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Stereoselectivity in Enzymic Biotransformation of Chiral and Achiral 
1,3-Dihydro-2 H-1,4-Benzodiazepin-2-ones *

* Received February 12, 1974.

Abstract

Enzymic biotransformation of chiral l,4-benzodiazepin-2-ones 
(S and R forms) is found to be configuration dependent for 
hydroxylation in aromatic rings, but hydroxylation in position 
3, as well as N1-demethylation prooved to be nonstereospecific.

Most biotransformation products are known to be 
less biologically active than their parent compounds, 
but cases are known where such metabolites exibited 
increased therapeutic effect1’2, a fact which prompted 
us to get more insight into the biotransformation of 
chiral and achiral 3-substituted and unsubstituted 1,3- 
dihydro-2 H-l,4-benzodiazepin-2-ones. As a part of our 
studies3-6 on psycho-pharmacologically active chiral 
1,4-benzodiazepin-2-ones possessing a centre of chirality 
in position 3, we attempted to investigate their enzymic 
biotransformation in vitro. The investigation of pharma­
cological activities of compounds I to IV revealed the high 
activity of the compounds with (S)-configuration, while 
those with (R) configuration were almost inactive. 
Racemates showed about 30 % activity of (S) enantio­
mers6. This study was undertaken in order to ascertain 
whether different biotransformation pathways exist for 
the enantiomeric compounds I to IV (S- and R-forms)4,6.

Hydroxylation reactions of aromatic and aliphatic 
compounds are known to be catalyzed by hepatic 
microsomal mixed function oxygenases7. Hepatic mo­
nooxygenases convert aromatic compounds to aren 
oxydes7 which then undergo spontaneous isomerizations 
to phenols by “NIH” shift mechanism. Such isomeri­
zation is often accompanied by migration of deuterium, 
halo- and alkyl-substituents8. Therefore the experiments 
with compounds I to IV possessing both (S) and (R) 
configuration were performed in vitro using 9000 g 
centrifuged supernatant from liver of control and 
phenobarbital treated male rats.

To the treated animals three daily i.p. injections of 40 mg 
phenobarbital/kg were given, which has been found parti­
cularly effective in inducing drug metabolism. After the last 
injection, the animals fasted for 24 hrs and were sacrificed by 
decapitation. The liver of each animal was rinced in a cold 
water and homogenized in 2 volume ice-cold 0,2 M Tris (hydro­
xymethyl) methylamine buffer pH 7,4 in a Edmund Buhler 
homogenizer at 20000 r.p.m. for 60 seconds. Homogenates 
were maintained at 0°C while centrifuged at 9000 g for 20 min. 
Supernatants were stored at — 20 °C until used within three 
months as enzyme sources9,10. The incubation mixture con­
tained the substrate, the enzyme source, pyridine nucleotides 
and nadph generating system9. Incubation media were ex­

tracted three times with 2 volume of ethyl acetate. The com­
bined extracts were evaporated to dryness and dissolved in a 
small volume of ethanol. The ethanol solution aliquots were 
analysed by thin-layer chromatography (“Merck” TLC plates 
Silica gel 60 F254). The isolation of identified metabolites were 
performed by the preparative thick-layer chromatography 
(“Merck” plc plates Silica gel 60 F8M), in the following sol­
vents : chloroform : acetone (9:1), isopropanol: cone, ammonia 
(20 :1), chloroform : heptane : ethanol: cone, ammonia (5:5: 
1 : 0,03), chloroform : ethanol (9:1) and chloroform : ethanol: 
acetone (8:1:1) respectively, Biotransformation products de­
tected under uv light were scarped and eluted from silica gel 
with ethanol. The eluates were evaporated and biotransfor­
mation products examined by mass, uv and circular dichroism 
spectrometry.

