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Studies of Enzyme-mediated Reactions. Part 102 Stereochemical 
Course of the Dehydrogenation of Stereospecifically Labelled I -Amino- 
heptanes by the Amine Oxidase from Rat Liver Mitochondria (E.C. 1.4.3.4) 
By Alan R. Battersby,' Dennis G. Buckley, James Staunton, and Patrick J. Williams, University Chemical 

Laboratory, Lensfield Road, Cambridge CB2 1 EW 

(1R)-  and (1s)-[1 -SH,]aminoheptanes are synthesised by a route which, in the deuterium series, allows direct 
correlation with the primary standard, monodeuteriosuccinic acid. The amines, thus of proven absolute stereo- 
chemistry, are then used as substrates for the monoamine oxidase from rat liver mitrochondria. The results prove 
that the (Re)-hydrogen (Scheme 1) is stereospecifically removed by the enzyme. Some anomalous values for 
retention of tritium found in these experiments lead to the studies described in the following paper. 

AMINE oxidases 2*3 form a widely distributed family of 
enzymes which utilise molecular oxygen to bring about 
the conversion of a primary amine into an aldehyde, 
probably as in Scheme 1;  see ref. 3 for evidence in 

"S i  HRe "20 oe [RCH=NH] R C H O t  NH, 
NH, 

SCHEME 1 

support of the illustrated imine as an intermediate. The 
precise mechanism almost certainly varies since some 
amine oxidases require Cur1 whereas others use the flavin 
coenzyme FAD.2s3 The diamine oxidase from pea 
seedlings in the former group was shown to remove the 
Si-hydrogen t from the methylene of benzylamine. We 
wished to compare this result with the stereospecificity 
of an amine oxidase in the second (FAD) group and 
chose the monoamine oxidase from rat liver mitochon- 
dria5 (E.C. 1.4.3.4.). This enzyme was also used in the 
pioneering studies by Belleau and his co-workers on its 
dehydrogenation of tyramine ; the correlation of our 
work with theirs will be covered in Part 12 of this 
series. 

l-Aminoheptane was chosen as the substrate for the 
present work because it appeared 2 * 3 9 5  to be suitable for 
both the mitochondria1 enzyme and for future studies 
on the oxidase from beef plasma.' 

Syntheses of Labelled Substrates.-The route to the 
various l-aminoheptanes, made chiral by isotopic sub- 
stitution, is shown in Schemes 2 and 3. A key inter- 
mediate was the P,y-unsaturated aldehyde (7);  i t  will be 
seen later that the double bond at  C-3,4 was an important 
feature to allow unambiguous determination of the 
absolute stereochemistry a t  C-1 of the final labelled 1- 
aminoheptanes. 

The synthesis of (Z)-hept-3-enal (7) is set out in 
Scheme 2. Treatment of acrolein with methanolic 
hydrogen bromide and an equimolar amount of tri- 
methyl orthoformate gave the bromoacetal (1) in 58% 
yield. This reacted with triphenylphosphine and the 
product (2) was converted by isopropyl alcohol and 

t Stereochemical conventions are reviewed by J .  B. Jones, in 
' Techniques of Organic Chemistry,' eds. J .  R. Jones, C. J. Sill, 
and D. Perlman, Wiley, New York, vol. X, Part I,  1976, p. 479. 

sulphuric acid into the isopropyl acetal (3). Then a 
Wittig reaction of (3) with butanal gave a mixture of 
olefins, from which the major product (5) could be 
isolated by preparative g.1.c. in ca. 25% overall yield. A 
minor fraction was shown by n.m.r. to contain the enol 
ether@) (6). 

Initially, the dimethyl acetal (2) had been converted 
directly into the acetal(4) but we were unable to hydrolyse 
the acetal function without isomerising some of the 
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alcohol dehydrogenase, NAD+, MeCH,OH 
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material to the unwanted conjugated isomer. However, 
the isopropyl acetal (5) underwent rapid acidic hydroly- 
sis, and the P,y-unsaturated aldehyde (7) was isolated 
without significant isomerisation. 

