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Fig.7. Excitonenzustinde eines sphdrisch-symmetrischen Modells als Funktion des Teil-

chenradius R.

auf. Es handelt sich also um ein heteroge-
nes Photoredoxsystem.

Wir wollen drei Arten von heterogenen
Photoredoxsystemen unterscheiden: 1) Sy-
steme, bei denen die feste Phase nur als
Quelle oder Senke eines oder mehrerer Re-
aktionspartner dient; 2) Systeme, bei de-
nen die feste Phase photoaktiv ist, entwe-
der als Absorber oder auch nur als Reak-
tionspartner, und bei denen sie in disper-
gierter oder suspendierter Form vorliegt;
3) Systeme, bei denen die feste Phase oder
eine auf ihrer Oberfliche adsorbierte Sub-
stanz photoaktiv ist, entweder als Absor-
ber oder auch nur als Reaktionspartner,
und bei denen sie als makroskopische
Elektrode vorhanden ist.

Ein Beispiel fiir die erste Art von hetero-
genen Photoredoxsystemen wurde soeben
vorgestellt. Photochemische Experimente
mit Suspensionen und Dispersionen wer-
den in Abschnitt 3 besprochen. An dieser
Stelle sei lediglich auf Untersuchungen an
Halbleiterpartikelchen hingewiesen, die
zeigen, wie sich photochemische und pho-
tophysikalische Eigenschaften der kleinen
Teilchen von denen des Bulkmaterials un-
terscheiden. Besonders auffallend ist die
Anderung der Farbe und der Lumineszenz
als Funktion der Teilchengrosse. Die
Farbe kann bei gleicher chemischer Zu-
sammensetzung von schwarz bis farblos
variieren, die Lumineszenz sich von tiefrot
bis blau verschieben. Dieses Verhalten
lasst sich mit einem Excitonen-Modell si-
mulieren.

[Zum Begriff des Excitons: Reflexions-
und Absorptionsspektren von Halbleitern
zeigen oft Strukturen, wenn die Photonen-
energie gerade noch unter der Energie-
licke liegt, in einem Bereich also, in dem

man erwarten wirde, dass der Kristall
durchgichtio it Fine enlche Struktur ent.

steht, wenn die Absorption eines Photons
mit der Erzeugung eines Excitons einher-
geht, sei es in einem direkten oder einem
indirekten Prozess. Ein Elektron und ein
Loch kénnen durch elektrostatische Wech-
selwirkung miteinander verbunden sein
(analog wie ein Elektron und ein Proton).
Das Elektron-Loch-Paar wird als Exciton
bezeichnet; es kann sich in einem Kristall
bewegen und Anregungsenergie transpor-
tieren, ist aber elektrisch neutral].
Henglein et al. verwenden ein sphérisch-
symmetrisches Excitonen-Modell, dessen
Eigenwerte als Funktion des Radius R in
Fig. 7 dargestellt sind >,
- Fiir R— oo konvergieren die Eigenwerte
gegen das untere Ende des Leitungsbandes
E.. Fiir einen mittleren Teilchendurchmes-
ser findet man zahlreiche eng beisammen-
liegende Zustdnde in der Nihe von E,_. Fir
sehr kleine Teilchen, R = 2.6 nm, liegt der
erste Excitonenzustand noch immer nahe
bei E,, dann folgt allerdings eine grosse
Licke. Fur noch kleinere Teilchen befindet
sich der erste Excitonenzustand weit ober-
halb der Bandkante. Es wire interessant,
diese Ergebnisse mit denjenigen einer MO-
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Rechnung zu vergleichen, um so eine wei-
tere Briicke zwischen der Sprache der Fest-
korperphysik und der auf molekularen
Strukturen basierenden Terminologie zu
finden.

Die dritte Art von heterogenen Photore-
doxsystemen wird als Photoelektrochemi-
sche Anordnung (photoelectrochemical
device) bezeichnet. Wegen ihrer grossen
Bedeutung sollen in diesem Uberblick ei-
nige grundlegende Aspekte hervorgehoben
werden.

Werden eine Elektrode und eine Gegen-
elektrode in eine Losung oder Dispersion
getaucht und miteinander iiber einen Wi-
derstand verbunden, und entsteht unter
Belichtung eine Potentialdifferenz zwi-
schen den beiden Elektroden, so spricht
man von einer Photoelektrochemischen An-
ordnung ™, Derartige Anordnungen kann
man in zwei grosse Gruppen einteilen *?:

ItemAG = 0: Umwandlung von Licht-
energie in elektrische Energie; in die Ge-
samtbilanz geht im Idealfall keine chemi-
sche Verdnderung ein.

Item AG # 0: Lichtenergie wird zur Erzeu-
gung neuer Stoffe verwendet (Photoelek-
trosynthese).

Weiterhin erweist es sich als sinnvoll,
zwei Zellentypen zu unterscheiden:

Photogalvanische Zellen: Photopoten-
tiale werden durch Belichtung der Lésung
oder Dispersion erzeugt. Die photoche-
misch erzeugten Ladungstriger wandern
dann zu den Elektroden, an denen eine Re-
doxreaktion stattfindet.

