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Wie wir jetzt wissen, ist es dann gelun-
gen, Verfahren bzw. Einrichtungen zu
schaffen, welche es erlauben, wenigstens
die metallischen Komponenten mit gutem
Erfolg zuriickzugewinnen. Es wurde sogar
ein lukratives Geschift.

Ahnliche Probleme gibt es auch bei der
Verarbeitung anderer Wirtschaftsgiiter.
Wir miissen in der Zukunft diese Stoffe so
aussuchen, dass sie sich auf moglichst ein-
fache Weise recyclieren lassen. Es wird die
Aufgabe der zukiinftigen Forschung sein,
die Auslese der verwendbaren Materialien
in einer Wertanalyse so auszuwihlen, dass

die technischen Eigenschaften und die
Maoglichkeit einer einfachen Reststoffent-
sorgung in die Evaluierung des Gebrauchs-
wertes einfliessen. Wir miussen die Mate-
rialien werkstoffgerechter verwenden.

Einfache Massnahmen konnen sehr er-
folgreich sein.

Ein reprisentatives Beispiel dafir ist Po-
lyethylen. Dieser thermoplastische Kunst-
stoff ldsst sich wirtschaftlich wieder in
Granulat zuriickfithren und dadurch auf
einfache Weise regenerieren.

Schwierigkeiten treten auf, wenn Poly-,
ethylen mit Fremdstoffen verunreinigt
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Abstract. Corrinoid and porphinocid metal complexes play a fundamental role in nature
as catalysts for a variety of biochemical transformations. The properties of the metal ion
in these complexes are strongly influenced by the macrocyclic ligand. In this way, the
reactivity of the metal complex is adjusted to the specific requirements of enzymatic
catalysis. This is illustrated in the first part of this article, which is centered on the
structure and properties of coenzyme F 430, a hydroporphinoid nickel complex involved
in the methane-producing step of the energy metabolism of methanogenic bacteria. A
different group of metal complexes, which exemplify the concept of ligand-based selec-
tivity control, is discussed in the second part, summarizing our work on enantioselective
catalysis. Inspired by the structure of corrinoid and hydroporphinoid compounds, we
have developed a route to chiral C,-symmetric semicorrins, a particular class of bidentate
nitrogen ligands specifically designed for the stereocontrol of metal-catalyzed reactions.
Semicorrins were found to induce remarkable enantioselectivities in the cobalt-catalyzed
conjugate reduction of a,f-unsaturated carboxylic esters and amides and in the copper-
catalyzed cyclopropanation of olefins with diazo compounds.

Introduction repertoire today contains an impressive,
steadily growing selection of metal-medi-
The phenomenal development of ated transformations [1]. By exploiting the

diverse reactivity patterns of the various
metals, the scope of organic synthesis has
been considerably enhanced. New types of

organometallic chemistry over the last
decades has had an enormous impact on
organic synthesis. The organic chemist’s
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wird. Unablésbare Papierklebeetiketten
verunméglichen eine erfolgreiche Regra-
nulierung des Materials, weil die Schmelz-
Filter verstopft werden. Mit einer auf eine
einfache Weise ablosbaren Etikette oder
einer direkt auf dem Kunststoff aufge-
druckten Beschriftung wire das Problem
gelost.

Wertanalysen der Materialien im Hin-
blick auf die Wiederverwertung miissen in
Zukunft wesentlich an Bedeutung gewin-
nen.
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transformations have become possible
which often proceed under mild conditions

and with unusual selectivity.

However, long before chemists discov-
ered the almost unlimited potential of
metal-based reagents and catalysts, metal
complexes played a major role in the catal-
ysis of biochemical reactions. Many funda-
mental processes of life, such as photosyn-
thesis, the respiratory chain, or nitrogen
fixation, depend on metals [2][3a].
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The properties of an organometallic
reagent or catalyst do not only depend on
the particular metal and its oxidation state.
They are also strongly influenced by addi-
tional ligands which coordinate to the
metal center, but do not participate in the
actual metal-mediated process. By means
of a properly designed organic ligand, the
reactivity and selectivity of a metal com-
plex may be adjusted to the specific re-
quirements of a particular situation. This is
demonstrated in a masterly manner by nu-
merous metallo-enzymes and -coenzymes
[2). Distinctive examples are found among
the metal porphinoids and corrinoids, a
group of macrocyclic metal complexes
which play a vital role in many metabolic
processes [3]. One particular representative
of this class of compounds, which illus-
trates the importance of the interplay be-
tween the metal ion and the organic ligand
in complexes of this type, is discussed in the
following section.
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Coenzyme F 430 - A Hydroporphinoid
Nickel Complex from Methanogenic
Bacteria

