, the yields of cyclopropanation
as well as other carbenoid reactions may quickly become dependent on a hopelessly
complicated multi-parameter system. This may not always be so, but these facts have
to be kept in mind if the efficiency of a particular catalyst is to be evaluated. It seems,
however, that such parameters have been thoroughly optimized in recent studies which
compare the efficiency of different catalytic systems.

Table 3. Yields and trans/cis ratio in the presence of different catalysts for the following reaction™®:

Ph
PhCH=CH, + HCCOOEt —— s chooa

N,

catalyst yield [%] transjcis  catalyst yield [%] transjcis
PdCl, 70 RKCL, 3 H,0 7
Pd(OAc), 98 2.0 RhCKPPh,), 12
PdCl, - 2 PhCN 65 23 Rh,(OAc), 92 1.5
Pd(PPh,), 57 22 Rh,(00C-+-C,H,), 60 1.5
Pd on C 0 Rh,(00C-n-C,H,,), 95 13
Cu(acac), 65 2.1 Rb,(OOCCF,), 66 09
Cu(OTY1), 80 Mo,(OAc), 5

Ru,(OAc),Cl 38 1.8

s From ref. 64; ® Reaction conditions: 22 °C; molar ratio 3000 (olefin)/1(catalyst)/200(EDA).

Table 4. Efficiency of different catalysts for the following reaction®®:

O-n-Bu

R-BUOCH:CH2 + Hg COOEt —————ie COOEt

N,
catalyst yield { %] catalyst yield [ %]
Cu bronze 95 Rh (CO),, 86:
CuCl - P-(O-i-Pr), 7 {Rh(CO),Cl], 58
Cu(acac),” 71 Rh,(OAc), 86°
Pd(PPhy), 31 Ry, (COY,, 65
PdCl, - 2 PhCN® 34 Re,(COY,, 18 o
CO,(CO), 18 [Ru(CO),CL}, polymerfzat%on
Fe(CO), 16 RuClL,(CO)PPh,), polymerization
Mo(CO), 38

2 From ref. 66; )

b Reaction conditions: EDA in cyclohexane was added to a mixture of olefin (fivefold molar excess)
and catalyst (0.5 mol %, for copper bronze 11 mol %); reaction temperature 65 °C unless stated
otherwise;

© At 25 °C; EDA dissolved in diethyl ether.
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The dominant role of copper catalysts has been challenged by the introduction
of powerful group VIII metal catalysts. From a systematic screening, palladium(II)
and rhodium(Il) derivatives, especially the respective carboxylates $6364. have
emerged as catalysts of choice. In addition, rhodium and ruthenium carbonyl clusters,
Rh(CO),, ** and Ru,(CO),, 5, seem to work well. Tables 3 and 4 present a com-
parison of the efficiency of different catalysts in cyclopropanation reactions with
ethyl diazoacetate under standardized conditions.

Representative copper, palladium and rhodium catalysts have been tested for
their ability to promote cyclopropanation of olefins with different steric and electronic
properties. The results of these studies do not only offer some insight into mechanistic
pathways but also pave the way to an appropriate catalyst choice if it comes to questions
of regioselectivity and stereoselectivity. These aspects will be dealt with in the following
Sections. It has been proposed that basically two mechanisms are operating in
transition-metal catalyzed cyclopropanation reaction 4. One is a carbenoid pathway
with a diazo compound/metal complex or a metal-carbene attacking the olefin.
The second possibility is a coordination-type mode, according to which cyclopropana-
tion occurs by intramolecular reaction between a metal-associated diazoalkane or
carbene and the olefin coordinated to the same metal atom. Rhodium(II) carboxylates,
being dinuclear complexes with only one available coordination site at each metal
atom ®7, are expected to react in the carbenoid mode. Alternatively, palladium
compounds are known to form stable complexes with olefins ), so that in these cases,
a coordination mechanism is feasible. Finally, copper catalysts are expected to initiate
a carbenoid reaction except in those cases where very weakly coordinating ligands
such as TfO™ or BF, are present, which can easily be displaced by an olefin 5.
The efficiency of Rh,(OAc),, Pd(OAc), and Cu(OTf), to catalyze cyclopropanation
of various olefins (Table 5), including dienes with equivalent double bonds, can be
summarized as follows %4);

— Rhy(OAc), is the most effective and versatile of the three catalysts used.
Terminal and non-terminal olefins, strained olefins (norbornene, norbornadiene)
and conjugated olefins (styrene) all react in good yield.

— Pd(OAc), works well with strained double bonds as well as with styrene and its
ring-substituted derivatives. Basic substituents cannot be tolerated, however,
as the failures with 4-(dimethylamino)styrene, 4-vinylpyridine and 1-vinylimidazole
show. In contrast to Rh,(OAc),, Pd(OAc), causes preferential cyclopropanation
of the terminal or less hindered double bond in intermolecular competition
experiments. These facts are in agreement with a mechanism in which olefin
coordination to the metal is a determining factor but the reluctance or complete
failure of Pd(II)-diene complexes to react with diazoesters sheds some doubt on
the hypothesis of Pd-olefin-carbene complexes (see Sect. 11).

— Cu(OTY), generally gives yields intermediate between those of the other two
catalysts, but with a closer resemblance to rhodium. In competition experiments,
the better coordinating norbornene is preferred over styrene, just as in the case with
Pd(OAc),. Cu(acac),, however, parallels Rh,(OAc), in its preference for styrene.
These findings illustrate the variability of copper-promoted cyclopropanations, and
it was suggested that in the Cu(OTf),-catalyzed reactions of diazoesters, basic
by-products, which are formed as the reaction proceeds, may gradually suppress
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Table 5. Yields of cyclopropanation of various olefins by diazoacetic esters in the presence of
Rh,(OAc),, Pd(OAG), or Cu(OTf),*®

olefin diazo- yield [ %] with
ester

Pd(OAc), Cu(OTf), Rh(OAc),

1-hexene MDA 30 36 86
cis-2-butene MDA 24 54
trans-2-butene MDA 21

cis-3-hexene EDA 15 15

cis-2-octene EDA 5 40 65
trans-2-octene EDA 2 14 24
trans-4-octene EDA 12 8 7
2,3-dimethyl-2-butene EDA 5 30 70
cyclopentene EDA 60 60 95
cyclohexene EDA 21 54 88
cycloheptene EDA 40 30 75
cyclooctene EDA 20 28 95¢
norbornene EDA 87 95 95
indene EDA 20 55 T
styrene EDA 98 80 90
a-methylstyrene EDA 42

p-methylstyrene EDA 81

p-methoxystyrene EDA 79

p-chlorostyrene EDA 86

p-nitrostyrene EDA 71

p-(dimethylamino)styrene EDA 0

1,1-diphenylethylene EDA 0

trans-1,2-diphenylethylene EDA 0

vinylacetate EDA 5 22 1
ethyl vinyl ether EDA 42 polymer. 85
dihydropyran EDA 20 55 71
1,5-hexadiene EDA 37 60 80
1,3-cyclohexadiene EDA 18 53 90
1,5-cyclooctadiene EDA 10 25 64
norbornadiene EDA 95 47 88
dimethyl maleate EDA traces traces traces

* From ref. 64; ® Reaction conditions: 22 °C; molar ratio 3000 (olefin)/ 1(catalyst)/200 (diazo ester);
¢ 549 isolated vield reported in reference 70. Reaction conditions: room temp.; molar ratio:
7400 (olefin)/1(catalyst)/1020(diazo ester).

the coordination mechanism and give way to the carbenoid mode as in rhodium
catalysis.

The air-stable rhodium carbonyl cluster Rh(CO),, displays a similarly high
catalytic efficiency as does Rh,(OAc),; Table 6 gives some examples. Comparisons
of Rh(CO),, with Rh,(OAc),, PdCl, - 2 PhCN and CuCl - P(O-i-Pr), are given in
Table 7. They show once more that the rhodium catalysts are superior to other
transition-metal catalysts. Rh,(OAc), gives consistently the highest yields, whereas
the activity of Rhy(CO),, depends on the olefin used. Because of its insolubility in
olefins, it is probably the extent to which an active, homogeneous catalyst is formed,
which imposes certain limits on the versatility of Rh(CO),¢. Results comparable to
those in Table 7 were also obtained with monosubstituted 1,3-dienes 3772,
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The exceptionally high activity of Rh(CO),. is exemplified by the 909 yield of
ethyl chrysanthemate 11 from 2,5-dimethyl-2,4-hexadiene, even if the ratio EDA /cata-
lyst was as high as 2000 5°). When the reactions are carried out in a CO atmosphere,
the catalyst can be recovered quantitatively.

— +  HCCOOE! Rhg(COle COOEt

1
{>80%)

Conditions: 60 °C; EDA added over 6 h to a sevenfold molar excess of olefin

The common by-products obtained in the transition-metal catalyzed reactions are
the formal carbene dimers, diethyl maleate and diethyl fumarate. In accordance
with the assumption that they owe their formation to the competition of olefin
and excess diazo ester for an intermediate metal carbene, they can be widely
suppressed by keeping the actual concentration of diazo compound as low as possible.
Usually, one attempts to verify this condition by slow addition of the diazo
compound to an excess (usually five- to tenfold) of olefin. This means that the
addition rate will be crucial for the yields of cyclopropanes and carbene dimers.
For example, Rh(CO)  -catalyzed cyclopropanation of n-butyl vinyl ether with
ethyl diazoacetate proceeds in 699, yield when EDA is added during 30 minutes,
but it increases to 879 for a 6 h period. For styrene, the same differences were
observed %),

Whereas control of the rate of addition of the diazoester generally meets with
increased yields when Rh,(OAc),, Rh (CO),, and CuCl - P(OR), are used, it has no
effect on cyclopropane yields in the case of PdCL, + 2 PhCN *%).

With the rhodium and copper catalysts, even the combination of equimolar
amounts of olefin and diazoester will allow high yields of cyclopropanes if the
addition rate is controlled meticulously (see Table 6 for examples). This circumstance
is particularly useful for cyclopropanation of olefins which are in short supply.
In combination with Rh(CO),,, the easy recovery of the unchanged catalyst (by
diluting the mixture with hexane and separating the precipitated catalyst from the
liquid ®%) may render such a procedure particularly attractive from an economical
point of view.

All reactions listed in Tables 5-7 were carried out under a nitrogen atmosphere,
but with the rhodium or palladium catalysts no noticeable or only minor reduction
in cyclopropane yields was observed when air was present. In contrast, air clearly
had a yield-diminishing effect in the CuCl - P(O-i-Pr),-catalyzed reactions, especially
with cyclohexene and 3,4-dihydropyran. Cyclohexene was oxidized to 2-cyclohexen-1-
one, and 3,4-dihydropyran gave 5,6-dihydro-4-pyrone and 5,6-dihydro-2-pyrone,
albeit in yields below 8% 5.

In other cases, oxidation of the rhodium or palladium ketocarbenoid to a 1,2-
dicarbonyl compound is well established: The Rh,(OAc),-catalyzed decomposition
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of 4-diazo-1,2,5,6-tetramethyltricyclo[3.1.0.0? ®Jhexan-3-one (12) in the presence of
2,3-dimethyi-2-butene and without exclusion of air does not lead to the formal
{3 + 2] cycloaddition product of the rearranged ketocarbene 14 to the olefin, as is
the case with AgClO, as catalyst. Instead, compound 15 is isolated in low yield,
probably arising from the reaction sequence shown below, which includes air oxidation
of ketocarbene 14 to the 1,2-benzoquinone ¥,

[T 1%
-70 -0 C

o < -

N2
Rb,(OAc), o — 0
L —
12 -80-+0°C \ \
13 14
{or metal carbenes)
o —
0
0, 0 13 o)
— —_—
0
15
(15%)

Azibenzil, in the presence of O, and Pd(OAc), or PdCl, - 2 PhCN, forms an
intermediate metal-oxygen-carbene complex which is able to epoxidize aliphatic
and alicyclic olefins; azibenzil itself is transformed into benzil 7.

Diazo ester/rhodium(II) carboxylate combinations other than EDA/Rh,(OAc)s
have been tested -4, It turned out that the solubility of the rhodium(II) carboxylate
greatly influenced the efficiency of cyclopropanation. For the reaction of monoolefins
with ethyl diazoacetate, markedly higher yields than with Rh(II) acetate were obtained
with the better soluble rhodium(II) butanoate and rhodium(11) pivalate, the latter one
being soluble even in pentane. However, only poor yields resulted from the use of
rhodium(Il) trifluoroacetate, even though this compound is readily soluble.
Rh,(CF,CO0),, in contrast to the other rhodium(II) carboxylates, is able to form
1:1 complexes with olefins 7, particularly with electron-rich ones; thus, competition
of olefin and diazo compound for the only available coordination site at the metal
atom could be responsible for the reduced catalytic action of Rh,(CF;C0O0),
(as will be seen in Section 4.1, this complex is an excellent catalyst for cyclopropanation
of aromatic substrates). The diazoester substituent also has some influence on the
yields. Increasing yields were obtained in the series methyl ester, ethyl ester, n-buty!
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ester; an explanation for this may be a higher degree of stabilization and/or
solubility of an intermediate metal carbene .

For the synthesis of permethric acid esters 16 from 1,1-dichloro-4-methyl-1,3-
pentadiene and of chrysanthemic acid esters from 2,5-dimethyl-2,4-hexadienes, it
seems that the yields are less sensitive to the choice of the catalyst 77}, It is
evident, however, that Rh,(OOCCF,), is again less efficient than other rhodium
acetates. The influence of the alkyl group of the diazoacetate on the yields is only
marginal for the chrysanthemic acid esters, but the yield of permethric acid
esters /6 varies in a catalyst-dependent non-predictable way when methyl, ethyl,
n-butyl or ¢-butyl diazoacetate are used 77.

Cl
ct>—\=(Me . HQCOOR _sat. | Cl)z}SNCOOR
Ccl

Me Ny
16
cat. R=Et R=n-Bu
yield [%] ratio Z/E vield [%] ratio Z/E
Rh,(OAc), 54 1 56 1.29
Rh,(OOCCE,), 29 0.93 45 0.8
Rh,(O0CCFs),* 64 0.94 56 0.87
Rh,(OOCCMe,), 56 1.15 32 1.29

%) Rh(II) pentafluorobenzoate
Conditions: 22 °C; molar ratio 800 (diene)/200 (diazo ester)/1 (catalyst)

Scheme 3

Rhodium(ll) pivalate has also been recommended for the cyclopropanation of
vinyl halides with ethyl diazoacetate ™. As Table 8 shows, yields with this catalyst
are far higher and reaction conditions milder than with copper. Failures are noted,

Table 8. Cyclopropanation of vinyl halides with ethyl diazoacetate in the presence of rhodium(II)
pivalate (Rhpiv) or copper

halide catalyst solvent temp. [°C] yield of molar ratios
cyclopropane olefin/EDA/
(%] Rhpiv
c Rh piv CH,C, 25 32 1000/118/0.33
\—=/ Cu CICH,CH,Cl 80 14
o}
= Rh piv CH,Cl, 25 1.5 1000/118/0.33
Ci
Cl .
=< Rh piv - 25 76 360/76/0.33
cl Cu CICH,CH,CI 80 20
Rh piv CICH,CH,CI 25 62 374/77/0.10
=-Br Cu 100 9
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however, with trans-1,2-dichloroethylene; trichloroethylene and tetrachloroethylene
did not react at all.

2.2.2 Regioselectivity

The catalytic cyclopropanation of 1,3-dienes leads exclusively or nearly so to mono-
cyclopropanation products, as long as no excess of diazocarbonyl compound is
applied. The regioselectivity has been tested for representative rhodium, copper and
palladium catalysts >*7":72), and the results are displayed in Table 9.

The following observations were made:

a) The observed regioselectivity depends on the metal atom, but is virtually unaffected
by its ligands or its original oxidation state. This is a remarkable result for the
copper catalysts inasmuch as a decisive influence of their nature on the extent
of intermolecular competition between 2,3-dimethyl-2-butene and 1-hexene was
found for cyclopropanation with ethyl diazoacetate as well as with diazo-
methane 2%

b) In 2-substituted 1,3-dienes, the elctron-richer double bond is preferred with the
rhodium and copper catalysts, an exception being 2-z-butyl-1,3-butadiene. With
palladium, there is a tendency for the unsubstituted double bond of the diene
to react, in agreement with the assumption that palladium-based catalysts act via
a coordination mechanism (see Sect. 2.2.1).

¢) In l-substituted butadienes, the less-hindered (unsubstituted) double bond is
generally preferred, no matter how nucleophilic the other double bond is. This
seems to be related more to the general pattern of 1,2-disubstitution than to the
E or Z configuration at the double bond, as no difference in regioselectivity was
found between E and Z isomers of 1-phenylbutadiene and 1-chlorobutadiene,
respectively 7. In contrast to its behavior towards 2-substituted 1,3-dienes,
palladium seems to tolerate the E-substituted double bond more than the other
catalysts. This aspect still awaits an explanation, especially since it is not a singular
case: Contrary to Rh,(OAc), and Cu(OTf),, Pd(OAc), does not discriminate
between the Z- and E-double bond of 2,4-hexadiene and largly prefers the E-
double bond of Z,E-1,5-cyclodecadiene in cyclopropanations with ethyl diazo-
acetate (Scheme 4) 72).

d) The regioselectivities for Rhg(CO),¢ and CuCl - P(O-i-Pr); are consistently higher
than those for Rh,(OAc),, whereas PdCl, - 2 PhCN exhibits lower (including
reversed) regioselectivity. As the examples of Table 9 indicate, the preferred site
of cyclopropanation results from a delicate balance of steric and electronic
factors.

Several other examples of regioselective cyclopropanation of 1- and 2-substituted
butadienes in the presence of copper catalysts are known (Scheme 5). 2-Trimethyl-
siloxy-1,3-butadiene parallels the behavior of other 2-substituted butadienes (see
Table 9) in that the electron-rich double bond is cyclopropanated 59, With the I-
methoxy-, acetoxy- or trimethylsilyloxy-substituted butadienes 17, 18 and 19, both
double bonds are cyclopropanated, thus giving rise to sometimes unseparable
mixtures of regio- and stereoisomers 79)_ Perhaps, the yields of separated and isolated
regioisomers in some cases do not reflect the true regioselectivity as considerable
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i’
7 D
]

[
a
catalyst yield [ %] yield [%]
a b a b
Rh,(OAc), 66 21 25 25
Cu(0TH), 66 21 i1 11
Pd(0OAc), 30 30 1 40

Scheme 4. Yields of intramolecular competition
between E and Z double bonds upon cyclopro-
panation with EDA in the presence of different
catalysts. Conditions: 22 °C; molar ratio 800
(diene)/200 (EDA)/1 (catalyst).

losses in the material balance occurred during work-up. From the given values, it
seems however, that ethyl diazoacetate and diazoacetone react with similar regioselec-
tivity. For a-terpinene 20, the carbenoid cyclopropanation was expected to occur
preferentially at the less hindered double bond, and this was indeed the case in the
only isolated product 3.

oSiM COOEt COOMe
iMe . )
=<— 3 . MDA Culacac), A{SIME;; . A{;Me:,
COOMe
Z:F = 36:64
(60%) (4%)

Conditions: 80-100 °C,- equimolar amounts of olefin and MDA;
benzene solution of MDA slowly added to the olefin

COR COR
WOR' . HCCOR Cu bronze R OR’
i3] > /CH
N, R0
17

R = Me R = OEt 8% 34%

Me 13% ¢ 33% ¢
R = SiMe; R = OEt total: 62% °

Me total: 44% °
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oR'
QCHOR' + HCCOR Cu bronze CHOR' « @YW N QCHO

COR
COR
18
R' = Ac R = OFt 28% © 8% ¢ -
Me 18% ¢ 6% ° -
R' = SiMe; R = OFEt 27 : 1 -
Me 23 : 18 : 1
COOEt
OMe OMe MeO
@ +  HCCOR _Cu bromze .
N
R1 2 RI R’
COOEt
19
R =0t R =H 18% 43%
Me 5% 22%
R=Me R =H total: 66% °

Conditions for reactions of #7-19: 80°C, cyclohexane [for EDAJ,
70°C, cyclohexane (for diazoacetone)

Me H_ _COOEt
+ HCCOOEt o Powder | d;e
Nz 165 ¢, diglyme Me,HC
CHMez
20 {58%}

Regioisomers not separated
b Mixture not separated, no stereochemical assignment

Scheme 5

1,3,5-Cycloheptatriene, as an example of a conjugated triene, is mainly cyclopro-
panated at an outer double bond (Scheme 6). This is true for Rhy(OAc),, Cu(OTf),
and Pd(OAc),, but the highest yield is obtained again with the rhodium catalyst 72.
Twofold cyclopropanation occurs to only a minor extent, as long as an excess of
olefin is applied. With equal amounts of diazo ester and cycloheptatriene, double
cyclopropanation increases and even traces of the triply cyclopropanated triene are
found with Rh,(OAc), and Cu(OTf),. This behavior essentially parallels the earlier
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resugts of CuBr-catalyzed cyclopropanation of cycloheptatriene with ethyl diazoace-
tate 8,

COOEt COOEt COOEt
@ + HCCOOEY st ’ EtOOC~V‘<é + Et00C
Ny
COOEt
catalyst yield [ %]
Rh,(OAc), 9041 820) o(5)
Cu(OTH), 7840)  5(20) 0(2)
Pd(OAc), 2 0 0

® Conditions: 22 °C; molar ratio 800 (triene)/200
(EDA)/1 (catalyst); values in parentheses are yields
obtained from equimolar amounts of cyclohepta-
triene and EDA

Scheme 6

In molecules containing a 1,3-diene unit and an isolated double bond, the diene is
cyclopropanated preferentially (Scheme 7) 7>%%. What has been said about the
influence of steric and electronic factors as well as the nature of the catalyst (see
above), can also be applied to explain the product distribution in these cases.
The inertness of a trisubstituted double bond and the low reactivity of an E-
disubstituted olefinic bond are quite obvious in these intramolecular competitions.

a c a b c al b c
m NN ZONF =
21

catalyst yield [%]

a b ¢ a b ¢ a b ¢
Rh,(OAc), 39 4 ¢ 87 10 traces 38 0 28
Cu(OTf), 31 4 0 56 8 traces 20 0 13
CuSO, 36 20 O
Pd(OAc), 25 8 0 20 7 traces 8 0 5

Conditions: As in Scheme 6 for Rh,(OAc),, Cu(OTf),. Pd(OAc),.
CuSO,: room temp., no solvent

Scheme 7

In view of our earlier statement, that the regioselectivity remains unaffected by the
ligands of the catalyzing metal, the reversal of regioselectivity for myrcene (21),
when Cu(OTf), is replaced by CuSO,, comes as a surprise. As the two observations
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were made in different studies, however, this difference should not be overestimated.
Standardized conditions would be necessary to clarify this point.

Only a few results are available concerning competitive cyclopropanation of non-
conjugated dienes. The case of 1,4-hexadiene ">’ (mixture of Z and E isomers)
illustrates the reactivity difference between a monosubstituted and a 1,2-disubstituted
double bond, whereas in limonene (24) *7), a 1,1-disubstituted and a trisubstituted
double bond compete for the carbenoid derived from ethyl diazoacetate. In both
cases, the less substituted double bond reacts preferentially (Scheme 8).

COOEt COOEt

N "Me  + HC COOEL st . e 2 Me

N, °

22 23
catalyst® 22 + 23[%] 22:23
Rh,(OAc), 87 29
Cu(OTH), 56 1.7
Pd(OAc), 53 56
= COOEt =
+  HCCOOEt L . .
N,
COOEt
24 25 26

catalyst® 25 + 26 (%} 25:26
Rh,(OAc), 98 3.4
Cu(OTH), 59 3.9
PdCl, - 2 PhCN 32 3.6

* Conditions: see Scheme 6.
® Conditions: room temp. ; molar ratio 1000 (olefin)/
100 (EDA)/1-2 (catalyst).

Scheme 8

It can be seen that for limonene the regioselectivities are virtually independent of the
catalyst, and this is also true when Rh(CO),,, Cu bronze, CuCl - P(O-i-Pr), or
Pd(CF,COO0), are taken as catalysts.

The preference for the less substituted double bond also determines the outcome
of the copper-catalyzed cyclopropanation of isotetraline with dimethyl diazomalonate
which gives 27 and its dehydrogenated relative 28 8%; the same behavior of the
carbenoid derived from ethyl diazoacetate has been reported 5%

In contrast to the behavior of 1,4-hexadiene and limonene, the regioselectivity
of the norbornene derivatives 29 and 32 strongly depends on the catalyst. A
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preference for the exocyclic double bond is found with Rh,(OAc),, but the “1,2-
disubstituted” endocyclic C=C bond is distinctly favored with PdCl, - 2 PhCN *7).

E E
10 -120°C

27 28
E = COOMe (14%) (7%)

Cu(OTY), is an intermediate case (Scheme 9). These findings parallel the catalyst’s
control over the regioselectivity of cyclopropanation with diazodiphenylmethane *”
(see Sect. 2.1).

cat.
/b + HCCOOEt —’ﬁ/b +/b’\cooa /@\
Ny

ookt COOEt
29 30 exo - 31 endo - 31
+ HCCOOEt %o s (@'\ COOEt + (Q
Ny
N cooEt \ COOEt
32 33 exo - 34 endo - 34
catalyst 30 + 31{%) 30:31 exo-31: 33 + 34[%) 33:34
endo-3/
Rh,(OAc), 93 23 2.6 not given 1.2
Cu(OTY), 53 1.0 1.3 not given 0.30
PdCl, - 2 PhCN 82 0.16 12 not given 0.20

Scheme 9

As an explanation, if was suggested that the degree of charge development in the
transition state determines the preferred site of cyclopropanation: A transition state
with little charge development should prefer the endocyclic double bond (Pd
catalysis), whereas one with much charge development should favor the exocyclic
bond (Rh catalysis).

102



Transition-metal Catalyzed Decomposition of Aliphatic Diazo Compounds

2.2.3 Stereoselectivity

Cyclopropanation of C=C bonds by carbenoids derived from diazoesters usually
occurs stereospecifically with respect to the configuration of the olefin. This has been
confirmed for cyclopropanation with copper 25:37-6%:85) pajladium ®®, and rhodium
catalysts >**7). However, cyclopropanation of cis-D,-styrene with ethyl diazoacetate
in the presence of a (1,2-dioximato)cobalt(Il} complex occurs with considerable
geometrical isomerization %), Furthermore, CuCl-catalyzed cyclopropanation of
cis-2-butene with o-diazoacetophenone gives a mixture of the cis- and rrans-1,2-
dimethylcyclopropanes 5%).

For many catalytic cyclopropanations, the stereoselectivity describing the stereo-
chemical relation between substituents at the carbenoid and those at the double
bond is not very pronounced. E/Z or syn/anti ratios of ca. 1-3 in favor of the
less congested isomer may be considered normal (for examples sece Tables 6 and 7).
The stereochemical outcome can be expected to be governed by the nature of the
olefin, the diazo compound and the catalyst.

For cyclopropanations with ethyl diazoacetate, a rather weak influence of the
olefin structure has been noted %% (Table 7). The preference for the sterically less
crowded cyclopropane is more marked for 1,2-disubstituted than for 1,1-disubstituted
olefins. The influence of steric factors becomes obvious from the fact that the ratio
Z-36/E-36, obtained upon cyclopropanation of silyl enol ethers 35, parallels Knorr’s °®
empirical substituent parameter A* of the group R . These Z/E ratios, however,
do not represent the thermodynamic equilibrium of both diastereomers.

Me3Si0 Me3Si0  COOEt Me,Si0

Y= + HCCOOEt -~<ufacacly | hvd L e

R g R R v coOE

N,

35 z-3 E-36
R H Me CH=CH, nCH, CHMe, CMe, Ph
Z-36:E-36 0.39 0.54 0.56 ~0.64 0.72 092 092
Ad 0 1 ~11 1.41 1.58 ~3 3

A striking example for the preferred formation of the thermodynamically less
stable cyclopropane is furnished by the homoallylic halides 37, which are cyclopro-
panated with high cis-selectivity in the presence of copper chelate 38°". The
cyclopropane can easily be converted into cis-permethtic acid. In contrast, the direct
synthesis of permethric esters by cyclopropanation of 1,1-dichloro-4-methyl-1,3-
pentadiene using the same catalyst produces the trans-permethric ester (trans-39)
preferentially; in a similar fashion, mainly trans-chrysanthemic ester (trans-40)
was obtained when starting with 2,5-dimethyl-2,4-hexadiene %2

A similar, although less marked difference characterizes the cyclopropanation
of olefins 41 and 42. In the presence of either copper or copper complexes whose
chelating ligands contain an azomethine moiety derived from an «-amino acid,
no stereoselectivity was observed with diene 41, whereas the cyclopropanes derived
from 42 occur with cis/trans ratios of 57:43 to 69:31, depending on the catalyst %%,
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X X X
—\:< + HCCOOR oo . ‘\V/COOR . \V\
N w°c COOR

2

37
X R yield { %] cis: trans
ccy, Et 59 85:15
l-menthyl 54 85:15
CHCl, Et 71 88:12
{-menthyl 57 86:14
CH,CI Et 73 84:16
{-menthyl 59 83:17
Ct Cl Ct
Ct>:\:< + HCCOOR =t . c?z\Y/COOR . cx}:\v\
Ny COOR
cis- 39 frans - 39
R = {-menthyl total yield : 52%

s : trans = 36 : 64

>;K_—< + HCCOOR ——?——b >jv/ * >=V\
N2 COOR

cis - 40 trans - 40

R = {-menthyl total yield : 72%
s : frans = 7 : 93

Me H R OCgHy7
cat. : @\s R =
O,Cu 0
2

38
Cl (}l

— CF3-C

41 %4
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The reason for the different behavior of dienes like 41 and monoenes 37 or 42 is
not yet established. It is hard to believe that simple steric factors should make up
for the different orientation of the olefin that approaches a metal carbene inter-
mediate. More likely is stereochemical control by an ylide-type interaction between
the halogen atom of the (sterically more flexible) monoenes 37 or 42 and the electro-
philic metal carbene.

Diastereofacial differentiation occurs upon cyclopropanation of the substituted
cyclohexene 43 with methyl diazoacetate. Only the two stereoisomers endo-44 and
exo-44 were found, both with a 5-anti methyl group 9. In contrast, the ring substi-
tuents in 1-trimethylsiloxy-cyclohexenes 45 and 46 are not efficient for such a
differentiation, so that the four possible diastereomers are actually formed.