Chromatographic separation revealed, that the (3S)- 
enantiomer of I (molecular ion at mle 284) was bio­
transformed into two (VI a, b) and those of (II) (mole­
cular ion at m/e 298) into five (VI a, b; VII a, b; I) 
main metabolic products. The R^ value of I formed by 
biotransformation of II indicated and uv absorption, 
circular dichroism and mass spectra confirmed the 
identity of this biotransformation product with com­
pound I (S) i. e. N1-demethylation occured. Compounds 
Via and VIb, well resolved by their R^ values and 
absorption spectra (Fig. 1), have proved to be common

Fig. 1. Absorption spectra of chiral 3-substituted 1,4-benzodiazepin- 
2-one I and metabolites Via and VIb in 0,1 N
HC1: -------I,-------- Via, --------------VIb



Chimia 28 (1974) Nr. 5 (Mai) 233

metabolites of I (S) and II (S). On the other hand 
absorption spectra of compounds Vila and Vllb, which 
are metabolites of II (S) showed remarkable resemblance 
to those of Via and VI b, respectively. Circular dichroism 
spectra of Via and VIb (Fig. 2), as well as those of

Fig. 2. Circular dichroism spectra of 3-substituted 1,4-benzodiazepin- 
2-one I -(S) and metabilites Via and VIb in 96% ethanol (spectra 
of metabolites are qualitative):

------ 1, -(S),---------Via, --------------VIb

Compound R1 R2 R3 R‘ R5 Configuration

I H ch. H H H (S) and (R)
II ch. ch3 H H H (S) and (R)
III H ch2c6h5 H H H (S) and (R)
IV ch. ch2c6h5 H H H (S) and (R)
V CH3 H H H H prochiral
VI a, b H CH, H H OH (S)
VII a,b ch. CH, H H OH (S)
VIII ch, ch3 OH H H racemic5
IX ch3 H OH H H racemic
X H H OH H H racemic
XI ch3 ch3 ococh3 H H racemic
XII ch3 ch3 H OH H (S)and (R)

? CH, 
1 3

N- y3

Cl
^n

O'
| XIII, XIV "1 xv

Compound R1 Configuration

XIII H (S)and (R) XV
XIV CH, (S) and (R)

VII a and Vllb, showed that optical activity was 
retained in the course of biotransformation. In the 
mass spectra of Via and VIb the same molecular ion 
at m/e 300 and nearly identical fragmentation pattern 
was observed. The same was found for compounds VII a 
and Vllb with molecular ion at m/e 314. This indicates 
that VI a/b and VII a/b are two constitutional isomeric 
pairs, which have one oxygen atom more than the parent 
compound and which mutually differ in the N1-methyl 
group. Finding out where the oxygen atom is intro­
duced into the molecules of the parent compounds needs 
some consideration. A possible N4-oxyde structure could 
be excluded by comparison with authentic samples of 
N4-oxydes XIII and XIV. Hydroxylation at position-3 
and C-9 could also be excluded by comparison with the 
mass and uv spectra of the prepared authentic com­
pounds VIII and XII.

Synthesis of some other possible aryl-hydroxy meta­
bolites are in course.

The same experiments with (R)-enantiomers of I 
showed that they were not biotransformed at all. Com­
pound II (R) demethylates into a metabolite which on 
isolation proved to be identical with I (R). Both (S)- 
and (R)-forms of II, as well as compound V, gave the 
same metabolite XV with a molecular ion at m/e 270. 
To clarify this finding experiments were performed 
without addition of 9000 g supernatant fraction of rat 
liver into the incubation media VIII, IX, XI, II (S- 
and R-forms) and V. Compound XV was isolated from 
the incubation media of 3-hydroxy compounds VIII, 
IX and of XI, but not from incubation media of 3-de- 
hydroxy compounds II (S- and R-form) and V. This 
revelaled that XV can only be formed by nonenzymic
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rearrangement of intermediary 3-hydroxy compounds, 
indicating that 3-hydroxylation of chiral compounds is 
not stereoselective. In addition in experiments perfor­
ming enzymic hydroxylation of prochiral compound V, 
metabolites VIII and IX were isolated which exibited 
no e. d. activity. Enzymic hydroxylation of V at position 
3 has been observed earlier in vivo experiments11’12. 
Recently it has been found however that in vitro enzymic 
hydroxylation of C (3) deuterated V (both S- and 
R-forms) proceeds with a high degree of stereospecifi­
city13. Optically inactive IX and X isolated in our 
experiments are therefore as likely to arise from in 
vitro racemisation, following stereospecific hydroxylati­
on, as from non-specific hydroxylation.

Experiments performed with (S)- and (R)-enantio- 
mers of III and IV indicated that these compounds 
were not biotransformed at all. It is possible that a 
benzylic group at position 3 inhibited metabolic reac­
tions probably generating steric hindrances for binding 
on the enzyme surface.