Photovoltaische Zellen: Photopotentiale
werden durch direkte Belichtung einer
Elektrode hervorgerufen. Die Elektrode ist
der Chromophor.

Die Photoelektrosynthese-Zellen, die
nach dem einen oder dem andern Prinzip
arbeiten konnen, teilt man ein in Zellen,
bei denen Lichtenergie in Form von chemi-
scher Energie gespeichert wird (Photoelek-
trolyse-Zellen, AG° > 0) und in solche, bei
denen die Lichtenergie zur Uberwindung
einer kinetischen Barriere dient (Photoka-
talyse-Zellen, AG° < 0).

Photogalvanische
Umwandlung von Zellen
4G=0 Lichtenergie in
elektrische Energie Photovoltaische
Zellen
4G°>0
Photoelektrolyse-
Photoelektro- Zellen
4G #0 synthese-
Zellen 4G° <0
Photokatalyse-
Zellen
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of the splitting, 4v, is given by
4v o (1) (NQC) S, @)

S, measures the degree of anisotropy and is
called the ordering factor. It is hence possi-
ble to determine either S, or NQC from
NMR spectra of quadrupolar nuclei in
mesophases, if the complementary quan-
tity can be obtained from another experi-
ment.

In this context, and with the next section
in mind, we shall draw our attention to an
example which possibly suits as a modeling
system for the behaviour of an inorganic
compound of biological impetus in bio-
membranes. One of the well established
functions of inorganic vanadate is that of
an inhibitor of the enzyme ATPase which,
inter alia, controls the passage of Na®, K®,
and Ca?® through cellular membranes. In a
mixed lyotropic meso-phase (considered
here a mimick of the biomembrane) pre-
pared from potassium dodecanate and te-
tradecylammonium bromide. and treated
with vanadate, there are two vanadium
species present (assigned [VO,HJ*® and,
tentatively, V,0,,) which show quadrupole
splitting of the *'V resonance. One of these
species ([VO,H]?®) interacts strongly with
the carboxylate and the alkylammonium
ion, the other (V,0,,) with the carboxylate
head group only .

6. Applications in Bioinorganic Chemistry

With one exception (‘*Cd; see below),
metal-NMR spectroscopy has not yet ex-
tensively been employed to investigate bio-
logical systems containing transition metal
ions as active (or deactivating) centres. The
last few years have shown, however, that
this research area is a promising field
which is likely to develop rapidly in the
near future.

There have been sporadic reports on the
detection of bonding interactions between
inorganics and bio-molecules by chemical
shift and line width variations of the metal-
NMR signal. Among these are the binding
of oxo- and thiomolybdate to bovine se-
rum albumine®, the complexes formed
between vanadate and uridine or ribonu-
clease A®), and the adduct of cis-
[Pt(NH,),Cl,] and adenosine monophos-
phate!®, The latter example is of special
interest for the research work carried out
to decode the mode of action of antitumor
agents based on Pt?®,

A considerable amount of NMR investi-
gations has been done with the nucleus
%Mo in compounds with a possible model
character for molybdenum containing en-
zymes!'%-1% Examples are complexes
containing the MoO, cis-MoOS, or cis-
MoO, group such as 20 to 22 in Fig.18.
The mono-oxo and di-oxo molybdenum
cores are belived to constitute the active
sites of the enzymes xanthidine oxidase,
sulfite oxidase, and nitrate reductase, and
they are also likely an integral part of the
iron-molybdenum coenzyme of nitroge-

nase. Copper-thiomolybdates, e.g. the
cluster 23 in Fig. 18, have been investigated
in order to establish a **Mo chemical shift
scale, allowing for the distinction of species
derived from Cu-Mo interaction. This may
have an implication for the biological an-
tagonism between Cu and Mo that leads to
copper deficiency in ruminant animals
feeding on molybdenum-rich
grounds!'01%8],

Despite of the successful investigations
into these model compounds, it seems
doubtful whether, looking actually into the
«heart» of a metalloprotein, even a me-
dium level of information will be accessi-
ble: In systems, where relaxation is gov-
erned by the quadrupole mechanism, the
long correlation times 7(equation (6)) for
the large protein molecule will broaden the
resonance lines to an extent where, if detec-
table at all, any detailed information gets
lost. Thus, the **Mo resonance of nitroge-
nase spans a frequency range of about 4.5
MHz!"*)

On the other hand, it has been shown by
analyzing changes of line widths, that Zn>®
binding to thermolysin, a peptidase iso-
lated from a thermophilic bacterium, is en-
hanced by addidition of Ca?®!"® Both
divalent ions are known to be cooper-
atively indispensible for the thermostabil-
ity of the enzyme. Similarly, “Zn-NMR
has been employed, in conjunction with
“Ca-NMR, to study metal-enzyme bind-
ing in concanavalin A" and calmodu-
lin"'?, Finally, the incorporation of Zn*®
in the process of activation of insuline by
the formation of hexamers from the in-
suline unit has again been documented by
the broadening of the Zn resonance!".
However, in all these studies, free Zn?® was
employed in large excess of the apoprotein.
In such a system, the signal observed corre-
sponds to the position of an equilibrium of
the kind

[Zn(aq))*® + apoprotein
[Zn(protein)]*® + aq

with only minor contributions from the

RN\C/S\R _SNo-NR BN J S
Mo o
N l\i\s/ 1 ne
S=C O/
N
20101 NR 21 1102
cN
S Cu/
(1 B4 - s
s<] o N
Mo\ ¢ Mo
N~ S P /
g NN
k/ Me2 S 231107

22 (105)

Fig. 18. 20 to 22: Model compounds for mo-
lybdenum containing enzymes. 23: Possible
species involved in the molybdenum/copper
antagonism. References are given in square
brackets.
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zinc-protein to the overall line width, other-
wise dominated by the aquazinc cation
and, possibly, the exchange process.