In 1978 Gunsalus and Wolfe [4] de-
scribed the isolation of a yellow compound
from Methanobacterium thermoautotrophi-
cum which had been originally detected in
chromatograms of cell extracts by LeGall
[S]. The compound had a novel chro-
mophore with an absorption maximum at
430 nm and, accordingly, was named fac-
tor F430. In the beginning the new factor
did not attract much attention. However,
the situation suddenly changed, when it
was discovered that factor F 430 contained
nickel [6]. Besides some Ni-containing
proteins [7], this was the first example of a
Ni complex of biological origin [8). Thauer
and coworkers speculated that factor F 430
might be a Ni-tetrapyrrole [6a]. By subse-
quent biosynthetic incorporation experi-
ments with [“C]-d-aminolevulinic acid
(ALA), which is the biosynthetic precursor
of all porphinoids and corrins found in
nature, they were able to confirm their hy-
pothesis [9a]. The detailed structure of fac-

tor F430 was finally elucidated by joint’

efforts in the laboratories of Thauer at the
University of Marburg and Eschenmoser at
the ETH Zirich (10}[11].

There were several problems that pre-
cluded a straightforward structure etucida-
tion by the usual methods. Factor F 430 is
a very polar, heat-labile, and oxygen-sensi-
tive compound which is soluble only in
H,O and highly polar organic solvents and,
therefore, difficult to purify. NMR spec-
troscopy in D,0 or CD,OD did not
provide any useful results, because F430
proved to be paramagnetic under these
conditions. In addition, all attempts to pre-
pare crystals suitable for X-ray analysis
failed.

Because of these difficulties, the struc-
ture of the porphinoid ligand was eluci-
dated by using a derivative, formed by
acidic methanolysis, rather than the parent
compound. The methanolysis product,
designated F430M, was formed in high
yield when partially purified F 430 samples
were treated with TsOH in MeOH at 40—
50° (Fig. 1) [10a]. F430M is readily solu-
ble in organic solvents such as CH,Cl, and
could be easily obtained in pure form by
preparative TLC on NaClO,-coated silica-
gel plates. The essentially identical UV/
VIS and CD spectra of F430 and F430M
demonstrated that the chromophore had
not been affected during methanolysis
(Fig.1). In strictly anhydrous CH,Cl, de-
void of nucleophilic impurities, F430M
was found to be diamagnetic. Under these
conditions, well-resolved 'H- and "“C-
NMR spectra, essential for a successful
structure elucidation, could be obtained.

The constitution of F430M was deter-
mined largely by NMR spectroscopy in
combination with a series of biosynthetic
labeling experiments. Thauer and cowork-
ers had shown earlier that ALA and L-me-
thionine can be incorporated into factor

F 430 with high efficiency [9]. Feeding of
[*C)-ALA, specifically labeled either at
C(2), C(3), C(4), or C(5), and [CH,-"*C]-L-
methionine to cells of Methanobacterium
thermoautotrophicum led to five differently
labeled F430 samples which, after conver-
sion to F430M, were analyzed by “C-
NMR spectroscopy. The spectra clearly
showed that the F430 ligand is assembled
from eight molecules of ALA and contains
two methionine-derived Me groups. Pre-
suming that factor F430, as all other por-
phinoids, is formed via the well-established
biosynthetic pathway leading from ALA
to uroporphyrinogen I11 [12], the exact po-
sitions of the "*C labels in the porphinoid
ligand frame are readily predicted ( Scheme
1). The labeling patterns allowed a rather
straightforward interpretation of the “C-
NMR spectra of the labeled samples and of
unlabeled F430 M. Particularly instructive
was the spectrum from the incorporation
experiment with [5-*C]-ALA. The ob-
served "*C,”C couplings between adjacent
labeled C-atoms were in full agreement
with the characteristic arrangement of the
BC labels in formula D and permitted di-
rect unambiguous assignment of the sig-
nals of C(15) (uniquely situated between
two labeled C-atoms) and C(20) (isolated
from the other labeled atoms).

The structure of the chromophore was
deduced from NMR data and the UV/VIS
spectrum (Fig.l). Comparison with the
UV/VIS spectra of a series of model com-
pounds [13] indicated that factor F430
possessed a linear n-system spanning the
range between three N-atoms of the
macrocycle. The electrophoretic proper-
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ties, the perchlorate band in the IR spec-
trum, and the fast-atom-bombardment
(FAB) MS suggested an ionic structure for
F430M, consisting of a monopositively
charged Ni(II) complex with a molecular
mass of 975 (*Ni) and perchiorate as the
counterion. The remaining ambiguities
concerning the constitution of F430M
were finally resolved by a detailed 'H-
NMR analysis, making extensive use of
nuclear Overhauser effect (NOE) differ-
ence spectroscopy (Fig.2). The results of
this analysis also revealed the relative con-
figuration at the six stereogenic centers in
rings A and B. The absolute configuration
at these centers and at C(12) and C(13) in
ring C was determined by a series of chemi-
cal transformations correlating F430M
with reference compounds of known abso-
lute configuration {10a,d]. The configura-
tion at the remaining three stereogenic cen-
ters in ring D could not be reliably assigned
with the available date. There were some,
though rather inconclusive, arguments
suggesting a cis-arrangement of H—C(19)
and H—C(4) (implying the (S)-configura-
tion for C(19)) [10a]. However, prelimi-
nary results from an X-ray analysis of
12,13-diepi-F430 M, an isomer produced
by thermal isomerization of F430 (10¢l,
and more recent NMR studies indicate the
(R)-configuration for C(19) with an (all-
trans)-arrangement of the three H-atoms
at C(17), C(18), and C(19) [14]. This im-
plies that our original tentative assignment
of the ring D configuration [10a] should be
reversed.