From the ohter results it can further be concluded 
that chirality of position 3 causes stereoselectivity 
during enzymic aromatic hydroxylation but is of minor 
importance for N1-demethylation and 3 hydroxylation 
of chiral l,4-benzodiazepin-2-ones.

S. Rendic, V. Sünjic, F. Kajfez, L. Klasinc 
and P. Mildner
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(Switzerland), and Institute of Organic Chemistry and 
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Herstellung von Estern der Cyanessigsäure mit sekundären Alkoholen durch Umesterung *

* Eingegangen am l.März 1974.

Summary

The ester-alcohol interchange reaction (alcoholysis) has been 
used for the preparation of some new esters of cyanoacetic 
acid. Aluminium isopropoxide was used as catalyst.

Die Herstellung von Estern der Cyanessigsäure mit se­
kundären Alkoholen, in der Folge kurz sekundäre Ester 
genannt, wird durch direkte Verrsterung erreicht. Cyan­
essigsäure - aus Chloressigsäure und Natriumcyanid ge­
wonnen - wird mit dem entsprechenden sekundären 
Alkohol in Abwesenheit1 oder meist in Gegenwart von 
Rrönsted-Säuren, z.B. Schwefelsäure2’3 durchgeführt. 
Ein anderer Weg führt über die Veresterung von Chlor­
essigsäure und anschließende Cyanidierung des sekun­
dären Esters der Chloressigsäure4.

Bei allen diesen Methoden sind zahlreiche Operationen 
durchzuführen. Dazu kommt noch, daß die Veresterungs­
geschwindigkeit mit steigendem Molgewicht des sekun­
dären Alkohols abnimmt.

Aus diesen Gründen war es angebracht, eine einfache 
Methode zur Herstellung von sekundären Cyanessig­
estern zu suchen. Im Hinblick darauf, daß entsprechende 
Ester niedriger Alkohole leichter zugänglich sind als die 
freie Säure, eröffnet die Umesterungsmethode besonders 
einfache und günstige Möglichkeiten. Die Übertragung 
dieser Methode auf die Cyanessigester ist noch nicht be­
schrieben. Diese Arbeit zeigt, daß dies bei entsprechen­
der Katalysatorwahl für viele dieser «schwierigen» 
Ester mit gutem Erfolg durchgeführt werden kann. Die 
Umesterung kann durch Säuren oder Basen katalytisch

beschleunigt werden. Bekannt ist der Einsatz folgender 
Verbindungen: Natrium- oder Kaliumalkoholate, Ma- 
gnesiumalkoholate5, Tetraalkyltitanate5’6, Aluminium- 
alkoholate7’8’9, Zinksalze10, Schwefelsäure u.a. Der Zu­
satz von Aluminiumisopropylat hat sich bei der Um­
esterung von Methylcyanacetat mit sekundären Alko­
holen bewährt. Er wird in Mengen von 1 bis 5 Mol-%, 
bezogen auf Methylcyanacetat, zugesetzt. Die Reak­
tionstemperatur kann innerhalb eines Bereiches von 
0 bis 70 °C über dem Siedepunkt des entsprechenden 
sekundären Alkohols gewählt werden.

Zur Umesterung ist eine Apparatur notwendig, welche 
aus Blase, Kolonne und Kühler besteht. In die Blase 
werden Methylcyanacetat, der entsprechende sekundäre 
Alkohol im Überschuß und Aluminiumisopropylat ein­
gefüllt und auf die gewünschte Temperatur erhitzt. Das 
entstehende Methanol wird am Kopf der Kolonne lau­
fend abgetrennt. Nachdem die theoretische Menge an 
Methanol abdestilliert ist (2 bis 8 Stunden), wird das 
Reaktionsgemisch unter vermindertem Druck fraktio­
niert.

Nach dieser Methode wurden die folgenden Ester her­
gestellt (Schema 1):

Die Ester III bis VIII wurden von uns neu hergestellt. 
Ihre Struktur wurde spektroskopisch bestätigt.

Diese Methode eignet sich auch zur Herstellung von 
alizyklischen Estern der Cyanessigsäure, z. B. Cyclo- 
hexylcyanacetat,

IX CN-CHj-COO- ^ H >
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Tabelle 1

Ester 
Nr. Name

Molverhältnis
Methylcyanacetat 
zu Alkohol

Reaktionsbedingungen E:R Ausbeute

%

Sdp.