MeOOC H
M hccoome Culececiz Cﬂ\ A (:[%\C.OOMQ
“2 90 -100°C y OSiMe, ' 0OSiMe,
Me Me Me
43 endo - 44 exo - 44
]! R!
0SiMe, Culacac) COOMe
2 +  HCCOOMe —— o ~0SiMe,
90-100 C
R N, R
45: R': Me, R%= H 4 stereoisomers: 30 :30:25:15
46: R'=H, R?:t-Bu 25:25:25:25

The influence on stereoselectivity which is exerted by the diazo compound can
best be seen when comparing the results from cyclopropanation reactions with diazo
esters having different ester residues. As Scheme 3 shows, switching from ethyl
diazoacetate to n-butyl diazoacetate has no remarkable consequence for the Z/E
ratio of the permethric esters formed ). With the different rhodium catalysts
mentioned there, not even a general correlation between Z/E ratio and steric bulk
of the ester residue can be established. If, however, the size of the ester group is
increased more drastically, a distinct preference for the sterically less crowded
cyclopropane results. For example, the following ratios of chrysanthemic esters
(trans-40:cis-40) have been obtained upon cyclopropanation of 2,5-dimethyl-2,4-
hexadiene with alkyl diazoacetates in the presence of catalyst 38: ethyl, 51:49; t-butyl,
75:25; 1-adamantyl, 84:16; 2,34-trimethyl-3-pentyl, 92:8; I-menthyl, 93:7°?.
A surprising case, which does not fit into this picture, is provided once again by the
cyclopropanation reaction of homoallylic halides 37: The same Z/E ratios were
obtained with ethyl diazoacetate and /menthyl diazoacetate °». This implies that
the remarkable Z selectivity is solely governed by the respective chloroethyl sub-
stituent, and it supports the opinion expressed above that electronic rather than steric
factors account for the unusual cis stereoselectivity.
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In order to elaborate the contribution of the catalyst to the stereoselectivity of
cyclopropanation reactions, extensive comparisons of different catalysts have been
carried out. For the cyclopropanation of various monoolefins and 1,3-dienes with
ethyl diazoacetate, Rh,(0OAc),, Rhg(CO),6, CuCl - P(O-i-Pr); and PdCl, - 2 PhCN
have been compared in two sets of experiments (Tables 6 and 7) and CuCl - P(O-i-Pr);,
CuCl - P(OPh),, Cu(OTf),, copper bronze and Cu(acac), in another (Table 2) **.
Furthermore, the stereoselectivity of cyclopropanation of ring-substituted styrenes
with ethyl diazoacetate in the presence of CuSO,, CuCl,, CuCl, copper(ll) stearate
and copper(l) stearate has been compared **). From these investigations, it can be
concluded that, at least for the catalysts under investigation, E/Z selectivities are
rather independent of the initial oxidation state of the catalyzing metal and whether
the catalyst is homogeneous or heterogeneous. In addition, relatively little dependence
on the ligands attached to the metal is observed. There is, however, a distinct influence
of the metal itself, and the following sequence concerning the zrans/cis ratio is usually
observed: Cu > Rh > Pd, i.e. Cu shows the largest preference for the sterically less
crowded cyclopropane (It will be noted, however, that for cyclopropanation of
styrene, consistently higher transjcis selectivity for Pd catalysis than for Rh catalysis
is given in Table 3, contrary to the values for the same olefin in Table 7).

Decreasing trans/cis ratios for the cyclopropanes derived from styrene and ethyl
diazoacetate were also found with chelate complexes of Cu, Pd and Co, in that
sequence °). Among the copper catalysts, Cu(OTf), represents a particular case,
since its trans/cis selectivity is lower than for the other four copper catalysts in
Table 2, when styrene and 1,3-dienes are cyclopropanated; cyclopropanation of
non-conjugated olefins seems not to be affected by this anomaly. Based on styrene
as substrate, the trans/cis selectivity resulting from the use of Cu(OT1), corresponds
to the value found for the purely thermal reaction **) and is close to that for other
simple salts (CuSO,, CuCl) and copper metal. Higher trans/cis ratios are brought
about by catalysts with more bulky ligands, but the changes are rather small.

It has been pointed out earlier that the anti/syn ratio of ethyl bicyclo[4.1 .Ojheptane-7-
carboxylate, which arises from cyclohexene and ethyl diazoacetate, in the presence of
Cul - P(OMe), depends on the concentration of the catalyst 7. Doyle reported,
however, that for most combinations of alkene and catalyst (see Tables 2 and 7)
neither concentration of the catalyst (0.5-4.0 mol- %) nor the rate of addition of the
diazo ester nor the molar ratio of olefin to diazo ester affected the stereoselectivity.
Thus, cyclopropanation of cyclohexene in the presence of copper catalysts seems to be
a particular case, and it has been stated that the most appreciable variations of the
antif/syn ratio occur in the presence of air, when allylic oxidation of cyclohexene
becomes a competing process >. As the yields for cyclohexene cyclopropanation
with copper catalysts [except Cu(OTf),] are low (T able 2), such variations in stereo-
selectivity are not very significant in terms of absolute yields anyway.

Some care must be taken in drawing conclusions from the E/Z or synjanti
selectivity of a given catalyst/alkene combination. The intrinsic stereoselectivity may
be altered in some cases by subsequent isomerizations initiated by the catalyst. For
example, epimerization of disubstituted vinylcyclopropanes is effectively catalyzed
by palladium compounds; the cis — frans rearrangement of ethyl chrysanthemate or
of chrysanthemic acid occurs already at room temperature in the presence of PdCl, L, -
(L = MeCN, EtCN, PhCN) *®. Oxycyclopropane carboxylic esters undergo metal-
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catalyzed structural isomerizations to vinyl ethers, in which the Z-isomer generally
reacts faster than the E-isomer 7', As temperatures of 100-180 °C are usually needed
for these transformations, this possibility pertains to a consideration of E/Z
selectivity only for some copper-catalyzed cyclopropanation reactions, which need
be carried out in that temperature range, but not for Rh- or Pd-catalyzed reactions
at room temperature. Furthermore, the Rh(I)-catalyzed epimerization as well as
structural rearrangements of vinylcyclopropanes occurs at relatively low (ca. 35-80 °C)
temperatures 2. Rh(I) compounds are, however, quite uncommon cyclopropanation
catalysts, and the more often used Rh(II) derivatives are not reactive in this
sense.

The search for catalysts which are able to reverse the ratio of cyclopropane
diastereomers in favor of the thermodynamically less stable isomer has met with
only moderate success to date. Rh(II) pivalate and some ring-substituted Rh(II)
benzoates induce cis-selectivity in the production of permethric acid esters 77-98:99)
contrary to rhodium(II) acetate, which gives a 1:1 mixture ™*7"°®) and some
copper catalysts *® (Scheme 10).

The change in selectivity is not credited to the catalyst alone: In general, the
bulkier the alkyl residue of the diazoacetate is, the more of the cis-permethric acid
ester results 77, Alternatively, cyclopropanation of 2,5-dimethyl-2,4-hexadiene in-
stead of 1,1-dichloro-4-methyl-1,3-pentadiene leads to a preference for the thermo-
dynamically favored trans-chrysanthemic acid ester for most catalyst/alkyl dia-
zoacetate combinations 7. The reasons for these discrepancies are not yet clear,
the interplay between steric, electronic and lipophilic factors is considered to deter-
mine the stereochemical outcome of an individual reaction ’”. This seems to be
true also for the cyclopropanation of isoprene with different combinations of alkyl
diazoacetates and rhodium catalysts 7).

X X
— + HCCOOEt -2t . /&
X = N,
COOEt

catalyst cis T frans

X=Cl X=Br
Cu bronze 0.69 0.37
CuSO, 0.69
Rh(II)pivalate 1.5 2.33

Conditions: 20 °C; 1,2-dichloroethane; molar
ratio 600 (diene)/150 (EDA)/1 (catalyst).

Scheme 10

Rh(II) pivalate is, however, still not efficient in producing more of the syn than of the
anti isomer of ethyl bicyclo[4.1.0Jheptane-7-carboxylate from cyclohexene and ethyl
diazoacetate ®7-°%). It needs a rhodium(III) porphyrin 47 to be successful in this case
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Catalyst syn:anti

£ CUSO{' 0.16
O _EoA W Rhpiv 0.3
cat. 47a 074
47b 083
47¢ 117
. Rhpiv. 051
@ _Ea WW a4
cat. 47c 33
Rhpiv 0.43
@ EDA E 47a 087
_—
cat. 47r 2.6
Rhpiv 044
47a 1.28
@ _Eoa E Wb 152
cat. 47c 214
Rhpiv 22
\)‘ 47a 49
EDA E
—_— a;” 47c 652
ha cat,
Z:E

R=nBu R =Ph
R £0A Rhpiv 067 067
“ — V7 472 073 088
— cat.
47¢ 087 098

o)

Rhpiv = Rh(D)pivalate; E = COOEt
Conditions: 60°C; 1.2- dichloroethane

Ar
5 H\C/COO'_Et
Ar Ar R—Q—CR’hD—QR
R ()I() R
Ar
470 Ar = Ph 48

47b  Ar = o-tolyl
47¢  Ar = mesityl

Scheme 11
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and with several other cis-1,2-disubstituted alkenes (Scheme 11) 87-199), Even with
norbornene, the exo-syn<cyclopropane is formed preferentially. As the examples of
1-hexene and styrene show, even 47 brings no significant improvement compared
to Rh(ll) pivalate. Trans-1,2-disubstituted alkenes are cyclopropanated in only low
yields in the presence of rhodium(III) porphyrins.

The highest synjanti selectivity is always obtained with the iodorhodiun(IIl)
meso-tetramesitylporphyrin 47c¢ in which the preferred orientation of the aryl
groups is perpendicular to the more or less planar macrocycle. Even though the
transition state geometry leading to a cyclopropane from an alkene and an alleged
metal carbene 48 is not known, it seems reasonable to assume that all bulky groups
(ester group of the carbenoid and substituents on the olefin) prefer to point away
from the ligand sphere of the metal, this tendency being increased with R=Me
instead of H.

Metal complexes of tetra-4-tert-butylphthalocyanine [PcM, M = Mn(III)OAc,
Cu(Il), Co(I), Ni(ID), Fe(Il) - (C;H,N),, Rh(II)CI] have also been tested for their
stereoselective potential in the cyclopropanation of styrene with ethyl diazoacetate !°1).
The Co(II) and Rh(I) complexes, already highly active at room temperature, produced
the 2-phenylcyclopropanecarboxylic esters in a E:Z isomer ratio of 1.0-1.2 which
compares well with the value obtained with the rhodium(IIl) porphyrin 47a (1.2).
In the other cases, E:Z ratios of 2.0-2.2 were observed, except for M = Fe(Il) -
(C,H,N), where it was (3.0); the E: Z ratio of the purely thermal reaction was 2.0.

On the whole, it is recognized that the ligands of the catalyst metal play a rather
modest role in determining the stereoselectivity of a cyclopropanation reaction. This
is certainly surprising, as metal carbenes are assumed to be the reactive intermediates.
Notwithstanding this low degree of diastereoselectivity, metal complexes with chiral
ligands give rise to enantioselective reactions with a ligand-dependent degree of
optical induction. This aspect is dealt with in more detail in Sect. 2.1.4.

2.3 Special Aspects of Reactions between Functionalized Olefins
and Ketocarbenoids

2.3.1 Enol Ethers, Enol Acetates and Silyl Enol Ethers

The carbenoid reaction between alkyl diazoacetates and enol ethers, enol acetates
and silyl enol ethers furnishes B-oxycyclopropane carboxylates 34 (see Tables 2,
4, 5, 6, 7 and Scheme 5). The recently recognized synthetic versatility of these
donor/acceptor-substituted cyclopropanes 1°21°%) (precursors of 1,4-dicarbonyl and
B, v-unsaturated carbonyl compounds, 4-oxocarboxylic acids and esters, among
others) gave rise to the synthesis of a large number of such systems with a broad
variation of substituents: B-acetoxycyclopropanecarboxylates °-1%%, B-alkoxy- or B-
aryloxysubstituted cyclopropanecarboxylates 7°+1°2:195-113) 2 a]koxy-1-methyl-1-cy-
clopropanecarboxylates 114, p-trimethylsilyloxycyclopropanecarboxylates 0 7°-
HS-119) Although rhodium and (to a lesser extent) palladium catalysts have proven to
be suited for cyclopropanation of electron-rich alkenes 5%-6°:64.97) the majority of
transformations are still carried out in the presence of copper catalysts such as copper
bronze, copper powder and copper(II)acetylacetonate; this is justified by the generally
good yields of cyclopropanes obtained.
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Diverging results have been reported for the carbenoid reaction between alkyl
diazoacetates and silyl enol ethers 49a—c. Whereas Reissig and coworkers ** observed
successful cyclopropanation with methyl diazoacetate/Cu(acac),, Le Goaller and
Pierre, in a note without experimental details 1*®), reported the isolation of 4-oxo-
carboxylic esters for the copper-catalyzed decomposition of ethyl diazoacetate.
According to this communication, both cyclopropane and ring-opened y-keto ester
are obtained from 49¢ but the cyclopropane suffers ring-opening under the reaction
conditions,

R MDA
RC™~COOE! SN - = . R COOMe
e i Cutacac)
Cu,80°C  MeySi0 2 Me ;S0
90-100°C
49 : R = Ph

49b: R = f-Bu

0 COOEt OSiMe; COOMe
CE/\ y %Mea - O/ - %iMea
COOEt

\/ 49¢

It is not known whether or not this transformation is catalyzed by the transition
metal. However, the metal-catalyzed ring-opening reaction of B-alkoxycyclopropane
carboxylates yielding vinyl ethers (e.g. 50 — 51 and 52 — 53} is well documented 7.
1200 Several catalysts are suited [PtCl, -2 PhCN, Rh,(OAc),, [Rh(CO),CI],,
[Ru(CO),CL},, Cu bronze, CuCl], but with all of them, reaction temperatures higher
than those needed for the carbenoid cyclopropanation reaction are required.

Ph

Ph
Aoncoost — Y= CHCH, COOE!
MeO Me0

50 (E/Z)- 51

Cu bronze /160°C / 6h: “nearly quantitativety "
cuct /160°C /7 2h: 70%

CH,COOEt

(j>~v COOEt ——e ﬂ/
0

(o)

52 53

Cu bronze / 180°C / 4h: 80%
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The copper-catalyzed decomposition of ethyl diazoacetate in the presence of a
ketene acetal also leads to the corresponding cyclopropane in addition to larger
quantities of diethyl maleate and diethyl fumarate °%121) If B.unsubstituted or
-monosubstituted ketene acetals are used, 4,4-dialkoxy-3-butenoates 55 are formed as
by-products (Scheme 12). It was shown that they arise partly from thermal isomeri-
zation of cyclopropanes 54, the 2,2-diethoxycyclopropanecarboxylates being less stable
than the 2,2-dimethoxy derivatives. This may explain earlier contradictory results
according to which only the cyclopropane was isolated from the reaction of ketene
dimethyl acetal with ethyl diazoacetate 1*2), but exclusively butenoate was obtained
after work-up of the reaction between the same diazoester and ketene diethyl
acetal '2%), Partly, butenoates 55 are also generated in competition with cyclo-
propanes rather than by subsequent isomerization of the latter >V, From the
Rh,(OAc),-catalyzed reaction between ketene o-xylyleneacetal and methyl diazoace-
tate or diazoacetonitrile, only the cyclopropanation product was obtained (67 and
649 yield, resp. 12%).

COOEt

R oR? Culacac) R? oRr3 R0 R!
Y+ HCCOORt —— 2t . >=‘-<
4 benzene, reflux 3
p2  OR3 N, R2  OR3 R°0 CH,COOEt
54 55

R  R* R yield [%]

H H Me 62(50) 5(13)
H H Bt 6240) 8Q20)
Me H Me 5344)  3(6)
Me H Et 6348 4 8)
Me Me Me 6125 —

* In parentheses yields obtained with Cu
powder/benzene/95 °C.

Scheme 12

A different reaction mode emerges when certain a-diazoketones are combined
with enol ethers, as dihydrofurans rather than cyclopropanes are isolated. Wenkert
and Alonso have used ethyl diazopyruvate 56 and a variety of enol ethers for this
transformation (Scheme 13). The dihydrofurans so obtained can be further trans-
formed, e.g. into furoic esters and furanones, and a number of natural products
containing a furan ring have been synthesized by taking advantage of this carbenoid
reaction '°»). With unactivated olefins such as styrenes 1>, indene 125, 4-1-butyl-1-
methylenecyclohexene **), cyclohexene ''3:126) and cyclohexadiene %), alky] diazo-
pyruvates behave like simple diazoketones yielding cyclopropanes. Both cyclopro-
panation and dihydrofuran formation occur in the reaction between methyl
diazopyruvate and cis-2-butene; it is, however, not known, whether in that case the
heterocycle is a primary product or arises from rearrangement of the primarily
formed, but not isolated, all-cis-cyclopropane derivative 127,

Dihydrofurans were also isolated from the Cu(acac),-catalyzed reaction of 56 with
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(2-propenyl)-cyclopropane and 1,1-dicyclopropylethylene **®), the electron-donating
ability of the cyclopropane ring being responsible for the analogous reactivity of
these olefins and enol ethers.

R R? Cufacac) R "Rz
e ;
;E ., * HG-CCOOE _ nutgeachz n Ref. 122
R~ OR ;\;20’ benzene, reflux R372 07 "COOE!
OR%
56
R R* R® R* yield [%]
H H H nBu 62
Bt H H Me(E2) 46
Me Me H Et 79
—(CH,);— H  Me 50
Ph H H Me(E2) 36
H H Ph Me 64
owe o s O DAt
CH,Cly, rt. { 0" "COOEt MeO 0"~ CcooEt
CHOMe
9 :1
(ml
4]
MeO
OMe 2V T MeO COOEt o COOEt
(78%) (9%)
Ref. 122
MeQ
Rho{OAc)
MeOHC=CHOMe + 56 —2®hch )\
CHyCly, rt. MeO™ O "COOEt Ref. 122

Z- olefin —e cis:  90%
E - olefin — frans: 82%
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R
_ OMe . s Culacac), Meon
benzene, refl O
R o: Me ne, reflux o0 O COOE Ref. 122

R=H : 58%
R = Me: 37%

R R

(T . 56 Cu bronze (h
0 a 0770”7 “cooEt

R=H :57% Ref. 13
R = Et : 83% Ref. 129

COOEt

m . 56 Cu bronze @:_j_oj/
e
0 1 0
H
’ 56 Cufacac)y H 1
* — -
0 benzene, reflux 0o COOEt

MeO MeQO H

(46°%)  Ref. 122

Cu bronze A {(~ROH)
QA * e 2= Ol
OR noc 0" “COOEt 0 “COOEt

OR

R = Me: 73% Bef. 113

R = Et: 52-70% e
Culacac), 135°C (-EtOH)
+ 5 ——— { —eeeee i |

© OFt benzene, reflux 0~ " COOEt (o] COOEt
OEt

(32%) Ref. 122

Scheme 13
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The regioselectivity of the formal [3 + 2] cycloaddition reactions in Scheme 13
corresponds to the polarization of the olefinic bond and to partial charges in the
ketocarbenoid. The only exception occurred with benzofuran, in agreement with the
behavior of the carbenoid derived from ethyl 2-diazo-3-oxobutyrate %), As several
examples in Scheme 13 show, the cycloaddition is sterospecific, i.e. the configuration
about the enol ether double bond is retained in the dihydrofuran. The observation
that in the case of 1-methoxy-1,3-butadiene highly selective cycloaddition of the
unsubstituted double bond occurs, whereas for 2-methoxy-1,3-butadiene cycloaddition
takes place at the more electron-rich double bond, finds a close analogy in the cyclopro-
panation of these same dienes with ethyl diazoacetate (see Table 9).

2-Diazo-1,3-dicarbonyl compounds such as alkyl 2-diazo-3-oxobutyrates 57a, b
and 3-diazo-2,4-pentanedione 57¢ behave like the diazopyruvate 56, as far as their
carbenoid cycloaddition behavior is concerned 114139,

57a: R = COOMe

0
ey R 575: R = COOEt
N2 57¢ : R = COMe

For some of the reactions depicted in Scheme 14, copper(Il) hexafluoroacetyl-
acetonate [Cu(hfacac),] proved to be a better catalyst than other chelates; neither
cyclopropanes nor allylic insertion products were found, and the yield of dihydrofuran
was not affected by temperature in the range 70-132 °C 3. However, in phenylogous
vinyl ethers such as 4-methoxystyrene or trans-anethole, cyclopropanes (58a, b)
rather than dihydrofurans resulted 3%,

R
n-BuO—= .+ 575 -2 . m R = COMe : 76%
n-Bu0” 0" "Me R = COOEt: 75%
COOEL
Ph ) th
— 7
= 0" “Me (74%)

Me0 MeO

COMe : 72%
COOEt ; 67%

by R
O\ . 57ac — Q:—g: R =COMe : 6%
OMe 0" ~Me R = COOMe : 42%
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b) R
ot * e —= , R= COMe :27%
Et0” 0" ~Me R = COOMe : 25%

R
/___,R . 57a a) COMe . COOMe
Ar AT coOMe At coMe
58a 585
Ar = _©_0Me R=H: 58a + 58b: 31% (1.9 :1)
R = Me: 58a + 58b: 33% (1.25 :1)

Conditions: a) Cu(hfacac),, fluorobenzene, reflux (ref. *). b) For decomposition of 57¢: Cu(acac),;
reflux; for decomposition of 57a: Cul - P(OMe),, 80 °C (ref. *'*)).

Scheme 14

From the copper-catalyzed reaction of methyl 2-diazo-3-oxobutyrate 57a with
Z-B-methoxystyrene, dihydrofuran 59 (formed with retention of olefin configuration)
and butadienol 60 result 3%, Such an acyclic by-product also occurs when benzofuran
is the cycloaddition partner. In that case, however, regioisomers 61 and 62, arising
from the connection of the former diazo carbon with either the 2- or 3-position of the
heterocycle, are obtained ; similarly, two isomeric dihydrofurans 63 and 64 are formed
under Cu(hfacac), catalysis 1>,

In mechanistic terms, the dipolar intermediate 65a has been proposed as precursor
to both dihydrofuran 66 and acyclic products 67 (Scheme 15) !39; wheter or not a
copper-containing species would be closer to reality than 65a, is not known. 1,3-Ring
closure of 65a leading to cyclopropane 68 must be inferior to 1,5-cyclization
yielding dihydrofuran 66. It is assumed that the latter is formed stereospecifically,
although this hypothesis rests upon weak ground: cis-dihydrofuran 59, so far the
only one to be obtained from an acyclic 1,2-disubstituted enol ether and a 2-diazo-1,3-
dicarbonyl compound, is isolated in only 219 yield (but note the high-yield
stereospecific formation of dihydrofurans from ethyl diazopyruvate and cis- or
trans-1,2-dimethoxyethylene, respectively (Scheme 13)). Provided that the assumption
is nevertheless correct, stereospecific stepwise formation of the dihydrofuran implies
that ring closure of 65a is distinctly faster than C/C rotation about the former enol
ether double bond in that intermediate (65a = 65b). Other pathways leading to

Ph COOMe Me0OGC  OH
/=\ . MeC C-COOMe Sulhfacacl; I“Il . _
Ph OMe gy, MeO” 0" Me = Me
MeO Ph
57a 59 60

(21 o,ﬂ) (9°/o)
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COOEt
@j . Megg-COOEt Cu(hfncnc)2 i J\ OH
0 ON, OH Me
COOEt
576 61 62
{36%) (6%

©\_/I.OI Me C :COOEt
+* * l
0] COOE 070" Me

63 64

{16 %) {4 %)

MeCO ;COMe
+ _—
EtOOC

COOEt
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the dihydrofuran can be excluded with some certainty. Thermal or copper-catalyzed
ring expansion of a primarily formed cyclpropane ketoester is ruled out by
control experiments with cyclopropanes 58a, b, which do not rearrange to dihydro-
furans under authentic reaction conditions (heating in fluorobenzene with or without
the copper catalyst). Their pyrolysis at elevated temperature leads to stereoisomeric
dihydrofurans, in which the stereochemical information furnished by the olefin has
been lost. Furthermore, it has been established that the dihydrofurans do not result
from isomerization of the B,y-unsaturated carbonyl compounds 67 or their tautomers.

A dipolar intermediate 65 can be stabilized, of course, by appropriate substituents.
This is the case when 2-diazo-1,3-dicarbonyl compounds $7a-¢ are the precursors of
the ketocarbenoid; R* being a carbonyl unit, the negative charge is effectively delo-
calized. When a diazopyruvate is used, stabilization of the negative charge in 65a, b
(COOR instead of Me) by the electron-withdrawing properties of the additional
ester group is possible. On the other hand, a more efficient stabilization of the
positive charge in 65 would result from replacing H by a second OR? function; i.e.
in the case of a ketene acetal. Hence, the independent formation of both cyclopropanes
and 3-butenoates from ketene acetals (having a B-hydrogen) and ethyl diazoacetate
(see Scheme 12) may also be attributed to a common dipolar intermediate such
as 69 (Scheme 16) 121,
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R2

o R% 1 :R’
HR1 CULn

COMe
R Me //H/
T o
R30%:
o H
65a R2 Rl
l
u R30: :0 Me
© ~n® 66
HR‘ Culp H
R2.% Me
or [ .
H. % 0 1 R
®OR? r2RocH ve R OH
[ 1 or . |
65b %07 0 /% Me
R! = COMe, COOR P

{or diastereomers)
Scheme 15

Participation of 69 in the reaction scheme would also explain why cyclopropanes
are obtained from diazoacetic esters, but dihydrofurans from diazoketones !2%).
In the latter case, the enolate oxygen in 69 is more nucleophilic, thus favoring 1,5-
over 1,3-ring closure.

Diazomalonic esters, in their behavior towards enol ethers, fit neither into the
general reactivity pattern of 2-diazo-1,3-dicarbonyl compounds nor into that of alkyl
diazoacetates. With the enol ethers in Scheme 17, no dihydrofurans are obtained as
was the case with 2-diazo-1,3-dicarbonyl compounds. Rather, copper-induced cyclo-
propanation yielding 70 occurs with ethoxymethylene cyclohexane !4, However,

RT
RO § H
R20 COOEt
R'__H
]Z + HCCOOEt Lucat.
R20”"OR? N, )
R OEt
|1
69 R0\ 0

Scheme 16 OR?
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an enol ether 72 instead of a cyclopropane 71 was isolated from the reaction
with 1-methoxycyclohexene 14} or its 5-methyl derivative. The failure to detect 71
could be due to isomerization 71 — 72, either by copper catalysis or purely thermally
by a 1,5-hydrogen shift (having precedent with the cyclopropane derived from a
methylene cyclohexane and ethyl diazopyruvate '>*). This would imply, however,
different thermal stability of cyclopropanes 70 and 71, but reasons for such a difference
are not obvious. Having recourse to the above-mentioned dipolar intermediate in
the ketocarbenoid addition, one notes that intermediate 73 has no other choice but
1,3-ring closure yielding 70, whereas 74 can dispose of the positive charge by
proton elimination leading to 72 (this argument still leaves open the quesion of
regiospecific double bond formation, however).

Although non-stereospecific [3 + 2] cycloaddition of ketocarbenes is well estab-
lished and despite their classification as 2n-rather than 4-m-components, hence
not belonging to those 1,3-dipoles which are expected to cycloadd stereospecifically 132)

»

EtO EtO
Cul. P{OMe) E
+ NjCE, — T8
hexane, reflux
70
E
ol
R OMe

R

Cul-PlOMe)y; .~ 1

HO\ + NyCE, —3 7
rfO:CHEz
OMe

R
72 R=H :56%
R =Me: 39%
E = COOMe
Q
EtO ,Sg £ CULn
c? |
\CULn /fo:@‘): EZ
© R xOMe
73 74

Scheme 17
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the mechanistic hypothesis that dipolar intermediates are involved in their reaction
with enol ethers has to be confirmed. For this purpose, Alonso made use of the fact
that 2-methoxy-3,4-dihydro-2 H-pyrans suffer ring opening when a positive charge at
C-6 is developed. The dipolar intermediate 75 resulting from the carbenoid addition
of dimethyl diazomalonate to such a pyran '*® would thus undergo fragmentation
to 76 from which final products could arise.

With enol ether 77a, however, adduct 78a with intact ring structure was isolated
in modest yield, the remainder being polymeric material. The formation of 78a is
readily explained by proton loss from 754, as discussed above. More rewarding was
the use of enol ether 77b 3%, Besides 78b, two epimeric cyclopentanes resulted which
are conveniently understood as arising from 1,5-ring closure of the intermediate 76b.
Obviously, fragmentation of 75b is connected to a better charge stabilization than
given in 75a. Additional experiments support this mechanism. Firstly, no isomerization
78 — 79 occurs under the reaction conditions, i.e. the cyclopentanes are independently
formed products. Secondly, the ratio 78b:79a, b alters from 6: 1 in cyclohexane to 1:7
in dimethoxyethane, thus underlining considerable charge separation in the interme-
diates leading to the cyclopentanes. Ethyl diazoacetate gives only stereoisomeric cyclo-
propanes with enol ether 77b. They rearrange to an enol ether analogous to 78b
(CH,CO,Et instead of CHE,) in the presence of copper catalysts at temperatures
much higher than needed for their formation. This result renders very unlikely the
possible genesis of 79a, b from an unstable oxycyclopropane diester in the diazomalo-
nate reaction.

The possibility that both enol ethers 78 and cyclopentanes 79 owe their formation
to the common intermediate 75, is not excluded by this result, but of course, further
mechanistic alternatives can be envisaged.

Whereas metal-catalyzed decomposition of simple diazoketones in the presence of
ketene acetals yields dihydrofurans '2!:124134) cyclopropanes usually result from
reaction with enol ethers, enol acetates and silyl enol ethers, just as with unactivated
alkenes 13, 1-Acyl-2-alkoxycyclopropanes were thus obtained by copper-catalyzed
reactions between diazoacetone and enol ethers 72-195:135) enol acetates 7135 and

EE E E
Culp )/Y(CULn
IE\(Q 2 o/ R €]
MeO”™ O° 'R MeOT,
75 76
a: R=H
b: R = Me

k4

;]

(o)

2
+

c CHE
N,CE, u (hfacac), @/ 2
benzene,80°C MeQ” ™0
77a 78a
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E E
CHE
@ o NgCE, uifecacls J\/\g/[ 2, MeO....é,COMe
Me0O” 07 “Me CgHeF, 80°C  MeO” 0" Me
78b 7%a
(14 %) (22%)
E E
, Me0 ﬁ,com
798
E = COOMe (10 %)}

silyl enol ethers 7% 13%) (see Scheme 3), 1-diazo-2-octanone and isopropenyl acetate '),

methyl 6-diazo-5-oxchexanoate and isopropenyl acetate as well as »-butyl vinyl
ether 138), methyl 10-diazo-9-oxodecanoate and n-butyl vinyl ether 1°2) and finally
between benzyl 6-diazopenicillanate as well as r-butyl-1-aza-7-diazo-3-methyl-8-oxo-
5-thiabicyclo[4.2.0]oct-2-ene-1-carboxylate and ethyl vinyl ether 7). The Cu(acac),-
catalyzed reaction between 1-trimethylsilyloxycyclohexene and diazoacetone furnished
the silyl enol ether 80 rather than the desired cyclopropane 81 **®). A 1,5-silicon shift
in a primarily formed 7-exo-acetylnorcarane could account for this result.

COMe
%5“‘493

o
OSiMe; Culacacl, - 61
+ MeC-CH
i i1 & t
O N, so¢ ! 1,5-SiMe, shift
i
¥ Me
q_<OSiMea
0
80
{40%)

Considering the above-mentioned facts, according to which simple diazoketones
yield dihydrofurans with ketene acetals but cyclopropanes with enol ethers, one
expects an interlink between these clear-cut alternatives to exist, i.e. substrates from
which both cyclopropanes and dihydrofurans result. In fact, providing an enol ether
with a cation-stabilizing substituent in the a-position creates such a situation: The
Rh,(OAc),-catalyzed decomposition of w-diazoacetophenone in the presence of ethyl
vinyl ether produces mainly cyclopropane 82 (R =H), but a small amount of dihydro-
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furan 83 (R =H) is formed. The products 82 and 83 are not interconvertible under the
reaction conditions, and the product ratio is not affected by catalyst concentration
(0.5-2.0 mol %) and reaction time (110 h). The heterocycle is obtained in signiﬁcant}y
improved yield in reactions with 2-methoxypropene and a-methoxystyrene **), in
agreement with the more efficient stabilization of the positive charge in the presumed
dipolar intermediate 84. The similarity to the mechanistic picture given in Scheme 15
is completed by the proton transfer step 84 — 85, on this occasion involving the
a-methyl group.