After the structure of the porphinoid li-
gand system had been established for the

N O E s = strong, m = medium, w = weak

COOCH3

Fig.2. Structure determination of F430M by nuclear Overhauser effect (NOE) difference
spectroscopy (—unambiguously assigned NOE; ----> tentatively assigned NOE)



FORSCHUNG

205

methanolysis product F430M, the ques-
tion arose, whether native factor F430
contained any additional components
which were lost upon extraction from the
bacterial cells at pH 2 or during methanol-
ysis. Due to the particular properties of
F 430 discussed above, the structural anal-
ysis of non-derivatized F430 samples
turned out to be a difficult task. Extensive
rigorous investigations by Livingston et al.
[10b] eventually led to a rather unspectac-
ular result: the parent factor F430 turned
out to be the penta-acid 2 corresponding to
the pentamethyl-ester F430M 1.

COOR

COOR

1 F430M (R=CH,, X =ClO;)
2 coenzyme F430 (R=H)

The role of factor F430 in methanogenic
bacteria became evident when Wolfe and
coworkers [15] identified F430 as a com-
ponent of the enzyme which catalyzes
methane formation in these organisms. It
was shown that dissociation of F430 from
the purified enzyme yielded the same spe-
cies as had been obtained before by extrac-
tion of bacterial cells [16]. Therefore, the
penta-acid 2 was termed coenzyme F430.

There are a number of unique structural
features that distinguish coenzyme F430
from other tetrapyrroles. Its chromophore
consists of a rather short, linear, enam-
inoid n-system, extending over only nine
of the sixteen centers of the inner macro-
ring, and has not been previously encoun-
tered in natural systems. Of all corrinoids
and porphinoids found in nature, F430
possesses the most highly saturated ligand
system. Coenzyme F430 may be consid-
ered a derivative of a tetrahydro-corphin.
Corphins [17], as indicated by their name,
are structural hybrids of corrins and por-

PORPHYRIN

CORPHIN

COOH
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Fig. 3. Ring-C conformation of coenzyme F430

phyrins, with a porphinoid ligand skeleton
and a linear, corrinoid n-system. Further
noteworthy structural elements are the iso-
lated imine double bond in ring A, the five-
membered lactam ring, reminiscent of the
so-called ‘yellow corrinoids’ {18], and the
carbocyclic ring formed by the propionic-
acid side chain in ring D. This additional
ring is of considerable consequence to the
chemical properties of coenzyme F430.

The stabilizing conjugative interaction
between the electron-withdrawing C=0
group on the carbocyclic ring and the elec-
tron-rich chromophore system results in
reduction of the electron density at the
chromophore N-atoms and, therefore, is
expected to weaken the Ni—N bonds and
to increase the electrophilicity of the Ni
ion. This is of particular importance with
regard to the redox properties of coenzyme
F 430 and the axial reactivity at the Ni cen-
ter (see below). In addition, the carbocyclic
ring has a distinct effect on the conforma-
tion of rings C and D. Molecular models
indicate an unfavorable steric interaction
between the C=0 group of the carbocyclic
ring and the adjacent propionic-acid side
chain, when ring C assumes a half-chair
conformation with the propionic-acid side
chain in a pseudoequatorial position (cf.
Fig.3). Therefore, the inverse half-chair
conformation of ring C with a pseudo-
diaxial arrangement of the two side chains
is expected to be favored. The predicted
pseudodiaxial arrangement of the propi-
onic-acid and the acetic-acid side chains in
ring C is confirmed by the 'H-NMR data
of F430 M [10 a]. The particular conforma-
tional behavior of ring C has important
consequences with regard to the reactivity
at the ring C periphery and at the Ni center
(see the detailed discussions in [10a,c] [11]
[17D.

One of the conspicuous properties of
coenzyme F 430 is its distinct axial reactiv-

CORRIN

ity at the Ni center [10¢][11][17][21]). In the
presence of nucleophiles, such as imida-
zole, or in moderately nucleophilic sol-
vents like MeOH or H,0, the paramag-
netic penta- or hexacoordinate forms pre-
dominate [10c][11]{21]). The strong ten-
dency of the Ni ion to fill the axial coordi-
nation sites with additional ligands is a
general attribute of corphinoid Ni(Il)
complexes, which clearly distinguish them-
selves from corrinoid Ni(II) complexes in
this respect [17][19]{20].