The problem of short relaxation times is
less stringent if the NMR probe is a spin- %5
nucleus, although, as has been extempo-
rated in section 4, slow molecular reorient-
ation and chemical shift anisotropy may
also deteriorate spectral resolution (equa-
tion (5)). Promising in this respect are *"Fe-
NMR studies on «artificial» low-spin
Fe*®-porphyrins such as iron-meso-tetra-
phenylporphine!''¥ and their biotic anal-
ogues, especially so carbonmonoxide-
myoglobin®"* mentioned earlier in this
article (section 4).

A nucleus which already has attained its
merits as an excellent NMR probe into
bio-systems is ''*Cd. From the increasingly
abundant findings, partially reviewed re-
cently®, we shall pick out the case of cad-
mium-thionein. Thioneins are small (on
the  biochemical scale) molecules
M, ~ 6000, which serve as a storage and
regulatory protein for Zn>® and also as a
(temporary) detoxification agent for metal
ions such as Hg?® and Cd?®. Seven divalent
metal ions can be taken up per molecule of
apothionein, and the main portion of
nowadays knowledge on the metal binding
sites comes - from- !“Cd-NMR ana-
lyses!"'*"' The '"*Cd-NMR spectra of cad-
mium-thionein show seven structured
resonances in the low-field chemical shift
range typical of Cd*® in a tetrahedral envi-
ronment exclusively built up by thio-li-
gands (i.e. cystein residues). The seven
resonances can be allocated to seven
distinct Cd sites divided between a 4-Cd
and a 3-Cd sulfur cluster (Fig.19). The
unambiguous site assignments have been
carried out on the basis of two-bond and
four-bond '"*Cd-'*Cd connectivities as es-
tablished by the multiplet splitting of the
seven peaks.

7. Applications in Catalysis

Metal-NMR investigations directed to-
wards catalytically active complexes in sys-
tems where catalysis actually takes place
are still scarce. Two examples from the re-
cent literature shall be discussed here. The
first is the photochemical oxidation of or-
ganic substrates such as alcohols, ethers, or
amides in the presence of water and «-
H,PW,,0,, as a catalyst. The '#W-NMR
spectrum before and after dehydrogena-
tion indicates that little if any decom-
position of the catalyst occurs during the
process!"'".. The second example, the catal-
ysis of the synthesis of substituted py-
ridines from alkynes and nitriles by or-
gano-cobald compounds, is a more de-
tailed study of an apparent correlation be-
tween catalytic activity/selectivity and the
electron structure of the compound' con-
sidered the catalyst or the precursor of
an actually catalytically active inter-
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Tabelle 2. 3'P{'H}- und *C{'H}-NMR-Daten der Amino- und Iminophosphane 50 pzw 8t

5f S5g 5h 5i 8f 8g 8h 8i
SIp('H} § 153.2 145.0 156.2 118.3 490.4 491.2 4874 4153
”C{IH} P
(Jpc[Hz])
PC 36.3 33.0 27.0 142.2 444 443 49.7 147.2
(30.5)  (26.2) (56.5)  (282)  (260) (4700  (857)  (56.2)
PCC, 26.2 25.1
(15.8) (12.0)
PCG,/PCC} 18.2/15.3 130.0 16.5 131.3
(21.5)/(4.2) (23.3) 9.0) (21.4)
PCCC, 128.9 128.7
(6.2) (7.0)
PCSiC,/PCSiC} 1.7/3.8 24
(8.3) @3)
PCCCC 130.5 133.5
PNC 137.0 136.1 136.4 135.3 133.8 132.8 134.1 132.5
(5.5 (10.6) (19.6) (135  (11.6)  (11.8) (109  (11.5)
PNCC, 143.1 145.1 148.2 145.4 143.2 142.7 142.7 142.9
4.9) 4.3) 4.2) (5.0
PNCCC, 124.2 123.9 123.6 124.1 122.0 121.7 121.8 121.8
(3.0
PNCCCC 144.6 145.6 147.2 146.1 150.3 149.9 149.3 149.6-
(3.0 (3.7) (2:6) (7.4) 69  (10.9) 9.1)
PNCC (0-CCy) 36.7 36.8 36.8 36.9 36.4 36.1 36.2 36.2
(1.3) 12 (1.0)
PNCC (0-CC5) 338 - 337 334 33.8 33.0 32.6 325 325
(5.4) 4.9) (4.4) (52) (3.1 (1.8) (4.0) L7
PNCCCC (p-CCy) 34.4 345 34.7 34.6 34.7 34.6 34.4 34.6
0.7 0.9) 0.9)
PNCCCC (p-CCs) 315 314 314 314 32.0 31.8 31.6 31.8

[a] In CDClj; [b] in C¢Dg.