R AlkO
Rhy(0OAc)
=( . phccn 20k WA, . !Oll Ph+ ' coen
AlkO

OALK 6 Nz ether,25°C  AlkO CoPh

82 83 85
R = H, Alk = Me 76 % 6.6%
{E/Z =2.0)
R = Ph, Alk = Et 67% 29%
{(Z/E=2.1)
R = Me, Alk = Et — 32% 28%
€]
H ML, H R = CH,
Ph ~ Ph ~H®
® é) or @, G)fo |
AlkO R AlkO R
84

The comparison between the cycloaddition behavior of simple diazoketones and
of ethyl diazopyruvate 56 towards the same olefin underlines the crucial influence of
the ethoxycarbonyl group attached to the carbonyl function. This becomes once again
evident when COOEt is replaced by an acetal function, such as in 1-diazo-3,3-di-
methoxy-2-butanone 86; with enol ethers and acetates, cyclopropanes rather than
dihydrofurans are now obtained '),

Cyclopropane 87, obtained from n-butyl vinyl ether, rearranges to dihydrofuran
88 only at elevated temperature, and also partly during work-up on silica gel !,
The complete conversion of 87 into veratrole by the action of HCJ/CH,0OH gave
rise to the analogous two-step synthesis of hydrourushiol monomethyl ether from
1-diazo-3,3-dimethoxy-2-nonadecanone 89 ). Ether cleavage of the product yields
hydrourushiol, one of the vesicant components of, inter alia, poison ivy.

With a less reactive olefin such as isopropenyl acetate, diazoketone 86 gives only
a low yield of cyclopropane 90; a-acyl enol ether 92, resulting from an intramolecular
rearrangement of the ketocarbenoid, becomes the favored reaction product. If 91
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is not wanted, but a higher cyclopropane yield instead, the diazo compound must
be decomposed by sensitized irradiation 11,

C
n-BuO —— + Me)eLCH=N2 Cu broc:ze /0
MeQ OMe 90 C n-BuO
MeO

Me
OMe
86 87
silica gel HCl/ MeOH
or A
I MeQ OMe
OMe
n-—BuO/EOjY
Me OMe
88

Cu b
n-BuO — _»R%CHNZ—“—T& 0 o\ e
MeO OMe 120 € n-Bu0 - n-BuO
M

R OMe
OMe
= CH3(CHy)yg HC! /MeOH
MeO OH
_Cu bronze Me A R OMe
Aco MeO OMe T esc Aco MeO OMe OMe
as 90 91
{19 %) {57%)
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2.3.2 a,B-Unsaturated Carbonyl Compounds and Nitriles

Diazocarbonyl compounds readily undergo [3 + 2] cycloaddition to electron-poor
alkenes . The 1-pyrazolines thus formed usually tautomerize to 2-pyrazolines if
there is a hydrogen in an a-position to one of the nitrogen atoms; otherwise,
thermally induced ring contraction with evolution of nitrogen to give cyclopropanes
can occur (Scheme 18).

+  RGCH,CH=CHZ
0

REEH y = - RC —'N )

ON, o N* Y_ i z
RC—U and for R,C'(\‘(
o~ 0

Z = CN,COR
Scheme 18

As it is known from experience that the metal carbenes operating in most catalyzed
reactions of diazo compounds are electrophilic species, it comes as no surprise that
only a few examples of efficient catalyzed cyclopropanation of electron-poor alkenes
exist. One of those examples is the copper-catalyzed cyclopropanation of methyl
vinyl ketone with ethyl diazoacetate *®, contrasting with the 2-pyrazoline formation
in the purely thermal reaction (for failures to obtain cyclopropanes by copper-catalyzed
decomposition of diazoesters, see Table VIII in Ref. 6).

Simultaneous occurence of the pyrazoline and carbenoid route is observed in the
presence of bis(campherquinone-a-dioximato)cobalt(I) *, but the cyclopropanes
derived from ethyl diazoacetate and H,C=CHX (X = COOMe, CN) were obtained
only in low yield.

Palladium(II) acetate was found to be a good catalyst for such cyclopropanations
with ethyl diazoacetate (Scheme 19) by analogy with the same transformation using
diazomethane (see Sect. 2.1). The best yields were obtained with monosubstituted
alkenes such as acrylic esters and methyl vinyl ketone (64-85 %), whereas they dropped
to 10-309; for a,B-unsaturated carbonyl compounds bearing alkyl groups in a- or
B-position such as ethyl crotonate, isophorone and methyl methacrylate V. In
none of these reactions was formation of carbene dimers observed. Trans-benzalaceto-
phenone was cyclopropanated stereospecifically in about 50% yield; PdCl, and
palladium(Il) acetylacetonate were less efficient catalysts 3. Diazoketones may be
used instead of diazoesters, as the cyclopropanation of acrylonitrile by diazoacenaph-
thenone/Pd(OAc), (75 % yield) shows 142,

EvenPd(OAc), is not effective in catalyzing the cyclopropanation of o, B-unsaturated
nitriles by ethyl diazoacetate. Instead, vinyloxazoles 92 are formed from acrylonitrile
or methacrylonitrile by carbenoid addition to the C=N bond ¥, Diethyl maleate
and diethyl fumarate as well as “polyketocarbenes” are by-products in these
reactions; the 2-pyrazoline which would result from initial [3 + 2] cycloaddition at
the C=C bond and which is the sole product of the uncatalyzed reaction at
room temperature, can be avoided completely by very slow addition of the diazoester
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COOE?
H,C=CHCR « HcCoogt ~ _FP4lOAcl, z&»v,
5 ¢ o COR
Ny
R yield [%] cis: trans
OMe 85 1:2.2
OEt 64 1:22
Me 76 1:41
COOEt
/Me Pd{OAc} Me
HiC=C + HCCOOE! (OAc,
COOMe N, o CoOMe
yield: 30%
Z:F =1:12
COOET
COPh
P A
Phaoy™ + Hecoorr 2. L
1" b} Ph
0 N
{50%)

a) 40 °C; benzene; EDA added slowly; molar ratio 75 (alkene)/100 (EDA)/1 (catalyst).
b) 0 °C, ether; EDA added slowly; molar ratio not given.

Scheme 19

to the nitrile/catalyst mixture. Vinyloxazoles are also obtained in the Cu(OTf),-
catalyzed reactions; once again, no cyclopropanation of the C=C bond occurs 4%,

R
R Pd (QAc) - ;\
= + HCCOOEt —————_2, "N
C=N N, al )/‘
OEt
92
R = H,Me (30%)

a) Room temp., nitrile as solvent; EDA added slowly; molar ratio 500 (nitrile)/50 (EDA)/1
{catalyst).

Cyclopropanes 93 are obtained in satisfactory yields from both o,B-unsaturated
carbony! compounds and nitriles, when these substrates are allowed to react with
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ethyl diazoacetate or w-diazoacetophenone in the presence of molybdenum hexa-
carbonyl or molybdenum(Il) acetate 14%:1®), Vinylic C—H insertion products 94,
2-pyrazolines 95 and carbene dimers 96 are formed competitively. Only minor
amounts of cyclopropanes were found in the complex product mixtures obtained from
Mo(CO),-promoted reactions with ethyl crotonate or acrolein. Similar results as
with Mo(CO)s and Mn,(OAc), were obtained with V(CO)s and (n°-CsH;),ZrCl,,
whereas Fe(CO), and Mn,(CO),, were somewhat less effective. Rhenium, iridium
and tungsten carbonyls proved to be totally unsuited for cyclopropane synthesis,
favoring high-yield formation of 2-pyrazolines 95.

COR ]!
R 1
RECH o = % o AR . Rrecueuc! .
ONz b4 65 C Z 0 7z
93 9%
z R
i [‘(/ -
RE/(:,(N and /or re N RgCH-CHgR
¢ H 0
95a 9506 96
(for R'= H) cis/ trans
(<10°/o)
R = Ph,OEt cat.: MO(CO)s. MOzioAC)L,V{CO}s.
R'= H,Me (n3-CgHg),ZrCl,. FelCO;

Z = CN,COOMe, COOEt

Furthermore, Rhg(CO), 5, which can be used advantageously for cyclopropanation
of more electron-rich alkenes, furnished only insignificant amounts of cyclopropane
from acrylonitrile or ethyl acrylate and ethyl diazoacetate; from methacrylonitrile
and ethyl diazoacetate, equally low yields of vinyloxazole, cyclopropane and carbene
dimers resulted (Scheme 20) '4%). The use of Rh,(OAc), or [Rh(CO),Cl], as catalysts
did not change this situation.

The relative yields of 93, 94 and 95 in the molybdenum-catalyzed reactions
turned out to be exceptionally sensitive towards catalyst concentration, with different
characteristics for different reaction partners. For example, the following yields of
93, 94 and 95b were obtained when w-diazoacetophenone reacted with acrylonitrile
in the presence of different amounts of Mo(CO),: 46, 2, 50 % (0.2 mol- % catalyst);
68, 3, 289 (1 mol-%); 83, 4, 0% (15 mol-%). In contrast, the yield of cyclopropane

125



Gerhard Maas

COOEt

H Rhg(CO CN
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Me COOEt
Me Rhg(CO} 5%.—=N Me
={ . epa ——1&, o\% . . EtOOCCH=CHCOOEt
CN CN
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{20%) (18%) (22%)
Scheme 20

from w-diazoacetophenone and methacrylonitrile decreases sharply when increasing
the catalyst concentration from ca. 0.1 to 5 mol-%,.

Based on a detailed investigation, it was concluded that the exceptional ability of
the molybdenum compounds to promote cyclopropanation of electron-poor alkenes
is not caused by intermediate nucleophilic metal carbenes, as one might assume
at first glance. Rather, they seem to interfere with the reaction sequence of the uncata-
lyzed formation of 2-pyrazolines (Scheme 18) by preventing the 1-pyrazoline — 2-
pyrazoline tautomerization from occurring. Thereby, the 1-pyrazoline has the oppor-
tunity to decompose purely thermally to cyclopropanes and formal vinylic C—H
insertion products. This assumption is supported by the following facts: a) Neither
Mo(CO), nor Mo,(OAc), influence the rate of [3 + 2] cycloaddition of the diazo-
carbonyl compound to the alkene. b) Decomposition of ethyl diazoacetate is only
weakly accelerated by the molybdenum compounds. ¢} The latter do not affect the
decomposition rate of and product distribution from independently synthesized,
representative 1-pyrazolines, and 2-pyrazolines are not at all decomposed in their
presence at the given reaction temperature.

When the electron demand of «,f-unsaturated carbonyl compounds is weakened
by additional substituents in -position, the double bond returns to normal behavior
as far as cyclopropanation is concerned. Some recent examples, displayed in Scheme 21,
may illustrate this point.

R r?
YT - HECOOE CusO, R?
0 !'\; cyclohexane, reflux X
Me;Si0 2 Me3Sio

R' = Ph, Me, n-Bu, j-Bu, CH,CH,Ph, CgHy,, CHyy  Ref. 117
R? = OEt, i-Bu, f-Bu, CgHy
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0 0
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2 C der 2
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0“"N N, MeQ .~ OMe, reffux 0N
R’ R"
97 Ref. 147
R! R? anti-97 syn-97
Me Me 23 33
PhCH, PhCH, 14 27
PhCH,OCH, Me 7 7
Ph(CH,), Me 40 23
PhCH,OCH, PhCH, 2.5 4

0 0
COOEt
Me“ﬁ HCCOOEt Cu MeNJYW
02é~N 1 MeO._~OMe, A 0,S. e

I *
Me N
Me z
(30 %) Ref.148

Scheme 21

2.3.3 The Question of Allylic C/H Insertion

Alkyl diazoacetates undergo little or no allylic C/H insertion when decomposed
catalytically in the presence of appropriate olefins %314, In contrast, such insertions
occur with diazomalonates or a-diazoketones. From the available facts, the conclusion
can be drawn that different pathways may lead to what finally looks like the
“direct” or “rearranged” allylic insertion product, but convincing evidence for one
or the other mechanism is available only in a few cases. As Scheme 22 shows, the
C/H insertion products 98-100 may arise from one of three major sources:

a) A primarily formed acylcyclopropane may suffer thermocatalytic ring-opening
97.120) (101 — 98) or a thermal 1,5-homo-hydrogen shift 1** (101 — 99).

b) An abstraction/recombination mechanism, giving rise to an intermediate allyl
cation/hydrocarbenoid pair or the corresponding n*-allyl complex 103, may lead
to 99 and 100 3.

¢) Formation of only one new C—C bond between olefin and ketocarbenoid would
create a dipolar intermediate 102 which then could yield both 98 and 99 by
proton transfer. The chance for this pathway to occur increases when X is a cation-
stabilizing substituent, such as the alkoxy group of an enol ether. A diradical
intermediate instead of 102 would not be unlikely a priori, but at least for the
copper-catalyzed diazomalonate reactions, it is excluded by an experiment with
1,1-dicyclopropylethylene, from which only the cyclopropanation product was
obtained. A diradical intermediate (C3H,),C"—CH,— "C(OOR), would have
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revealed itself by spontaneous fragmentation of one of the three-membered
rings 128,150).

Further precursors to 98-100 can be envisaged 55.133) without having been proven
S0 far.. The simple picture of Scheme 22 is additionally compilicated when an olefin
contains two allylic centers instead of one.

R?
L =i
XTN, YKR"
R Ny
MLy
-Nz
RS R3
R' R* R R RL g3
\ 0 \ A
X X o X
R? R2 RZ 0
98 99 100

+ L
-MLp
R3
RS
R} M
\'g 7 Lh-t l)
y 3
RZ
101 102 103

Scheme 22

C/H-insertions have been reported to occur in copper-catalyzed reactions between
diazomalonates and cyclohexene as well as some alkylated derivatives **”). Some
acyclic alkenes behave similarly ¥, but not so 1,1-dicyclopropylethylene '**’. An
abstraction/recombination mechanism via intermediates of type 103 has been pro-
posed **) which would account not only for the three insertion products 104-106
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obtained from l-methylcyclohexene but also for some of the cyclopropane 107,
according to kinetic data.

CHE, E
@ * N2CEZ C'u cnt‘ > * a *+ @ +* yE
CHE,
CHE,
E = COOMe 104 105 106 107
@ + HE*E COOEt
cat.
Etoococ 0CO COOE
(y\cOCOOEt . Of . @
108 109 11
CO COOEt
cat, temp. [°C] yield {%]
108 110 111 110
Rh,(OAc), 125 0 10—
CuCl - P(OMe), 85 42 i5 182
Cu bronze 100 58 3 —

% Oxalate 111 is formed when the reaction is carried out in the presence of air. In that case,
catalytic oxidation of cyclohexene to cyclohexen-3-ol takes place. The alcohol reacts with
ethoxycarbonyl ketene, formed by Wolff rearrangement of the ketocarbenoid. Rhy(OAc), seems to
suppress this rearrangement, whereas it becomes the sole reaction mode in the presence of
[(0®—C;H;)PACI], as well as Ag,0 126,
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Whereas this mechanistic proposal seems reasonable and no reason can be seen
why it should not be cited to explain the allylic C/H insertion product from
cyclohexene, other cases exist where cyclohexene is not the best substrate to distinguish
between this and one of the other alternatives of Scheme 22.

For example, reaction of ethyl diazopyruvate with cyclohexene in the presence
of rhodium 1?® or copper !!312 catalysts furnishes, besides the 7-exo-substituted
norcarane 108, a small amount of 110, which may arise either from allylic insertion
or from the 7-endo-substituted norcarane 109 by a thermal 1,5-homo-hydrogen shift.

In order to distinguish between these alternatives the reaction was repeated with
4--butyl-1-methylenecyclohexane 12%). In this case, cyclopropane 112 and a smail
amount of 113 were obtained from the Cufacac),-catalyzed reaction at 80 °C, but
not product 114 which would result from direct allylic C/H insertion. 112 rearranges
thermally to give 113 by a 1,5-homo-hydrogen shift. It seems, therefore, safe to say
that the small amount of olefin 110 formed in the reaction with cyclohexene also
arises from a 1,5-homo-hydrogen shift of the non-isolated cyclopropane derivative
109, which has the right geometry to realize the six-membered transition state of such

a rearrangement.
COCOOEt COCOOEt
5 .’

112 113
{45%)
| 190 °C /15 min J
Cu(acnc)2
+ HCCOCOOEt - 82%
ll\'l benzene, 80 C
2
e COCOOEt
114

The question as to whether enol ether 72, the “insertion product” derived from
diethyl diazomalonate and 1-methoxycyclohexene, has a similar origin or arises
from a dipolar intermediate of type 102, has already been discussed (Sect. 2.3.1).
Interestingly enough, only one formal C/H insertion product was reported in that
case, rather than three as in the reaction with 1-methylcyclohexene.

A 1,5-homo-hydrogen shift also accounts for the formation of olefin 116 from

130



Transition-metal Catalyzed Decomposition of Aliphatic Diazo Compounds

the CuSO,-catalyzed reaction of methyl diazopyruvate with cis-2-butene 2. The all-
cis-cyclopropane 115 rearranges quantitatively to 116 under the work-up conditions.

=/ . HC CO COOMe
N,

Cu SO, | benzene, 75°¢C

. l €O COOMe l"\L
+ +

coom
CO COOMe ° )

115

135°¢
{work-up by GC}

X
COCOOMe

116

Allylic C/H insertion accompanied by an allylic rearrangement has been observed
for carbenoid reactions of ethyl diazoacetate with allylamines (Scheme 23) !5V,
Apparently, metal-catalyzed isomerization 117 = 118 preceeds the C/H insertion
process. Although mechanistic details have not yet been unraveled, n3-allyl complexes

RzNW + EDA -——E—o'——-—.—. RZN N + RZN NS
benzene, 20 C 7(\ \r\

CH,COO0Et
17
catalyst yield [ %]
Cu(acac), 55 26
P(OAn);/AIEL,/(1:2:4)
Rh,(OAc), 38 12

An = C¢H,—4—-OMe.
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Cu catalyst as above 3 15 2
Rh,(0Ac), 19.5 1.3 1.2
RN oo RoN >
LnMCH,COOEt LnMCH,COOEt
119 120
RoN CH,COOEt
RN~~~ + EDA — wV\
as above ~
122 (20 %)

A\
R2N = N 0

Nt
Scheme 23

119 and 120 were assumed to participate in the insertion step. However, a look at the
product pattern obtained from 117 and 118 (compare the yields of 121 which is the
“unrearranged” insertion product from 117, but is only formed as the rearranged
insertion product from 118) leads to the conclusion that the transformation 118 — 121
follows a pathway which is different from the sequence 118 — 117 — 119 — 121.
When a second, non-activated double bond !%) is present in the allylamine, cyclo-
propanation can still not compete with allylic insertion, as the example of 122 shows.

2.3.4 Allyl Halides, Sulfides, Amines, Acetals and Dithioketals

Interaction of carbenes or carbenoids with heteroatoms may lead to reactive ylide
intermediates which then undergo rearrangement to stable products. If the heteroatom
occupies an allylic position, a [2,3] rearrangement may be one of those processes,
siphoning off the carbenoid and creating a serious competition to the cyclopropanation
reaction. Carbenes generated photochemically or strictly thermally do not discriminate
efficiently between these two reaction paths, and practical application of ylide genera-
tion, until very recently, has been restricted to copper-catalyzed reaction of diazo-
esters with thioethers 1*>1%), The scope of ylide formation, the influence of catalysts
on the ylide/cyclopropane ratio and the mechanistic pathways have been investigated
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in greater detail by Doyle’s group !**'*%); some results are presented in the
following.

Allyl halides *>*. The competition between insertion product 123 and cyclopropane
124 depends on the halogen atom and on the catalyst. In the presence of Rh,(OAc),,
no cyclopropane 124 at all is obtained from allyl iodide, but mainly cyclopropane

X COOEt
b= cat.
“\x *+ EDA —S—e ~Acooer &—x
123 124
X  catalyst 123 + 124 % 123:124
Cl Rh,(OAc), 95 0.05
CuCl - P(O-i-Pr), 86 0.73
Cu bronze 23 0.22
Br Rh,(OAc), 76 0.40
CuCl - P(O-i-Pr), 49 5.8
Cu bronze 56 7.8
I Rh,(DAc), 98 (only 123)
* Conditions: 0.5 mol % of catalyst; five- to tenfold molar excess of
allyl halide.
Me Me Me
L—\ + EDA -f—a—t—"--b F + %1 +
Br Br ™ COOEt Et00OC ™ Br
125 126
Me
Br,/A""COOEt + BrCH,COOEt
127 128
catalyst temp. [°C] total yield [ %]° relative yield
(125-128)
125 126 127 128
Rh,(OAc), 25 77 67 0 33 <1
50 26 17 13 16 54
Cu(acac), 25 61 43 45 7 5
50 31 40 47 5 8
CuCl - P(O-i-Pr), 25 68 32 53 6 9
50 13 39 39 6 16
Cu bronze 25 67 34 52 7 7
50 50 28 29 4 39

® Carbene dimers are obtained additionally (<8°%).
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results from allyl chloride. The use of copper catalysts greatly promotes product
123, which is derived from a [2,3] sigmatropic rearrangement of an intermediary
halonium ylide. As the nucleophilicity of the halide decreases in the order allyl iodide,
bromide, chloride, the different product ratios can be taken as reflecting the electro-
philicity of presumed metal carbene intermediates. According to this, copper carbenes
should be more electrophilic than rhodium carbenes. Furthermore, as the product
ratio 123:124 is rather similar for the homogeneous copper catalysts and copper
bronze, the copper carbenes generated in both cases should be very similar as
well,

In contrast to ethyl diazoacetate, diethyl diazomalonate reacts with allyl bromide
in the presence of Rh,(OAc), to give the ylide-derived diester favored by far over
the cyclopropane (at 60 °C: 93:7 ratio). This finding bespeaks the greater electrophilic
selectivity of the carbenoid derived from ethyl diazomalonate. For reasons unknown,
this property is not expressed, however, in the reaction with allyl chloride, as the
carbenoids from both ethyl diazoacetate and diethyl diazomalonate exhibit a similarly
high preference for cyclopropanation.

R' R2
12 R3 R3
LaM=CR'R® = —_—
X X

R3Y R3 R*
o — 3= - —
o = O e o L HeRR?
@ o LpM 12 =MLy !
LnM—,C\"X Cl‘,RR X
R R? X
129 130
-M -MLy, ~MLp
R3 R3 R3
..\’=> {2‘3] I*\ \/l
1 2@@ R! X X R!
R'R%c-X R? Q2
131 132 133

Scheme 24
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The reaction of crotyl bromide with ethyl diazoacetate once again reveals distinct
differences between rhodium and copper catalysis. Whereas with copper catalysts,
the products 125 and 126, expected from a [2,3] and a [1,2] rearrangement of an
intermediary halonium ylide, are obtained by analogy with the crotyl chloride reac-
tion 1322 the latter product is absent in the rhodium-catalyzed reaction at or
below room temperature. Only when the temperature is raised to ca. 40 °C,
126 is found as well, together with a substantial amount of bromoacetate 128. It
was assured that only a minor part of 126 arose from [2,3] rearrangement of an
ylide derived from 3-bromo- 1-butene which is in equilibrium with the isomeric crotyl
bromide at 40 °C.

A mechanistic picture which reconciles the experimental results is given in
Scheme 24. It is assumed that both the heteroatom and the double bond of the
allyl halide compete for an electrophilic metal carbene. Heteroatom attack yields a
metalated ylide 129, which may go on to ylide 131 by demetalation and/or to allylmetal
complex 130. Symmetry-allowed [2,3] rearrangement of 131 accounts for product
132, and metal elimination from 130 gives rise to products 132 and 133, corresponding
to {2,3] and [1,2] rearrangement, respectively, as well as haloacetate (if R> = CHZ).

The Rh,(OAc),-catalyzed reaction between crotyl bromide and ethyl diazoacetate
at or below room temperature follows the pathway 129 — 131 — 132 exclusively.
At higher temperature, when ethyl bromoacetate and increasing amounts of the
[1,2] rearrangement product 126 are found additionally, the 129 — 130 — 132 + 133
route becomes a competing process. With copper catalysts, this situation may be
applicable at all temperatures, but it has been suggested that the route via complex
130 operates solely, when copper bronze is the catalyst 159,

The Cu(acac),-catalyzed decomposition of 6-diazopenicillanates 134 in the presence
of allyl bromide furnishes the rather labile 6a-allyl-6B-bromopenicillanate 135 via
the ylide pathway discussed above %9,

'//
1l H
= .S

N2 tl S Cu (acac) Bres—F
* /\/ Bf ....—...—....-...2—’
FN< 2 PR
2 z
COOR COOR
134 135
R = CH,CCl,

Allyl sulfides and allyl amines. Rhodium-catalyzed decomposition of ethyl diazo-
acetate in the presence of these allyl compounds generates products 136 and
137, respectively, derived from [2,3] rearrangement of an S- or N-ylide intermediate,
besides small amounts of carbene dimers '*®. No cyclopropane and no product
resulting from the ylide by [1,2] rearrangement were detected. Besides Rhy(OAc),
and Rhg(CO)y6, the rhodium(]) catalysts [(cod)RhCI], and [(CO),RhCl], were found to
behave similarly, but yields with the only allyl amine tested, CH, =CH—CH,NMe,,
were distinctly lower with the latter two catalysts. Reaction temperatures are higher
than usually needed in rhodium-promoted diazoalkane decomposition, which is
certainly due to competition between the diazo compound and the allylic hetero-
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atom substituent for coordination to the metal. The high-yield formation of homo-
allyl methyl sulfide 136 parallels the results obtained in copper-catalyzed reactions 32,
whereas small amounts of the cyclopropanecarboxylate were formed additionally
upon photochemical decomposition of the diazo compound 132,

A~ SMe » EDA 20l 2 [2.] A
z + —— _ —_—
g0°c Et00CHC" oM Et00C” " SMe
e
136
(96 %)

1

R R
M ‘3
R‘\|4\,NM92 + EDA — "+ R’W\N L sz
i EtOOCHC g e H7~ NMe,
R e E100C

R' R®  yield [%] of 137 137
(2 diastereomers)

H H 60
Me Me 37
Me H 79
Ph H 59

Optimized reaction conditions: 0.5 to
1.0 mol%, of catalyst; olefin:EDA
molar ratio 5-10.

Contrary to the allyldimethylamines, the less nucleophilic 1-morpholino-2-butene
117 and 3-morpholino-1-butene 118 do not yield products derived from an inter-
mediary N-ylide; rather, allylic C/H insertion products were isolated (see Sect.

2.3.3) 10,
Vedejs has used the [2,3] rearrangement of an intermediary S-ylide for the

5 s
Cu @ g
S + NCICOOMel, — 2 . C/( a
2 ? S-CICOOMel, | = QCOOM"

S ‘cooMe

138 139
{53%)
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three<carbon ring expansion 138 —» 139 156157 Initiating the reaction by copper-
catalyzed decomposition of ethyl diazoacetate or diazoketones obviously was less
efficient than in the case of dimethyl diazomalonate, since the yield of the
thiacyclooctene dropped to 15 and 0%, respectively. In these cases, non-carbenoid
routes to the intermediary S-ylide had to be taken.

[2,3] Rearrangement of an intermediary S-ylide is the key step of a synthesis of
142 from the 6-phenylthiomethyl-2-pyrone 140 and ethyl diazoacetate in the presence
of a catalytic amount of Cu(acac), **®). The primary rearrangement product 141 is
smoothly isomerized to 142 by treatment with silica gel.

OMe OMe
R S R
SN Culacacl, EtOOCHC A [2,3]
phs M + BDA ———e s —
o<p toluene, 0 C Ph’@ "0
140
Et0O0OC OMe o EtO0C OMe
Phsjr\\lER H {sitica gel ) phS)ﬁR
0" "0 070
141 142
R=H: 41%
R = Br: 40%

Ashas been described for allyl bromide (see preceding paragraph), allyl sulfides and
allyl phenyl selenide react with 6-diazopenicillanates 134 under Cu(acac), catalysis to
give the products of ylide formation and subsequent [2,3] rearrangement 135159,
Both C-6 epimers are formed. The yields are better than with BF, - Et,O catalysis,
and, in contrast to the Lewis acid case, no 6a-monosubstituted (RS or RSe) penicilla-
nate is observed.

Allyl acetals *>*). Allyl ethers give no or only trace amounts of ylide-derived
products in the Rh,(OAc),-catalyzed reaction with ethyl diazoacetate, thus paralleling
the reactivity of allyl chloride. In contrast, cyclopropanation must give way to the
ylide route when allyl acetals are the substrates and ethyl diazoacetate or dimethyl
diazomalonate the carbenoid precursors.

In addition to cyclopropane 145 and the expected [2,3] rearrangement product
143 of an intermediary oxonium ylide, a formal [1,2] rearrangement product 144
and small amounts of ethyl alkoxyacetate 146 are obtained in certain cases.
Comparable results were obtained when starting with dimethyl diazomalonate.
Rh,(CF,COO0), displayed an efficiency similar to Rh,(OAc),, whereas reduced yields
did not recommend the use of Rh,(CO),, and several copper catalysts. Raising the
reaction temperature had a deleterious effect on total product yield, as had
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already been the case with allyl halides '*¥, but the (143+ 144)/145 ratio remained
rather constant.

R! R!
pry + EDA RhZIOAc)L Rzo - !
_"halBAe), = CH-CH-CH-
CHIOR?), 25°¢ ~ CHECH-CH ?H COOEt
OR?
%3
R! R’
AN ‘ é
CH-CH-CODEt  (R20),HC COOE
R20 OR?
144 %5
. R?OCH,COOEt
146
R! R? total yield [%] relative yield
(143-146) 143 144 145 146
H Me 60 75 0 23 2
H Et 78 2 0 4 9
H —(CH),— & 61 24 15 <1
Ph  Me 62 718 10

Assuming a reactive oxonium ylide 147 (or its metalated form) as the central
intermediate in the above transformations, the symmetry-allowed [2,3] rearrangement
would account for all or part of 148. The symmetry-forbidden [1,2] rearrangement
product 150 could result from a dissociative process such as 147 — 149. Both
as a radical pair and an ion pair, 149 would be stabilized by the respective
substituents; recombination would produce both [1,2] and additional [2,3] rearrange-
ment product. Furthermore, the ROH-insertion product 146 could arise from 149.
For the allyl halide reactions, the [1,2] pathway was envisaged as occurring via allvl
metal complexes (Scheme 24) rather than an ion or radical pair such as 149. The
remarkable dependence of the yield of [1,2] product 150 on the allyl acetal
substituents seems, however, to justify a metal-free precursor with an allyl cation or
allyl radical moiety.

For the Cu(OTf),-promoted reaction between ethyl diazoacetate and cinnam-
aldehyde dimethyl acetal, products 143-145 account for only 35% the total yield.
C/C and C/H insertion products 151 and 152 are obtained additionally in 49 and
14 yield, respectively *5%. It was assumed that the copper compound acts through
Lewis-acid catalysis here, just as it is believed to do when orthoesters are used
as substrates 9. According to this, catalyst-induced formation of a methoxy-
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carbenium ion from the acetal would be followed by addition of the diazoester to
give 153, which then could go on to the products by N, loss, rearrangement and
methoxide addition.

R‘
— Q!
(l:H"oRz [2;3] \r‘} CHORZ
E-HC-OR? ECHOR?
eye)
%7 148
R‘\/\ 2 Rt\/\ 2
7 CHOR “ ™ CHOR
3) —_—— ! )
ECHOR
®
E-CHOR?
%9 150
E = COOEt
Ph WCOOEt Ph %Y\COOEt Ph \g\({HOMe
CH(OMe), MeO OMe N, —CH COOEt
151 152 153

Allyl dithioketals ') By analogy with simple allyl sulfides, rhodium-catalyzed
decomposition of ethyl diazoacetate in the presence of allyl thioketals 154 and
157 gives rise to intermediary sulfur ylides which are “trapped” by a [2,3}
sigmatropic rearrangement. As cyclic dithioketals are used, this reaction constitutes
a three-carbon ring expansion (154 — 155 and 157 — 158/159). Intramolecular
proton abstraction at the ylide stage is responsible for butadienes 156 and 160. No
products stemming from a [1,2] rearrangement were detected and cyclopropanation
products derived from the allyl dithioketals were also absent.