The contrasting behavior of corphinoid
as compared to corrinoid Ni(IT) complexes
has been attributed to the larger coordina-
tion hole diameter in corphin-type ligands
as a consequence of their larger macro-
cyclic ring [17] [19] [20b] [22]. Whereas the
corrin macrocycle perfectly accommodates
a tetracoordinated low-spin Ni(Il) ion, the
Ni—N bonds in a corphinoid low-spin
complex would become unfavorably long,
if the ligand assumed an unstrained con-
formation. For that reason, corphin-type
ligands adopt a distorted saddle-shaped
conformation in low-spin Ni(I[) com-
plexes, with concomitant shortening of the
Ni—N bonds [17] [19]. This deformation
permits the complex to adjust the coordi-
nation geometry to the specific require-
ments of a low-spin Ni(II) ion; however, at
the same time it builds conformational
strain. The strain energy associated with
the saddle-shaped deformation provides a
driving force for the addition of axial li-
gands, as this leads to longer Ni—N bonds
and thereby allows the ligand to relax to a
less strained conformation. The electron-
withdrawing C=0 group at the carbocyclic
ring and the particular conformational be-
havior of ring C (see above) are additional
factors contributing to the pronounced
electrophilicity of the Ni(II) ion in coen-
zyme F430 [10a,c] [11] [17], a property
which is likely to be related to its biological
function.

As mentioned before, coenzyme F430
plays a central role in the energy
metabolism of methanogenic bacteria [23].
It is one of the coenzymes of methyl-coen-
zyme M reductase, a complex enzyme sys-
tem which catalyzes methane formation
from S-methyl-coenzyme M (Scheme 2)
[15]{23] {24]. In addition to coenzyme F430
and coenzyme M, a third low-molecular-
weight component, 7-mercaptoheptanoyl-
O -phosphothreonine (HS-HTP) [25], is re-
quired in this process. It was recently
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Scheme 2. Methane formation in methanogenic bacteria [23) [24] [26] [27] (THMPT =

CHIMIA 44 (1990) Nr.6 (Juni)

tetrahydro-methanopterin [57])
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shown that the reductive cleavage of S-
methyl-coenzyme M proceeds in two steps.
The first step, catalyzed by the F430-con-
taining enzyme, produces methane and the
heterodisulfide derived from coenzyme M
and HS-HTP {Scheme 2) [26]. The subse-
quent reduction of the heterodisulfide is
mediated by a different enzyme and regen-
erates coenzyme M and HS-HTP [27].

The specific role of coenzyme F430 in
the cleavage of S-methyl-coenzyme M ist
still unknown. Considering the nature of
the enzymatic process (Scheme 2 ), it seems

reasonable to speculate that reduced forms
of coenzyme F430 might be involved. In
this context, the redox chemistry of F430M
has been investigated [28] [29]. Cyclic
voltammetry in DMF, MeCN, and THF
showed that F430M undergoes clean, re-
versible one-electron reduction at —1.3 V
vs. the ferricenium/ferrocene couple
(Scheme 3). This is the same potential
range in which vitamin B, is converted
from the Co(Il) to the Co(I) form [30]. The
one-electron reduction product of F430M
was characterized by UV/VIS and ESR

Scheme 3. One-electron reduction of coenzyme F430 pentamethy! ester

H;C00C

Pt- ELECTRODE -1.3
THF, OMF, CDON

Na/Hg 0.1%

i
THF

Zn/Hg 1.5%

o
DMF

spectroscopy (Fig.4). For this purpose,
F430M was reduced on a preparative scale
with dilute Na/Hg in THF. The ESR spec-
trum in frozen THF solution, shown in
Fig.4b, is highly characteristic for an ap-
proximately square planar Ni(I) complex
with the unpaired electron localized in an
orbital having d,, ,, character.

The observation that one-electron re-
duction leads to a metal-centered radical
and not to a ligand-centered z-radical may
be rationalized as a consequence of the dis-
tinct electrophilicity of the metal center in
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Fig.4. a) One-electron reduction of F430M (1) monitored by UV VIS spectroscopy; b) ESR
spectrum of Ni(l) F430M (3) in frozen THF at 88 K [28] [29]

F430 (see above). The same factors that
promote the addition of axial ligands to
the Ni(Il) ion are expected to facilitate its  Scheme 4
reduction to the Ni(l) state, as both pro-
cesses lead to longer equatorial Ni—N Zn-Hg
bonds. In addition, the n-system in the + H-X, DMF
. . . S CH3 o
F430 ligands is restricted to fewer centers
. S argon, 24 C
than in other natural porphinoids and cor-
rins. Therefore, formation of a m-radical F430M
should be less favorable than in more ex- (1 mol%)
tendend r-systems [31].
ESR studies by Albracht et al. [32] with
intact cells indicate that the Ni ion in coen-
zyme F430 can change its oxidation state CH,3

under physiological conditions. Depend- N_I—/N ?

ing on the conditions, up to six different via / NiR
ESR signals attributed either to Nil) or | 2.~ TN
Ni(III) forms of coenzyme F430 could be
detected. One of those signals closely re-
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sembled the signal obtained upon reduc-
tion of F430M to the Ni(I) form (Fig.4)
[33]. These findings strongly suggest that
Ni(I) F430 plays a role in the reductive
cleavage of the CH,—S bond of methyl-
coenzyme M (Scheme 2).