°C/Torr

20
nD

Temperatur 
°C

Dauer 
h

II 2-Pentylcyanacetat 1:3 140-150 6 1:15 96 110-111/12 1,4243
III 4-Methyl- 2 -p entylcy an a cetat 1:2 150-160 3% 1:15 95 115/12 1,4261
IV 5-Methyl-2-hexylcyanacetat 1 : 2 170-180 3 A 1:4 93 129/12 1,4299
V 5 -Methyl-3 -heptylcyanacetat 1:2 180-200 3 — 91 135-136/12 1,4350
VI 2-Octylcyanacetat 1:2 200-210 1% — 94 143-144/12 1,4340
VII 6-Methyl-5-hep ten-2-yl-2-cyanacetat 1: 2% 180-210 2 — 89 98-100/0,1 1,4515
VIII 1-Hexin-3-yl-3-cy anacetat 1:2 170-185 3 1:3 85 131-132/12 1,4483
IX Cyclohexylcyana cetat 1 : 2% 125-160 17. - 92 138/12* 1,4612

* Received March 4, 1974.

* (Lit.11: 103 bis 108 °C / 0,5 Torr)

Schema 1

CN—CH2—COO—CH-R'

wobei bei
R

I R = -CH, R'= -CH2-CH3
II -ch3 -ch2—ch2-ch3
III -ch3 -CH2-CH(CH3)2
IV -ch3 -(CH2)2-CH(CH3)2
V -CHa-CH3 -ch2-ch (CH3)-CH2-CH3
VI -ch3 -(CH2)5-CH3
VII -ch3 -(CH2)2-CH=C(CH3)2
VIII —CC=H -ch2-ch2-ch3

Das Reaktionsgemisch wird unter vermindertem Druck frak­
tioniert, wobei zunächst der überschüssige Alkohol und an­
schließend der Ester abdestillieren. Ausbeute: 273,5 g (97%). 
Sdp. 100 bis 101°C/12 Torr (Lit.1: 116 °C/20 Torr). n% : 1,4210.

Die Bedingungen für die analoge Herstellung sowie Ausbeu­
ten, Siedepunkte und Brechungsindizes der Ester II bis IX 
sind in Tabelle 1 zusammengefaßt. Die N-Bestimmungen er­
gaben innerhalb der üblichen Fehlergrenzen die den Formeln 
entsprechenden Werte.

Adel Said

Lonza AG, Werk Visp

Experimenteller Teil
Sek. Butylcyanacetat (I): In einem 1-Liter-Rundkolben, ver­
sehen mit Thermometer und einer Füllkörperkolonne mit ver­
silbertem Vakuummantel (500 X 30 mm mit V4A-Maschen- 
drahtring-Füllung 4X4 mm), werden 198 g (2 Mol) Methyl­
cyanacetat, 444 g (6 Mol) sek.Butanol und 10 g (0,05 Mol) 
Aluminiumisopropylat vorgelegt und mit einem Ölbad erhitzt. 
Wenn eine Kopftemperatur von 65 °C erreicht ist, wird das ge­
bildete Methanol unter geregelter Entnahme (E:R=1:15) 
abgetrennt. Die Badtemperatur wird langsam von 125 °C auf 
140°C erhöht. Nach 8 Stunden erreicht die Kopftemperatur 
den Siedepunkt des sekundären Butanols.
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Kyokai Shi 24 (1966) 580; Chern.Abstr.65 (1966) 18 443.
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7 B.E. Sorenson, US Pat. 2 251765 (1941).
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9 C.E.Rehberg und C.H.Fischer, J.Org.Chem.12 (1947) 226.

10 Chemische Werke Witten, dwp 31540 (1963).
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The Reaction of 2-Aminopyridines with Ethyl Diazoacetate*

Summary

It has been found that ethyl diazoacetate reacted with 2- 
amino-pyridines to give the corresponding 2-carbethoxy- 
methylaminopyridines (1). In m-xylene as solvent, thermal 
decomposition of the diazo ester proceeded with preferential 
attack on m-xylene to give a mixture of isomeric ethyl dimethyl- 
cycloheptatrienecarboxylates (2, 3 and 4).