Olefins analogous to 158 and 159 were also isolated from the CuSO,-catalyzed
decomposition of ethyl diazoacetate in the presence of 2-isopropenyl-2-methyl-
1,3-dithiane (total yield 56, E:Z = 4:1); a butadiene was absent from the reaction
mixture '°). With dimethyl diazomalonate instead of ethyl diazoacetate, only the
Z-olefin resulting from a [2,3]-sigmatropic rearrangement of the corresponding sulfur
ylide was obtained in 369, yield '°". When the same procedure was applied to
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/ N\ SN
d % 4+ Hocoogr Bh2fAck ST s . 87 s ™cooet
7}_ N, soc Mcoest H
154 155 156
(1541 : [EDA} = 411 (34 %) (58°%)
COOEt
(M > s
TV womecooet =2 o [ cooet L [ o)
7<_ N,
157 158 159
(54 %) {21°%)
S8 COOE
N
160
11571 : [EDA] = 5:1 (22%)
R1
N 2
C - COOR
S—/_ 7 @S{—j
s
Cus0O s
+  RICCOOR? Sdulitn I
(CHz)w N2 (CHz)w
161
R R' COOR?
QK}‘{“COORZ s
(—J——\-‘S +  [CHyly J
s QCHz)w S
162 163
R! R? conditions 162 + 163[%] 162: 163
H Et benzene, 55-60 °C 58 4:1
COOMe Me toluene, 100110 °C 71 5:1
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spirocyclic allyl dithioketal 161, “‘betweenanenes” 162 and their Z-isomers 163 were
produced 16V,

2.3.5 Allyl and Other Unsaturated Alcohols

Competition of the double bond and the O—H function in an unsaturated alcohol
for a ketocarbenoid invariably results in favor of the O/H insertion product,
but cyclopropanation can be promoted to a certain extent by correct choice
of the catalyst 1. Thus, the following yields of ether 164 vs. cyclopropane 165
and cyclopropane-derived y-lactone 166 were reported for Rh,(OOCR),-catalyzed
reaction of allyl aicohol with ethyl diazoacetate: R = Me: 164(165 + 166) = 66/15%,;
t-Bu: 46/19; n-C;H ,: 63/14; CH,OMe: 46/11; CF;: 64/6; CH,,: 63/16; C/F;:
62/19; ferrocenyl: 66/34; l-adamantyl: 53/17; OOCR = L(+)-2-(tetrachlorophthali-
mido)propionato = 62/32. No general trend concering the selectivities of different
diazoesters (methyl, ethyl or z-butyl diazoacetate) in the presence of a given rhodium
catalyst could be detected. It may be true, however, that the combination of r-butyl
diazoacetate with a more lipophilic rhodium carboxylate gives the best yields of
cyclopropanes 12,

Rh ,{O0CR}
— + —2a 0 _ COOEt COOEt
_k OH EDA 22 .C 4\, ~ + (A/
OH
164 65

’/A\ -EtoH
. COOEt — EX:O

HO Y

166

molar ratio: 5000 (alcohol) / 300 (EDA} / 1{catalyst)

Copper(Il) triflate is quite inefficient in promoting cyclopropanation of allyl
alcohol, and the use of s-butyl diazoacetate [164/(165+166) = 97/3%] brought no
improvement over ethyl diazoacetate (67/6 %) '°2. If, however, copper(]) triflate was
the catalyst, cyclopropanation with ethyl diazoacetate increased to 309 at the
expense of O/H insertion (55%). As has already been discussed in Sect. 2.2.1,
competitive coordination-type and carbenoid mechanisms may be involved in cyclo-
propanation with copper catalysts, and the ability of Cu(l) to coordinate efficiently
with olefins may enhance this reaction in the intramolecular competition with O/H
insertion.

Olefinic alcohols other than allyl alcohol display a preference for O/H insertion
which is quite similar to that of the latter and rather independent of the
particular compound %%, Relative reactivity studies show, however, that an allylic
O—H bond reacts faster than a non-allylic one, and that steric hindrance slows
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down the O/H insertion 2. With Cu(OTf), as catalyst, the yield of O/H insertion
is generally lower than with Rh,(OAc),, but the cyclopropane yield remains at a
consistently low level, too.

Exclusive O/H insertion takes place in the Rh,(OAc),-catalyzed reaction of
diethyl diazomalonate with o,B-unsaturated y-hydroxyesters 167a~c '¥. This is not
surprising in view of the reluctance of electrophilic metal carbenes to add to electron-
poor double bonds (see Sect. 2.3.2). However, the more electron-rich double bond of
p-methoxybenzyl clavulanate 168 also cannot compete with the O—H function for
the same carbenoid 4. The steric situation at the trisubstituted double bonds of
167 and 168 may be reason enough to render an attack there highly unfavorable as
compared to the easily accessible O—H function, no matter how nucleophilic the
double bond is.

COOMe COOMe
R
. NC(COOMe), t2l0Ack
="~ OH benzene, " OCHICOOMel,
R 65 - 70 °C H
167a: R = OMEM {75%s)
1676: R = NHCOOf-Bu (= 94%)
COOMe COQ0Me
+ N,CCOOMe)y —— @\
S OH ™ OCH(COOMe),
0’ 0
167 ¢ (82%s)
Rh,{0Ac) OjngOOR
\o):(CHZOH . NCICOOMel, — 2t e o
Ny MeD ~~- OMe, 5
0 : .
COOR 80°C

168

R = CH2—©_ OMe
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2.4 Intramolecular Cyclopropanation

This topic has been treated in an extensive review, covering the literature up to
1977 ', In several hundred cases, copper-catalyzed decomposition of unsaturated
a-diazoketones or diazoesters has given access to bicyclic and polycyclic molecules !
%, The cyclopropane moiety formed by this intramolecular carbenoid-to-olefin
addition was often used for further transformations, such as thermal rearrangement,
acid-catalyzed or nucleophilic ring-opening and hydrogenolysis. The methodology
being well developed, olefinic a-diazocarbonyl and a-diazophosphoryl compounds
continue to be used, inter alia, for the construction of strained small-ring compounds
as well as non-trivial cyclic natural products; intramolecular cyclopropanation start-
ing with a vinyldiazo unit has also been reported (Table 10).

Danishefsky has shown that for the intramolecular transformation 169 — 170
stereocontrol at C-4 of the bicyclo[3.1.0] system is possible because of the bulky nature
of the phthalimido group (NPht)!™. Steric hindrance between NPht and the
OCH,THP group, which is directed into the endo-position in the bicyclic product
because of stereospecific cyclopropanation, favors the transition state leading to 170
(NPht in the exo-position) rather than the one leading to 171. Although the buttressing
effect of the OCH,THP group is absent in the trans-1,2-disubstituted olefin, there is
still a high preference for the exo-NPht C-4 epimer. Further reduction of stereo-
control is observed if a methylene group is placed between the chiral allylic carbon
and the ester oxygen atom, thus allowing for a more flexible transition state leading
to a bicyclo[4.1.0] system (see Table 10 for examples).

0

COOMe 0 OCH,THP
Cu 2pd
PhtN N, —— = OoHIX
S—0CH,THP A TYs COOMe
NPht
169 170
R H
0 X
M SH
R! R? OJ\(COO e H < g o R?
H Rl Mo T N
OH -~ S 2 — e QgH H
COOMe R 8[ oK
o) H H o0 COOMe R!
171 170

R' = NPht, phthatimido;
OCH,THP (THP = tetrahydropyranyl)

ps]
~
"
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Intramolecular cyclopropanation of [(7 H-benzocycloheptene-7-yl)diazomethyl}-
diphenylphosphinoxide 172 represents the first synthesis of a benzo-annulated
octavalene (173) '*9. Not unexpectedly, carbenic rearrangement products 174 and

175 are also formed.

R
© H Cutacacl, ©6/ @ C R
T * o
-C|R benzene, 80 C " H

N,
172 173 174
R = POPhy {50%}) {15 %)
o@s
175
{not isolated purely)
R
@ © Cu(ocuc)2 “"
R —— E )
toluene, 110 °C © © © ©
|
H CR
N, H R
176 177 178
R
179
176-179 R % 177 % 178 % 179
a POPh, 5 _ 76
b PO(OMe), mn _ 9
¢ PO(Ph)Me 15 — 52
d COOMe ~30 — ~46
e COPh ~30 - 44
S COr-Bu — 78 -
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5-(Diazomethyl)-5 H-dibenzo[a,d]cycloheptenes 176a-f are somewhat more stable
towards copper-catalyzed decomposition than 172. In refluxing toluene, competitive
cyclopropanation, yielding dibenzosemibullvalenes 177, and ring enlargement to
dibenzo[a,elcyclooctenes 178 occur for 176a-e, but exclusively dibenzoheptafulvene
178 is obtained from 179f 8. For the phosphoryl-substituted diazo compounds
176a-¢, the yields of cyclopropanation very inversely with the steric demand of the
phosphoryl substituent, and an analogous correlation may be inferred from the results
in the carbonyl series 176d-f.

Intramolecular cyclopropanation of 1,3-dienic diazoketones and diazoesters
(180 — 181) has been known for some years, but this transformation was revalorized
only recently by demonstrating that the resulting bicyclo[n.1.0]-alkanones can be put
to good use for further synthetic steps (Scheme 25): Regioselective nucleophilic
ring-opening by thiophenolate paves the way into the prostaglandin area, with the
possibility of stereoselective introduction of a hydroxyl group at C-15 by a [2,3}
sigmatropic allyl sulfoxide rearrangement. The keto function in 181 gives access to a
6-viny! bicyclo[3.1.0Jhex-2-ene — bicyclo[3.2.1]Jocta-2,6-diene rearrangement via the
silyl enol ether. Finally, the vinylcyclopropane unit for 181 can undergo thermal
ring enlargement to the cyclopentene, so that a two-step intramolecular cyclopentene
annulation sequence starting with the diazo compounds is available. Examples of all
these procedures are given in Table 11. All cyclopropanations occur stereo- and
regiospecifically. By analogy with open-chain olefinic diazocarbonyl compounds, the
reaction works best when a bicyclo[n.1.0lalkane with n = 3,4 can be constructed:
2-Oxo-5-vinyl-bicyclo[2.1.0]pentane was obtained only in trace amounts from the
diazo precursor, while, on the other hand, 2-oxo-8-vinyl-bicyclo[5.1.0Joctane resulted
from 10-diazo-1,3-decadiene-9-one in unreproducible yields (20-91 %) 89

o
N2 .
R! cat X 2
W\(CHZ}/X\I(U\RZ Lat ~ R
n o} - Ny {CHyl
180 181
R%= COOMe x=CHy, n=1
X=CH, , n=1 n=1 500-600 "C
Phs® 1) RySiCt
2} A
2pt
o ,COOMe o8
wR! X
R! R3Si0 /2
~ Rz
SPh
X = O, CH2
n=12

Scheme 25
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1t is notable that Table 11 contains examples of intramolecular cyclopropanation
of an acrylate. It was found that Cu(acac), was not an efficient catalyst for this
transformation; cosiderable improvement was achieved by using catalytic amounts
of Cu(acac), and excess CuSQ, %8’ A similar observation was made with (2,4
pentadien-1-yl)diazoacetates or diazomalonates **),

The dominant role of the traditional copper catalysts, generally used under
heterogeneous conditions, has not been challenged as yet. Only a few reports
shed light on the efficiency of alternative catalysts. Copper(ll) triflate allows
high-yield intramolecular cyclopropanation of y,5-unsaturated diazoketone 182 15%;
it is superior to CuSO, (53% yield '*®) or Rh,(OAc), 7. The solvent is crucial
for an efficient conversion: If the reaction is carried out in ether, the solvent competes
with the double bond for the electrophilic metal carbene to give 184, presumably via
an oxonium ylide intermediate,

0 cat, rt. CH, OEt
O, o= (D - Q7Y

CH=N,
182 183 184
catalyst solvent % 183 % 184
Cu(OTf), CH,NO, 9% —
Et,0 48 10
Rh,(OAc), CH,NO, 36 o
Et,0 24 18

Products of a so-called vinylogous Wolff rearrangement (see Sect. 9) rather

than products of intramolecular cyclopropanation are generally obtained from
B,y-unsaturated diazoketones '°¥, the formation of tricyclo[2.1.0.0*°]pentan-3-ones
from 2-diazo-1-(cyclopropene-3-yl)-1-ethanones being a notable exception (see
Table 10 and reference !?). The use of Cu(OTHf), does not change this situation for
diazoketone 185 in the presence of an alcohol ***. With Cu(OTY), in nitromethane,
on the other hand, A3-hydrinden-2-one 186 is formed 6. As 186 also results from the
BF, - Et,O-catalyzed reaction in similar yield, proton catalysis in the Cu(OT1),-
catalyzed reaction cannot be excluded, but electrophilic attack of the metal carbene
on the double bond (Scheme 26) is alsc possible. That Rh,(OAc), is less efficient for
the production of 186, would support the latter explanation, as the rhodium carbenes
rank as less electrophilic than copper carbenes.
Nickel(II) acetylacetonate has been recommended as a very efficient homogeneous
catalyst for intramolecular cyclopropanations for unsaturated diazoketones 7!,
The yields were better than with activated CuO as catalyst (see Table 10 for
examples). The authors of this study seem to combine routinely thermocatalytic with
photochemical (tungsten lamp) decomposition of the diazoketones. The benefit of
this procedure (higher yields, shorter reaction times) has been communicated in the
CuO case, but not for the Ni(acac),-catalyzed reaction.

The choice of the catalyst is crucial when it comes to competition between
intramolecular cyclopropanation and intramolecular carbonyl ylide formation by a
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Transition-metal Catalyzed Decomposition of Aliphatic Diazo Compounds

q/ Cul0Tf)y Q/\{/o CuloTH), C©=O
C00n-Bu - BuOH CH=N, CH4NO,,

25°C
185 186
(59 %)

| l
‘ |

0O @

O Lo Chm
CH=Culp %
Scheme 26 H H Culp

ketocarbenoid. From diazoketone 187, the cyclopropane 188 is formed with high
selectivity in the presence of palladium-based catalysts, whereas CuCl - P(OMe);
and Rh,(OAc), promote the carbonyl-ylide pathway leading to 189 with opposite
selectivity 1°*). The result of thermal decomposition of 187 resembles that obtained
with the latter two catalysts. The different activity of the given catalysts is in line
with the ideas developed to explain their different efficiency in olefin cyclopropanation
(see Sect. 2.2), according to which metal-to-olefin coordination is the decisive factor in
the palladium-promoted cyclopropanation. Doyle’s alternative explanation of cata-
lyst-dependent regioselectivity in cyclopropanation reactions, considering charge
separation in the transition states as the differentiating factor (see Sect. 2.2.2), is

0
EtOOC
— L\‘&V {exo ! endo)

0
EtOOC:C)LCH:Nz cat. 188
H -Ny
. N\
etw0 20 Eto 0
167 — /:)/_Z'_e —_— /J_z
% 0 % 0
189
catalyst temp. [°C] % 188 % 189
[;®—C,H,)PdCl], 25 53 3
Pd(OAc), 25 53 <l
Cul - P(OMe), 25 3 35
Rh,(OAc), 25 i 58
none 80 15 54
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5 Me O Et0oc O
[(n3-cyHgiraci], Emoc”w Me"w
et +
benzene, 5-10 C
o)
. Me
Et0~ "0
EtOOC.“ChzN, | (26 : 17 : 35)
Me’ \/’\;_
190
Rh,{OAc), [3+2]
ether, . t,
Me/%é Eto0C_ O
+ . Me
cto %o +Y
{43°%) (26°0)
o o
PN /U\CH:N;, CuCt - PIOER ), COCH=N, .
s sttt
A~ \H/CH:Nz benzene, 1.t. 0 -Ny
0
191

192
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applicable to the selective formation of 188 and 189 also: Palladium carbenes tend to
be involved in transition states with little charge separation (cyclopropanation) whereas
the opposite is true for rhodium carbenes which therefore favor the carbonyl! ylide
pathway.

The distinction between Pd and Rh catalysts was also verified for diazoketone
190. In this case, the carbonyl ylide was trapped by intramolecular [3 + 2] cycloaddition
to the C=C bond **. Decomposition of bis-diazoketone 191 in the presence of
CuCl - P(OE?), or Rh,(OAc), led to the pentacyclic ketone 192; most remarkably,
one diazoketone unit reacted by cyclopropanation, the second one by carbonyl ylide
formation *¥. With [[®?-C,H,)PdCI],, a non-separable mixture containing mostly
polymers was obtained, although bis-diazoketones with one or two allyl side chains
instead of the butenyl groups underwent successful twofold cyclopropanation *°9,

2.5 Optical Induction in Cyclopropanation Reactions

Enantioselective carbenoid cyclopropanation can be expected to occur when either
an olefin bearing a chiral substituent, or such a diazo compound or a chiral
catalyst is present. Only the latter alternative has been widely applied in practice.
All efficient chiral catalysts which are known at present are copper or cobalt(II)
chelates, whereas palladium complexes 8 proved to be uneffective. The carbenoid
reactions between alkyl diazoacetates and styrene or 1,1-diphenylethylene (Scheme 27)
are usually chosen to test the efficiency of a chiral catalyst. As will be seen in the follow-
ing, the extent to which optical induction is brought about by enantioselection either
at a prochiral olefin or at a prochiral carbenoid center, varies widely with the chiral
catalyst used.

Ph  COOR Ph
PhCH=CH, + HECOOR — *\V/" * *V*‘coore
N,
Ph COOR
Ph,C=CH, +  HCCOOR — Ph>V/‘r
N,
Scheme 27
*
PhCHMe
H
C=N /0
o— | P-cucl @ Cu, @
0~ "N=C
3 | H
PhCHMe
*
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bornylp?;)sphite)copper(l) chloride 193 °® or the chiral copper chelates (R)-194 and
(@-194 f, but the optical yields of 2-phenylcyclopropanecarboxylates were rather
discouraging (3% with 193, 6%/ with 194).

R' H R2
o™
0,Cu-O

195

=3 R?
Q-n-CgHyy
195a Me
{=38)
0-n-Bu
1956  Me —z(:)i
O'ﬂ-C')H 15
195¢c  PhCH, —Q
O-—n—C 7H 15
195d

Table 12. Asymmetric cyclopropanation by 195a-catalyzed decomposition of [-methyl diazoacetate

in olefins>®

olefin catalyst cyclopropane

configuration®

cis/trans % eel
cis trans

styrene R 14/86 (+)54 (+)69

S 18/82 (—)78 (—)81
1-octene R 17/83 46 (+)76°

S 22/78 64 (—)84°
trans-octene R (+)82

S (—)84
trans-anethole R 9/91 44 (+)81

S 12/88 60 (~)89
1,1-diphenylethylene R (+)75¢

S (—)64°
a-methylstyrene R 40/60 86 68

S 36/64 68 58

a From Ref %V; ® No experimental details given; ° (R)-195a is dextrorotatory; 4 Determined
by direct GC analysis of the [-menthyl cyclopropanecarboxylate if not stated otherwise; © Determined
by GC analysis of the 4-2-octyl cyclopropanecarboxylate.
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Considerable improvement was achieved with binuclear copper(Il) chelates of type
195 whose ligands are derived from salicylaldehyde and an optically active amino
alcohol 1-92),

From a variety of differently substituted compounds, best results were obtained
with the catalysts 195a—c; in combination with /-methyl diazoacetate and monoolefins,
cyclopropanes were obtained with a relatively high trans/cis ratio and enantiomeric
excesses of 44-89 % (Table 12). The absolute configuration at the catalyst’s chiral
center determines the enantioselectivity for both diastereoisomers.

Ph H Ph D H P 0o
_ b H

»=( + DCCOOR b)-195d X .
D D &2 cyclohexane, 67°C D'V D D D

COOR D
(+)-trans-196 (+)-cis - 196
(88 :12)

optical purity: 90% 0%

(1S, 25,3S8)

Ph D
- h
— . DE COOR (+)-195d . P . Ph>v<COOR
N, cyclohexane, 74 *C H H D

COOR

{+)-trans-197 (+)-cis-197
(6:1)

Ph XTZ Ph COOMe
1 ;

H H D
COOMe
R = di-menthyl {+}-trans-198 {+}-cis - 198
(15,25) (15,2R)
Scheme 28 optical purity: 89% 86°%
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Baldwin et al. have used the same catalyst/diazo ester combination for the
synthesis of optically active deuterated phenylcyclopropanes (Scheme 28)'°7.
From cis-1,2-dideuteriostyrene, dl-menthyl a-deuteriodiazoacetate and (+)-195d,
the cis- and trans-cyclopropanes 196 were obtained, both with 909, optical purity.
The dominant enantiomer of trans-196 had (+)-(18, 28, 3S) configuration. Analo-
gously, the cyclopropanes cis-198 and trans-198, obtained from styrene, dl-menthyl
a-deuteriodiazoacetate and (+)-195d with subsequent transesterification of cis/trans-
197, had optical purities of 86 and 89%, respectively. The major optical isomer of
cis-198 had (15, 2R) configuration, that of rans-198 (1.5, 25) configuration.

Another systematic search for chiral copper chelates, tested for the cyclopropana-
tion of 1,1-diphenylethylene with ethyl diazoacetate, has met with limited success, as
optical yields were generally low '°®). 37 optically active azomethine-type ligands were
combined with copper(ll) acetate to give in situ catalysts. As has been tested for the
Cu(OAc),/199 system, the in-situ method is equivalent to that of using the isolated
catalyst, as far as product yield and optical induction are concerned. The former
procedure is characterized, however, by a small but significant temperature dependency
of the optical yield (65 °C: 10.8%; 35 °C: 13.4%). An excess of ligand does not
influence the optical induction in the range 1.2:1 to 22:1. From the different
groups of ligands (Schiff bases derived from (S)-(—)-1-phenylethylamine, ethylenedi-
amines and binaphthyl-0,0'-diamines, a-amino alcohols, amino acids and esters),
compounds 199203 gave the highest optical yields in their respective group
(% e.e. of a given configuration in ethyl 2,2-diphenylcyclopropanecarboxylate: 199,
11% (S); 200, 24 % (S): 201, 13%, (R); 202a, 52% (S); 202b, 45%, (S); 202¢, 66 % (S);
202d, 38% (S); 203, 10% (S). The best results are thus achieved with ligands

Q O
Me :‘_H Q O

Me H
A S OH
oG S o she &
OH 4 R OH Ph

HO OH
199 201
200
R H H COOH
S OH &
oG g
oy Pp OH
202 203
202) a b ¢ d

R | Me CHMe, CH,Ph CH,OH
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202a-d, which correspond to Aratani’s catalysts 195. The efficiency of a chiral chelate
catalyst is certainly connected to the coordinating ability of the ligands and to the
coordination geometry. This may explain, for example, the failure to observe optical
induction if CH= in 199 is replaced by C(Me)=_ It is known that this simple
change of substituent leads to another preferred conformation of the phenylethyl
group, and this altered geometrical situation may seriously affect the coordinating
ability of the ligand to the copper atom.

Easily available copper(Il) tartrate has also been used for an enantioselective
cyclopropanation. From 3-methoxystyrene and 4-bromo-1-diazo-2-butanone, the
cyclopropanes cis/trans-204 were obtained ; the mainly formed trans-isomer displayed
an enantiomeric excess of 46% '°. This reaction constituted the opening step of
asymmetric total syntheses of equilenin and estrone.

COCH,CH, Br
Cu{ll)tartrate
@ *+  HC-CCHpCHBr  ——e
MeO N,0 MeO
204
trans : ¢is = 12 :1
Ph *
= + Q -———..CULZ
0 0 07 0
N, Ph
206
RZH,C Me
R'
* .
L 0
COCFy

205
205 R! R? %206  %ee of 206
a Me H 36 92
b Me 1 21 73
c CH=CH, H 48 100
d —(CHZ)Z—/S\i»—Oéi—H H 8 08

MeO OMe
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Copper chelates in which the ligands are rigid chiral B-diketonates of type 205
are responsible for the highest optical yields known in carbenoid cyclopropanation
reactions 2°®. The cyclopropane 206 was even obtained enantiomerically pure from
2-diazodimedone and styrene in the presence of Cul} (L* = 205¢).

Even when the trifluoroacetyl-(+)-camphor ligand is linked to a solid support
(Hypersil silica; 205d), if retains its activity both in terms of yield and optical
induction.

Nakamura and Otsuka have introduced chiral bis(i,2-dioximato)cobalt(II) com-
plexes 207 a—¢, which are conveniently available when starting from naturally occurring
d-camphor or (—)-B-pinene, respectively 38-95-201),

OH
|
N« N..
d 0 4 Tre.
.- ] CoeH0 — | Coe H,0
@;N"' 2 @(\N/O 2 2
|
OH
207a 2076
OH

207¢

In the presence of catalytic amounts of 207a and at moderate temperatures
(—15 to 430 °C), the cyclopropanes derived from styrene and various alkyl diazo-
acetates were obtained in good yields (80-95 %) with remarkably high enantiomeric
excess for both the cis(1S, 2R) and the trans(1S, 2.5) isomer. With increasing steric
bulk of the ester substituent (methyl — neopentyl), both the trans/cis ratio (0.69
- 2.34) and the optical yield (61 — 88 for the trans-cyclopropane at 0 °C) became
higher 8399

Ethyl 2-phenylcyclopropanecarboxylate, obtained in the presence of 207a, has §
configuration at C-1 in both the cis- and trans-isomer. As that carbon has been
furnished by the diazo ester, this result indicates enantiofacial selection at the
carbenoid. In contrast, hardly any discrimination between the enantiofaces of the
prochiral olefin occurs. Only when the ester substitutents become bulkier, does this
additional stereochemical feature gain importance, and the S configuration at C-2
of the cyclopropane is favored.

As Table 13 shows, the opposite enantiomers of both cis- and trans-cyclopropanes
are accessible if 207b or 207c are used instead of 207a *®. An analogous result was
found for cyclopropanation of 1,1-diphenylethylene with ethyl diazoacetate (Table 14).

These facts are explained by assuming that 207b and 207c, which are equal within
their first coordination sphere, are quasienantiomeric to 207a. The reverse Cotton
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Table 13, Asymmetric synthesis of ethyl 2-phenylcyclopropanecarboxylate with various Co(II)
catalysts (0 °C, neat styrene, 3 mol % of catalyst)®

catalyst yield [%) trans/cis cis-isomer trans-isomer
configuration optical configuration optical
yield [ %] yield [ 9]
207a 92 0.85 15,2R 66 15,28 75
207b 62 0.65 1R2S 63 1R2R 64
207¢ 83 0.91 1R2S 21 1R2R 74

* From Ref. %; ® Determined from the specific rotation of the acid.

Table 14. Asymmetric synthesis of ethyl 3,2-diphenylcyclopropanecarb-
oxylate with various Co(Il) catalysts (5 °C, neat styrene, 2.2-2.9 mol %

of catalyst)*

catalyst yield [ %] configuration optical yield {%]°
207a 95 15 76

207b 77 1R 50

207¢ 87 IR 54

* From Ref. #®); ® Determined from the specific rotation of the acid.

effect with maxima of comparable intensities underlines this relationship. Structures
207aA and 207bA, in which the usual square-planar coordination around the metal is
distorted towards a local C,, geometry, represent a geometry which allows for
enantiomeric first coordination spheres of both catalysts. From a practical point of
view, the unimportance of the outer region of the ligand for stereochemical dif-
ferentiation in asymmetric synthesis implies that for both 207a and 207b, readily
available d-camphor can be chosen as starting material. It is by Co(II) complexation
with two different geometric isomers of dioximes (syn/anti isomerism around C=N)
that the quasienantiomeric chelates are constructed.

OH | oM o L o
|
/N\é /N% /N\CI ’N\
D/l(/l:rvo' *Sowy= SN-07 0 Yo =

207aA 207 bA

Some remarks concerning the scope of the cobalt chelate catalysts 207 seem
appropriate. Terminal double bonds in conjugation with vinyl, aryl and alkoxy-
carbonyl groups are cyclopropanated selectively. No such reaction occurs with alkyl-
substituted and cyclic olefins, cyclic and sterically hindered acyclic 1,3-dienes,
vinyl ethers, allenes and phenylacetylene °. The cyclopropanation of electron-
poor alkenes such as acrylonitrile and ethyl acrylate (optical yield in the presence of
207a: 339%) with ethyl diazoacetate deserve notice, as these components usually
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undergo [3+ 2] cycloaddition to give pyrazolines and only a few catalysts are suited
for the cyclopropanation process (see Sect. 2.3.2). In a mixture of styrene and
methyl acrylate, only styrene is cyclopropanated, however 3. Besides diazoacetates,
diazomethane, w-diazoacetophenone and dicyanodiazomethane have been used.
Diazodiphenylmethane and diazofluorene were not decomposed even at 60 °C.
Presumably, steric interactions between these sterically demanding diazo compounds
and the cobalt chelate hinder a close approach of the two components.

It has already been mentioned that prochirality of the olefin is not necessary for
successful enantioselective cyclopropanation with an alkyl diazoacetate in the presence
of catalysts 207. What happens if a prochiral olefin and a non-prochiral diazo
compound are combined? Only one result provides an answer to date: The cyclo-
propane derived from styrene and dicyanodiazomethane shows only very low optical
induction (4.6 % e.e. of the (25) enantiomer, catalyst 207a) ®. Thus, it can be conclud-
ed that with the cobalt chelate catalysts 207, enantioface selectivity at the olefin
is generally unimportant and that a prochiral diazo compound is needed for efficient
optical induction. As the results with chiral copper 1,3-diketonates 205 and 2-diazodi-
medone show, such a statement can not be generalized, of course.

Preparation of chrysanthemic (208, R'=R*=Me) and permethric acid (208,
R!=R?=Cl) derivatives is a very useful testing ground for enantioselective (and

2
3 N
N2 R? R?

Rz
cis-208 trans-208
*
cat.:
195a: R'= Me
R' H 2
R? R® = 5-f-butyl-2-octyloxyphenyl
\NXF r?
Lu-0 195c:  R'= PhCH,
Y 2 R%- 5-f-butyl -2 -heptyloxyphenyl
195
Ph Ph
s'HAr ‘,eHAr
= Ar Cu I\ < Ar Cu
o® oH N OH
2 2
209 210
Ar = 2-anisyl
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Ph
~ ~
@(\\ Ar | cuct, @\/\NR cu @/\NR cucl,
N oH o N
2

o) 2 2
211 212 213
o)
—0
212a,213a: =NR: =
o OMe
Ph OH
0
o]
212b, 213b: =NR: ‘b
0 OMe
Ph OH N\
Scheme 29

stereoselective) cyclopropanation. Esters of these acids represent very powerful
insecticides; as far as the cyclopropane ring is concerned, highest activity is found for
the (1R) configuration 2°*%%¥_ Several investigators have sought for an efficient
solution to this problem by carbenoid reaction between the appropriate 1,3-diene and
an alkyl diazoacetate in the presence of a chiral catalyst (Scheme 29).

The results are displayed in Table 15. Highest optical induction in the synthesis
of alkyl chrysanthemates is furnished by the binuclear copper chelates 195. (R)-
configuration at the ligand’s chiral center induced (1R)-selectivity in both the cis-
and the frams-cyclopropane. Ligands derived from naturally occuring L-o-amino
acids, thus having (S)-configuration, caused selectivity for the (15)-enantiomer of both
geometrical isomers. Chirality of the ester substituent of the diazo compound had no
decisive influence on enantioselectivity. Only moderate optical induction was achieved
upon cyclopropanation of 1,1-dichloro-4-methyl-1,3-pentadiene ; with catalyst 210,
despite its (S)-configurated ligand, a small preference for the (1R)-trans-cyclopropane
resulted. With Schiff bases derived from amino sugars as catalyst ligands !9,
the direction of optical induction at C-1 of the cyclopropane was mainly determined
by the configuration at C-2 of the sugar: (S)-configuration as in the 2-amino-D-
altropyranoside-derived ligand (212a, 213a) tended to furnish the (1.5)-cyclopropane
preferentially, whereas the (1R)-cyclopropane was favored when working with 2-
amino-D-glucopyranoside- or 2-amino-p-allopyranoside-based ligands having (R)
configuration at C-2 (212b, 213b). Additional comparisons suggest that the degree of
optical induction depends on the configuration at C-1 and C-3 of the sugar. It is
clear that neither the stereoselectivity nor the enantioselectivity induced by these
catalysts recommend them for preparative use, but they may have some value for
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model studies of enantioface selectivity in the cyclopropanation reactions 2,
No enantioselectivity at all resulted from cyclopropanation of 2-chloro-5-methyl-
1,1, 1-trifluoro-2,4-hexadiene with chiral copper chelates. Thus, the degree of enantio-
selectivity parallels the nucleophilicity of the cyclopropanated double bond.
Enantioselective cyclopropanation of monoolefins 214 has also been performed.
With the already mentioned chiral catalysts 195a and 209-213 rather high enantiomeric
excess was achieved in some cases (Table 16), and the vinylcyclopropane structure
was obtained in a subsequent dehydrohalogenation step.