In this context the reactivity of Ni(l)
F430M toward compounds containing a
CH, group bound to S, O, or halogen was
investigated [29] [34]. Ni(I) F430M, pre-
pared by reduction with Zn/Hg (Scheme
3), instantaneously reacted with CH,l in
DMF at —60° to give CH, in high yield.
TsOMe proved to be much less reactive,
but at 25° was also converted to CH,.
Methyl thioethers such as coenzyme M or
(CH,),S were found to be inert under these
conditions. However, the more elec-
trophilic CH,—S bond of methylsulfonium
ions was cleaved by Ni(I) F430M. Treat-
ment of trimethylsulfonium tetrafluorobo-
rate with liquid Zn/Hg in DMF in the ab-
sence of F430M produced only trace
amounts of CH,. After addition of a cata-
lytic amount of F430M, a very clean, es-
sentially quantitative reaction to (CH,),S
and CH, was observed. In the same way,
the cyclic sulfonium salt shown in Scheme
4 was converted to CH,, tetrahydrothio-
phene, and MeSBu. The observed product
ratio shows a distinct preference for cleav-
age of the Me—S bond over cleavage of an
S—alkyl bond in the five-membered ring.

The reaction formally requires two elec-
trons and one proton. In neat DMF, resid-
ual H,0 was identified as the proton
source. Reduction in the presence of
Me,CHOD or Et,NDCI led to CH,D,
whereas, in neat perdeuterated DMF, no
D was incorporated into CH, [29] [34].
These findings clearly indicate that the step
in which CH, is liberated involves a proton
transfer rather than H-atom abstraction.
This is consistent with a reaction pathway
proceeding via a Me-Ni species [35] which
is then protonated to give methane and
Ni(I) F430M.

In view of the high efficiency of Ni(l)
F430M as a catalyst in the reductive cleav-
age of CH,—S bonds in sulfonium ions, it is
tempting to propose a similar role for
coenzyme F430 in the reductive cleavage of
methyl-coenzyme M. However, there are
still several open questions concerning the

CHg
CS + CHy + [/S-—CH:,

70 % 70 % 30%
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SIROHEME

VITAMIN By,

Fig.5. Structure of 1,9-disubstituted C,-symmetric semicorrin ligands

mechanism of the enzymatic process, such
as the apparent lack of reactivity of Ni(I)
F430M towards methyl-coenzyme M. It
remains to be shown, whether a more real-
istic model reaction can be developed that
would allow reductive cleavage of non-ac-
tivated methyl thioethers.

Structural formulas of coenzyme F430
and its structurally as well as biogenetically
closest relatives, siroheme and vitamin B,
are shown below. Although they belong to
the same family, the porphinoid ligand of
siroheme, the corrin macrocycle of vitamin
B,,, and the corphinoid F430 ligand each
provide a very different steric and elec-
tronic environment for the coordinated
metal ion. The three metal complexes illus-
trate how uroporphyrinogen III, the com-
mon macrocyclic precursor of all natural
tetrapyrroles [12], can be modified in living
systems in a variety of ways. By this route,
a series of specialized ligands is generated
which is used for accommodating the vari-
ous metal ions needed for catalysis of cer-
tain biochemical reactions [3]. As discussed
for coenzyme F430, each of these ligands
influences the properties of the complexed
metal ion in a distinct way, so that the
resulting reactivity pattern meets the
specific requirements of enzymatic cataly-
sis.

Enantioselective Catalysis with Tailor-
Made Semicorrin Metal Complexes

The various metallocoenzymes found in
nature beautifully demonstrate how the
course of a metal-catalyzed reaction can be
efficiently controlled by a properly de-

CHIMIA 44 (1990) Nr.6 (Juni)

COOH
COENZYME F430
Scheme 5
(IZN
—NH COOR™ %
HOOC A COOH

5 | | 5

signed organic ligand. However, there are
also numerous examples of synthetic metal
catalysts which illustrate this principle. An
area of research where the concept of li-
gand-based selectivity control has proved
to be most fruitful is enantioselective catal-
ysis. In the past two decades, a number of

Scheme 6
CN
O 2)MeOH, H* Ot NCCH,CO,t-Bu =~ C00tBu
b) Et,0* BF, | 100 °C
S I —— N NH
(90 %) (80 %)
COOH COOCH, COOCH,
(-)-5
CF4CO,H
60-70 %) | “raL2
( N 2aec
CN
CF3CO.H 2
CICH,CH,CI HC
65 °C
\ (65-75%) HN
H,C00C COOCH,8 COOCH;
{-)-6 (E/Z ~111)

(30-40 % from (-)-5)
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Scheme 7 type are readily obtained in enantiomeri-

chiral ligands have been found which allow
a metal-catalyzed process to be directed in
such a way that one of two enantiomeric
products is formed with high preference
over the other [36]. Well known examples
are the Sharpless epoxidation [37] and
enantioselective hydrogenation with chiral
Rh [38] and Ru [39] phosphine complexes.