BC{'H}-NMR(CDCl): 6 = 39.3 (d, 53.1 Hz) PC, 27.3
(d, 22.0 Hz) PCC;, 20.42 (s) PNSIC, 0.9 (d, 10.3 Hz)
PNSIC,, 6.9 (s) PNSiICs, 28.4 (d, 4.3 Hz) PNSiCCj;
SIp{'H}-NMR(CDCly): 6 = 161.5. — MS: m/z 325
(2.6%) M*, 310 (9.9%) M* — CHs, 268 (88.2%)
M* — C4Hy, 73 (100%) Si(CH;); und weitere Bruch-
stiicke.

tert-Butyl-1-adamantylimino-phosphan (8d) und 1-
(1-Adamantyl)-2-(1-adamantylimino)-2, 3-di-zert-bu-
tyl-1,2, 3-azadiphosphiridin (9d): Zu einer Ldsung von
2.7 g (9.9 mmol) 5d in 30 mL Diethylether werden
bei —40°C 1.7 g (10.2 mmol) Lithium-bis(trimethylsi-
lyD)amid in 40 mL Diethylether/Pentan (1:1) getropft.
Man erwirmt auf Raumtemperatur und erhdlt nahezu
quantitativ 8d, welches sich langsam in 9d umlagert.
Nach Abfiltrieren des Niederschlags und Abziehen des
Losungsmittelgemisches sowie des Bis(trimethylsi-
lyl)amins im Vakuum bleibt 9d als viskose Fliissigkeit
zuriick. Ausbeute 2.1 g (90%) C,gHygN,P, (474.7). —
BC{'H}-NMR(C¢Dg): 6 =38.0 (dd, 123.6 Hz
[Jpc + Jpcl) PC [P =P, P =PV], 335 (dd, 74.2 Hz)
P'C, 29.8 (dd, 23.6 Hz) PCC;, 31.3 (t, 5.0 Hz) P'CGC;,
54,6 (dd, 18.5 Hz), 51.8 (d, 12.2 Hz) PNC und P'NC,
48.5(dd, 17.0 Hz),45.1 (t, 7.1 Hz) PNCC und P'NCC,
31.0 (d, 1.6 Hz), 30.6 (s) PNCCC und P'NCCC, 37.1
(s), 36.7 (s) PNCCCC und P'NCCCC; 3'P{'"H}-NMR
(C¢Dg): 6 =17.0 PV, —43.2 P! (232 Hz). - MS: m/z
474 (2%) M*, 417 (9.2%) M* — C4;Hy, 135 (100%)
C,oH{s und weitere Bruchstiicke. )

tert-Butyl-(2, 4, 6-trimethylphenyl)imino-phosphan
(8¢)und 1-(2,4, 6-Trimethylphenyl)-2-(2,4, 6-trimethyl-
phenylimino)-2, 3-di-tert-butyl-1, 2, 3-azadiphosphiri-
din (9e): 15.5 g (60 mmol) Se in 50 mL Diethylether
werden bei 0°C tropfenweise mit einer Losung von
151 g (60 mmol) Lithium-bis(zerz-butyldimethyl-
silyl)amid in 60 mL Hexan versetzt. Das entstandene
Iminophosphan 8e lagert sich innerhalb weniger Minu-
ten zu 9e um (*'P-NMR-Kontrolle), welches nach dem
sofortigen Abfiltrieren von LiCl und Abziehen der L6-
sungsmittel durch zweimaliges Umkristallisieren des
Riickstandes aus wenig Hexan bei —30°C rein erhalten
werden kann: m.p. S8°C (Zers.); Ausbeute 7.9 g (60 %)
CyeH3gN,P,  (438.5). BC{'H}-NMR (CDCly):
5 =136.2(dd, 57.5 Hz Jcp + Jcp'l) P'C, 41.5 (dd, 87.4
Hz) PC, 27.1 (s) P'CC;, 27.2 (dd, 27.3 Hz) PCC;, 137.3
(d, 8.8 Hz), 137.5 (d, 4.4 Hz) P- und P’-NC, 130.6 (s),
130.7 (s) P- und P'-NCC,, 128.8 (s), 130.4 (s) P- und
P'-NCCG;; 131.1 (s), 132.2 (s) P- und P'-NCCCC, 21.4
(s), 22.2 (d, 9.6 Hz) P’- und P-NCC(0-C), 20.4 (s), 20.5

(s) P- und P’'NCCCC(p-C); *'P{'H}-NMR (CDCls):
6 =—454 P 51.7 PV (147 Hz). - MS: m/z 442 (2%)
M?*, 385 (33%) M*—CH,, 164 (100%) (M/
2)* — C4H, und weitere Bruchstiicke.

tert-Butyl-, Isopropyl-, Bis(trimethylsilyl)methyl-
bzw. Phenyl-(2,4, 6-tri-tert-butylphenyl)imino-phos-
phan (8f, 8g, 8h und 8i): Zu 15 mmol Aminochlorphos-
phan (5f-i) in 150 mL Diethylether gibt man bei 25°C
die dquimolare Menge Lithium- fert-butyl(trimethylsi-
lyl)amid. Nach 2 h Riihren zieht man das Losungsmit-
tel ab, nimmt den Riuickstand in wenig Hexan auf und
filtriert von LiCl ab. Umkristallisation bei —30°C er-
gibt die reinen Iminophosphane 8f-i (‘*C{'H}- und
J'P{'H}-NMR-Daten siche Tabelle 2).