Ct Ct X
; R _Hel = COOR
X /J’"‘\___< . cat* ey CO0 -
y Hg COOR ——= X y —y
N
214 215

Most remarkably, the homoallylic halides 214 not only yield the thermodynamically
unfavored cis<cyclopropanes 215 preferentially (see Sect. 2.2.3), but also give rise to
enantioselective formation of the (1R) configuration, in contrast to the cyclopropa-
nation of 1,3-butadienes with the same catalysts (see Table 15). Only in the case of
olefin 214 (X = CF,, Y = Cl), may the (15)-frans isomer be obtained enantioselecti-
vely, depending on the catalyst (Table 16, entries 8-11). In these few cases, optical
induction occurs at C(3) of the cyclopropane rather than at C(1).

The asymmetric synthesis of dihydrochrysanthemolactone 217 by intramolecular
cyclopropanation of diazoacetate 216 in the presence of chiral salicylaldimine/

- cat®* 3 3
OCCH=N, cyclohexane,82°C 1
[
0
218 217
catalyst % 217 % e.e. of 217
(S)-218 59 64(R)
(R)-195e 47 23 (18)
R H H _Ph
Ph u
1 Ar
© @fo\'Cu
0 2
(S)- 218 (R)-195¢
R = p-tolyl Ar = 2-{2-propyloxy) -phenyl
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copper complexes 218 or 195e is another example where the sense of optical
induction is different from that found in the synthesis of chrysanthemic esters
with the same type of catalysts (see Scheme 29): From (§)-218, the (1R, 35)-cyclo-
propane is obtained, whereas with (R)-195e, the (1) configuration prevails 213,
Use of a chiral diazo ester proved less rewarding in terms of enantioselective
cyclopropanation. Only very low enantiomeric excesses were obtained when styrene
was cyclopropanated with the carbenoid derived from diazoacetic esters 219 bearing
a chiral ester residue 2'4),

Ph

| Ph}A‘/cooa . Ph_A_COOEt

trans-222 cis-222
from 220 from 227
total yield 35409, 20-24%
trans:cis 1.8 1.8
%e.e trans: 14(1R) 13(1R)

cis:

13(1R)

not determined

CuCl
= . HCCOOR* = Ancoor*
N, ¢
219
R* trans:cis cyclopropane
ratio
7 optical purity (sign of rotation)
cis trans
(—)-bornyl 29 4.6(—) 1.2(+)
(+)-bornyt 238 4.5(+) 1.4(—)
(—)-menthyl 23 11.7() 0.3(—)
(—)-2-methylbuty} 27 inactive 0.4(—)
Ph  Me \k
lam)
O _N-C-CH -C-
}]’ 6 ;‘} OWN g CH
0 0 o N2
220 221
1} = Ph 1) = P
Rhy(0Ac), , r.t. Rh(0Ac), , r.t.
2) 09/ Etom 2 €10 EtoH
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Optical induction emanating from a chiral diazoacetamide is apparently not
much higher. The 2-phenylcyclopropanecarboxylates ¢is-222 and trans-222, obtained
in low yield from (N-diazoacetyl)oxazolidones 220, 221 and styrene in the presence of
Rh,(OAc), followed by ethanolysis, showed only small enantiomeric excesses 2'%.
Starting with either diazo compound, the (1R) enantiomer was predominant in both
cis- and trans-222.

Diastereoface-differentiating reactions of a carbenoid with an alkene bearing
an easily removable, chiral substituent have been used only ocassionally for the
enantioselective production of a cyclopropane ', A recent example is given by the
cyclopropanation of the (—)-ephedrine-derived olefin 223 with CH,N,/Pd(OAc),;
after removal of the protecting group, (1R, 2R)-2-phenylcyclopropane carbaldehyde
was isolated with at least 90% e.e. 37

P|1 3:* 13 CHoNo/ Pd(DAcl, 0°¢

7\ _H 2) H9(sioy) Ph . H
H/_}/ o M g AN
N H CHO

223 (1R, 2R}

3 Reaction with Acetylenes

Transition-metal catalyzed decomposition of alkyl diazoacetates in the presence
of acetylenes offers direct access to cyclopropene carboxylates 224; in some cases,
the bicyclobutane derivatives 225 were isolated as minor by-products. It seems justified
to state that the traditional copper catalysts have been superseded meanwhile by
Rh,(OAC),, because of higher yields and milder reaction conditions 217.218) (Table 17).
[h*-C,H,)PACI], has been shown to promote cyclopropenation of 2-butyne with
ethyl diazoacetate under very mild conditions, too ', but obviously, this variant did
not achieve general usage. Moreover, Rh,(OAc), proved to be the much more efficient
catalyst in this special case (see Table 17).

R R COOR3
RI-C:C-R? +  HCCOOR3 s \7 . R R2
N, -Np
COOR3 COOR3
224 225

As has already been mentioned for cyclopropanation of olefins, the diazoester
should be added slowly to the mixture of alkyne and Rh,(OAc),, in order to
minimize formation of carbene dimers. The reaction works well with mono- and
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disubstituted triple bonds ; no C/H insertion was observed with terminal acetylenes ).
Problems arise when either the alkyne or the cyclopropene are not inert towards the
catalyst. For example, ethoxyacetylene and phenylacetylene are polymerized by
Rh,(OAc), and cyclopropene carboxylates may be polymerized by Rh,(CF;COO),
217 The competition of a triple bond and a double bond for the ketocarbenoid is
poorly selective 217, similar to the situation in copper-catalyzed reactions '*). Alter-
natively, the carbenoid derived from 2-bromoethyl diazoacetate and Rh,(OAc),
(25 °C) or Cu/CuSO, (100 °C) reacted with 2-methyl-1,5-hexadien-3-yne at the
double bonds exclusively 2?4, The same holds true for the synthesis of bis(l-
methylcyclopropylacetylene from 2,5-dimethyl-1,5-hexadien-3-yne and diazome-
thane; copper(II) bis (N-a-phenylethylsalicylaldiminate) has been recommended there
as an efficient catalyst 2%9).

Ylide-derived products may be formed as minor by-products from propargylic
chlorides or ethers; this contrasts with the inertness of allylic chloride or ethers

— Rh Me
—= . HCCOOMe 2{0Ac),  MeOQ ¢ L —e OMe
MeD OMe N 25°¢
2

CHOMe
COOMe ('ZOOMe
226
{38%%) {9 °)

- ol cl cl
/~Z—_ + HCCOOEt 3% . :-_—.<_
Cl Cl N 100°C

N, CHCI
COOEt COOCE¢t

227

{10-12%}

-\
« Cl a CHCI
COOEt

+

CICH,COOEt

228

+ E$COOCH=CHCOOE!
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towards such transformations. Thus, 1,4-dimethoxy-2-butyne gave allene 226, probab-
ly resulting from a [2,3]-sigmatropic rearrangement of an oxonium ylide, besides
the expected cyclopropene in the Rh,(OAc),-catalyted reaction with methyl diazo-
acetate '®). From the CuSO,-catalyzed reaction between 1,4-dichloro-2-butyne and
ethyl diazoacetate, a complex product mixture resulted which also contained [2,3]-
and [1,2]-ylide rearrangement products (227 and 228) ?*7); no such compounds were
reported for the Rh,(OAc),-catalyzed reaction *¢7).

Reaction of propargylic alcohols 229 with alkyl diazoacetates entails competition
between O/H insertion and cyclopropenation.

, RZOH
R? Rh,(0Ac) 3 R?
R'—Z=— OH « HCCOOR® 2%, R R— = —+ OCH,COOEt
R? N, “N2 R

229

Under the catalytic action of Rh,(OAc),, formation of a propargylic ether from a
terminal alkyne (229, R' =H) is preferred as long as no steric hindrance by the adjacent
group is felt 162:218)_ Otherwise, cyclopropenation may become the dominant reaction
path fe.g. 229 (R' = H, R? = R® = Me) and methyl diazoacetate: 56% of cyclo-
propene, 36 7; of propargylic ether %], in contrast to the situation with allylic alco-
hols, where O/H insertion is rather insensitive to steric influences.

Ethyl diazopyruvate, under copper catalysis, reacts with alkynes to give furane-2-
carboxylates rather than cyclopropenes '**) (Scheme 30). What looks like a [3 + 2]
cycloaddition product of a ketocarbenoid, may actually have arisen from a primarily
formed cyclopropene by subsequent copper-catalyzed ring enlargement. Such a
sequence has been established for the reaction of diazoacetic esters with acetylenes
in the presence of certain copper catalysts, but metallic copper, in these cases, was
not able to bring about the ring enlargement *. Conversely, no cyclopropene deri-
vative was detected in the diazopyruvate reaction.

Et
EtC=CEt
Et 0~ COOEt
{51%)
Cu bronze
HC-C COOE¢t
"\328 benzene, 80°C
n-BuC=CH n-Bu
e
D cooer TN
”‘B”QCOOEQ 07 COOEt
Scheme 30 (8°%) (14 %)
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4 Reaction with Aromatic and Heteroaromatic Compounds

4.1 Benzene and its Derivatives

Copper-catalyzed cyclopropanation of benzene and its derivatives by a diazoacetic
ester yields a norcaradiene 230 which undergoes spontaneous ring opening to cyclo-
heptariene 231. At the temperatures needed for successful cyclopropanation, sigma-
tropic H-shifts leading to conjugated isomers of cycloheptatriene carboxylates cannot
be avoided. The situation is complicated by the formation of regioisomers upon
cyclopropanation of substituted benzenes, and separation of the cycloheptatriene
isomers may became tedious if not impossible.

R R R
H H
+ HCCOOR! ——» =
@ Hﬁz ©>< COOR! @coon 1

230

i( A)
R
@ COOR!

231

A major improvement came with the introduction of rhodium(Il) trifluoroacetate
[[Rh,(CF,C00),]] as cyclopropanation catalyst, which allows efficient and fast
production of the unrearranged cycloheptatriene carboxylates 230 at room tempe-
rature 22®. Cyclopropanation with methyl diazoacetate at 22 °C gave the following
total yields ([substrate]/[EDA]/[catalyst] = 5000/250/1): benzene, 1007%,; toluene,
959 o-xylene, 80%; m- or p-xylene, 90%; mesitylene, 609, ; indan, 53%; anisole,
739 chlorobenzene, 72%; fluorobenzene, 46%; ethyl benzoate, 10%,; hexafluoro-
benzene, ~5%. Increasingly lower yields are obtained with Rh,(CF,COO),,
Rh,(CH,OCH,CO0),, Rh,(CH,C00), and Rh,[(CH,),(CO0)], as catalyst. This
findings support the assumption of an electrophilic metal carbene intermediate, which
is further corroborated by relative reactivity studies comparing benzene and some
substituted derivatives. However, the reaction seems more sensitive to steric than
electronic effects, as the reduced yields in the series toluene, xylene, mesitylene on the
substrate side or methyl, ethyl, z-butyl on the diazoester side show. Not unexpectedly,
steric effects also contribute to the regioselectivity of cyclopropanation, but the
results presented in Scheme 31 2%) do not allow one to generally speak of steric effects
as being the major factor.

Rh,(CF,C0O0),-catalyzed cyclopropanation of aromatic substrates is not confined
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Me Me Me Me
17 Me
23 18 43 10
56 38 43 Me 1243 85
Me

OMe

Cl F
5 8
8 15 12
56 80 80

Scheme 31. Isomer distribution [%] of Rh,(CF,COO),-catalyzed cyclopropanation of substituted
benzenes with methyl diazoacetate at 22 °C. The numbers refer to the percentage of 1,3,5-cyclohepta-
triene-7-carboxylate from the total cycloheptatriene isomers.

to diazoacetic esters; both inter- and intramolecular addition of ketocarbenoids
derived from a-diazoketones has been promoted under mild reaction conditions
and usually in high yield.

The synthesis of cycloheptatrienyl ketones 233 from benzene and a-diazoketones
232 proceeds in “‘essentially quantitative yield”; the products were not isolated but
directly transformed into benzyl ketones 234 through the action of trifluoroacetic
acid 229,

Rh,{CF ,CO0 CF ,COOH R
© + RC-CH _"2fFaC00), ©—COOR .,
i1 o

232 233 234

R = Me, Me,CH, 4-Me-CgH,. Ph, CliQH,)3. ClICH,),, MeOCH,, cyclopropyl,
CICH,. MeCHBr

1} Rh j{00CCF ), ¢]
@ . HC-C/\/\/\’(':'-EH 2) CF3CO0H Ph Ph
T N2 0
235 236
{70 %)

1,10-Bis(diazo)-2,9-decanedione 235 undergoes a twofold reaction to give the di-
ketone 236 **). If so desired, the cycloheptatrienyl ketones 233 can be isolated,
except for those with R = CH,Cl or CHBrMe which isomerize spontaneously. In
the case of 1-diazo-3-phenyl-2-propanone (232, R=PhCH,), cyclopropanation
competes with intramolecular cyclization leading to 2-indanone in 49 % yield 2.

Anisole has been cyclopropanated with benzhydryl 6-diazopenicillanate 237 in
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the presence of Rh,(CF;COO0),, but again, cycloheptatrienes (238 and 239) rather
than norcaradienes were isolated 239,

OMe
N2 7
S Rh,{O0CCF 3} MeQ S
0l O e s K
0”7 o

COOCHPh, COOCHPh,

237 238
( 13°%)

/ ~

S
: Qﬁx
MeO 0 i
COOCHPh,

239
(2%0)

Intramolecular cyclopropanation of 4-aryl-1-diazo-2-butanones 240 allows con-
struction of the bicyclo[5.3.0}decane framework 2. In a reaction sequence analogous
to that described above for the intermolecular ketocarbenoid reaction, bicyclo-
[5.3.0]deca-1,3,5-trien-8-ones 241 are formed. They rearrange to the conjugated
isomers 242 at the high temperatures needed if the reaction is catalyzed by copper 30
or CuCl 2), but can be isolated in excellent yield from the Rh,(OAc),-promoted
reaction which occurs at lower temperature 2.

R N, R R o]
240 241
A l; )
e
0
242

By analogy with the acid-induced ring contraction of cycloheptatrienyl ketones
233, high-yield rearrangement to 2-tetralones is possible 233 As Scheme 32 shows,
substituents on the aromatic nucleus determine the regioselectivity of cyclopropa-
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nation. Remarkably enough, the sterically most hindered site of diazoketone 243
is cyclopropanated regioselectively; only trace amounts of such products resulted
from the intermolecular reaction between anisole and diazopenicillanate 237 239
or ethyl diazoacetate **) (for the reaction between anisole and methyl diazoacetate,
this regioisomer was not reported, see Scheme 31).

ha(OAc)A m
R 0 CHzclz,reﬂux

Ny
R = H,Me,Me0Q,AcO ["gquantit.”)
Me Me Me
®
@/g . /\’ j;{\ H @(]
———— ——
0 (]
N, Y
{99 %)
OMeo o OMe
e —— ettt —e
0
243 (98 %)

244 245 r?
R' = r? - H
R' = R? = OMe
RY = OMEJ R2 - H
Scheme 32
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Rh,(OAc),-catalyzed decomposition of m-methoxy-substituted diazoketones 244
furnishes 6-methoxy-2-tetralones rather than the expected bicyclo[5.3.0]decatrienones.
This demonstrates that the direction of ring opening in the norcaradienone inter-
mediate 245 may well be influenced by the nature and position of a substituent,

The cyclization of phenolic diazoketones 246 to spirodienones 247 was reinvesti-
gated with Rh,(Me,CCOO),, Rh,(OAc), and Pd(OAc), as catalysts *>%); the yields
were found to be better than with CuCl used in earlier studies.

0

OH R

cat.

————

-Np {CH,lp

(CHzlnCHZIC:EH 0
ON,

246 247

Two novel example of intramolecular aromatic C/H insertion are still to be men-
tioned here: 4-Aryl-2-hydroxy-1-naphthoates 249 have been obtained from the
Rh,(OAc),-catalyzed decomposition of ethyl 5-aryl-2-diazo-3-oxopent-4-enoates 248
236) If the cis-aryl group is missing, Wolff rearrangement rather than cyclization
occurs. Similarly, 3-oxo-3,4-dihydro-2H-1-benzopyrans 253-255 are available by
copper(II) hexafluoroacetylacetonate promoted decomposition of 1-diazo-3-aryloxy-
2-propanones 250-2522%"). In both cases, it is unknown whether a direct C/H
insertion process or an intramolecular cyclopropanation/rearrangement sequence
accounts for the cyclization product. The close structural relationship between
250-252 and 4-aryl-1-diazo-2-butanones 240 which are known to undergo intra-
molecular cyclopropanation may suggest analogous reactivity, but electrophilic attack
of the metal carbene intermediate on the aromatic nucleus, followed by proton transfer,
explains the formation of 253-255 also.

0 COOE!
y COOEt Rh,(0Ac), X OO OH
e ]
At N CghgF, reflux
Ar
X
248 249
Ar X yield [%]
Ph H 90
4-Me-CgH, Me 76
4-Cl - CgH, Cl 97
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Rl
/@ Cu (hfuccc)2 0
} CH 2C12, r.t. R2 o
250 253
RLR? = H, Me, +-Bu {73 - 86%)
o/\to 0 o]
X "
W —— QO
251 254
(84%)

252 255
{87%)

4.2 Heteroaromatic Compounds

Reactions of m-excessive heteroaromatic compounds such as pyrroles, thiophenes
and furans with carbenoids have been known for several years 5-!*-!4) Recent
activities were directed towards further synthetic applications of already known
reactions, evaluation of the efficacy of novel catalysts and towards mechanistic
insights.

Pyrroles

Reaction of ketocarbenoids with pyrrole and N-alkylpyrroles yields the product
of formal insertion into the a-C—H bond (256); in many cases the B-insertion
product 257 is formed concomitantly, but generally in lower yield 28~241), The
regioselectivity varies according to the catalyst, the diazo compound and the N-alkyl
substituent. Some examples concerning the former two variables are given in
Table 18 23%:240),
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Table 18, Regioselectivity of ketocarbenoid insertion into C—H bonds of N-methylpyrrole.

R! R? catalyst tempe-  total yield [%] ratio

{mol %) rature (256 + 257) 256/257
Y

H Et Cu bronze (10) 100 40 52
Cu(acac), (0.5} 50 34 i4.2
Cu(hfacac)? (1.5) 55 57 35
Cu(C, H,,N0)," (1.5) 50 50 16.9
Cu(0TH), (1.5) 40 63 1.4
Rh,(OAc), (1.5) 80 ¢ °

COOMe COOMe Cu bronze (10) 110 ~ 30 6.5
Cu(acac), (1) 80 65 9.0
Cuthfacac),” (1) 70 83 7.3
Cu(C, H,,NO),* (1) 90 76 12.0
Cu(0Tf), (1) 70 70 5
Rh,(0Ac), (0.5) 70 92 9.8

MeCO COOEt  Cu(hfacac),” (1) 75 68 —
Cu(C,,H,,NO),* (1) 90 62 —
Rh,(0Ac), (0.5) 70 72 —

¢ hfacac = hexafluoroacetylacetonate; ® C, H,,NO = N-isopropylsalicylaldiminate; ¢ Complex
product mixture with little 256 and 257.

Rl
!
o CH— COOR?
/ \ + 1 2 cat. /
ZNS RﬁCOOR = [N_\LCH/ . [/N\S
\
Me : Me  (cooRr? Me
256 257

Concerning the influence of the N-alkyl substituent, it was found that for the
reaction with ethyl diazoacetate, the amount of B-isomer increased in the series
H < Me < i-Pr < +-Bu (exclusive formation of the B-isomer in the ¢-Bu case), i.e.

with steric bulk of this group.
It was proposed that electrophilic addition of a metal carbene rather than direct

insertion or fragmentation of an initially formed 2-azabicyclo[3.1.0Jhex-3-ene accounts
for the formal insertion products 2**? (Scheme 33).

@

— ) ~H
—> (@) CR,-ML —

L—N—X;, 27 ML, N”CHR,
Me Me

I/ \S +* R2C=MLn

N H

©

Me CRyMLp Wi T_Sc“Rz
N -MLg N

Scheme 33 Me Me

180



Transition-metal Catalyzed Decomposition of Aliphatic Diazo Compounds

In an intramolecular version of ketocarbenoid o-C/H insertion, copper-promoted
decomposition of 1-diazo-3-(pyrrol-1-yl)-2-propanone (258a) or 1-diazo-4-(pyrrol-
1-yl)-2-butanone (258b) resulted in quantitative formation of the respective cycli-
zation product 259 242), The cyclization 260 — 261, on the other hand, is a low-yield
reaction which is accompanied by olefin formation. The product ratio was found to
vary with the copper catalyst used, but the total yield never exceeded 359 2433,

ﬂ Cu 8\

N benzene, reflux N

|

(CH,)n C-CH (CHy) O

Ny
258a {n =1} 25%9a,b
2586 (n =2) (100 %)
2+ +

Y S o T coorr . €Y

N N2 A N T
k/u\coom H,C~CH=CHCOOE
260 261 {Z + E)

Whereas pyrrole was reported not to give N/H insertion by ketocarbenoids, such
a reaction mode does occur with imidazole: Copper-catalyzed decomposition of
ethyl diazoacetate at 80 °Cin the presence of imidazole gives ethyl imidazol- 1-ylacetate
exclusively (93 %) ; small amounts of a C-alkylated imidazole were obtained addition-
ally under purely thermal conditions ). N/H insertion also takes place at benzimi-
dazole *°®. The reaction is thought to begin with formation of an NA-ylide,
followed by N' — C proton transfer leading to the formal N/H insertion product.
Diazomalonic esters behave analogously; however, they suffer complete or partial
dealkoxycarbonylation under the reaction conditions 24’ (Scheme 34). N-alkylation
of imidazole and benzimidazole by the carbenoids derived from w-diazoacetophenone
and 2-(diazoacetyl)naphthalene has also been reported 243

Thiophenes

Rhodium(II) acetate was found to be much more superior to copper catalysts in
catalyzing reactions between thiophenes and diazoesters or diazoketones 246). The
outcome of the reaction depends on the particular diazo compound 2*¢): With #-butyl
diazoacetate, high-yield cyclopropanation takes place, yielding 6-exo-substituted
thiabicyclohexene 262. Dimethyl or diethyl diazomalonate, upon Rh,(0OAc),-catalysis

at room temperature, furnish stable thiophenium bis(alkoxycarbonyl)methanides 263,
but exclusively the corresponding carbene dimer upon heating. In contrast, only

2-thienylmalonate (36 %) and carbene dimer were obtained upon heating the reactants
for 8 days in the presence of Cul - P(OEU),. The Rh(Il)-promoted ylide formation
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[r; Y+ Nclcoom),
H

Cu,83°C,48h
R = Me R = Et

CHICOOMel,

N N N N E E
7y . ! 3 7 = —
L g R
Me CH,COOMe CHE, CH,E E E
{80 : 40} {78°%) (17%) {~5%]

E = COOEt
Scheme 34

could also be realized with 2- and 2,5-substituted thiophenes (2,5-dichloro-, 2-methyl-,
2-bromo-, 2-hydroxymethyl-, 2-bromo-3-methyl) as well as with benzo[b]thiophene
and dibenzothiophene 2*¢-24"), Diazo Meldrum’s acid, a cyclic diazomalonate, proved
to be resistant towards Rh,(OAc), at moderate temperatures, rendering ylide
formation impossible. Ethyl diazoacetacetate gave both the formal C/H insertion
product 264 and the thiabicyclohexene 265 2*6-2%®)_ Ap insertion product analogous to
264 was also isolated in low yield from the reaction between thiophene and
w-diazoacetophenone 246,

The view has been expressed that a primarily formed ylide may be responsible
for both the insertion and the cyclopropanation products 23%-246:24%) [ fact, ylide
263 rearranges intramolecularly to the 2-thienylmalonate at the temperature applied
for the Cul - P(OEt), catalyzed reaction between thiophene and the diazomalonic
ester 259; this readily accounts for the different outcome of the latter reaction
and the Rh,(OAc),-catalyzed reaction at room temperature. Alternatively, it was
found that 2, 5-dichlorothiophenium bis(methoxycarbonylymethanide, in the presence
of copper or rhodium catalysts, undergoes typical carben(oid) reactions intermole-
cularly 2°*-22); whether this has any bearing on the formation of 262 or 265, is not
known, however.

Another possible isomerization of a primarily formed S-ylide would be a thiophene
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— 2H-thiopyran ring enlargement by a Stevens rearrangement. Two examples of
this reaction mode have been published meanwhile: Benzhydryl 6-diazopenicillanate
237 gives spiro-connected 2H-thiopyran 266 with thiophene besides the cyclopro-
panation product 267 23%),

H
N,=CHCOO ¢ -Bu W(COO f-Bu
Rh,{0Ac),, 85°C S
262
{71%)
n NpCICOORE, )
S Rh,{0Ac),, r.t. 3 R = Me: 93%
OClcoor), R = Et: 90%

COMe

N C/COMe
2=v
COOEt ﬂ\ (‘j/ 7 "-COOEt
CHCOOEt S
s |

Rh,(0Ac), , reflux

COMe
264 265
(67°%) {13%)
~COOR
N
N 3
2 S | s 0
M Ir Rh,(0Ac), . 7
Q ' o N\_)< r.t. s N~)< * S
: 0 H
COOR COOR
237 266 267
{11%) (22 %)

R = CHPh,

An intramolecularly formed S-ylide, formed by Rh,(OAc),-catalyzed decomposition
of methyl [o-(2-thienyl)benzoyl]diazoacetate 268, is thought to furnish 269 by a
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[1,2] rearrangement 2**), A formal C/H insertion product, 270, occurs as a minor
by-product; we do not speculate on its mode of formation here.

MeOOC  OH
o Rh2(0Ac)L R 7
S benzene, r.t. S
N2
0
CO0Me
268 276
(25 %}

[1.2] ~

269
{68°f)

Some functionalized thiophenes have been investigated in order to assess the scope
of ylide-derived chemistry. As already mentioned, 2-(hydroxymethyl)thiophene still
gives the S-ylide upon Rh,(OAc),-catalyzed reaction with dimethyl diazomalonate
246) but O/H insertion instead of ylide formation seems to have been observed by
other workers (Footnote 4 in Ref. ?*4). From the room temperature reaction of
2-(aminomethyl)thiophene and dimethyl diazomalonate, however, salt 271 was
isolated quite unexpectedly >*). Rh,(OAc),, perhaps deactivated by the substrate,
is useless in terms of the anticipated carbenoid reactions. Formation of a diazo-
malonic ester amide and amine-catalyzed cyclization to a 5-hydroxytriazole seem to
take place instead.

COOMe
©
2 / \ - ha{OACj{‘ 7 r&l A\ o
QCHZNHZ » NC:C(COOMe); —2"e (Y CHZ%H3 N\?
CHy ]
271
{67%)
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2-Alkenylthiophenes offer both the olefinic bond and the heterocycle as possible
reaction sites to a ketocarbenoid 249, The transition-metal catalyzed reaction between
dimethyl diazomalonate and thiophenes having a —CR=CH, (R=H, Me) side
chain leads exclusively to the (2-thienyl)cyclopropane derivative, irrespective of
whether CuCl (80 °C) or Rh,(OAc), (20 °C) serves as catalyst. Replacement of the
terminal =CH, group by =CHMe gives rise to both cyclopropane 272 and formal
C/H insertion product 273 upon CuCl catalysis. In the Rh,(OAc),~catalyzed reaction
at room temperature, S-ylide 274 is formed additionally, which rearranges to 272
and 273 at 100 °C. Finally, if the 5-position of the alkenylthiophene is blocked by
an Et substituent, products analogous to 273 and 274 are no longer formed, and
conversely no cyclopropane corresponding to 272 is accessible from 2-isobutenyl-
thiophene. Similar dependencies on the side-chain substitution pattern have already
been described for copper-catalyzed reactions between 2-alkenylfurans and ethyl
diazoacetate 2°3);in those cases, both steric and electronic effects of methyl substitution
in the side chain were presented as an explanation 2%,

EE

: \
CuCl,80°C S [)\

v/ Me + E;HC” “S” “CH=CHMe

272 273

/N + No=CE, =i .
QCH=CHMe e 100°C

Rh, (0OAc),,20C
2 X
L= & - [o\
(_SLCH=CHMe . 272 + 273

|
®cg,

= COOMe 274

Furans

Furans and some of its derivatives have been cyclopropanated with the ketocarbenoids
derived from ethyl diazoacetate and copper catalysts. The 2-oxabicyclo[3.1.0]hex-3-
enes thus formed are easily ring-opened to 1,4-diacylbutadienes thermally, thermo-
catalytically or by proton catalysis '*'3). The method has been put to good use
by Rh,(OAc),-catalyzed cyclopropanation of furan with diazoketones 275 to bicyclic
products 276. Even at room temperature, they undergo electrocyclic ring-opening
and cis, trans-dienes 277 a are obtained with fair selectivity 2>"-2%®), These compounds
served as starting materials in the total syntheses 27=2%) of some HETE’s (mono-
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hydroxy eicosatetraenoic acids) which constitute oxidative metabolites of arachidonic

acid.
N\ + He-cr _RhalOAc), [ §7 R
o H 1t r.t.

N, 0

275 276

277a 2776

277a/2776 A& 34
R = {CH,)3CO0Me

C=C(CH,);CO0Me

C2C-C:C(CH,),Me

5 Reaction with C =X Groups (X = N, O)

Few efforts have been devoted to carbenoid reactions with C=N and C=0 groups
since the last two reviews 14269 covering this field were written.

5.1 Reaction with C=N

Aziridines have been synthesized, albeit in low yield, by copper-catalyzed decompo-
sition of ethyl diazoacetate in the presence of an imine ***. It seems that such a
carbenoid cyclopropanation reaction has not been realized with other diazo com-
pounds. The recently described preparation of 1,2,3-trisubstituted aziridines by
reaction of phenyldiazomethane with N-alkyl aldimines or ketimines in the presence
of zinc iodide 26 most certainly does not proceed through carbenoid intermediates;
rather, the metal salt serves to activate the imine to nucleophilic attack from the
diazo carbon. Replacement of Znl, by one of the traditional copper catalysts resulted
in formation of imidazoline derivatives via an intermediate azomethine ylide ).
Reaction of the imine moiety of 278 with excess ethyl diazoacetate in the presence
of Cu(acac), led to the cyclopentane-annulated product 279 the structure of which
was confirmed by an X-ray analysis 262). It is assumed that 279 results from reaction
between a carbene dimer (diethyl fumarate) and an intermediate N-ylide or the
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isomeric aziridine. Indeed, a three-component reaction between ethyl diazoacetate,
278 and dimethyl fumarate produced the tricyclic system 280.