Scheme 8

R=COOMe

R=CH,0SiMe,tBu

Cu(OAc)2
MeOH, 23°C

R=COOMe
R=CH,0SiMe tBu

R=COOMe

CH,OR
R = SiMe,tBu

7\0R RO

R = SiMe,t-Bu

Inspired by the structures of hydropor-
phinoid and corrinoid metal complexes, we
have recently developed a route to chiral
C,-symmetric semicorrins [40] (Fig.5), a
class of bidentate N ligands specifically de-
signed for enantioselective control of
metal-catalyzed reactions [41]. As dis-
cussed in the following, semicorrins of this

Hj

Culacac),
CH,Cl,. 23°C

N
H3C>\OH

THF, 23°C

Cu(OAc)2/

R= CMe,OH

cally pure form and should be well suited
for a wide range of applications in enan-
tioselective catalysis.

Fig.5 emphasizes the particular struc-
tural features of 1,9-disubstituted C,-sym-
metric semicorrins that led us to investi-
gate their potential as ligands for the ste-
reocontrol of metal-catalyzed reactions.
The semicorrin framework is conforma-
tionally rather rigid and contains a vinyl-
ogous amidine system with ideal geometry
for coordinating a metal ion. The sub-
stituents at the stereogenic centers are lo-
cated in close proximity to the coordina-
tion site; they shield the metal ion from
two opposite directions and, therefore, are
expected to exert a strong influence on the
stereochemical course of a reaction taking
place in the coordination sphere. The con-
formational rigidity of the ligand system
and its C, symmetry [42] restrict the num-
ber of possible catalyst-substrate arrange-
ments as well as the number of competing
diastereoisomeric transition states. More-
over, these structural characteristics sim-
plify the problem of predicting the three-
dimensional structure of the catalyst. This
greatly facilitates an analysis of the indi-
vidual interactions between catalyst and
substrate which determine the selectivity of
a metal-catalyzed process and should al-
low a rather straightforward, rational ap-
proach to the problem of designing an
enantioselective catalyst.

Semicorrins have been previously pre-
pared as intermediates in the synthesis of

CN

CuSO,, NaHCO;,
H20, CH,Cly, 23°C

R= CMe,OH



FORSCHUNG

210

Scheme 9

CICH,CHoCl, 25°
Ph (60 - 70 % yield)

] + N,GHCOOR'

CN
“Y
aR'- othyl N N
1 n"\ \ R
b R' = tert-butyl A Co A
. EEAN
¢ R’ = dmenthyl”’ NN
! a
L (1S, 2R, 55)-2-isopropyl-
5-methylcyclohexyl CN
(R =CMe,OH)
1 mol%

corrinoid and hydroporphinoid com-
pounds [43][44]. They can be easily synthe-
sized from appropriate butyrolactam
derivatives via the classic routes devised by
Eschenmoser [43). This approach is partic-
ularly well suited for the synthesis of chiral
C,-symmetric semicorrins 4, starting from
pyroglutamic acid (5), a moderately priced
compound which is commercially available
in both enantiomeric forms (Scheme 5).

The actual synthesis, which is well suited
for producing multigram quantities of
semicorrins, is summarized in Scheme 6
[45]. The overall yield of crystalline, enan-
tiomerically pure diester 6, based on py-
roglutamic acid (5), ranges between 30 and
40%. The diester 6 is a versatile precursor
which can be easily converted to a variety
of different semicorrins (Scheme 7) [45]
[46]. Variation of the substituents at the

Scheme 10
a) —
_L_ (ca.60%) H

Ph H H H
H COOR'  Ph COOR!
a 85%ee (3:1) 68%ee
b 93%ee (4:1) 92%ee
¢ 97%ee (4:1) 95%ee

stereogenic centers allows the ligand struc-
ture to be adjusted to the specific require-
ments of a particular application and also
provides a means for optimizing the selec-
tivity of a catalyst in a systematic manner.

As expected for ligands of this type,
semicorrins readily form chelate com-
plexes with a variety of metal ions such as
Co(1I), Ni(I), Pd(II), or Cu(Il) [45] [47]
[48]. This is illustrated in Scheme 8 which
summarizes the preparation of a series of
(semicorrinato)Cu(ll) complexes [45] [48].
Depending on the structure of the ligands
and the specific reaction conditions, either
mono- or bis(semicorrinato) complexes are
obtained.

The first successful application of chiral
semicorrin ligands was found for the
metal-catalyzed cyclopropanation of
olefins with diazo compounds. (Semicorri-
nato)Cu complexes proved to be efficient

H H H

COOR' :>A<COOH‘

(#2:37)

a)
S
— (77%)

>:>&<H
H COOR! >_>A<

97 % ee (63:37)

H

H
COOR!