There have been several reports concerning the reac­
tion of diazoacetic ester with heterocyclic compounds 
under thermal, catalytic or photochemical conditions, 
in particular in the azole series.1 In the pyridine series,

ethyl diazoacetate was reacted with pyridones to give 
the corresponding N- or O-carbethoxymethyl deriva­
tives.2’ 3

We have studied thermal and catalyzed reaction of 
ethyl diazoacetate with 2-aminopyridines. It is well 
established that ethyl diazoacetate loses nitrogen under

1 V.Dave and E.W. Warnhoff, Organic Reactions, Vol. 18,.Wiley, 
New York 1970, p. 217.

2 M. P. Cava and N. K. Bhattacharryya, J.Org.Chem.23 (1958) 
1614.

3 J.Maas, G.B.R. de Graaff and H.J.den Hertog, Rec.Trav. 
Chim. Pays-Bas 74 (1955) 175.
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the influence of heat to give carbethoxy carbene4,5 which 
is the reactive species. The decomposition may be cata­
lyzed by metal salts or metals, in particular copper.

Ethyl diazoacetate smoothly decomposed in a boiling 
solution of 2-aminopyridine in benzene in the presence 
of anhydrous copper (II) sulfate. The reaction afforded 
2-carbethoxymethylaminopyridine (1, R = H, R1 = 
OEt) as the sole product,6 b.p. 112 to 115°/1.8 mm 
(lit.7 gives b.p. 156 to 160°/13.5 mm) (yield 13%; nmr 
(CDC13) r 3.70 (H3, ddd), 2.75 (H4, ddd), 3.54 (H6, 
ddd), 2.05 (H6, ddd}, 5.85 (d, ~CH2 ~), 5.83 (q, CH2CH3), 
8.20 (t, CH2CH3), 4.9 (broad, NH), J3 i = 6.7, J45 = 
^•9, J3S — 0.9, T46 — 2.0, T5C ~ 5.1, J= 1.6, 
JEt = 7.2 Hz.

N2CHC00Et
R

1

NHCH2C0R,

In a similar fashion the reaction of 6-methyl-2-amino- 
pyridine with ethyl diazoacetate gave the anticipated 
carbethoxymethylamino compound (1, R = Me, Rx = 
OEt; b.p. 105 to 112°/1.5 mm; yield 9.7%; nmr 
(CDC13) t 3.95 (d, H3), 2.90 (t, H4), 3.72 /d, Hs), 7.70 
(s, 6-Me), 5.90 (q, CH2CH3), 8.75 (t, CH2CH3), 4.95 
(broad, NH), J3>4 = 7.5, J45 = 7.2, JEt = 7.2, 
•^ch2nh = 6.0 Hz) in addition to a mixture of diethyl 
fumarate and maleate. It is well known, that all catalyzed 
decompositions of ethyl diazoacetate are accompanied 
by the formation of the aforementioned unsaturated 
esters which are generated from dimerization of ethoxy­
carbonylcarbene. In the case of 4-methyl- and 5-methyl- 
2-aminopyridines, the crude products on attempted 
purification by distillation decomposed into the starting 
amines.

We also studied the thermal decomposition of ethyl 
diazoacetate in the absence of a catalyst. When the 
reaction was conducted in boiling m-xylene (1.5 hr), 
2-aminopyridine did not react and m-xylene was attack­
ed perferentially to give a mixture of ethyl dimethyl- 
cycloheptatrienecarboxylates.8 The mixture was sepa­
rated by vpc14 into several fractions. On the basis of 
high resolution mass spectra and nmr spectra, it was 
established that the first fraction consisted of a mixture 
of ethyl 3,5-dimethyl-2,4,6-cycloheptatrienecarboxylate 
(2) and ethyl 3,5-dimethyl-l,3,5-cycloheptatrienecar- 
boxylate (3) (M+ : m/e = 192.11527; calculated 
192.11502). The second fraction consisted of pure 4,6- 
dimethyl-l,3,6-cycloheptatrienecarboxylate (4) (M+ : 
m/e = 192.11679, calculated 192.11502; nmr (CDC13) 
r 5.80 /q, CH2CH3), 8.68 (t, CH2CH3), JEt = 7.2 Hz; 
r 2.63 (d, H2), 4.02 (d, H3), 3.65 (s, H7), 7.72 (s, 
5-CH2), 8.02 (broad s, 4-Me and 6-Me), J2 3 = 6.5 Hz). 
The nmr spectrum of compound 4 exhibited a very 
close pattern to that as observed with the known cor­
responding acid.13 The third fraction was ethyl 3,5-

dimethyl-l,3,5-cycloheptatrienecarboxylate (3; M+ : 
m/e = 192; nmr (CDC13) t 2.80 (s, H2), 3.70 (s, H4), 
4.60 (t, H6), 7.75 (d, 7-CH2), 8.0 (s, 3-Me), 8.09 (s, 5-Me), 
5.76 (q, CH2CH3), 8.67 (t, CH2CH3), JEt = 7.2, 
•^6,7-CH, = 6.0 Hz).