8f: m.p. 100°C; Ausbeute 3.6 g (70%) C,,H3;sNP
(347.5). — MS: m/z 347 (8.5%) M*, 290 (100%)
M™ — C4H, und weitere Bruchstiicke.

8g: m.p. 87°C; Ausbeute 3.1 g (62%) C, H;sNP
(333.5). — MS: m/z 333 (12.2%) M™, 290 (100%)
M™ — C3H; und weitere Bruchstiicke.

8h: m.p. 82°C; Ausbeute 4.7 g (70%) C,sH4sNPSi,
(449.8). — MS: m/z 449 (24.2%) M™, 334 (15.6%)
M*™—CH,;, 392 (5.8%) M™—C4H,, 378 (3.8%)
M*—CH;, —CH;, 320 (17.6%) M™—CH,,
— Si(CH3),CH,, 290 (52.0%) M™* — ((CHs3);Si),CH,
73 (100%) Si(CH3)7 und weitere Bruchstiicke.

8i: m.p. 151°C; Ausbeute 3.3 g (60%) C,4H;,NP
(367.5). — MS: mjz 367 (71%) M™*, 352 (100%)

"M* — CH; und weitere Bruchstiicke.

1-Trimethylsilyl-2-trimethylsilylimino-2, 3-di-tert-
butyl-1,2, 3-azadiphosphiridin (9a): 5.5g (20 mmol) 4a
werden in einem Glasbombenrohr 2-3 h auf 140-
150°Cerhitzt. Sobald 4a vollstindig umgesetzt ist (*'P-
NMR-Kontrolle), wird das entstandene Trimethyl-
chlorsilan im Vakuum abgezogen und der Riickstand
fraktionierend destilliert: b.p. 54-56°C/4-10~> Torr;
Ausbeute 2.0 g (57.1%) C,;H3sN,P,Si; (350.6). —
BC{'H}-NMR (C¢Dy): 6 =38.5 (dd, 1020 Hz
Jpc + Jpcl) PC, 33.1 (dd, 56.5 Hz) P'C, 29.2 (dd, 23.6
Hz) PCGC;, 27.4 (dd, 6.5 Hz) P'CC3, 4.5 (d, 2.4 Hz)
P'NSiC;, 2.1 (t, 2.8 Hz) PP'NSiC;; *'P{'H}-NMR
(C¢Dg): 6 = 7.5PY, —41.2 P (140 Hz).
1-tert-Butyldimethylsilyl-2-tert-butyldimethylsilyl-

imino-2, 3-di-tert-butyl-1, 2, 3-azadiphosphiridin (9b):
3.26 g (10 mmol) 7b werden in einem Glasbombenrohr
30 min auf 150°C erhitzt. Anschliessend zieht man das
entstandene Trimethylchlorsilan ab und kristallisiert
das Rohprodukt aus wenig Hexan bei —30°Cum: m.p.
62°C; Ausbeute 1.3 g (60%) CyoHsgN,P,Si, (434.7). -
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BC{'H}-NMR (C¢Dy): 6 =39.1 (dd, 100.0 Hz
Jpc + Jpcl) PC, 33.0 (dd, 57.8 Hz) P'C, 29,2 (dd, 22.6
Hz) PCC;, 27.6 (dd, 6.7 Hz) P'CC;, 19.6 (d, 5.9 Hz)
P'NSIC, —-0.4 (d, 4.2 Hz) P'NSIC,, 27.3 (d, 1.3 Hz)
P'NSICGC;, 19.7 (t, 1.1 Hz) PP'NSIC, —2.6 (t, 3.9 Hz)
PP'NSIC,, 28.4 (s) PP'NSiCCj; *'P{'H}-NMR(C¢Dy):
6 = 12.3PY, —40.8 P (141 Hz). - MS: m/z434 (5.7%)
M*, 419 (2.0) M* — CHs, 377 (53.5%) M* — C,H,,
321 (100%) M™ — C4Hy, — C4Hg und weitere Bruch-
stiicke. .
1,2-di-tert-Butyl-1-neopentylamino-2-neopentyl-