CH.Ph gtooc.  COOEt
2

L \ ,CH,Ph
NT'S Culacac)y Et00C™" W ~s
Heoy—{oo H + HCCOOEt ——= Hrooy—{rreH
N% N, 20-30 °C N%
0 0
COOMe COOMe
278 279
MeOOC ~ COOMe
\, CH,Ph
COOMe Et00C N %g
278 + HCCOOEt » /:/ — Hooy—fH
N N _
2 Me0OC 0
COOMe
280

The outcome of the copper-catalyzed decomposition of a diazo compound in the
presence of a 1,1-diarylmethanimine depends on the nature of the diazo compound.
With diazodiphenylmethane, the N/H insertion product 281 and the isomeric imine

N, =CPh Ar ® ©
——2s | , >x=NH-CPh,

Ar Ar
AR S=N-CHPhy + '\ SCH-N:=CPh,

Culacac), Ars
benzene, 281 282
Ar reflux
Ao
. Ar_ @
Phg EPh Ar>'=NH-,C-Ph Ne Ph
~,C-Ph Ao
0 H
283

Ar = CgHg. 4-Me-CgH, etc.
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282 are formed 2%%). Both compounds which are not interconvertible under the reaction
conditions, are likely to result from a common N-ylide intermediate. With azibenzil,
however, 3-oxazolines 283 are the reaction products, although they are obtained in
low yield only26%). The latter result contrasts with that of the purely thermal
reaction 2%, There, of course, Wolff rearrangement-derived products appear, but
copper catalysts are known to prevent this rearrangement.

Alky! diazoacetates react with N,N'-diisopropylcarbodiimide in the presence of

Cu(OTf), or Rh,(OAC), to give S-alkoxy-4-oxazolines 284 rather than iminoaziridines
266,267)

~{ N~
>—N:C:N-< + HCCOOR —2, N—¢
1 rt. a0
N, x(
OR
284
(~70 %)
R = Me, Et, n-Bu
cat.= CulOTf),. Rhyl0AC],

5.2 Reaction with C=0

Interaction of a carbonyl group with an electrophilic metal carbene would be expected
to lead to a carbonyl ylide. In fact, such compounds have been isolated in recent
years '¥; the strategy comprises intramolecular generation of a carbonyl ylide whose
substituent pattern guarantees efficient stabilization of the dipolar electronic structure.
The highly reactive 1,3-dipolar species are usually characterized by [3 + 2] cyclo-
addition to alkynes and activated alkenes. Furthermore, cycloaddition to ketones
and aldehydes has been reported for 1-methoxy-2-benzopyrylium-4-olate 286, which
was generated by Cu(acac),-catalyzed decomposition of o-methoxycarbonyl-o-
diazoacetophenone 285 2°%).

Obé-Be 2 oM
N e
COOMe ¢ (qcacly 0 r' r?c=0 ko
@( N R
GG 0 0 e
0N,
285 286

Very recently, the first synthesis of the mesoionic 1,3-dioxolium-4-oxide 288a
by palladium-promoted decomposition of the aryldiazoacetic benzoic anhydride
287a has been realized. Being too unstable for isolation, 288a was trapped by
[3 + 2] cycloaddition to several acetylenes, ultimately giving furans 289 in good
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yield 269, Cu(acac), proved to be inefficient for decomposition of the diazoacid
anhydride, but served well for ylide generation from 287b. Once again, the dipolar
species 288b was trapped by an acetylenic dipolarophile 2°%). Similar reactions with

acenaphthylene and N-methylmaleimide as dipolarophiles have also been reported
269)

e
Af' O R R?
= 1e:ap?
Ar'E-ﬁOﬁArZ . @0 0 _RCeCR” ‘M 2
N, 0 benzene, 80 C Y - €0, Ar T Ng” T Ar
Ar?
287 288 289

a: Ar'= 4-NO,-CgH,; Ar?= Ph; cat. [{q3-C3HgIPdCII,
b: Art= Ar? = 4-Cl-CgHy; cat. = Culacac)

2

Intramolecular carbonyl ylide formation was also invoked to explain the formation
of the 4H-1,3-oxazin-5(6H)-ones 291a, b upon copper-catalyzed decomposition of
diazoketones 290a, b *’%. Oxapenam 292, obtained from 290b as a minor product,
originates from an intermediary attack of the carbenic carbon at the sulfur atom.
In fact, this pathway is followed exclusively if the C(Me, COOMe) group in 290b
is replaced by a CH, function (see Sect. 7.2).

SPh
/
R =Me 07N
Me
R
H SPh 0
i
U powder N
/I;r\lr)(”\ — |0 M| — 291a
0 CHN, a v« R
Me R @ 0
o SPh
290 (R=C00Me 91t » /1:{ 35;
a: R = Me 0 E
b: R = COOMe Me
292

(3diastereomers)

Interaction between a carbonyl oxygen and a metal carbene leading to a transient
carbonyl ylide may also be considered to be involved in the production of a vinyl
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ether by CuCl-catalyzed decomposition of ethyl diazoacetate in the presence of
enolizable ketones such as acetone and cyclohexanone 271272, The carbonyl ylide
derived from benzaldehyde and bis(methoxycarbonylcarbene) was trapped by
1,3-dipolar cycloaddition either to excess aldehyde "3 or to an electron-poor olefin
27 In both cases, improved yields distinguish the metal-catalyzed decomposition
of the diazo precursor over the purely thermal reaction. As has been shown for the
first mentioned reaction, the product yield and distribution (1,3-dioxolanes 293a, b
and oxiranes 294) depends on the catalyst, among other parameters 27>,

® 0
PRCHO « Np:CE, 2%y |pheso-ce,| — o AE
M H Ph E

E = COOMe

294
JPhCHO
PhaOvE ., Ph O
E
% 5
Ph 'Ph
293a 2936
conditions® % (293a + 293b) 203a:293b % 294

A(125 °C) 56 58:42 10
Cu(acac), (125 °C) 82 55:45 7
Rh,(0Ac), (75 °C) 72 55:45 —
CuOTf (25 °C) 87 71:29 —

2 An excess of PhCHO was used. In the metal-catalyzed reactions, the
diazomalonate was added gradually.

The copper-catalyzed decomposition of methyl 2-diazo-3-oxobutyrate 57a in the
presence of aldehydes gives ready excess to 1,3-dioxole-4-carboxylates *’>. Copper(I)

o_/CO0Me
Cu (hfacacl,
ArCHO + MeC-C-COOMe Ar,(o\ Me
0 N,
57a 76 - 83%

Ar = a-Pr, /-Pr, Ph, 2-furyl, frans-CH=CHMe
[57a] : lcatalyst] = 34 ;1

190



Transition-metal Catalyzed Decomposition of Aliphatic Diazo Compounds

hexafluoroacetylacetonate seems to be the catalyst of choice, but the yields are
dependent on the catalyst: diazoketone ratio.

The reaction, formally speaking a [3 + 2] cycloaddition between the aldehyde
and a ketocarbene, resembles the dihydrofuran formation from 57a or similar
a-diazoketones and alkenes (see Sect. 2.3.1). For that reaction type, 2-diazo-1,3-
dicarbonyl compounds and ethyl diazopyruvate 56 were found to be suited equally
well, This similarity pertains also to the reactivity towards carbonyl functions; 1,3-
dioxole-4-carboxylates are also obtained by copper chelate catalyzed decomposition
of 56 in the presence of aliphatic and aromatic aldehydes as well as enolizable
ketones 27, No such products were reported for the catalyzed decomposition of
ethyl diazoacetate in the presence of the same ketones 2717, The reasons for the
different reactivity of ethoxycarbonylcarbene and a-ketocarbenes (or the respective
metal carbenes) have only been speculated upon so far 279,

0 COOEt
__/.l.k.__. 0;%
{55 °b)

Cu(acac)2

HC-CCOOEt
o0 benzene, reflux

R COOEt
56 /:(
0.0

o
"

H 1 48%%)
Me: 48°%)

0
[0

6 Insertion into X—H Bonds

6.1 Insertion into Aliphatic C—H Bonds®

Intramolecular C/H insertion by copper-catalyzed decomposition of a-diazoketones
provides a convenient cyclization procedure which is limited, however, to diazo
compounds which allow energetically favorable realization of the transition state
leading to the cyclized product.

This prerequisite is well documented by quite a few examples !2) and has been
underlined again by a recently published study on the CuSO,-catalyzed decompo-

3 Recent results dealing with insertion reactions into allylic (Sect. 2.3.3), aromatic (Sect. 4.1) and
heteroaromatic (Sect. 4.2) C—H bonds have already been discussed.
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sition of 1-methylcycloalkyl diazomethyl ketones 295 277, On heating in cyclohexane,
cyclopentanones 296, cyclobutanones 297 and solvent insertion products 298 are
formed; whereas C/H insertion leading to the four-membered ring remains a minor
~ side-reaction in each case, cyclopentanone formation is markedly dependent on the
ring size of the cycloalkane residue. This points to the importance of ring con-
formation for supplying the required proximity of the functional groups invoived in
the insertion process. In the chain-extended a-diazoketone 299, entropy factors are
likely to prevent productive intramolecular C/H insertion. The formation of a solvent
insertion product can be suppressed when the reaction is run in Freon TF instead
of cyclohexane, but the yield of the cyclization products is not improved thereby 77

Q
CH:Nz CusQ, /@ 0
Me% ——— {CHZ)H + ECHZ)R 1 0+
+ Me
cyclohexane, 07 Me 0 [

{CHy)n reflux CHaln
295 296 297 298

n =4 72°% 9% >5%

n=3 58°% 4°% 18 %o

n= 2 19 % 3% 9%

n= 1 1% - 29°%%

0
mcmrwz as above O:>o ) Cﬁ . M
0

0

299 {eis  : 9%) {1%) (23%)

{trans . 5°%)

Nickel(II) acetylacetonate turned out to be a highly efficient, homogeneous catalyst
not only for intramolecular cyclopropanation (see Sect. 2.4) but also for intra-
molecular insertion reactions. For the synthesis of bicyclo[3.2.1Joctan-6-ones 301
and 302 from diazoacetyl-cyclohexanes 300, it proved superior to heterogeneous
(Cu,0, Cu0, CuSO,) and homogeneous (CuOTf) copper catalysts as well as to palla-
dium(II) and cobalt (II1) acetylacetonate *’®). Similarly, the yield of the Ni(acac),-
catalyzed regioselective C/H insertion reaction 303 — 304 is about twice as high as
that of the copper-catalyzed reaction 23). The regioselectivity of the insertion process
for 300 (R! = H, R? = aryl) corresponds to expectations 2’%); it remains unaltered by
using Ni(acac), instead of copper catalysts.

192



Transition-metal Catalyzed Decomposition of Aliphatic Diazo Compounds

The use of rhodium(II) acetate in carbenoid chemistry has also been extended to
promoting intramolecular C/H insertion reactions of ketocarbenoids 277+280-280%)
From the a-diazo-B-ketoester 305, highly functionalized cyclopentane 306 could thus
be constructed in acceptable yields by regiospecific insertion into an unactivated

R!, «R? o R?
———
4 -N; S R!

07 Me
HC-C Me H
N,O
300 301 302
R! R? conditions catalyst % (301 + 302) 301:302
H Ph cyclohexane, Cu,0,Cu0 6066 85:15t0
reflux, or CuSO, 75:25
hv (tungsten lamp)
hv (tungsten lamp) CuOTf 60 85:15
hv (tungsten lamp) Nifacac), 86 90:10
H 4-OMe—C,H, hv (tungsten lamp) Cu,0, CuO 60-75 83:17to
or CuSO, 70:30
hv (tungsten lamp) CuOTf 60 85:15
hv (tungsten lamp) Ni(acac), 85 85:15
Me Ph hv(tungsten lamp) Cu,0, Cu0 60-70 30:70 to
or CuSO, 48:52
CuOTf 65 48:52
Ni(acac), 92 45:55
R
O
Nifacacly
CgHyy / THF, reflux, hv v
I H
Me
303 304

R =H :82%
R OMe: 80 %

C—H bond 17428%281) For comparison, only trace amounts of cyclopentane resulted
from the CuSO,-catalyzed decomposition of 1-diazo-2-octanone or 1-diazo-4,4-
dimethyl-2-pentanone 277). It is obvious that the use of Rh,(OAc), considerably
extends the scope of transition-metal catalyzed intramolecular C/H insertion, as it
allows for the first time, efficient cyclization of ketocarbenoids derived from freely
rotating, acyclic diazoketones. This cyclization reaction can also be highly diastereo-
selective, as the exclusive formation of a trams-2,3-disubstituted cyclopentane
carboxylate from 307 shows **'®. The stereoselection has been rationalized by
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assuming a chair-like six-membered transition state for the insertion process, with
both Ph and Me in equatorial position.

0 0
COOMe Rh,(0AcC), ~COOMe
3 N2 on - R’ L R!
R CH 2Cly nt, R3 "'Rz
RN
r? R

305 306
R! R? R® % 306
H n-C,H,, H 68
i-Pr H H 55
Me Me H 64
CH=CH, H H 48

(+ cyclopropane, 10%)
CH,—-CH=CMe, H Me 77
CHMep~~< H H 58
CH,—=—(CH,),—O—THP H H > 74
—(CH,);—O—THP H H >87
a Relative stereochemistry not reported
0 $
Rhlp 4 O
COOMe  Rny0ac), | MeooC . COOMe
N, — Me —_— )

Ph CH,CL,, rt. 0 Ph Ph “Me

Me H

307

Copper-catalyzed ketocarbenoid C/H insertion has been shown to occur with
retention of configuration 282, and the same is true for the Rh,(OAc),-promoted
reaction. Advantage has been taken of this fact for a synthesis of (+)-a-cuparenone,

Me N, 0 9
R/:\/WOMe Rh,{OAc), COOMe "fde
CH,Cl,, nt. . Me
0 0 2v2 R ':R
Me Me
308 309
{67%) {+)~a~-cuparenone
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the key step of which consists of intramolecular C/H insertion at the chiral C-6 of
methyl 2-diazo-6-(4-tolyl)-3-oxcheptanoate 308 leading to a diastereomeric mixture
of cyclopentanes 309 28%),

Chiral induction at the y-CH, group of diazoesters 310 could be realized when
a chiral ester residue was present 2%, The best results were obtained with esters
derived from 2-aryl-3-hydroxybornanes. In order to explain the observed diastereo-
selectivities (312a:312b), it has been proposed again that the transition state geometry
of the intermediate metal carbene is that of a chair-like six-membered ring which
includes the hydrogen atom to be transferred. Provided that the C/H insertion
occurs with retention of configuration (see above) and that the substituent R
occupies an equatorial position, the two transition states 311a and 311b can be
imagined which are enantiomeric to each other (leaving aside the chiral substituent
R*). The front face of the prochiral carbenoid carbon being shielded by the naphthyl
group, 311b becomes energetically disfavored compared to 311a, so that insertion
product 312a is formed preferentially.

RhLp,
W — R00C
0]
COOR*
é’\g Rh,(0Ac), 311a 370

R RhL,, H
o)
310 - R —=  R'00C
O( 0 H
H R
R
311h 312b

R 312a:3126
»-C.H,, 87:13
CH=CH, 92: 8
-Pr 83:17
t-Bu 83:17

Ph 85:15
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For 5-(2-diazo-1,3-dioxobutyl)-1-0xa-5-azaspiro[5,5lundecane (313), intramole-
cular carbenoid insertion into a (N)C—H bond represents quite an unusual way of
constructing a B-lactam ring %%,

(:@ _Rral0adly g@
!

C-C-CMe MeOC 0

ooty

0 N,0

313

Similar to the intramolecular insertion into an unactivated C—H bond, the
intermolecular version of this reaction meets with greatly improved yields when rho-
dium carbenes are involved. For the insertion of an alkoxycarbonylcarbene fragment
into C—H bonds of acyclic alkanes and cycloalkanes, rhodium(II) perfluorocarb-
oxylates 289, thodium(II) pivalate or some other carboxylates #7-2%%), and rhodium-
(I1I) porphyrins 287 proved to be well suited (Tables 19 and 20). In the era of copper
catalysts, this reaction type ranked as a quite uncommon process '), mainly because
the yields were low, even in the absence of other functional groups in the
substrate which would be more susceptible to carbenoid attack. For example,
CuSO,(CuCl)-catalyzed decomposition of ethyl diazoacetate in a large excess of
cyclohexane was reported to give 24% (15%) of C/H insertion, but 407, (61 %) of
the two “carbene dimers” 2%,

As Table 20 shows, the yields of the Rh(II)-promoted reaction are temperature-
dependent. Furthermore, competitive experiments between pairs of alkanes revealed
a marked dependence on the alkoxy group of the diazoester and on the perfluoroalkyl
carboxylate part of the catalyst. The observed relative selectivities have been taken
as evidence for the importance of lipophilic interactions between carbenoid and
alkane.

In the presence of rhodium(II) acetate and trifluoracetate as wellas iodorhodium(IIT)
meso-tetraphenylporphyrin (47a), insertion into the terminal CH, group of an »-
alkane is highly disfavored as compared to insertion into the various CH, groups
(Tables 19 and 20). In contrast, photochemically generated alkoxycarbonylcarbenes
usnally display a lower selectivity in competitive methyl/methylene insertion reac-
tions 7:282:290 If. however, iodorhodium(IIT) meso-tetramesitylporphyrin (47¢)
serves as catalyst, insertion into the terminal CH, group becomes more favorable and
increases steadily as the chain length of the alkane is increased {Table 19).
Similarly, replacing Rh(II) acetate by Rh(I1I) 9-triptycenecarboxylate led to enhanced
insertion into primary C—H bonds: Relative yields of insertion intoC,—H, C,—H,
C,—H of pentane changed from 4/63/33 to 30/61/9, and for 2,3-dimethylbutane, the
3°/1° insertion ratio decreased from 115/1 to 12/1 (corrected for number of
hydrogens) 22%. These results underline the crucial role of bulky groups close to the
reaction site in determining the regioselectivity of the C/H insertion process; the
remarkable ability of iodorhodium(IIl) meso-tetramesitylporphyrin to alter the
stereochemical course of intermolecular cyclopropanation reactions has already been
mentioned (see Sect. 2.2.3). With rhodium(IIT) meso-tetraarylporphyrins as catalysts,
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Table 19. Yields of C/H monoinsertion products from rhodium-catalyzed decomposition of ethyl
diazoacetate in n-alkanes (60 °C, molar ratio 4 - 10°~1 - 10* (alkane)/10° (diazoester)/!1 (catalyst)

n-alkane catalyst? total relative yields [ %] of attack at 1°/2°¢
yield [ 7]
Cl1 C2 C3 C4 C5 Co

n-hexane Rh piv 50 5 62 33 0.07
Rh TPPI 46 8 71 21 0.12
Rh TMPI 36 25 61 14 0.44

n-octane Rh piv 33 3 49 27 21 0.06
Rh TPPI 35 6 52 22 20 0.13
Rh TMPI 80 21 52 14 13 0.53

n-decane Rh piv 29 2 42 20 18 18 0.05
Rh TPPI 40 5 40 19 18 18 0.14
Rh TMPIL 24 20 48 13 10 11 0.67

n-dodecane Rh piv 13 1 32 17 15 18 17 0.03
Rh TPPI 17 4 332 13 15 15 0.14
Rh TMPI 21 20 45 10 9 8 8 0.83

 From Ref. 2*7; ® Rh piv = Rh,(OOCCMe,),; Rh TPPI = iodorhodium(IIl) meso-tetraphenyl-
porphyrin (47a); Rh TMPI = iodorhodium(III) meso-tetramesitylporphyrin (47¢); © Ratio of
CH,: CH, insertion, corrected for number of H atoms.

Table 20. Yields of C/H insertion products in the Rh,(CF,COO),-catalyzed decomposition of
ethyl diazoacetate in alkanes (22 °C; 100 mmol of cycloalkane or 200 mmol of acyclic alkane,
3 mmol of diazoester, 2.0-2.2 - 1072 mmol of catalyst)*

alkane yield [%]® alkane yield [ %] rel. yield of insertion at

Cl1 C2 C3 C4

cyclopentane 50(68) n-pentane 65(92) 7 66 27
cyclohexane 78(90) >._< 46 12 88
cycloheptane 43(62) >""\ 71 5 25 66 4
cyclooctane 64 >__\_‘ 68

* From Refs. *#* and 2*®); ® Yields at boiling point of alkane are given in parentheses.

it is also possible to obtain considerable amounts of CHCOOE! insertion at the
methyl groups of toluene, p-xylene and mesitylene 257", This happens at the expense
of cyclopropanation of the aromatic ring, which occurs exclusively or nearly so in
the presence of Rh,(OAc), **"® or Rh,(CF,CO0), 2*®. For example, the insertion:
cyclopropanation ratio for the system mesitylene/ethyl diazoacetate changes from
1:99 with Rh,(OAc), to 78:22 with 47c as catalyst. If one pictures the geometry
of approach between rhodium carbenoid and substrate as given in 314 (for C/H
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insertion) and 315 (for cyclopropanation), one recognizes that the latter is disfavored
because of higher steric interaction between the two reactants.

. —O-
R \\EYH//
gl-p  glp

314 315

6.2 N/H Insertion*

Insertion of a carbene unit into the N—H bond of primary or secondary amines
by copper salt catalyzed decomposition of diazo compounds has been known for
a number of years !¥. The copper chelate promoted reaction of diazodiphenyl-
methane 2°V or 2-diazo-1,2-diphenyl-1-ethanone 2°* with primary benzylamines or

Cufacac)y

N,=CPh, + RIRZCH-NH, C4lececha PhZCH-ﬁCHR’RZJ..f_':.thc:N-CHR‘Rz
- 2H

316 {54 - 68%}

R'| Me Ph Me
RZ| Ph Ph 4-Me-CgH,

PhC-CPh + R-NH, ~_Su9¢39l2_ | phC-CHPh | i, PhC-CPh
N, - N2 0 NHR -2H 0 NR

317 R = CHPh, : 43%
R = CHMePh: 28%
R = Ph : 53%

4 Formal insertion reactions into the N—H bond of imidazoles (Sect. 4.2) and imines (Sect. 5.1)
have already been discussed.
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aniline does not stop at the stage of the respective inserfion products (316 and
317), however, since these compounds are readily dehydrogenated to produce Schiff
bases.

A similar reaction sequence allows the preparation of symmetrical and unsymmetri-
cal ketazines 318 from hydrazones and diazodiphenylmethane or 2-diazo-1,2-diphe-
nyl-1-ethanone %%,

thC:N'N:Cth

X
BIAN

Ph] /& 318a
“R

2

_ Ph Culacac), .
N,=CPh, =+ RﬁN“NHz -—-—N';- PhyC-N-N=C "

) HH

_Ph

PhaC:N-N-CT

N

%

%,

&

HH

Ar . ~ 318b
+ R>=N-NH2 ——— | PhC-N-N=C

AAr

PhC=N, -

_PhC=0 PhC=0 {,‘\_,

N pheaN-N=zc ZA7
v l R
PhC=0
318¢

Ar = Ph, L'X'CsH‘ (X:OMe, ClL, Mel

R = aryl, COAr

0 0

O’U\CH-‘-Nz Rh,(0Ac), OJJ\
NMe

NHMe g g
319a {~185)

NHCOOR! 0

Rh,(OAc),

N,
RNy MR
0 0
3198

R' = #-Bu, PhCH,

2R

OEt, Me

benzene,reflux

PhCH,, CH,COOEt

R® {
NCOOR'
NR2
0

{75 - 100 °%)
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COOEt
@({\NZ Rh,(0Ac), ©:1><CO0Et X~ COOEt
NH benzene N H NH
320 321

Rhodium(II) acetate has proven its versatility also in the field of ketocarbenoid
N/H insertion. With diazocarbonyl compounds 319a 2°*® and 319b 2°*®, intramolecu-
lar versions of this reaction have been realized. Furthermore, it was suggested that
the transformation of diazo ester 320 into dihydroisoquinoline 321 begins with
an intramolecular ketocarbenoid N/H insertion, followed by spontaneous ring-
opening of the aziridine intermediate 2°; the possibility of direct ring expansion at
the carbene or carbenoid stage has not been considered.

Rh,(OAc), has become the catalyst of choice for insertion of carbene moieties
into the N—H bond of B-lactams. Two cases of intermolecular reaction have
been reported. The carbene unit derived from alkyl aryldiazoacetates 322 seems to
be inserted only into the ring N—H bond of 323 249, Similarly, N-malonyl-p-lactams
327 are available from diazomalonic esters 325 and P-lactams 326 2°7). If, however,
the acetate function in 326 is replaced by an alkylthio or arylthio group, C/S
insertion rather than N/H insertion takes place (see Sect. 7.2). Reaction of ethyl
diazoacetoacetate 57b with 328 also yields an N/H insertion product (329)2°®,
rather than ethyl 1-aza-4-oxa-3-methyl-7-oxabicyclo[3.2.0]hex-2-ene-2-carboxylate,
as had been claimed before 2%,

For intramolecular N/H insertion involving a f-lactam, Rh,(OAc), was found to
be superior to other catalysts and to the photochemical route 3. Therefore,
this procedure has been appraised to be tlie most efficient one for constructing
a bicyclic B-lactam and, consequently, has become a standard method for synthesizing

oRr!
BocNH BocNH OR!
. J/j Rh,(0Ac), )f—‘
—————ee
NH benzene, reflux N
4] 0

‘C:Nz R3 Ré
COOR?
322 323 324g: R?® = H, RY = COOR?

3245 : R® = COORZ R* = H

Boc = f-BuQQC

R! R? 9. 324 324a:324b
Me t-Bu 26 4:3

Me Et 60 4:3
CH,Ph CH,Ph 67 1:1.2
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R?  OAc 192 OAc
_~COOR3 R' Rh,(OAcl, R
N,=C + i — e N
27¥ N COOR% NH benzene/CH,Cl,, o7 ey COOR?
0 reflux CH \COORI'
325 326 327
(22 - 28%%)

R' = H, Me, Et, phthalimido; R? = H, Me
R3 = Me, 4-nitrobenzyl; R = 4-nitrobenzyl
OAc OAc
Rh,l0Ac), );.{
MeC-CCOOEt  + 1 NIH —_— . N Me
0N, 0 0 —
Et00C OH
576 328 329

carbapenam, oxapenam, carbacephem and oxacephem systems from 2-azetidinones
bearing an appropriate diazocarbonyl-containing side chain at C-4. Examples are
given in Table 21. It will be noted that even highly functionalized azetidinones
undergo the cyclization reaction in high yield.

Table 21. Rh,(OAc),-catalyzed intramolecular carbenoid insertion into the N—H bond of B-lactams,

Diazo c:ompoundu Fggggﬂ?gnsc Product® Yield[*/] Ref.
H
0 :
M Benzene,80°C ;I&o
0 N7 “COOR ) :
2 COOR
R = Et 93 o
R = CH,Ph 77-85 X0
R = PNB 81 302)
CH,Cly, rt. R = ONB 43 303)
R? R?
R..3 o R,
NH Benzene,80°C 4(:[}:0
0 K/ ~cooPnB 0 :
2 COOPNB
OH
304}
R' = Me” N, R2 = 0
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Diazo cz)mpmmdCl ggggti;?gnsc Product® Yield[*%] Ref.
0 Me Me
’ i 2 305}
R' = PNBOCO , =H %
ring closure of C-3 epimer 100 396
OH
307}
] 2_ not
R = /'\ ) R*=Me given
R‘ = not 308)
=< jVME given
2 2
Rﬂﬁ 0 B R 309)
m Benzene,80°C J;D:o
0 N COOR? 0
2 COOR?
Rl R R®
Et H t-Bu
i-Pr H t-Bu
Me Me (t-Bu
Et H CH2Ph
R' OR?
;',;/[ Benzene ,80°C J;@:o 60-90
) _-OR?
\
OR3 P
N J| ~oR?
0]
R'z {-BuMe,Si ,R?= R%= Me
Ri: t-BuMe,Si ,R?= R3 CH,Ph
Ri=H ,R?= CHZF’h
R'-H , R%=Me , R%:Bz
R' 1
P
Me Y :
NH Benzene ,80°C Me%o
o 7 >COOR? 0
N2 COOR?
R'=CH,0COOPNB, R%=PNB  63-99 "
R'=Me L R2=CH,Ph not given 329
R'=H R2-PNB 86 3126l
R'= CH,Br "R2-PNB 8 2ol
OCH,Ph OCH.Ph
2
jTMS OTMS
g ¢ ai 33
NH Toluene ,80°C ga/bg;v;n
O ~,
/ COOCH,Ph B
s R'=H R = COOCH,Rh

b R'= COOCH,Ph

R H
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. a
Diazo compound

Reaction
conditions®

Product(1

Yield[*/e] Ref.

OCH,Ph
R
NH
0 7 COOCH,Ph
Ny
0
OPh
R = NH’u\“/
S0,
NH/L\
Y 7 ~COOCH,Ph
Na
R 0
=9}
g 7 >COOCH,Ph
Ny
0
Ph
R = NH)L”/
0
1
R COOR?
g NH N,
0
k.. 0\,ikﬁ,coon1
O;NH N,
R= NHCOPh

Toluene ,80°C

Benzene ,80°C

Benzene, r.t.

Benzene, 75°C
CHCl; ,60°C

Benzene, 80°C

OCH,Ph
R . 314)
not given
o] "‘1
H COOCH,Ph
H
d 38)
N\_/SOZ g5
COOCH,Ph
R 0 316)
Py
0 ~
R! R2
R'=H ,R%= COOCH,Ph 10
R'=COOCH, Ph,R?=H 45
R1
5 NN ou
COOR?

. ) >70 n7
R'=H, R2z ¢-Bu,CHPh,,CH,Ph e
R'=NHBoc, R2=Me,CH,Ph >75

319, 320}
53-85

R 0
07 N\%\OH
COOR'

R'=PNB, ¢- Bu,CHPh,

COPh
| COOCHPh,

0 N
+ HNi I N—Me trace

0]

320}

# PNB = 4-nitrobenzyl; ONB = 2-nitrobenzyl.

® Typically, the diazo compound: catalyst molar ratio is (300-1000):1.

Failure to obtain the desired azacarbacephem 331 had to be accepted with the
diazetidinone 330. Instead of the hoped-for N/H insertion, the ketocarbenoid
derived from 330 attacked the more nucleophilic N-1 atom to give an intermediate
ammonium ylide which then went on to the products 332 and 334 as suggested

203



Gerhard Maas

in the formula scheme *2%). Evidence for the intermediacy of 333 was provided by the
isolation of 335, when the reaction was carried out in the presence of norbornene.

RZ R2

R'I
rﬁ
- )
N
P A 0 0
R? p? i COOMe
R' -
Rh,(OAct, 331
);W 0 —2Th
0 NH benzene, 80°C
2
N2 coome 2?2 RZY
R! 0
330 " f\"ﬂ% rearr. R 3}0
NH *cooMe X'N COOMe
1] o H
332
R'= H R%=Pn
R'= H, RIR? = c—CgHyg - HCNO
R' = Me, R? = Ph
COOMe
2 02 v
COOMe p& o 0: RIR
N Ph R HCQN@?Z dimer. T N
Ph R2 - Ph N
K Me0OC 0 R? R? 0
mMeOOC
335 333 334
Scheme 35

Contrary to B-lactams, N/H insertion is only a minor process in the copper-
catalyzed reaction between 2-pyrrolidinone and methyl diazoacetate. With pyrro-
lidine-2-thione, this process does not take place at all. For 2-piperidinone, N/H
insertion seems to be easier, but once again, the corresponding thione fails to
produce such an insertion product (Scheme 35) 322.

6.3 O/H and S/H Insertion

Synthesis of a-alkoxyketones from a-diazocarbonyl compounds and alcohols under
the influence of copper or rhodium catalysts is well established as an alternative to
the Lewis or proton acid catalyzed variant of this synthetic transformation. The
sole recent contribution to the aspect of general reactivity deals with the competition
between O/H insertion and cyclopropanation of unsaturated alcohols **?. The results
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Cu powder
{ex HE;COOMe T aee wazcoom ’ [;Lx

120 °¢C
g 2 CH,CO0Me
X = O M 32 °/Q 2 °/o
X=8 41% _

as above
(\L + HCCOOMe —0 . . (1
NS x N NS X

NZ™ XCH,COOMe
H N2 z CH,COOMe

0: 3% X = 0: 18%
X=8 —

x
L}

{26°%)

have already been discussed in preceding sections of this review (Sects. 2.3.5 and 3).
It shall only be summarized here that, in the rhodium(II) carboxylate catalyzed
reaction between alkyl diazoacetate and allylic or other olefinic alcohols, O/H
insertion always prevails over cyclopropanation, whereas with acetylenic alcohols,
steric hindrance at the hydroxy site may render O/H insertion less favorable than
carbenoid addition to the triple bond.