Carbethoxymethylaminopyridines were converted to 
the corresponding hydrazides (1, R = H,R1 = NHNH2; 
m.p. 90°, from ethyl acetate and n-hexane; M+ : m/e = 
166; nmr (DMSO-de) r 3.5 (m, H3, H5), 2.70 (m, H4), 
2.10 (m, H6), 6.15 (d, CH2), 1.0 (broad, NH) 6.1 (broad, 
NHNH2), or 1, R = Me, Rj = NHNH2; mp 132°, from 
ethyl acetate and n-hexane; M+ : mle = 180°) or acid 
(1, R = H, Rx = OH; mp 172-175° (lit.15 gives mp 
168 to 170°); nmr (dmso-</6) t 3.17 (m, H3), 2.40 
(m, H4), 3.35 (m, H5), 2.10 (m, H6), 5.90 (s, CH2), 1.2 
broad, NH); M+ : m/e = 152) in the usual manner. An 
attempt to from the imidazo (1,2-a) pyridine system 
from 2-carbethoxymethylaminopyridine in the presence 
of polyphosphoric acid was not successful and the 
starting compound was recovered.

The authors acknowledge support of this work by a Boris 
Kidric Foundation research grant. Our thanks are due also to 
Dr. V. Kramer, Institute J. Stefan, for recording high resolu­
tion mass spectra.
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9 G.O. Schenk and H. Ziegler, Ann.Chem.584 (1953) 221.
10 E.Buchner and K.Delbrück, Ann. Chem. 358 (1907) 1.
11 K.Alder, R.Muders, W.Krane and P.Wirtz, Ann. Chem. 627 

(1959) 59.
12 G.O.Schenck and A.Ritter, Tetrahedron Letters 1968, 3189.
13 S.Hanessian and G.Schütze, J:Org.Chem.34 (1969) 3196.
14 Column length was 3 m, filled with Chromosorb A A/W, 45/60 

mesh, impregnated with SE 30 (10%); flow 12 ml/min, 150°. 
Fractions with t1 = 38, ta = 57 and t3 — 69 min were used for struc­
tural determination.

15 M. Augustin and H. Dehne, J.prakt.Chem.13 (1961) 118.
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The acid dissociation constant of triethylsilanol in aqueous solution *

Summary

The acid dissociation constant of (C2H5)3SiOH in aqueous so­
lution was evaluated with the aid of a distribution method 
using CC14 and an aqueous phase of constant ionic strength as 
solvents. The experimental results led to a value of pKa = 13.63 
(± 0.07) (25 °C, I = lMNa[C104]).

The increased aciditiy of silanols compared to alcohols 
was first observed by Sommer et al.1 who found that 
triethylsilanol is converted into its sodium salt by 12 M 
NaOH. Allred, Rochow and Stone2 deduced from 
n. m.r. spectra that the hydroxyl proton in trimethyl­
silanol is less shielded than in t-butyl alcohol. This 
observation was attributed to dn—pn bonding. Quali­
tative information on the acid strength of carbinols and 
silanols was obtained from i.r. spectra3. The shift of the 
OH stretching band on hydrogen bonding to organic 
bases such as ether or mesitylene indicates the following 
series of increasing acidity: Alkylcarbinols < aryl­
carbinols < alkylsilanos < arylsilanols. These observa­
tions were supplemented by direct measurements of the 
Bronsted acidity in pyridine solution4. The observed half 
neutralisation potentials suggest that triphenylsilanol is a 
somewhat weaker acid than phenol; alkylsilanols were 
found to be too weak for titration in this solvent.