imino-diphosphan (12¢): a) 14 g (50 mmol) 4c werden
bei 150-170°C/40 Torr 4 h pyrolisiert. Durch fraktio-
nierende Destillation des Riickstands erhilt man bei
96-98°C/0.1 Torr 9.8 g (58%) 12¢, das in der Vorlage
nach kurzer Zeit kristallisiért. — b) 13.3 g (64 mmol) 5¢
in 75 mL Diethylether werden zu einer Lésung von
7.6 g (50 mmol) Lithium-zerz-butyl(trimethylsilyl)amid
in 100 mL Ether bei —30°C getropft. Man erwirmt die
Reaktionslésung auf Raumtemperatur und trennt das
enstandene LiCl durch Druckfiltration ab. Nach Ab-
ziehen des Ethers wird der Riickstand fraktionierend
destilliert: b.p. 98°C/0.1 Torr; Ausbeute 8.8 g (51%)
CygH4N,P, (346.5). - 3C{'H}-NMR (C4Dy): 6 = 31.1
(dd, 21.1 Hz Jpc + Jpcl) P'C, 33.1 (dd, 21.0 Hz) PC,
27.3(dd, 15.0 Hz) P'CCs, 28.1 (dd, 21.2 Hz) PCC;3, 62.5
(dd, 24.3 Hz) PNC, 183.8 (dd, 21.9 Hz) PN=C, 33.2
(dd, 10.0 Hz) PNCC, 39.6 (dd, 11.5 Hz) PN=CC, 28.0
(s) PNCCC, 26.7 (s) PN=CCC; *'P{'H}-NMR (C¢Ds):
0 =472,729 (278.9 Hz). - MS: m/z 346 (14%) M *,
172 (100%) M* — (C4Ho-PNCH-C,H,) und weitere
Bruchstiicke.

Eingegangen am 20. Mai 1986 [FC66]
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FORSCHUNG

In 1976 seemingly minor progress was
achieved by the use of ligand indices
only®. As we now know, this was, how-
ever, an absolutely crucial breakthrough
for the development of the theory of chem-
ical identity groups'', in that the geomet-
ric skeletal symmetries and other geomet-
ric features of the molecules were replaced
by the concept of chemical identity. The
concept of chemical identity implicitly em-
braces molecular geometry and chemistry,
and it is also directly applicable to mole-
cules that are not representable by any geo-
metric model.

The concept of permutational isomerism
must be carefully distinguished from that
of stereoisomerism. There exist permuta-
tion isomers which are not stereoisomers,
and there are stereoisomers that are not
permutation isomers®. In the case of per-
mutation isomers with a polycentric skele-
ton some members of a family of permuta-
tion isomers have the same chemical
constitution and thus are stereoisomers,
while others are constitutional isomers.

If L is the set of ligands, then the set of
all permutations of L forms a group SymL,
the symmetric group on L objects. With
this terminology we provide the following
definitions:

Let X be a given compound and E a refer-
ence model for X having a set L of chemi-
cally distinguishable ligands. Let S, be the
set of all permutations of the ligands of E
that yield models chemically identical with
E, all representing X. For reasons based
entirely on the nature of chemistry, the set
Sy will be a subgroup of SymL. We call Sy
the chemical identity group of X, and J,(L)
is the family of permutation isomers with a
ligand set L and a reference isomer X.

The chemical identity group is the con-
ceptual basis for our representation of the
stereochemistry of molecules, flexible or
not. As is well known, groups are fre-
quently used to express geometric symme-
tries. Our chemical identity group is, how-
ever, new in concept and in intent. The
chemical identity group does not express
geometric symmetries so much as it ex-
presses stereochemical realities. Moreover,
even our indexing system® ) is different
from those used previously: our approach
is based entirely on permutations of in-
dexed ligands on a fixed model, and we do
not assign indices to the skeletal sites at all
(see e.g. ref.?),

Although a particular chemical identity
group may be isomorphic to groups repre-
senting symmetries of some geometric
models or to the Longuet-Higgins group "
and related groups, the meaning of the cor-
responding chemical identity groups is en-
tirely different!"!). Their elements never re-
present any symmetry-related operations
that bring some geometric objects into self-
coincidence (see Scheme 4 and below).

If all the ligands are chemically distinct,
X has exactly |SymL|:Sy| chemically
distinct permutation isomers; all the per-
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Scheme 4
A 4 4 S S
3 _Fz 2 «*\ 1 1 4‘\\‘"] 3 —*&*"’1 1 ——F"Z 2 —%\“"3
)] 3 2 2 3 1
S S 5 ¢ 4
6a, 6a, 6a, 6a, 6a, 6a,
E (123)E (132)E (12)(45)E  (13)(45E (23)(45)E

mutations belonging to a given left coset
ASx of S, in SymL will generate the same
isomer from E. The chemical identity
groups of the permutation isomers all
belong to the conjugacy class of Sy in
SymL. Thus, the family 6 contains
|SymL|:|Sg,| = 5!:6 = 20 permutation iso-
mers that are represented by the cosets AS,
(see Table 1).

Under given observation conditions, X
has an enantiomer X if each geometric ar-
rangement of a molecule from X is the
mirror image of some molecule from X and
conversely. A mixture of equal numbers of
molecules from X and X is called the ra-
ccmate of X,

Let X be the reference isomer of a family
J4(L) of permutation isomers with all li-
gandsin theset L= {L,, ... L,} chemically
distinguishable. If X has an enantiomer X
belonging to the same family of permuta-
tion isomers, then X and X have the same
skeleton; we then say that the skeleton of X
is achiral. In this case, any permutation of
the ligands of X that preserves the chemi-
cal identity of X also preserves the chemi-
cal identity of X, so that both X and X
have the same chemical identity group.
The chirality of such isomers must then be
due to differences in the placement of the
ligands on the skeleton. The set of R, of all
permutations that preserve the chemical
identity of X and the set of all permuta-
tions that interconvert X with its enan-
tiomer X, form a union that is the racemate
group of X.