H1Cs a)
— ca. 30 % 1
{ o) H COOR H,(CY COOR!
(82:18)
a) CN N,CHCOOR'
Y Cl,CH,CH,CI
N N 23°C
5 A
1 mol% g co g (R = CMe,0H) b
s s
NN R'= Wy
! A~
CN (yields are based on diazoacetate)
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catalysts for reactions of this type and al-
lowed the preparation of cyclopropanes in
high enantiomeric purity [49]. The highest
enantioselectivities were obtained using
the ligand shown in Scheme 9, carrying
bulky HOMe,C-groups at the stereogenic
centers. In the cyclopropanation of styrene
with alkyl diazoacetates, the enantiomeric
purity of the trans-product ranged be-
tween 85 and 97%ee, depending on the
structure of the diazo compound. This ex-
ceeds the enantiomeric excesses previously
observed in this reaction with other types
of catalysts [41] [50] [51]. As illustrated in
Scheme 10, terminal olefins in general are
converted to cyclopropanes with excellent
enantioselectivity, whereas non-terminal
olefins give less favorable results. In-
tramolecular cyclopropane formation of
a-diazo-alkenyl ketones and the cyclo-
propanation of (E)-disubstituted olefins
with CH,N, were also briefly examined.
The selectivities obtained were encourag-
ing, ranging between 70 % and 80 %oee [41]
[48].

The bis(semicorrinato)copper(ll) com-
plex shown in Schemes 9 and {0 is not the
actual species which catalyzes cyclo-
propane formation. To produce an active
catalyst, the complex must first be acti-
vated, either by brief heating in the pres-
ence of the diazo compound or by reduc-
tion with phenylhydrazine {48] [49b]. All
evidence that we have obtained so far indi-
cates that the actual catalytically active
species is a mono(semicorrinato)Cu(l)
complex [41] [49b]. (For a discussion of the
mechanism and a tentative model rational-
izing the stereoselectivity of (semicorri-
nato)copper catalysts, see [41] [49b].)

Another type of reaction that can be effi-
ciently controlled by semicorrin ligands is
shown in Scheme 11 [41] [52]. In the pres-
ence of catalytic amounts of (semicorri-
nato)Co complexes, formed in situ from
CoCl, and the corresponding ligand, and
with NaBH, as reducing agent, «,f -unsat-
urated carboxylic esters are enantioselec-
tively reduced at the C=C bond to give the
corresponding saturated esters. The best
results were obtained with the silyloxy-
methyl-substituted ligand 10 in a mixture
of EtOH and DMF as solvent and with
careful exclusion of O,. The reduction of
the (£)- and (Z)-1somers 7 and 9, using 1
mol-% of catalyst, was remarkably clean
and proceeded to completion within 1-2
days at room temperature. In several ex-
periments, the enantiomeric excesses of the
products (+)-8 and (—)-8 consistently
ranged between 93 and 95%. The semi-
corrin ligand, which upon workup forms
a (catalytically inactive) bis(semicorri-
nato)Co complex, can be recovered after
decomplexation with AcOH.

Scheme 12 shows some additional exam-
ples of (semicorrinato)Co-catalyzed reduc-
tions. With the exception of the Ph-substi-
tuted compounds 13 and 14, all substrates
investigated so far react with excellent
enantioselectivity. Geranic-acid ethyl ester
(11) and the corresponding (Z)-isomer 12
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Scheme 11

NaBH,

1 mol% CoCl, CH,
EtOH/DMF; RT

COOE!

CH,
X -COOE
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7

Y
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~
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> s

z (>95 % yield) ©/W
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Scheme 12. (Semicorrinato)cobalt-catalyzed reduction with NaBH,

CHj ") CH,q
/l\/\)\/cooa _— MCOOEt 94 %ee
(95% yield)
11 (+)-17
CHs ") CH,
M — )\/\/\/COOEt 94 %ee
(94% yield)
12 COOE ()17
CH, . CH,
©/§/cooa ) @/V\,cooa 81 %ee
————
13 (95% yield) (+)-18
CH3 CH3
N ‘) 2 _COOEt 73 %ee
—.——>
COOCEt (97% yield) @
14 ()18
CHs 9 CHy
«COOEt \('Vcooa 96 %ee
84% vyield
15 (84% yleld) (-)-19
CH, *) CH,
W)\‘ : Yf\,cooa 90 %ee
COOEt (86% yield)
16 (+)-19
*)Reaction conditions: see Scheme 11.
Scheme 13
CH; O NaBH,/ EtOH / diglyme CHy, O
QA)\/“\N/CHB 23°/ exclusion of O, - ©/\).\)LN/CH3
20 " ™ 21 "
R
)
A (595 % yield )

(R = CH,0SIMetBu)

1 mol%

are selectively reduced at the conjugated
C=C bond, whereas the isolated double
bond remains intact.