Me N - - b O H  Me - --Ok 
( 8 ) a ;  R' = D , R ~  = H (10)a; R' = 0, R' = H 

b; R' = T,R2 = H 
C; R' = H,RL T 

b; R' = T , R 2  = H 
C ;  R' = H, R2 = T 

( 1 2 ) a ; ~ '  = D , R ~  = H ( 1 1 ) ~ i ; R '  = 0, R2 = H 
b;  R1 = T, R2 = H b; R'  = T, R2 = H 
c ; R '  = H,R2 = T C ;  R' = H, R 2 =  T 

(13) b; R' = T, R 2 =  t i  
C ;  R' = H , R ~  = T 

(vii).  (viii) J. 

(14)  b; R' = T, R2 = H 
= H, R2 = T C ;  R' 
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( i x )  .1 3 
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c ; R '  = H, R 2 =  T (18  1 
SCHEME 3 (2) TsC1, pyridine, -5 "C; (ii) NaCN, DMF; (iii) 

F l z 0 2 ,  NaOH, EtOH, 50 "C; (iv) H,-Pt, MeC0,Et; (v) 0 . 5 ~ -  
H,SO,, 100 " C ;  (vi) H,SO,, CHCl,, NaN,; (v i i )  0,, -78 "C; 
(vii i)  H202,  HCO,H, 100 "C;  (2%) MeCOCl 

Immediate reduction of the aldehyde (7) with lithium 
aluminium hydride gave (Z)-hept-3-en-l-o1 (8) which was 
characterised as its known lo biphenyl-4-ylurethane 
derivative. The Experimental section gives an im- 
proved procedure for the preparation of the necessary re- 
agent, hiphenyl-4-y1i~ocyanate.l~ Direct comparison of 
our product with authentic samples of the biphenyl-4- 

yluret hane derivatives of (2) - and (E)-hept-S-en-l-01,10 
kindly supplied by Professor L. Crombie, confirmed the 
indications from n.m.r. spectra that the present product 
had the (2)-stereochemistry (8) ; the corresponding 
aldehyde thus has structure (7). 

Formation of the (2)-olefin as the major product in 
such a Wittig reaction is interesting; there are analogies, 
however, for cases involving non-stabilised ylides 
reacting with non-conjugated aldehydes especially in 
dimethyl sulphoxide solution.12 

The syntheses of the required labelled 1-aminoheptanes 
(Schemes 2 and 3) were developed using deuterium 
labelled compounds. Freshly prepared (Z)-hept-3-enal 
(7) was reduced to the (1R)-alcohol (8a) by stereospecific 
transfer of deuterium from [l,l-2H,]ethanol in a reaction 
mediated by liver alcohol dehydrogenase in the presence 
of a catalytic quantity of the coenzyme NAD+ .I3 Treat- 
ment of the alcohol (8a) with toluene-4-sulphonyl 
chloride in pyridine at  -5 "C gave the toluene-4- 
sulphonyl derivative (10a) which was converted ini- 
mediately into the nitrile ( l l a ) .  

Direct hydrolysis of the nitrile to  the corresponding 
carboxylic acid was not followed because of the risk of 
racemisat ion. The alternative base-catalysed react ion of 
a nitrile with hydrogen peroxide l4 was therefore used 
but under the usual conditions gave low yields of the 
desired amide (12a), together with a mixture of other, 
more polar products. These may have arisen by inter- 
action of the olefin group with the intermediate peroxy- 
carboximidic acid.l* Accordingly, the reaction was run 
in the presence of a very reactive olefin (a-pinene) 
when the required amide (12a) was obtained in 63% 
yield. 