It turns out that Sy < Ry is a subgroup
of order 2 and therefore normal in R,. The
coset S, of Sy in R, is called the enantiomer
coset; any permutation belonging to the
enantiomer coset will interchange X and X
with each other.

A brief discussion of the asymmetric car-
bon atom will illustrate the differences be-
tween earlier uses of permutations in
chemistry and the chemical identity ap-
proach.

Le Bel and van’t Hoff based their postu-
late of the asymmetric carbon atom on the
chemical evidence that was available to
them®?, namely that all the ways of attach-
ing four chemically distinguishable ligands
to a carbon atom give molecules of exactly
two distinct enantiomeric compounds. Un-
der the assumption that the carbon atom
has a rigid valence skeleton, the only geo-
metric model that is compatible with the
known facts is a skeleton with a tetrahedral
point group symmetry T,. With this skele-

Table 1. Family of permutation isomers 6 represented
by the left cosets of S¢, in SymL.

6 Corresponding left coset 1 -Sg,

e, (123), (132), (12) (45), (13) (45), (23) (45)
(12), (13), (23), (45), (123) (45), (132) (45)
(124), (13) (24), (243), (254), (12543), (13254)
(24), (1243), (1324), (1254), (13) (254), (2543)
(125), (13) (25), (253), (245), (12453), (13245)
(25), (1253), (1325), (1245), (13) (245), (2453)
(134), (234), (12) (34), (13542), (354), (12354)
(34), (1234), (1342), (12) (354), (1354), (2354)
(135), (235), (12) (35), (13452), (345), (12345)
(35), (1235), (1352), (12) (345), (1345), (2345)
(142), (143), (14) (23), (154), (15423), (15432)
(14), (1423), (1432), (1542), (1543), (154) (23)
(145), (14523), (14532), (152), (153), (15) (23)
(15), (1523), (1532), (1452), (1453), (145) (23)
(14) (25), (14253), (14325), (15) (24), (15243),
(15324)

(1425), (143) (25), (14) (253), (1524), (153) (24),
(15) (243)

i (14) (35), (14235), (14352). (15342), (15) (34),
(15234)

(1435), (14) (235), (142) (35), (152) (34), (1534),
(15) (234)

i (24) (35), (12435), (13524), (12534), (13425),
(25)(34)

(2435), (124) (35), (135) (24), (125) (34),
(134) (25), (2534)
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tal symmetry, the central carbon atom is
located at the center of a regular tetrahe-
dron whose vertices are occupied by the
ligands 1, ..., 4. Then any even permuta-
tion of the idealized ligands (i.e. permuta-
tion that corresponds to an even number of
pairwise ligand exchanges) of a model E
leads to a rotated form of E. For example,
the even permutation (123) represents a
120° rotation of E = 7a about an axis pass-
ing through the central atom and ligand 4;
thus 7a gives a molecule 7b (Scheme 5).
The odd ligand permutations convert 7
into 7, the enantiomer of 7.

The product p-A of the permutations A
and p is given by the sequential action of A
and , i.e. the action of A followed by the
action of y (see e.g. 7Ta—>7b—7a).

Scheme 5

1 1
1
]/K% 2. 2/L~L B 2/'“'-4
2 1 3
7a 7b 7a
E (123)E (13)(123)E
= (23)E

Thus, the chemical identity group of the
asymmetric carbon atom is compatible
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amines gave results that were hard to re-
produce. This lack of reliability seems to be
due to the fact that sometimes the reac-
tants form a supersaturated solution in
which the 4CC takes place at a low temper-
ature, whereas sometimes the starting ma-
terials crystallize out before the 4CC oc-
curs. The components then undergo the
4CC after redissolving when the reaction
mixtures are warmed.

Therefore, it seems to be desirable to run
the stereoselective 4CC at higher tempera-
tures. Now that we know about the «type
I» a-ferrocenylalkylamines, we hope that
it will be possible to carry out 4CC with a
“high degree of stereoselectivity at relatively
high temperatures. In order to avoid some
of the conceivable side reactions, amines
25 of type I with an electron withdrawing
group R look particularly promising. With
regard to peptide syntheses by stereoselec-
tive 4CC, we are almost back to square
one.

If the analysis of stereoselectivity as a
function of reaction conditions shows that
the given stereoselective reaction is not just
a pair of corresponding reactions, but a
more complex system of parallel and con-
secutive reactions, it is advisable to obtain
as much mechanistic information as pos-
sible from a systematic variation of the
reaction conditions, possibly including a
computer-assisted analysis of the data, and
to exploit this information in a computer-
assisted optimization of stereoselectivity
and-overall yield by factor analysis®, sim-
plex methods ™, etc.