An interesting application of carbenoid O/H insertion is the synthesis of
macrocyclic oxacrown ethers 337 from o,w-diazoketones 336 and oligoethylene
glycols 323

Foy

n
HG-C-(CHol-C-CH + HC [CH,0CH, oG, SH%%l2 0 g
N,O 0N, HO OH benzene,60°C S'(CH )“g
0 mTa
336 337
m= 6,8, 9; ns=23 (726 %)
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Concerning the mechanism of O/H insertion, *‘direct” carbenoid insertion, oxonium
ylide and proton transfer processes have been discussed 7. A recent contribution to
this issue is furnished by the Cu(acac),- or Rh,(OAc),-catalyzed reaction of benz-
hydryl 6-diazopenicillanate 237 with various alcohols, from which 6¢-alkoxypenicil-
lanates 339 and tetrahydro-1,4-thiazepines 340 resulted ***. Formation of 340 is
rationalized best by assuming an oxonium ylide intermediate 338 which then
rearranges as shown in the formula scheme. Such an assumption is justified by the
observation of thiazepine derivatives in reactions which involved deprotonation at
C-6 of 6B-aminopenicillanates 323329, It is possible that the oxonium ylide is the
common intermediate for both 339 and 340.

The assumption that 339 arises from the oxonium ylide by a proton transfer
process is supported by the reversed product ratio obtained in the reaction with
ethanol in the presence of diazabicyclo[4.3.0lnon-5-ene (DBN).

® ®
R20H® s R2OH
2 cat. . -

Nﬁ;& ¢ RIOH e HX E cooR
0 : 0 : o] )
COOR! COOR! og

237 \ 338
R! = CHPh, | |
\ !
) f
! {
A | A
H 0
R?0-.\— S 2 s
R20
RS X
0 : N™™cooRr?
COOR H
339 340
catalyst: Rh,(0Ac), Cu(acac),
R2OH °/339 %4340 %4339 %340
MeOH 55 19 56 23
EtOH 12 75 20 29
+-BuOH 6 72
PhCH,OH <5 67
CH,=CHCH,0H <5 70 9 56
EtOH/DBN 55 20
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The known examples of carbenoid insertion into an S—H bond have been
supplemented by the Rh,(OAc),-catalyzed synthesis of a-phenylthioketones from
a-diazoketones and thiophenol 327, By this method, a number of primary and
secondary acyclic a-diazoketones, ethyl diazoacetate and cyclic diazoketones such
as 2-diazocyclopentanone, 2-diazo-6-methylcyclohexanone and 2-diazocyclohepta-
none were converted at room temperature in good to high yield.

7 Further Reactions Involving Hetero Atoms

7.1 Ethers, Acetals, Epoxides and Orthoesters

Interaction of a metal carbene with an unshared electron pair of an ether oxygen
atom leads to an oxonium ylide which is able to rearrange via a 1,2-carbon shift
to a formal C—O insertion product. It seems, however, that this is a rather unfavorable
pathway, since reports on this reaction mode are scarce 7-1% 14134 One may expect
that allylic ethers are better substrates for stimulating the reaction, as an oxonium
ylide can now be trapped by a symmetry-allowed [2,3]-sigmatropic rearrangement.
Alternatively, competitive carbenoid cycloaddition to the double bond may occur.
In fact, it was recently reported that the Rh,(OAc),-catalyzed reaction of ethyl
diazoacetate with allylic ethers gave no or only trace amounts of ylide-derived
products, whereas the ylide route competes successfully with cyclopropanation in
the case of allylic acetals > (see Sect. 2.3.4). According to earlier reports, the
copper-salt catalyzed decomposition of diazomalonates in the presence of allylic
ethers gave the oxonium ylide derived product preferentially 3*®), whereas mainly
cyclopropanation took place with CuCl/CH, N, **%).

Kirmse has reported that the ring enlargement of optically active 2-methyloxetane
to 3-methyltetrahydrofuran occured with racemization (e.e. <2 %) when Rh,(OAc),/
CH,N, was used, but with partial retention of configuration upon photolysis of
diazomethane ***). Furthermore, the photochemical procedure gives a complex
mixture of products (C/H insertion, 2-methyl- and 3-methyltetrahydrofuran, ring-
opened products from intramolecular P-elimination at the oxonium ylide stage).
These differences indicate that no free oxonium ylide occurs in the rhodium-
catalyzed reaction; rather, a C-metalated species must be involved in the product-
forming step.

Epoxides are easily deoxygenated by the action of dimethyl diazomalonate or
ethy! trimethylsilyldiazoacetate in the presence of catalytic amounts of rhodium(II)
acetate or pivalate according to Scheme 36 **¥). The corresponding olefins are formed
with retention of configuration and are not cyclopropanated by the carbenoid under
the reaction conditions. The latter feature makes this reagent combination superior
to the ethyl diazoacetate/copper catalyst system *32) which produced complex reaction
mixtures. Keto functions as well as Br, OAc and OMe substituents are tolerated,
but aldehyde groups are not, because of competing carbonyl insertion reactions.
The sterically shielded epoxide of adamantylidene adamantane could not be deoxy-
genated.
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Nz:C(COOMe)z
/= 0=C(C
Rhy {0OCRY), R R * (COOMe,
O —
R R
SiMey

Nop=C .

2" ~cooet __ - SiMeg

Rh,(00CR1), g R ~COOEt
Scheme 36

Intramolecular oxonium ylide formation is assumed to initialize the copper-catalyzed
transformation of o,B-epoxy diazomethy! ketones 341 to olefins 342 in the presence
of an alcohol *3*), The reaction may be described as an intramolecular oxygen transfer
from the epoxide ring to the carbenoid carbon atom, yielding a B,y-unsaturated o~
ketoaldehyde which is then acetalized. A detailed reaction mechanism has been pro-
posed. In some cases, the oxonium-ylide pathway gives rise to additional products
when the reaction is catalyzed by copper powder. If, on the other hand, diazoketones
of type 341 are heated in the presence of olefins (e.g. styrene, cyclohexene, cyclopen-
tene, but not isopropenyl acetate or 2,3-dimethyl-2-butene) and palladium(II) acetate,
intermolecular cyclopropanation rather than oxonium ylide derived chemistry takes
place 334

QN 9
Rt O C-CH Cu80, or Cu R! __,CCH{OR]},
YAY —
i q3 ROH, A r? R3
341 342
R! R? R3
H Ph H
H Ph Ph
Ph H Ph
—(CH,),— H
—(CH,),— H
Me Me H
1-adamantyl l-adamantyl H

Insertion of a ketocarbene moiety into a C—O bond of orthoesters is normally
performed with catalysis by BF; - Et,0. Copper(Il) triflouromethanesulfonate was
found to be a similarly efficient catalyst also, at least in some cases, whereas
Rh,(OAc), was much less suited to promote this transformation 1. Besides the
C/O insertion product 343, the alcohol insertion product 344 and, in reactions with
ethyl diazoacetate, the formal carbene dimers were obtained. In agreement with
BF, - Et,0, Cu(OTf), did not bring about insertion into a C—O bond of trimethyl
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orthobenzoate. Moreover, changing the time of addition of the diazo compound
or changing the catalyst concentration — parameters which are often so crucial
for expedient cyclopropanation and other carbenoid reactions — had little influence
on the yield of the C/O insertion products. All these facts were taken to suggest that
Cu(OTf), (or CuOTf, which may result from reduction of Cu(Il) by the diazo com-
pound) acts as a Lewis acid which generates a dialkoxycarbenium ion from the
orthoester. Product formation then proceeds via attack if this cationic intermediate
at the diazo carbon.

oR? 5
RICIOR), + R3C-CR4 = __  RIC—C—CR* + HC—CR&
no 25 - 60°C Ne2orlo Ap2 &
N,0 OR20R?0 OrR? 0
343 344
R! R* R? R* 9 343° % 344°
H Me H OEt 45, 20, 83 6,27,5
COOMe OMe 46,13 20, 20,
H COPh 34,58 345, 4
Me Et H OEt 38,3, 50 15, 11,
COOMe OMe <1,, 20, ,
EE Et H Et <2, 46 8,

* Yields for catalysis by Cu(OTf),, Rhy,(OAc), and BF; - Et,0.
b 159 of a,0~dimethoxyacetophenone are also formed.
¢ Mixture of Me—C(OEt), —CHOEt—COOEt and MeCO--CHOEt—COOEt.

7.2 Thioethers, Disulfides, Diselenides, Selenoesters

Interaction of an electrophilic carbene or carbenoid with R—S—R compounds
often results in the formation of sulfonium ylides. If the carbene substituents are
suited to effectively stabilize a negative charge, these ylides are likely to be isolable;
otherwiese, their intermediary occurence may become evident from products of
further transformation. Ando 1°2® has given an informative review on sulfonium
ylide chemistry, including their formation by photochemical or copper-atalyzed
decomposition of diazocarbonyl compounds. More recent examples, including the
generation and reactions of ylides obtained by metal-catalyzed decomposition of
diazo compounds in the presence of thiophenes (Sect. 4.2), allyl sulfides and allyl
dithioketals (Sect. 2.3.4) have already been presented.

Recently, the sulfonium-ylide pathway has been used repeatedly to perform one-
carbon ring expansion by formal insertion of a carbene moiety into a C—S or N—S
bond of a cyclic sulfur compound. Examples are compiled in Scheme 37. It can be
seen that ring enlargement was successful with thiochroman-4-ones 345 and 348,
1,3-dithianes 351 and 3-isothiazolone 352 (also with COOMe instead of Et).
Thermally induced Stevens rearrangement of a primarily formed S-ylide may explain
the ring-expanded products in all cases. However, triethylamine-induced rearrange-
ment 346 — 347 shows that other mechanisms might also be operating 33%. Attempts
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to achieve ring enlargement of 6H-dibenzo[b,d]thiopyrans 349 furnished mixed
results **®), The desired transformation took place when diazodiphenylmethane
was decomposed purely thermally, whereas at best trace amounts of the 6,7-
dihydrodibenzofb,d]thiepin were obtained from ethyl diazoacetate/CuSO,. Dimethyl
diazomalonate, when decomposed by CuSO, in the presence of 349, gave a stable
ylide 350 which could be transformed thermally into the ring-enlarged product
only when R = Ph; 350 (R = H) rearranged to a dibenzothiopyran exclusively.
Copper-induced decomposition of ethyl diazoacetate in the presence of isothiochroman
also failed to furnish a C/S insertion product 3.

A thermally stable sulfonium ylide is also obtained from the CuSO, -catalyzed
reaction between dimethyl diazomalonate and thioxanthene or its 9-alkyl derivatives
339). rearrangement to the thioxanthen-9-ylmalonate occurs only with base catalysis.

From the results with the isolable ylides 350, it can be concluded that the fate of
less stable, non-isolated sulfonium ylides depends dramatically on their respective
substituents 3%6-3%)_ Thus, the outcome of these reactions is programmed at the ylide
stage and not during interaction of a presumed metal carbene with the sulfur-con-
taining substrate.

Rh,(OAc),-catalyzed decomposition of diazoester 352a results in intramolecular
C/S insertion, whereby a quaternary benzylic carbon atom without a heterosubstituent
is generated. This transformation was used in a synthesis of (+)-cuparene 339a)

0 0 o
R R R
\©ﬁ§+N2=C{COOMe)2 ouso @@ . @{‘1
S totuene,‘ s COOMe
100110 C el COOMe
ref, 335 C{COOMel,
%5 246 %7
R = H,Me,Cl
0 0 0
-t R’
N,=Ci{C +
@Qin" 2°CICO0Mel,  ——— @I:glw @fl:bez
R2 ] R? COOMe
© c{coomel, coome
348 {only from 348a)

g: R'= Me, RZ:=H
0

= Rz = Me
" i
102
@ISCRR

|
CHICOOMe),

o
oA
i
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¢
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R COOE R CH,COOEt

R=H: - L4 %%
Ph: trace 38%
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(-2H)

CHCOOEL

X
[

(7°%)

#9 + NpClcOOMe), 2304 ‘:(,
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Rem ™
S S

— Phws\/\/SvCOOEt .
Ph Me E
5/733 + HCCOOE RhylOAcl, total yield: 98% (4:6)
; 60°C
Ph R N2 ref. 154
R=H ™M
351 S S
Ph COOEt
{73%;)
Et Et
| 1

RN R Rh.{0Ac) O N 3

t’\l s Npe L, 2 4 I/\‘LRZ

XS R benzene,80°C X 8

ref. 337

352
R! r? yield [%]
COOMe COOMe 70
COMe COOEt T4
COMe COMe 58
-I(;-O;C(O-g- 74
OMeMe O

-C-CH,-C-CH,-G- 65
' ’ i
0 MeMe O

0

@ @ 91

Scheme 37

Reactions of carbenoids with 4-thio-substituted 2-azetidinones have attracted
much interest recently. Insertion of the carbene umit derived from diazomalonic
esters 297-340) or ethyl diazo(diethoxyphosphoryl)acetate 3*%) into the C,—S bond of
simple B-lactams 353 and 354 took place irrespective of whether a N-—H or a N—R

Me SPh N
S S -
Ar COOEY
benzene, & Ar COOEt Ar Me

Me SPh Me Me

352a
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function was present. Alternatively, Rhy(OAc),-catalyzed decomposition of p-nitro-
benzyl a-diazoacetoacetate in the presence of 355 resulted in the three-atom insertion
product 357 the formation of which is easily understood as arising via the inter-
mediary ylide 356 °7).

SR!

2 R! R? COOR3
T .+ Np=CICOOR3), _"n2lOAcl, P)( COOR?
NH benzene/CH,Cl,, 0 NH

reflux
353
R3 = CH2©—N02
R! Me Ph Ph Ph
R? Et Et H i-Pr
Yield [%] 30 51 59 45
PhS R2
t(SPh _R? Rh,(0Ac), R3
AN : Nrc\m 100°C N
0 R 0" “ri
354
R! R? R3 Yield [%)
SiMe, r-Bu COOMe COOMe 60
CH,COO+-Bu COOEt  PO(OEY), 58
Rl sph
., ha(OAC)L
N + Meg“g COOR3
0 \Rz 0 N2 benzene, CHZClz , reflux
355
1 COOR3 R " H PhSICOORE] /l;'[/ I
[ 1 eI e e
Me :\ PhS COOR3
2
356 357 (E + Z)

= CH2‘©‘" N02

R!=Et, RZ=THP: 79% (+2 % of C-4 epimer)
R!=Et, R?=8iMe,+-Bu: 80%
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Efforts to realize an intramolecular version of the above reactions met with
limited success when monocyclic 4-thio-substituted B-lactams were used. Cu(acac),-
catalyzed decomposition of diazoketone 358 produced the epimeric carbapenams
359a, b together with the oxapenam derivative 360 *!); these compounds correspond
to the C,/S insertion products obtained in intermolecular reactions. Oxapenams were
obtained exclusively when the acrylate residue in 359 was replaced by an aryl or
heteroaryl substituent 27°-342), The different reaction mode of diazoketones 290a, b,
which furnish mainly or exclusively carbonyl ylide rather than sulfur ylide derived
products, has already been mentioned (Sect. 5.2).

The C,/S insertion reaction was suppressed completely upon catalytic decompo-
sition of diazoketones 361, where the sulfur substituent was alkyl, acyl or thioacyl.
It is presumed that sulfonium ylides occur as intermediates which give cepham
(or cephem) derivatives in all cases*7%-**3) rather than products of a Stevens
rearrangement.

No S-ylide derived product at all was obtained from the Rh,(OAc),-catalyzed
decomposition of diazomalonic ester amide 362; rather, a compound was isolated
to which the structure of the Wolff rearrangement product 363 was tentatively as-
signed 3. The desired C/S insertion product 364 was accessible, however, by
photochemical decomposition of 362.

The sulfonium ylide derived chemistry of penicillins continues to meet the interest
of several research groups. It is well known that intermolecular carbenoid attack
at the sulfur atom generates a sulfonium ylide which undergoes spontaneous opening
of the thiazolidine ring to furnish a 1,2-seco-penicillin ***’. Novel examples of this
reaction type were found upon Rh,(OAc),-catalyzed decomposition of diazomalonic
esters in the presence of various penicillins; this transformation constituted the
opening step of a synthetic sequence directed towards 2-alkoxycarbonyl-cephems
3453 or modified penicillins *°®. Similar to its reaction with 4-thio-2-azetidinone

=\ —
§ COOR S cooRr
);(SO:/COOR Culacac)y ;\zyo mo
—————eee e +
0 N\/\CH=N2 benzene, reflux o N o N
358 359a 3594
(33%, 8 :1)
!:ro: :H
* N S COOR
Y N/
360

R = e~ o, (52%)
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R =Et S {no identifiable products
/I;-N(\L with R =Me, ¢-Bu)
0 0

R =CH,Ph s
—=

Cu(ccac)z or

ha(OAdA
)/_' \)J\CH N benzene, A

R= COMe S\, COMe
— L
361 o OH
3
S O, FOA
o7 N 07 st o7 NN s Vst
COOR COOR
COOR COOH
SMe ha(OAC)A BzN SMe
— )7’ I
2 N
0 )ﬁ(
cooez cooez Co0Bz
364 362 363

g WS

355, p-nitrobenzyl a-diazoacetoacetate yields a three-atom insertion product (366)
by insertion into the Cs—S bond of penicillin G and V esters (365a, b). The
sulfonium ylide derived from benzy! 6a-phthalimidopenicillanate 365d gives rise to
both the analogous C/S insertion product and the 1,2-seco-penicillin 367, whereas
only the latter product results from benzyl 6f-phthalimidopenicillanate 365¢ 345,
The insertion products 366a, b, d are formed with retention of the configuration
at C-5 of 365, irrespective of whether the C-6 amino substituent is in a cis or trans
position. If one attributes this result to intramolecular nucleophilic B-face attack of the
oxygen in a sulfonium enolate intermediate, it must also be concluded that B-face
attack of the ketocarbenoid at the sulfur atom of 365 is favored due to shielding
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of the a-face by the COOR? group at C-3. In 365¢, the R? substituent is probably
to voluminous to allow the formation of 366¢.

Me ]
045, COOR®
2 R’ o o
R tep, S R2 @
<+ MeC-CCOOR® —2%Ach 5 WK
e} N-% 6 “ benzene/CH,Cl, N~)<
z 3 2 70 - 80 °C ’ 0 !
. COOR?3
- N
365
Me

366 367
& = on-O)-no,
365-367 R! R? R? o366 % 367
a NHCOCH,Ph H Me 27 —
b NHCOCH,Oph H CH,Ph 26 —
e phthalimido H CH,Ph  — 81
d H phthalimido CH,Ph 22 55

The Cufacac),-promoted transformation 368 — 369 represents an intramolecular
carbenoid insertion into the penicillin Cs—S bond 3#7’. The original report did not
mention the low-yield formation of a second product to which the tricyclic structure
370 was assigned 34%:34%), In both 369 and 370, the original stereochemistry at C-5
of 368 has been inverted this is seen as a consequence of intramolecular nucleophilic
a-face attack in a presumed azetidinium enolate intermediate. Attempts to realize
a more flexible intermediate which then would have a chance to undergo p-face attack
centered on the chain-extended diazoketone 371. Its catalytic decomposition led to
the tricycle 372 exclusively, however, C,/N rather than Cs/S insertion having taken
place 3%

Diazoamide 373 also failed to give sulfonium ylide derived products upon
decomposition with Cu(acac), or Rh,(OAc),. When the reaction was carried out
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in benzene, only the cycloheptatriene derived from cyclopropanation of the benzene
nucleus was obtained in 259 yield 34%). This result is reminescent of the failure of
362 to give an intramolecular C/S insertion product upon catalytic decomposition.

R! 1 R'
Rz'u, 5.5 Cu{acac} R ®e 2 ey
X e | EEASS — A
o benzene, 80 °C 0 o N7 .
0 ® 5

0

COOCH
Ny
l a b
1
' H [ R2'”R H“‘o
e . ) =
N N S
0 0 H
0
369 370
R! R2 % 369 % 370 Ref.
H H 60 7 349)
NHCOCH,0OP: H dec. on workup 6 348
H phthalimido 76 7 349)
2 /1 RZ R!
R hj__5rs cat. N
7 —_— e}
0 N\)< “N2 N
CH2E—EH
0N, 0
371 372
{70 %)

R' = H, R? = phthalimido
R' = phthalimido, R2 = H
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The reaction of carbenes or carbenoids with compounds containing S—S bonds is
likely to begin with sulfonium ylide formation; subsequent [1,2] rearrangement then
produces a formal insertion product of the carbene moiety into the S—S bond '32°).

NZH

H J}O(NF\%

COOCH,0CCMe;
0

373

Novel example of this reaction type are given by the copper-catalyzed decomposition
of ethyl diazoacetate in the presence of bis(dialkoxyphosphoryl)disulfides 374 **),
where P/S insertion sometimes accompanies the S/S insertion, and of bis(dialkoxy-
thiophosphoryl)trisulfides 375 35, where desulfurization to give the disulfide derived
product occurs during the reaction. Only P/S insertion product was obtained from
bis(dialkoxyphosphoryl)trisulfide or -tetrasulfide 376; the copper-catalyst is di-
spensable in this case 351,

o
7 u
(RO)A”’—S—SJ’(OR)z + HGCOOE i (RO),P—S—CH-S~P(OR),

~Nz

N, COOEt
374
0
] }L(
+ (RO),P~CH—-S$-S—CH-P(OR),
R = Et, n-Pr, n-Bu, Me,CHCH, COOFt COOEt
S
] 1 cu | ]
(EtO),P—S;—P(OEY), + H({%COOEt e (EtO}zP—S—(EH~S—P{OEt)2
N, N -8 COOEt
375
R i §
] .
(RO),P—S,—P(OR), + H?ICOOEt e (RO),P—CH-S,~P(OR),
s N2 COOEt
376

R =iPr, i-Bu; n=3,4

S/S insertion is also part of the reaction scheme when carbenes (or carbenoids)
interact with 1,6,6aA*-trithiapentalenes 377 (Scheme 38)%**). The origin of the
4-diphenylmethylene-thiopyran 378 resulting from the reaction at higher catalyst
concentration has not been elucidated, however.

The carbene moieties of methyl diazoacetate >**), dimethyl diazomalonate
and diazomethane > have been inserted into the Se—Se bond of diaryl diselenides.

353)
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1
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reflux Ph_ _Ph R' R® yield[%l
377 L, ) H Ph 41
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w.pn PN S Ph Ph H 62
'C{.Hl“ 33
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COPh OH

(R‘ = H, R? = Ph)

Scheme 38

These reactions, which were promoted either by copper (bronze or powder) or
BF, - Et,0, are completely analogous to those of disulfides.

The homologation of selenoesters 379 with diazomethane in the presence of Cu
or Cul to give a-selenoketones is thought not to involve a carbenoid pathway and an
Se-ylide intermediate but rather a tetrahedral species resulting from nucleophilic
attack of CH,N, at the carbonyl carbon atom. The role of the catalyst is seen in
facilitating nucleophilic attack at C=0 by complexation at the selenium atom.

O
H + Cuor Cul H ’
RCSeR’ + CH,N, "%, RCCH,SR
379 (42—65%,)

R = Ph, Me, PhCH,, 2-thienyl, /\(CH,)y, MeO
R' = Ph, Me
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This would reasonably explain the formation of by-products such as PhSeSePh,
PhSeCH,SePh and RCOCH, ***). No C/S insertion was observed with thioester
PhCOSPh.

7.3 Miscellaneous

Rh,(OAc),-catalyzed decomposition of 2-diazocyclohexane-1,3-dione 380a or its
5,5-dimethy! derivate 380b in the presence of an aryl iodide leads to an iodonium
ylide 381%*%. The mild reaction conditions unique to the rhodium catalyst are
essential to the successful isolation of the ylide which rearranges to 382 under the
more forcing conditions required upon copper catalysis (copper bronze, Cu(acac),,
CuCl,) ¥,

0@ o
Rh ,{0Ac) @
——2’"‘—.—" R 1A +—e R 1Ar
40 -70°C, R R
0.5-1h 0 o
0 381
R
RQNZ + AfI et
0
380 0® OAr
a: R=H Cu R ?A R '
b: R=Me 70°C,16 h R T R
0 0
382

Ar = CsHs, CGHI“‘L’X (X = Me. OMe' Cl)

The synthesis of arsonium ylides 384 from diazocyclopentadienes 383 and tri-
phenylarsine has been reexamined with respect to the efficiency of various copper-
containing catalysts 3. Whereas copper bronze gave only ca. 557 of ylide, yields
over 80% were provided by the use of Cu(Il) complexes of B-diketonates derived
from acetylacetone, 3-methylacetylacetone, benzoylacetone or dibenzoylmethane,
as well as by bis[4~(pheny1imino)-z-pentanonato-N,O-]copper(II) and Cu(Il) acetate,
all used in boiling benzene. The sterically more demanding complex bis(dipivaloyl-
methanato)copper(Il) as well as dichlorodipyridinecopper(I) proved less efficient.
Copper(ll) tartrate, the dibenzo-14-crown 6/copper complex and furthermore the
acetylacetonate complexes of Co, Ni, Pt and Zn were totally ineffective. When
383a was decomposed by Cu(acac), in the presence of pyridine or thioanisole,
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pyridinium or methylphenylsulfonium cyclopentadienide was obtained (60 and 54
yield, respectively), but no ylides were obtained from diphenylsulfide or dipheny)-
selenide.

Ph Ph Ph  Ph
cat. @
N + PhjAs - AsPh,
=Ny
Ph R Ph R
383 384
a: R = H;
= Ph

8 Formation of Carbene Dimers

Occurence of olefins which are, formally speaking carbene dimers, as well as of
similar products (R,C=N—N=CR,, R,CH—CHR,) represents an usually unwanted
side-reaction which the chemist endeavors to suppress as far as possible. Nevertheless,
conditions for high-yield synthesis of carbene dimers from several diazo compounds
have been reported in the past '>'*). Some novel examples, published since the
last review '4) was written, are listed in Table 22.

For the formation of stilbenes from aryldiazomethanes, Rh,(OAc), was shown
to be superior to other catalysts such as Cu(ClO,), or CuBr, *7), LiBr % or
Ce(NH,),(NO,)s *** in terms of efficiency, Z-selectivity and compatibility with
substituents on the aromatic ring of the diazoalkane 3%®. Even higher Z-selectivity
was provided by the bulky catalyst iodorhodium(III) meso-tetraphenylporphyrin,
but reduced yields had to be acknowledged **®). Contrary to copper catalysts,
Rh,(OAc), failed to induce the formation of carbene dimers from secondary
aryldiazoalkanes ; azines were produced instead 358,

Ar N?
Ar H Ar H Ar H
@ — — |
H N, Ar H Nz AN H
9ML,, eMLn -MLy,
Ar\G)/H Ar\C/H Na=CHAr 3850
1 i
OMmL, ML, ®
Ar N2 Al’ H
TMLn Ar H Ar H
r? H - H N '
- 2 Ar T2 H Ar
Np=CHAr L, G)ML,, MLy,
385
Scheme 39 b
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The E/Z ratio of stilbenes obtained in the Rh,(OAc),-catalyzed reaction was
independent of catalyst concentration in the range given in Table 22 33"). This fact
differs from the copper-catalyzed decomposition of ethyl diazoacetate, where the ratio
diethyl fumarate:diethyl maleate was found to depend on the concentration of the
catalyst, requiring two competing mechanistic pathways to be taken into account
363) The preference for the Z-stilbene upon Cu(ClO,),-or rhodium-catalyzed de-
composition of aryldiazomethanes may be explained by the mechanism given in
Scheme 39. Nucleophilic attack of the diazoalkane at the presumed metal carbene
leads to two epimeric diazonium intermediates 385, the sterically less encumbered
of which yields the Z-stilbene after C/C rotation 37-3%®)_ Thus, steric effects, favoring
385a over 385b, ultimately cause the preferred formation of the thermodynamically
Iess stable cis-stilbene.

The Z selectivity increases with the electron-withdrawing properties of the p-
substituent of the aryldiazomethane. In the light of the assumed mechanistic
scheme, this fact may be rationalized by a more selective formation of 385a, as the
diazo carbon becomes less nucleophilic **7.

Some examples of carbene dimer formation resulting from diazoalkane decompo-
sition on transition-metal surfaces have been reported. Diazomethane is decomposed
to give ethylene and N, upon passage over a CoO/MoO, catalyst as well as on
Ni, Pd, Fe, Co, Ru and Cu surfaces **”). Similarly, 2-diazopropane is readily
decomposed on Raney nickel ). At room temperature, propene and N, were the
only detectable products, but above 50 °C, the carbene dimer 2,3-dimethyl-2-butene
started to appear which reached its maximum yield at 100 °C, where approximately
409 of the carbene fragments dimerized. It is assumed 367-3®), that surface carbenes
are formed as intermediates from both diazomethane and 2-diazopropane which
either dimerize or desorb by migration of a B-hydrogren, if available (Scheme 40).

R,C=CHR?
2

RECH ooy RRHC, F Rpc, R RIHC CHR;)

RE7 2 [l — Ne=¢

/
N, R R
[70TTTTTTTTTT

Scheme 40 £+ 7

Methyl diazoacetate is also decomposed on Raney nickel to give quantitatively
a mixture of dimethyl fumarate and maleate 369; N, evolution is observed even at
room temperature. Most remarkably, dimethyl maleate is formed with high stereo-
selectivity (at 70 °C: 929 of dimethyl maleate, 7% of dimethyl fumarate 7). This
represents one of the few cases of stereoselective synthesis on metal surfaces which
have been found so far,

When a mixture of diazomethane and H, was passed over Co, Fe, Ru, Ni or Pd
surfaces, a mixture of hydrocarbons was produced (mainly C,—C,,, linear alkanes
and monoolefins) whose composition varied with the metal, the temperature and
the H, partial pressure. The close similarity of this product mixture with that ob-
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tained from CO and H, over the same metal surfaces points to a common mechanism
for both reactions (including surface carbenes as depicted in Scheme 40) and this
lends strong support to the carbide/methylene mechanism for the Fischer-Tropsch
reaction 379,

A somewhat unusual copper catalyst, namely a zeolite in which at least 259, of
its rhodium ions had been exchanged by Cu(Il), was active in decomposition of
ethyl diazoacetate at room temperature >’2). In the absence of appropriate reaction
partners, diethyl maleate and diethyl fumarate were the major products. The
selectivity was a function of the zeolite activation temperature, but the maleate
prevailed in all cases. Contrary to the copper salt-catalyzed carbene dimer formation
365) the maleate:fumarate ratio was found to be relatively constant at various
catalyst concentrations. When Cu(II) was reduced to Cu(I), an improved catalytic
activity was observed.

9 Rearrangements

1,2-Hydride and 1,2-alkyl shifts represent the most common rearrangement reactions
of carbenes and carbenoids. They may be of minor importance compared to inter-
molecular or other intramolecular processes, but may also become the preferred
reaction modes. Some recent examples for the latter situation are collected in Table 23
(Entries 1-10, 15: 1,2-hydride shifts; Entries 11-15: 1,2-alkyl shifts). Particularly
noteworthy is the synthesis of thiepins and oxepins (Entry 11) utilizing such rear-
rangements, as well as the transformations a-diazo-B-hydroxyester — B-ketoester
(Entries 6, 7) and a-diazo-B-hydroxyketone — B-diketone (Entry 8) which all occur
under very mild conditions and generally in high yield.

For the synthesis of thiepins and oxepins, [(n3-C;Hs)PdCl],-catalyzed decomposition
of 4-diazomethyl-4-methyl-4 H-thiopyrans 37 or -pyrans **" is the method of choice.
Purely thermal decomposition of the former diazo compounds would require higher
temperatures and thus would cause extrusion of sulfur from the primarily formed
thiepin, yielding a benzene derivative.