In recent studies of the properties of surface OH 
groups, we observed that silanol groups at amorphous 
silica surfaces exhibit a surprisingly high acidity5. The in­
trinsic microscopic acidity constant Ka = 1.6 x 10-7 (25 °C, 
1= IM NaC104) is considerably larger than the micro­
scopic acidity constant of H4SiO48 (Ko = 8.46 x 10-11, 
25°C, I = IM NaC104). Thus, it was of interest to eval­
uate Ka for some simple alkylsilanols and alkoxysilanols 
in the same solvent.

This paper reports the determination of the acid dis­
sociation constant of triethylsilanol (BH) in aqueous 
solution using a distribution method. Solutions of BH 
in CC14 were equilibtrated with aqueous solutions S of 
the general composition [Na+] = IM, [OH-] = CM, 
[C1O4] = (l-C)M. The total concentrations of BH in 
CC14(Bo) and S (B) were evaluated by gas chromato-

Experimental results (in molar units)

c Bo B x 103

0 0.3346 1.226
0.100 0.3552 1.522
0.200 0.3535 1.677
0.300 0.3690 1.981
0.400 0.3710 2.176
0.500 0.3696 2.326

* Received March 22, 1974.

graphy. In order to minimize the effect of a possible as­
sociation of BH in CC147, Bo was kept low and almost 
constant. The measurements were carried out at 
25.0 ±0.5 °C.

Assuming that the aqueous phase containes no as­
sociated silanol species, the overall distribution coef­
ficient D is given by

n = ^ = [BH]a<4 + ^ m

At constant ionic strength, Ka is defined by 
_ F*].q lB lag = _ ^ l«q

« [BH]aq [OH-]aq [BH]aq ’

where

K„,= [H+]a„[0H-]a„ = 1.698 (± 0.038) X 10-44

(25 °C, 1= !MNaC104).6
Hence

^ = ^+^[0H-]OJ, (3)

where Kd = [BH]aq/B0.

Since the initial concentration of OH- in the aqueous 
phase is only little changed by the deprotonation of BH, 
a plot of D against C results in a straight line (Fig. 1).

Fig. 1. The overall distribution coefficient D as a function of the 
OH"-concentration (C) of the aqueous phase. The straight line was 
calculated with Kd = 3.78 X 10-3 and Ka = 2.29 X 10”14

Kd and thus Ka are then calculated from intercept and 
slope respectively:

1 L.H. Sommer, E. W.Pietrusza and F.C. Whitmore, J. Amer. 
Chem.Soc.68 (1946) 2282.

2 L. Allred, E. G. Rochow and F. G. A. Stone, J. Inorg. Nucl. Chern. 
2 (1956) 416.

3 R.West and R.H.Baney, J. Amer. Chern. Soc. 81 (1959) 6145.
4 R.West and R.H.Baney, J. Inorg. Nucl. Chern. 7 (1958) 297.
5 H.Hohl, L.Sigg and P. W. Schindler, unpublished results.
6 P.Santschi and P.W. Schindler, Dalton Transactions 1974, 181.
7 K. Licht and H. Kriegsmann, Z.anorg. Chem. 323 (1963) 239.
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log Ka = -13.63 (±0.07)

(25°C, I = IM Na[CIO4J).

The error limits correspond to 2c.

Experimental

Triethylsilanol was prepared according to Sommer et al.1 and 
purified by preparative gas chromatography.

B .p.: 77.5= (28 torr). n2«= 1.4329, d20= 0.8638.
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Sekundärionenmassenspektroskopische Untersuchungen an einem Zinkoxid-Katalysator *

Summary

Surface studies of ZnO catalysts using secondary ion mass 
spectroscopy (sims) showed that under dehydrogenation con­
ditions a certain amount of the surface-zinc oxide is reduced 
to zinc.

Leitfähigkeitsmessungen an Zinkoxid-Katalysatoren1 
führten zur Annahme, daß bei der Dehydrierung von 
Alkoholen über Zinkoxid die Kontaktoberfläche teil­
weise in reduzierter Form vorliege. Da die Sekundär- 
ionenmassenspektroskopie (sims)2-4 eine chemische 
Analyse der obersten Atomlagen der Oberfläche erlaubt, 
wurden Zinkoxid-Katalysatoren in frischem und ge­
brauchtem Zustand nach dieser Methode untersucht. 
Bei der SIMS-Analyse von Zinkoxid muß beachtet wer­
den, daß Zink aus 6 Isotopen mit den folgenden Massen­
zahlen und Häufigkeiten besteht:

Massenzahl (g/mol) 64 66 67 68 70
Häufigkeit (%) 48,89 27,81 4,11 18,57 0,62

Im Sekundärionenmassenspektrum einer Zinkoxid- 
Oberfläche sind folgende Mehrfachkombinationen der 
Oberflächenbausteine zu erwarten:

ZnoObHc
a, b, c = 0, 1, 2, 3, 4, 5

Mit zunehmender Größe der Indizes a, b und c nimmt die 
Wahrscheinlichkeit für das Auftreten der entsprechen­
den Masse im sims stark ab. Die große Isotopenzahl des 
Zinks erzeugt aber eine breite Massenverteilung einer 
gegebenen Zink/Sauerstoff/Wasserstoff-Kombination.

Tritt im Verlauf der Dehydrierungsreaktion eine par­
tielle Reduktion des Zinkoxid-Katalysators auf, so 
müßte an der Oberfläche eine Zinkanreicherung beob­
achtet werden können. Im Sekundärionenmassenspek­
trum sollte daher im Vergleich zum ungebrauchten 
Katalysator eine verstärkte Zinkionenemission festge­
stellt werden bzw. der Index a müßte sich auf Kosten 
des Sauerstoffindex b vergrößern. Die in Abb. 1 gezeigte 
schematische Darstellung der Katalysatoroberfläche ver­
deutlicht die steigende Emissionswahrscheinlichkeit von 
zinkreicheren Bruchstücken mit zunehmendem Reduk­
tionsgrad.

* Eingegangen am 25. März 1974.

ungebraucht gebraucht

Abb. 1. Schematische Darstellung der von der Katalysatoroberfläche 
emittierten Bruchstücke

Wie die in Tabelle 1 zusammengestellten Signalhöhen­
verhältnisse zeigen, nimmt die Wahrscheinlichkeit für 
das Benachbartsein von Zink und Sauerstoff beim Ver­
gleich von ungebrauchten und gebrauchten Katalysa­
toren ab, wodurch beispielsweise das Zn+/ZnO+-Ver- 
hältnis beim frischen Katalysator mit 1,9 kleiner ist als 
dasjenige des gebrauchten Kontaktes mit 4,3.

Tabelle 1. Signal verhältnis von Sekundärionen bei frischen und 
gebrauchten Zinkoxid-Katalysatoren

Signalverhältnis Katalysator 
frisch. gebraucht

Zn+ / ZnO + 1,9 4,3
Zn+ / ZnO2 23,7 18,1
Zn 2 / ZnO+ 4,2 12,5
Zn^ / Zn2O+ 0,65 1,1
Zn^ / Zn2O2 0,96 2,17
Zn2O + / Zn2O+ 1,5 2,1

Durch diese vergleichende Messung kann die unter­
schiedliche Emissionswahrscheinlichkeit der einzelnen 
Partikel eliminiert werden. Mit Hilfe der SIMS-Methode 
konnte somit eindeutig gezeigt werden, daß der für die 
Dehydrierung eingesetzte Katalysator bei den gegebenen 
Reaktionsbedingungen (T=350°C, Substrat = Methyl- 
cyclohexanol) teilweise reduziert wurde.

Experimentelles

Das SIMS-Verfahren beruht darauf, daß ein Festkörper im 
Hochvakuum mit Primärionen (Argon) beschossen wird, die 
während der Implantation in den Kristall ihre Energie an die 
sie umgebenden Gitteratome abgeben. Durch einen komplexen
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Stoßkaskadenprozeß können nun Partikel (Neutralteilchen 
oder Ionen), die sich an der Oberfläche befinden, soviel Energie 
aufnehmen, daß sie sich von dieser lösen. Die Sekundärionen 
werden dann in einem Quadrupolmassenfilter nach ihren Massen 
aufgetrennt und mit einem Sekundärelektronenvervielfacher 
nachgewiesen.

Der Firma Balzers AG, insbesondere dem Applikations­
laboratorium für Oberflächenuntersuchungen, sei für die Durch­
führung der SIMS-Analysen bestens gedankt.

1 P.Fontana. Diss. eth, Zürich, Nr.5210 (1973).
2 A.Benninghoven, Z.Physik 230 (1970) 403.
3 A. Benninghoven, Physic. Leiters 32A (1970) 427.
4 A. Benninghoven und E. Loebach, Rev.Sci.Instr. 42 (1911) 49.
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