The corresponding reactions of o, -un-
saturated carboxamides were found to be

much slower and, even at elevated temper-
ature, did not go to completion. However,
it has been recently discovered that re-
placement of DMF by diglyme (di-(2-
methoxyethyl)ether), leads to a substantial

CHIMIA 44 (1990} Nr. 6 (Juni)

rate enhancement [53]. The reduction of
the ester 7 in EtOH/diglyme (1:1) is com-
pleted within 2 h as opposed to 2 days in
EtOH/DMF (Scheme 11), whereas the
enantioselectivity remains almost the same
(92%ee). Under these conditions, the less
reactive amides can also be quantitatively
reduced. Reduction of the methylamide 20
requires 14 h and provides the saturated
amide 21 in high yield and with cxcellent
enantioselectivity (Scheme 13 ).

A tentative model, rationalizing the
stereoselectivity of (semicorrinato)cobalt
catalysts, is proposed in Fig. 6 [41]. In anal-
ogy to (corrinato)Co complexes such as
vitamin B, [3d-f], we presume that under
the reaction conditions the precatalyst,
prepared in situ from CoCl,, is first reduced
to a (semicorrinato)Co(I) complex. The
Co(I) complex then initiates the catalytic
cycle by attacking the electrophilic C=C
bond of the substrate, forming a n-com-
plex [54] [55] or an alkyl-Co(I1l) complex
[54] with the metal center attached to the
f-C-atom of the substrate. From labeling
experiments using NaBD, in EtOH/DMF
or NaBH, in EtOD/DMF, we know that
the H-atom introduced into the f-position
stems from borohydride, whereas the o -H-
atom comes from EtOH [56]. These find-
ings may be interpreted as follows: NaBH,
transfers a hydride to the Co center of the
catalyst-substrate complex (either a Co-
olefin or a Co-alkyl complex). Intramolec-
ular H-shift from Co to the f-C-atom of
the substrate then leads to a Co-enolate
which is eventually protonated by the sol-
vent. Such a mechanism would imply that
the f-H-atom is added to the same side of
the C=C bond which is bound to the cata-
lyst.

If we suppose that the transition state of
the enantioselectivity-determining step is
similar to the hypothetical m-complex
shown in Fig. 6, the stereoselectivity of the
catalyst may be rationalized in the follow-
ing way: of the two transition structures A
and B leading to opposite enantiomers, B
is expected to be less favorable because of
the steric repulsion between the ester group
and the adjacent substituent of the semi-
corrin ligand. Therefore, the reaction
should prefer a pathway via A, in accor-
dance with the experimental findings. The
model also explains why the (E)-isomers
13 and 15 lead to somewhat higher enan-
tiomeric excesses than the corresponding
(Z)-isomers 14 and 16 (Scheme 12). Steric
interactions of the Ph or i-Pr groups with
the semicorrin ligand suggest the type-A
transition structures derived from the (Z)-
isomers to be destabilized (Fig.6; R' = Ph
or i-Pr, R? = Me) relative to the analogous
transition structures derived from the (£)-
isomers, in which the sterically more en-
cumbered site of the coordination sphere is
occupied by the smaller Me group (Fig.6;
R'= Me, R? = Ph or i-Pr).

The remarkable enantioselectivities
which have been observed in the (semicor-
rinato)Cu-catalyzed cyclopropanation of
olefins and in the (semicorrinato)Co-cata-
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Fig. 6. Schematic representation of possible transition states in the ( semicorrinato ) Co-cata-
lyzed reduction of o,f-unsaturated carboxylates

lyzed conjugate reduction of «,f-unsatu-
rated carboxylates and carboxamides
point to a considerable potential of semi-
corrin ligands in enantioselective catalysis.
Both cyclopropane formation and conju-
gate reduction are widely used processes in
organic synthesis. However, the scope of
semicorrin ligands should by no means be
limited to these two classes of transforma-
tions. The particular structural features of
the semicorrins, the ready access to these
compounds, and the ease of modifying
their structures offer ideal opportunities
for designing new catalyst systems for dif-
ferent applications in a rather straightfor-
ward, rational manner.

Conclusion

One of the aims of this article was to
show that metal-catalyzed reactions can be
effectively controlled by organic ligands
and that the design, and synthesis of suit-
able ligands for this purpose can be a chal-
lenging task for organic chemists. Al-
though in terms of efficiency and selectiv-
ity synthetic metal complexes cannot yet
compete with biological catalysts which
have evolved to perfection over billions of
years, they have already proved to be
highly valuable tools in organic synthesis.
Considering the wealth of organic reac-
tions that can be catalyzed by metals and
the unlimited possibilities of combining a
catalytically active metal with various
types of organic ligands, there is no doubt
that the development of this field is still in

its beginnings. Future research will cer-
tainly produce many further useful tailor-
made catalysts with even higher efficiency
and selectivity and, hopefully, also lead to
a better understanding of metal-catalyzed
processes and the various factors deter-
mining their selectivity.
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