The exclusive and quantitative formation of oxepins upon Pd-catalyzed de-
composition of 4-diazomethyl-4-methyl-4 H-pyrans (Entry 11) contrasts with the re-
sults of the CuCl-promoted reaction which affords a 2: 1 mixture of oxepin (by 1,2-C
migration) and 4-methylene-4 H-pyran (by 1,2-H migration) under otherwise identical
conditions 31, When the methyl group at C-4 of the diazo precursor is replaced by
H, the metal-catalyzed route to thiepins is no longer viable: Pd- or Cu(I)-catalyzed
decomposition of 4-diazomethyl-4H-thiopyrans invariably leads to 4-methylene-4 H-
thiopyrans 378 (Entry 10). Only the proton-catalyzed decomposition of these diazo
compounds affords the desired thiepin, albeit in low yield .

The rhodium-catalyzed conversion of a-diazo-B-hydroxy carbonyl into B-dicarbonyl
compounds (Table 23, Entries 6-8) in general seems to be preferable to the acid-
catalyzed reaction because of higher yields and absence of side-reactions >7>%"7.
From a screening of 20 metal salts and complexes, Rh,(OAc),, RhCI(PPh,),,
PdCL, and CoCl, emerged as the most efficient catalysts for the transformation
of a-diazo-B-hydroxy esters into B-ketoesters *’®). This reaction has become part of
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a three-step sequence for the one-carbon homologation of ketones (386 — 389 + 390)
376} When unsymmetrical alicyclic ketones or acyclic ones having residues with very
different steric demand are used, the smaller group migrates with very high selectivity
in the carbenoid rearrangement step. In contrast, catalyst-dependent ratios of both
387 and 388 resulted from other acyclic ketones 37,

OH 0 0
EDA
RIGR? 2A. gi-ccooet <8t . RICCHCOOEt + R?CGHCOOE
Q2 N2 pentane, 1.1, fe? F'Q?
386 387 388
hydrotysis
y Me €0
e 9 9
t-BuQ Me R'CCH,R?Z  RZCCH,R!
{for tablel 389 390

A remarkable difference exists between (1-diazo-2-arylethyl)diphenylphosphine
oxides and methyl (diazo)phenylacetate, since the former yield exclusively E-olefins
after N, loss and 1,2-H shift, whereas the Z-olefin results from the diazoester
(Table 23, Entries 1 and 2). It has been speculated that an intermediate carbenoid
adopts conformation 391 where the hydrogen atom perpendicular to the metal carbene
bond undergoes 1,2-migration. The tendency of the aryl group to avoid the environ-
ment of the bulky metal residue would then determine the formation of the ciscinnamic
ester 374). Along these lines of reasoning, structure 392 would have to be assumed
for the carbenoid generated from a diazomethylphosphine oxide. Considering the
bulkiness of the phosphoryl substituent, the positional change of the B-aryl group, as
compared to 391, would make sence. (It has not been established, however, whether the
different catalysts have an influence on the stereoselectivity of the rearrangement.)

COOEt POPh,
Ph 12-H Ph  COOEt H 12 -H _ POPh,
H — — H —_— /—/
H Ar Ar
RhL CuLp
391 392

Ring contraction by (Si — C) vinyl migration took place when the diazo-
silacyclohexadiene 393 was heated in the presence of anhydrous CuSO, %), The
silafulvene 394 was not isolated, but it could be trapped by ¢-butanol, benzophenone
or benzaldehyde to give 395, 396a and 396b, respectively. Silane 395 was also obtained
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as the sole product in the absence of the catalyst, but at more vigorous reaction
conditions. Contrary to 393, diazo-silanaphthalene 397 showed no tendency to undergo
ring contraction or (Si — C) phenyl migration. Thermolysis in the presence of CuSO,
and methanol gave only the O/H insertion product 3%

Ph

Ph ?iMEZ
I: >< Ot-Bu
Ph H
Ph
Q
®°° 395
o Ph Y K
o {96%)
—eei !
o Si SN, benzene, 100 C Ph “Me
A © Ph
Me Me 3 Fb i\ ",492
o‘% Si\o
393 394
Ph
Ph ph R
l-[mzsmﬂ
N2 MeO H eh
' Ph Ph
SiPh, Cuso, SiPh,
— e
- benzene/MeOH, = Ph R
Br 100°C Br Fh
397 (96 %) 39
a: R = Ph {66%)
b R = H (l.l.olo)
Ph Ph
i/ \
Ph ' Si  Ph
/N
Me CH-‘-Nz
398

CuSO,-catalyzed decomposition of the (1-sila-cyclopentadienyl)diazomethane 398
did not furnish defined products. The desired rearrangement reactions to a silabenzene
and a 1-ethylidene-1-sila-2,4-cyclopentadiene, both trapped by r-butanol, were brought
about by irradiation of 398, however 8%,

A rearrangement reaction involving migration of a benzoyloxy group explains
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the rhodium-catalyzed transformation 399 - 400 374); olefins from a 1,2-H shift
could not be detected. Similarly, acetoxy migration accounts for the major product
(403) from the copper-catalyzed decomposition of 5-endo-acetoxy-3-diazo-6,6-di-
methyl-2-norbornanone 401 3%, In accordance with a isotope labelling study, car-
bonyl ylide 402 may be formed intramolecularly, which then undergoes bond
reorganization as shown. This pathway would account for ca. 809 of the tricyclic
product. An analogous reaction occurs with Br instead of OCOMe, but other
“carbene reactions” take over in this case %),

0
Ph?:'o/\n/ coowe e o
CHCl g, r.t.
Ng COOMe
399 400
(94°)
{7&/ —& . o0 . 076/ . 0 .
Nz 18 henzene, 0
O\C//() reflux OAc OAc HO OAc
|
Me
401
! B 7
1
! 0 . 0
t-— oY_» -
18 18 0
&f" O\C,”
L Me Me
402 403

Wolff rearrangement of a-diazoketones to give ketenes or subsequent products
is an often used synthetic procedure the scope and limitations of which are well
established 1339, 5o that only a few new features of this reaction need to be consi-
dered here. Concerning its catalytic version, one knows that copper, rhodium and
pailadium catalysts tend to suppress the rearrangement ***. A recent case to the con-
trary is provided by the Rh,(OAc),-catalyzed decomposition of ethyl E-2-diazo-3-
oxopent-4-enoates 404 from which the B,y-unsaturated esters 405 are ultimately
obtained via a Wolff rearrangement 2. The Z-5-aryl-2-diazo-3-oxopent-4-enoates
undergo intramolecular insertion into an aromatic C—H bond instead (see Sect.
4.1).

Metal-catalyzed decomposition of B,y-unsaturated o'-diazoketones 406 in the pre-
sence of an alcohol affords rearranged v,5-unsaturated esters 407; this process has
been termed the vinylogous Wolff rearrangement ***). Full accounts dealing with the
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scope and limitations '°* as well as the mechanism 3! of this transformation
have appeared recently.

0
0 " COOH
l COOBt  n,(0ac), )I/mcooa Hp0 J)\ COOEt
HNz CGH‘SF, refiux, R R
Smin
404
A,2h
R = Aryl, PhCH=CH -€0,
i COQEt
R
405
R4

1
cu?*7ROH RNZSRe
R4 R / cyclohexane - R? COOR

R? g3 407
Ag,0 /ROH
406
R4 R*
R! COOR
408

Whereas under the usual conditions for Wolff rearrangement (Ag,0, MeOH, A)
both the normal and the vinylogous rearrangement product (408 and 407) were
obtained from 406 (R'-R* = —(CH,),—, n = 3-5); R?® = H, R* = Me). Appli-
cation of Cu(Il) catalysts such as CuSO,, Cu(acac), and Cu(OTf), resulted in the
exclusive formation of 407. Copper(Il)triflate was the most efficient catalyst, especially
in combination with benzyl alcohol. Under these conditions, the vinylogous Wolff
rearrangement is a general reaction of unsaturated diazoketones 406, be the olefinic
bond acyclic or incorporated into a ring, monosubstituted or tetrasubstituted. Given
this versatility and the ready availability of the diazoketones 406, the vinylogous
Wolff rearrangement offers a synthetic alternative to the orthoester version of the
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Claisen rearrangement. As for the mechanism, the reaction begins with intramole-
cular cyclopropanation; the resulting bicyclo{2.1.0]pentan-2-one then undergoes
fragmentation to a f,y-unsaturated ketene which finally is trapped by the added
alcohol to afford a B,y-unsaturated ester (Scheme 41). The intermediates could be
observed in selected cases.

R? 1 1 }
]|/\1’0 cat R . R I/ L N
—
R? CH=N, -Np 0 I, 2 COOR
R? T o R
Scheme 41

10 Metalloporphyrins

A number of diazo compounds are known to be decomposed by Zn(ID), Co(1I),
Co(I1I) and Rh(III) complexes of porphyrins (409) to give 1:1 and 1:2 adducts
between the porphyrin and the formal carbene unit. Depending on the metal ion,
different products may result (Scheme 42): Zinc octaethylporphyrin or meso-
tetraphenylporphyrin yield N-alkylated porphyrins 410 with ethyl diazoacetate **
and ethyl 2-diazopropionate ***). In the latter case, a homoporphyrin 411 is obtained
additionally. Cu(I)-catalyzed decomposition of diazomethane or alkyl diazoacetates
in the presence of zinc meso-tetraphenylporphyrin leads to cyclopropanation of a
pyrrolic B double bond, besides an N-alkylated product of type 410 ***>>). The
stoichiometric reaction between cobalt porphyrins and diazoacetates furnishes
products of formal carbene insertion into a metal-nitrogen bond (412) 9. Whereas
such products are thermally moderately stable, the corresponding adducts with
R?® = >CH and R* = COR or PO(OMe), were never isolated. They rapidly go on
to alkylcobalt(I1T) porphyrins (413) after rearrangement and HX elimination 393,397),
Haloalkylcobalt(ITT) porphyrins result from diazomethane. 9-Diazofluorene is cata-
lytically decomposed by bromocobalt(IIT) porphyrins to give the azine in high
yield 37,

TIodorhodium(I) porphyrins generally lead to alkylrhodium(Ill) porphyrins
(Scheme 42) 3%8). This is also true for the reaction with ethyl diazoacetate in the
presence of HOAc or an alcohol, and the insertion product 412 (M = Rh) could
not be detected, in contrast to the corresponding cobalt porphyrin. A mechanistic
scheme, which includes the diverse reaction modes of metalloporphyrins towards
diazo compounds, has been proposed by Callot 339,

Another remarkable property of iodorhodium(I1I) porphyrins is their ability
to decompose excess diazo compound, thereby initiating carbene transfer reactions
398) This observation led to the use of iodorhodium(III) meso-tetraarylporphyrins
as cyclopropanation catalysts with enhanced syn:anti selectivity (see Sect. 2.2.3)
87.100) 5¢ well as catalysts for carbenoid insertion into aliphatic C—H bonds,
whereby an unusually high affinity for primary C—H bonds was achieved (see Sect.
6.1) 287, These selectivities, unapproached by any other transition metal catalyst,
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have been credited to the steric encumbrance in the alleged rhodium carbene
intermediate, as depicted in Formulae 48, 314 and 315. In line with this picture is the
finding that catalysis by iodorhodium(IIl) meso-tetraphenylporphyrin completely
alters the regioselectivity of cyclopropanation of zinc meso-tetraphenylporphyrin.
With ethyl diazoacetate, reaction takes place at one of the phenyl groups at the
almost complete expense of cyclopropanation of a pyrrolic Bf bond, which is the
exclusive reaction upon catalysis by CuCl %",

RZ R1 RZ
R? R?
, , R' = Ph, RZ2:=H
R R 1 2
R'=H, R2: Et
Rr2 R2
R2 ) R?
409
CHR3R4
2 RIR4p1
R: p! fr2 2 R
_R R? R? R? R?
il NZC\RA
Wy — " . R' + R R!
2} HCL
(M = Zn) {demetalation) Rr? R? R? R2
RZ R' g2 R?2 R' p?
410 411
R¥=H, R“-COOEt R3=Me, R*:=COOEt
R3 = Me, R% = COOEt
R? R R
r3 2 2
N2C<R4 R R
409 — R R
CH,Cly or
{M=Co or CoX) CHClg R2 R?
]? R! R2?
R® = H, R* = COOEt 412 M:=Co 413
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R3 R* RS

H H CH,X

Me COOR H2C=(1,‘COOR
Me COMe H,C =éC0 Me

MeOOCCH,  COOMe MeOOCCH=CCOOMe
i
Me PO(OMe), H,C=CPO(OMe),

PhCH, COOMe PhCH=(43CQOMe

Me,CH=CH PO(OMe), McZC=C=éP0(OMe)2

Mez(f— COOEt Me(OMe)C=éCOOEt
OH

and others more

409 —
{M=Rhl, R =Pn,
R¥=H )
414
OR

|
N,CHCOOE{/ROH: R* = CH-COOEt
R = Me, PhCH,, Ac

CH,N,/CH,Cl,: RS = CH,l
CH,N,/MeOH: R’ = CH,I and CH,0Me

COOEt
MeGCOOEK [R5 - C=CHJ 3, R5 = COOE!
N,
*) with an excess of diazo compound

MeOOCC-CH,COOMe:R? = C=CHCOOMe

|
1& 2 COOMe

Scheme 42
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11 The Role of the Catalyst in Diazoalkane Decomposition

Whilst the active involvement of a transition-metal catalyst along the whole reaction
coordinate (or at least part of it) of diazoalkane decomposition in the absence or
presence of additional substrates is nowadays undisputed, the actual metal-con-
taining intermediates continue to be subjects of conjecture, working hypotheses and
conclusions based on analogy considerations %%, The fundamental difficulty to
detect reaction intermediates is accompanied by the diversity of processes to be
expected. The outcome of a reaction may or may not depend on the nature,
valence state and ligands of a metal center, furthermore on the particular diazo
compound as well as on the redox potentials of the metal ion and diazo compound.
Besides, a substrate rather than the diazo compound may be involved in the primary
interaction with the catalyst. Wulfman ' has given a very informative and detailed
theoretical analysis of possible mechanistic schemes for copper-ion induced reactions.
Some new evidence which sheds light on the primary stages of diazoalkane decom-
position will be reported in the following.

The interaction between catalyst and diazo compound may be initialized by
electrophilic attack of the catalyst metal at the diazo carbon, with simultaneous or
subsequent loss of N,, whereupon a metal-carbene complex (415) or the product
of carbene insertion into a metal/ligand bond (416) or its ionic equivalent (417) are
formed. This is outlined in a simplified manner in Scheme 43, which does not
speculate on the kinetics of such a sequence, nor on the possible interconversion
of 415 and 416/417 or the primarily formed Lewis acid — Lewis base adducts.

Q (CNC)
—=  >C-MX, SC-MXp =+ C=MX,,
N 2 ®
_C=N, Ny
ux, 415
I -N;

eXC]
~ ®

C-N ~ ~ ~
-7 - - Q“Gg"an ~GMXq g or_C-MX

Ny o
X

M = metal 416 417

X = ligand
Scheme 43

Based on this scheme, the kinetics of decomposition of diazodiphenylmethane and
diazofluorene in acetonitrile by ZnCl,, ZnBr, or Znl, has been explained **°?, Copper
complexes of type 416 or 417 have been invoked to account for kinetics and products
of the decomposition of diazodiphenylmethane by CuBr, in acetonitrile *°"). Copper
carbenoids of unspecified structure were assumed in analogous investigations with
CuBr and CuClO, *® [but not with Cu(ClO,), which initiates a radical cation
pathway, vide infra]. Carbenoids 416 (X = Hal) have been isolated from reactions
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between electrophilic metal halides and diazo compounds in a number of cases
4:5.14,19,397.398)  Some stoichiometric reactions of stable carbenoids support the
assumption that similar species also occur in metal halide-catalyzed reactions of
diazo compounds #3409,

The Lewis acid-Lewis base interaction outlined in Scheme 43 also explains the
formation of alkylrhodium complexes 414 from iodorhodium(I1I) meso-tetraphenyl-
porphyrin 409 and various diazo compounds (Scheme 42) **®. It seems reasonable
to assume that intermediates 418 or 419 (corresponding to 415 and 417 in Scheme 43)
are trapped by an added nucleophile in the reaction with ethyl diazoacetate, and that
similar intermediates, by proton loss, give rise to vinylrthodium complexes from
ethyl 2-diazopropionate or dimethyl diazosuccinate. As the rhodium porphyrin 409
is also an efficient catalyst for cyclopropanation of olefins with ethyl diazoacetate
87,100) gtilbene formation from aryl diazomethanes 3*®) and carbene insertion into
aliphatic C—H bonds 287, intermediates 418 or 419 are likely to be part of the
mechanistic scheme of these reactions, too.

H.@®_- COOEt H @,  COOEt
N~\\ @/N N« N
.Rh\ > \Rh/
NQ;“ NN
I —
418 419

Metal carbenes 415 (X # Hal) are widely assumed to participate in transformations
of diazo compounds catalyzed by complexes of Cu, Rh, Ru, Pd, Co and Ni (for
examples, see the preceding chapters). Formally speaking, they result from coordi-
nation of a carbene moiety to a metal derivative MX_ if the metal can accomodate
an increase in coordination number or from replacing a neutral two-electron ligand
at MX_with the carbene unit. All evidence concerning the occurrence and properties
of such a metal carbene is indirect. In assigning a metal carbene structure to the
elusive intermediates of transition-metal catalyzed decomposition of diazo com-
pounds, one refers to the existence and properties of stable metal carbene complexes,
especially those with a group 6-8 transition metal, which have an electrophilic
carbene ligand and undergo some typical carbene transfer reactions such as cyclo-
propanation and carbene dimer formation ***% as well as C/H insertion 405y,
Interaction between diazo compounds and low-valent transition-metal complexes
gave acces 1o some relatively stable diazoalkane complexes of Mo, W, Mn, Ru, Rh,
Ir, Ni and Pd 19-23:41,43,51,52,406-408) 55 we]| a5 carbene complexes with some of these
metals 1°~22), and the rare investigations on their chemical behavior revealed a few
instances of carbenoid chemistry. From all those diazoalkane complexes in which
the diazo group acts as an end-on or side-on coordinated two-electron donor ligand,
the intact diazo compound can be displaced by appropriate ligands. In contrast,
their thermal stability varies within wide limits. For instance, 9-diazofluorene forms
a complex with Ni(C,H,) (PPh,), which is stable at room temperature and above,
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whereas it is decomposed by Pt(C,H,) (PPh,), to give the fluorenone azine at
low temperatures (—78 — 0 °C) 31). Focussing on the diazoalkane ligand, one finds
that 9-diazofluorene **3), dicyanodiazomethane 4®®) and diazocyclopentadiene *2’
form isolable Ni(0) and Pd(0) complexes such as 9, whereas diazomethane is rapidly
decomposed with the same zerovalent metal complexes even at —78 °C, allowing
carbene transfer to methyl acrylate *. By analogy with the stable Ni(0)- or Pd(0)-

N
t- CsN1 2 I NS o Mn
(+-BuN C)le\“ co I \N--_-.' _~COOR
co SN TSCooR
9
420
CO e 'T“—-—-.C/Ph
AN
co R
421
R = Ph, COPh
Ph Ph
\C/
| PPN
Rh Rh
\C‘/ \Co/l\
c
TN
Ph Ph
L. 1n
422
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diazoalkane complexes, it has been assumed that such a complex is formed initially
with diazomethane as well, but rearranges to a metal-carbene complex capable
of subsequent carbenoid reactions. It has been suggested that such a sequence could
be valid generally for diazoalkane decomposition involving a catalyst with no
marked Lewis acid character **'. Some reactions of isolable Ni(0)-diazoalkane com-
plexes fit into the scenario of carbenoid reactivity 3!+*?, but cyclopropanation
of olefinic substrates *>) or complex ligands [e.g. (1,5-cyclooctadiene)diazofluorene
nickel(0) > seems not to occur (for the origin of cyclopropanes on heating 9 in the
presence of diethyl maleate, see discussion in Sect. 2.1).

1t is not known whether there is any carbenoid chemistry of end-on coordinated
manganese-diazoalkane complexes 420 419, However, it is known that diaryldiazo-
methanes *°%-*11 and azibenzil 4!V yield carbene rather than diazoalkane complexes
with (h*-C . H)Mn(CO),THF.

The n'-coordinated carbene complexes 421 (R = Ph) *!» and 422 “!?} are rather
stable thermally. As metal-free product of thermal decomposition [421 (R = Ph):
110 °C, 422: PPh,, 105 °C], one finds the formal carbene dimer, tetraphenylethylene,
in both cases. Carbene transfer from 422 onto 1,1-diphenylethylene does not occur,
however. Among all isolated carbene complexes, 422 may be considered the only
connecting link between stoichiometric diazoalkane reactions and catalytic decom-
position [except for the somewhat different results with rhodium(IIT) porphyrins, see
above]: 422 is obtained from diazodiphenylmethane and [Rh(CO),Cl],, which is
also known to be an efficient catalyst for cyclopropanation and S-ylide formation
with diazoesters ¢,

New evidence as to the nature of the intermediates in catalytic diazoalkane
decomposition comes from a comparison of olefin cyclopropanation with the
electrophilic metal carbene complex (CO);W =CHPh on one hand and Rh,(OAc),/
N,CHCOOEt or Rh,(0Ac),/N,CHPh on the other **). For the same set of mono-
substituted alkenes, a linear log-log relationship between the relative reactivities for
the stoichiometric reaction with (CO);W =CHPh and the catalytic reaction with
Rh,(OAc), was found (reactivity difference of 2.2 - 10* in the former case and 14 in
the latter). No such correlation holds for di- and trisubstituted olefins, which has
been attributed to “steric and/or electronic differences in olefin interaction with the
reactive electrophile” *>). A linear relationship was also found between the relative
reactivities of (CO),W=CHPh and Rh,(OAc),/N,CHFh. These results lead to the
conclusion that the intermediates in the Rh(IT)-catalyzed reaction are very similar
to stable electrophilic carbenes in terms of electron demand. As far as cis/trans
stereoselectivity of cyclopropanation is concerned, no obvious relationship between
Rh,(OAc),/N,CHCOOE and Rh,(OA¢) /N ,CHPh was found, but the log-log plot
displays an excellent linear relationship between (CO);W=CHPh and Rh,(OAc),/
N,CHPh, including mono-, 1,1-di-, 1,2-di- and trisubstituted alkenes 45)_In the phenyl-
carbene transfer reactions, cis- (syn-) cyclopropanes are formed preferentially, whereas
trans- (anti-) cyclopropanes dominate when the diazoester is involved.

Taking together the results of reactivity and stereoselectivity comparisons, one
may conclude that the cyclopropanation mechanism as such is quite similar in all
cases and involves a metal carbene, but that the stereoselectivity is determined by the
nature of the diazoalkane substituent. Doyle has developed a mechanistic scheme
which accounts for these observations {Scheme 44).
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_H
H,C=CHR + LaM=CZ ;
H_ _H H__R
H H
LpM 1 LnM T ~complexes
z z
H R H H
423a 423b
l l.
H H R H H #
5- 5+ 5~ 5+ H
LnM LnM
H
H Z H Z R

Scheme 44

Initial interaction between alkene and metal carbene is envisaged to be that of
a n complex. For a monosubstituted alkene, the two sterically least hindered
arrangements are given by 423a and 423b, but for steric reasons, 423b is favored
over 423a. As shown in Scheme 44, 423b leads to the cis-cyclopropane, and this
is indeed found when Z = Ph [Rh,(OAc),/N,CHPh or (CO);W = CHPh]. When the
metal carbene is derived from a diazoester or a diazoketone (Z = COR), stabilizing
electronic interaction between the incipient positive charge on the alkene and the
lone pairs of the carbonyl group comes into play as the n complex 423a moves
towards the transition state of cyclopropane formation. This situation does not hold
for the reaction pathway of 423b. Thus, trans-cyclopropane formation is expected
and indeed observed for a-diazocarbonyl compounds. Scheme 44 can be expanded
to understand the deviations in relative reactivity correlations for higher substituted
olefins as well as the formation of dihydrofurans from olefins which allow a higher
degree of positive charge development and diazocarbonyl compounds having a more
nucleophilic carbonyl oxygen (see Sect. 2.3.1).
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When the cis/trans stereoselectivity of cyclopropanation with ethyl diazoacetate
in the presence of CuCl - P(O-i-Pr),, Rh,(CO), or PdCl, - 2 PhCN was plotted
against that obtained with Rh,(OAc),, a linear correlation was observed in every
case, with slopes of 1.74, 1.04 and 0.59, respectively (based on 22 olefins, T = 298 K)
%), These relationships as well as the results of regioselectivity studies carried out
with 1,3-dienes point to the similar nature of the intermediates involved in Cu-, Rh-
and Pd-catalyzed cyclopropanation. Furthermore, obvious parallels in reactivity
in the transformations of Scheme 45 for a variety of catalysts based on Cu, Rh,
Fe, Ru, Re and Mo suggest the conclusion that electrophilic metal carbenes are not
only involved in cyclopropanation but also in ylide-forming reactions .

n-BuO-CHzCH, + HCCOOEt <% /A COOEt
N2 n-Bul

H,C=CHCH,SMe  + HCCOOEt 2o HZC=CHCH,CHCOOEY
N, SMe
Scheme 45

Strong evidence exists for the intermediacy of a tungsten ethoxycarbonyl carbene
425 in cyclopropanation of various enol ethers, 1,3-dienes and cyclohexene with
ethyl diazoacetate in the presence of catalytic amounts of (CO)sW = C(OMe)Ph .
The following equations could account for the obtained products:

(CO)sW=C(OMe)Ph + N,CHCOOEt — (CO);W[Ph(OMe)C=CHCOOE] + N,
424

424 4 alkene == (CO)sW(alkene) + Ph(OMe)C=CHCOOEt
(CO)sW(alkene) = (CO)sW + alkene

(CO)sW + N,CHCOOEt — (CO);W=CHCOOEt + N,
425
425 + alkene — (CO)sW + cyclopropane

425 + N,CHCOOEt - (CO)sW + EtOOCCH=CHCOOEt + N,

Inhibition of diazoester decomposition by a large excess of olefin speaks in favor
of intermediarily liberated W{CO); as direct metal precursor of 425. Stereoselectivities
in the cyclopropanation reaction are very similar to those observed in the Rh,(OAc),
catalyzed version, which underlines once more the close relationship of tungsten and
rhodium carbene complexes.

In the stoichiometric reaction between (CO),W = C(OMe)Ph and ethyl diazoace-
tate, the coupling product Ph(OMe)C=CHCOOEt is obtained in high yield. Pyridine
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is needed to liberate this alkene from 424 “'®. The analogous reaction sequence
of diazomethane has also been reported !4,

In order to rationalize the catalyst-dependent selectivity of cyclopropanation
reaction with respect to the alkene, the ability of a transition metal for olefin
coordination has been considered to be a key factor (see Sect. 2.2.1 and 2.2.2). It was
proposed that palladium and certain copper catalysts promote cyclopropanation
through intramolecular carbene transfer from a metal carbene to an alkene molecule
coordinated to the same metal atom ?>:%. The preferential cyclopropanation of
terminal olefins and the less hindered double bond in dienes spoke in favor of metal-
olefin coordination. Furthermore, stable and metastable metal-carbene-olefin com-
plexes are known, some of which undergo intramolecular cyclopropane formation,
e.g. 426 — 427 415,

/" \ 40°C
- 0 B A
» r O
(c0)4w=<
Ar
426 427
Ar = p-tolyl

Doyle has put forward arguments against the intermediacy of such complexes in
catalytic cyclopropanation *”. Firstly, metal coordination activates the alkene to
nucleophilic attack. Hence, an electrophilic metal carbene would add only reluctantly
or not at all. Secondly, the stable PdCl, complexes of dienes 8 and 428 do not
react with ethyl diazoacetate, even if Rh,(OAc), or PdCL,(PhCN), is added. The
diazoester is decomposed only when it is added to a mixture of the Pd complex and
excess diene. These results exclude the metal-carbene-olefin intermediate, but they
leave open the possibility of metal carbene interaction with an uncomplexed olefin
molecule. The preferred formation of exo-cyclopropanes in the PdCL,(PhCN),-
catalyzed reactions between 8 and N,CHCOOEt or N,CPh,, with exo:endo ratios
virtually identical to those observed upon cyclopropanation of monoolefin 429, also
rule out coordination of a palladium carbene to the exocyclic double bond of 8 prior to
cyclopropanation of the endocyclic double bond.

NS

8 428 429

For the copper-induced decomposition of diazodiphenylmethane in acetonitrile,
a fundamental difference in the catalytic action of Cu'ClO, and Cu'(CIO,), was
detected. Whilst with CuClO,, intermediary copper carbenoids are believed to be
responsible for the mainly formed benzophenone azine 0%, Cu(CIO,), initiates
a chain reaction, promoted by radical cations and yielding mainly tetraphenylethene
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and some benzophenone azine “'%, The second-order rate constant (k,,/[catalyst])
of the CuClO, reaction is some 300 times smaller than k ,_for the decomposition
by CuClO,. Similar kinetics and product ratios were found for both the Cu(ClOy),
reaction and the decomposition of the same diazo compound in the presence of the
stable radical cation salt tris(p-bromophenyl)-ammoniumyl! perchlorate, and both
reactions obey a first-order rate law. According to these findings, a mechanistic picture
can be drawn with the catalyst involved in the first step only, namely one-¢lectron
oxidation of the diazoalkane (Scheme 46). Reaction of the radical cation N,CPh,"*
with traces of water is a side-reaction which ultimately leads to diphenylmethanol,
benzophenone and benzpinacol. The liberation of a proton in this sequence causes
the acid-catalyzed decomposition of the diazo compound to take over at larger water
concentration.

Cu .
Ph,C=N, Ph,CN, |*®
(:uI
+ Ph2C=N2 + Ph2C=N2 H20
- Ny -N,
Y @ - @ «-®
Ph,C-CPh, Ph,C-N=N-CPh, Ph,C-OH,|
l -H®
Ph,C= N, Ph,C-0H

or Cul

dir/ Y:spmp.

Ph,C=CPh, » F’hZCNz'@» Ph,C=N-N=CPh, Ph2(|Z-OH Ph,C=0 + Ph,CHOH
or Cul Ph,C-OH
Scheme 46

It is known that the oxidation potentials of diazodiphenylmethane and Cu(l)
in acetonitrile are very similar. With CuBr, however, no radical-chain reaction takes
place. Contrary to the copper perchlorates, CuBr, and CuBr initiate identical reaction
pathways involving copper carbenoids. No definite answer to this discrepancy is
available 402,

Initial one-electron oxidation of the diazo compound by Ag(I), Hg(ID) or Cu(ll)
acetates may also be responsible for the formation of Ph,C(OAc)—C(OAc)Ph,
from diazodiphenylmethane and of EtOOCCH(OAc)—CH(OAc)COOEt from ethyl
diazoacetate in DMF/H,0 7. Direct evidence for reduction of Cu(ll) triflate to
the Cu() salt by alkyl diazoacetates has been furnished by the disappearance of the
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Cu(II) EPR signal in nitriles as solvent as well as by polarographic measurements ',
Similarly, the EPR signal disappeared when Cu(OTf), was used for catalytic cyclo-
propanation of olefins with diazoesters ®4, In these cases, no evidence for radical-chain
reactions has been reported, however. The Cu(acac),- or Cu(hfacac),-catalyzed
decomposition of N,CHCOOEt, N,C(COOEt),, MeCOC(N,)COOEt and
N,CHCOCOOE! in the presence of cyclopropyl-substituted ethylenes did not furnish
any products derived from a cyclopropylcarbinyl — butenyl rearrangement 2%,
These results rule out the possible participation of electron-transfer processes and
radical intermediates which would arise from interaction between the olefin and a
radical species derived from the diazocarbonyl compound.
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