6. Asymmetric Reactions

A brief discussion of the history of the
concept of asymmetric reactions, may il-
lustrate the necessity for the present treat-
ment of the problem.

The notion of asymmetric induction
originates with Emil Fischer " who used it
to explain the formation of optically active
carbohydrates from CO, and water by
plants. He conjectured that optically active
chlorophyll exerts a stereochemically di-
recting influence upon photosynthesis. Af-
ter that it was believed for quite some time
that «only living organisms with their
asymmetric tissues, or asymmetric prod-
ucts of living organisms or the latter them-
selves with their inherent asymmetry can
achieve this. Only asymmetry can create
asymmetry».

This prejudice was overcome by the first
in vitro asymmetric reactions by Marck-
wald®® and Mc Kenzie™. Marckwald de-
fined asymmetric syntheses as follows:
«Asymmetric syntheses are those which
produce optically active substances from
symmetrically constituted compounds
with intermediate use of optically active
substances but avoiding any analytical
operation».

Owing to conceptual progress in stereo-
chemistry and the discovery of many new

types of asymmetric reactions, the defini-
tions of asymmetrically induced syntheses
underwent successive modification and ex-
tension to yield the currently most widely
accepted statement® that «in its broadest
interpretation, an asymmetric synthesis is
a reaction in which an achiral unit in an
ensemble of substrate molecules is con-
verted by a reactant into a chiral unit in
such a manner that the stereoisomeric
products are produced in unequal
amounts».

This definition which was given in a
monograph by Mosher and Morrison '™
corresponds to a definition in Eliel’s®"
textbook of stereochemistry. It includes
cases in which the chiral reference system is
part of the same molecule where the new
center of chirality is generated. According
to Klabunowski'®, asymmetric syntheses
are confined to the syntheses of optically
active compounds from substances
«whose molecules are optically inactive be-
fore the reaction», with the explicit exclu-
sion of racemates as starting materials.

The facts that there are many definitions
of «asymmetric induction» which differ
substantially from each other, and that
from a present-day view point it seems im-
possible to define asymmetric reactions in
an unambiguous manner on the basis of
the traditional stereochemical concepts,
point to the need for new concepts to clas-
sify the phenomena in this field, leading to
the present definition.

Let A,...,A, be any molecules in a
balanced stoichiometric equation, and
{a,A,,...,a,A,} denote the ensemble of ini-
tial reactants that contains a, copies of A,
and a, copies of A,, analogous considera-
tions apply to the final products B,,...,B,.

A reaction
{a,A|+...+aA,}->{bB, +...+bB,}
is called an asymmetric synthesis, if

(a) the reaction is stereoselective, and

(b) G({a,A,,....a,A,}) < G({b,B,,..., b,B,})
is valhd with stereoselectivity while
G({a,A.....,a,A,}) = G({bB,....,b,B,})
holds for the corresponding reaction with-
out stereoselectivity, and

k
(©) G({bB,...,bB}) <EG({bB}), in
|

words, the chiral genus of the ensemble of
final products must be strictly smaller than
the sum of the chiral genera of its individ-
ual members.

The condition (a) states that unequal
amounts of stereoisomers are produced or
destroyed by the reaction; together condi-
tions (b) and (c) assure that the increase in
chiral genus is due to a stereoselectivity
which is caused by chiral influences alone.
Condition (a) is an essential part of the
definition: it is interrelated with condition
(c), and together they restrict the type of
chirality-increasing stereoselective reac-
tions that will be called an asymmetric syn-
thesis. In fact, a stereoselective reaction is

CHIMIA 40 (1986) Nr. 10 (Oktober)

never «infinitely selective», because this
would require an infinite free enthalpy dif-
ference of stereoisomers or stereoisomeric
transition states, respectively. In the case
of idealized destructive selectivity «infinite
selectivity» would be reached at infinite
reaction time, when none of the considered
stereoisomers would be left overs.

The previous difficulties in defining
asymmetric syntheses are mainly due to the
lack of an adequate quantitative measure
of molecular chirality.

Any definition of asymmetric syntheses
must express that these are stereoselective
reactions during which an «increase of chi-
rality occurs, caused by chiral influences».

Despite considerable effort that has
gone into the study of asymmetric reac-
tions, they remained almost as mysterious
as they were at Emil Fischer’s time, until
Viadimir Prelog'® discovered that in the
preferred products of asymmetric reac-
tions there exists a well-defined configura-
tional relation of the initial chiral moieties
of the educts and the newly formed chiral
parts. The observed direction of selectivity
is determined by the relative sizes of the
residues. This rule contains the statement:
«The addition reactions of carbonyl com-
pounds proceed according to the rule as if
the attack at the carbonyl group by the
reactant would preferentially take place
from the less sterically hindered side of a
conformation specified by the respective
rule» 1%,

Scheme 17
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Prelog’s rule (steric bulk L > M > S)

Prelog also noticed that the extent of
stereoselectivity of -asymmetric reactions
depends on the relative steric bulk of the
ligands at the initial asymmetric carbon
atom.

For Ernst Ruch™ and the present au-
thor®®, as well as for many others, Viadi-
mir Prelog’s insights were the decisive
stimulus for their endeavours in stereo-
chemistry.
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