If the above introduction of deuterium [(7)+(8a)] 
occurs on the Re-face of the aldehyde l3 and if the dis- 
placement step [(lOa)+(lla)] takes place with inversion, 
then the product will have the (1s)-configuration (12a). 
However, i t  was imperative to have an independent 
proof of the absolute configuration of the amide, as well 
as a measure of its stereochemical purity. It was for this 
reason that the 3,4-double bond had been built into the 
molecule initially, since it allowed ready degradation to 
monodeuteriosuccinic acid (17), one of the primary 
standards in this area.15 Direct ozonolysis of the un- 
saturated amide (12a) gave a mixture of products in 
poor yield, so prior hydrolysis to the corresponding 
carboxylic acid (16) was effected with hot aqueous 
sulphuric acid. Ozonolysis of the acid (16) gave 
(+)-[2-2H,]succinic acid. Importantly, the 0.r.d. meas- 
urements, kindly carried out by Professor Sir John 
Cornforth and Dr. G. Ryback (Table 3, Experimental 
section), showed that the deuteriosuccinic acid contained 
94 5% of the (2s)-isomer (16). Mass-spectrometric 
examination l6 of the derived anhydride (18) showed 
it to contain 20.95 & 0.03 deuterium atonis per 
molecule. 

With the synthetic base thus firmly established, the 
procedures were then adapted to produce the various 
tritiated 1-arninoheptanes required for the enzymic 
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experiments. First, ( 1RS)-[1-3Hl]ethan~l * (prepared 
by reduction of acetaldehyde with borotritide) was used 
for enzymic reduction of (Z)-hept-3-enal (7) as above to 
yield (1R)-(2)- [ 1-3Hl] hept-3-en-1-01 (8b). Subsequent 
steps (8b)+( 10b)+(1 lb)+( 12b) paralleled exactly the 
steps described above for the deuteriated series. 

The starting material for the enantiomer (12c) was 
(Z)-[3Hl-formyl]hept-3-enal (9), which was prepared from 
unlabelled material (7) by reduction with sodium boro- 
tritide followed by re-oxidation with chromium trioxide- 
pyridine; la the 3H-isotope effect operated here to our 
advantage. This aldehyde (9) was then reduced by liver 
alcohol dehydrogenase and unlabelled ethanol to the (1s)- 
alcohol (8c). The chemically equivalent sequence 
(Sc)+(lOc)-+(llc)+(12c) was then followed as before. 

Hydrogenation of the amides (12b) and (12c) to the 
saturated amides (13b) and (13c), followed by mild acidic 
hydrolysis, then afforded ( 1S)-[2-3Hl]octanoic (14b) and 
( 1R)-[2-3Hl]octanoic acid (14c). Finally, these were 
converted by Schmidt degradation into (1s)-l-amino- 
[ 1-3H,] hept ane (1 5b) and (1R) - 1 -amino [ 1 -3H,] hept ane 
(15c), respectively. 

It should be emphasised that the illustrated absolute 
configurations for amines (15b and c) are secure and both 
materials are of high configurational purity. This 
follows from the work in the deuterium series coupled 
with the knowledge that the Schmidt rearrangement 
always occurs with retention at the migrating centre.lg 

Finally, the racemic compound (lRS)-l-amin~[l-~H,]- 
heptane (15b and c), was prepared by reduction of the 
aldehyde (7) with sodium borotritide to produce 
(1RS)-(Z)-[l-3H,]hept-3-en-l-ol (8b and c), which was 
converted into the labelled amine by the now standard 
route. 

The use of parallel equivalent syntheses to prepare 
the required labelled amines is particularly import ant 
because it ensures that the two enantiomers not only 
have opposite configurations but also have the same 
degree of configurational purity; they should thus 
produce strictly complementary results in the enzymic 
experiments. 

Enzymic Studies-Monoamine oxidase (E.C. 1.4.3.4.) 
has been found in all classes of vertebrates so far ex- 
amined.2*3 The enzyme occurs in many different 
tissues, particularly in glands, plain muscle, and the 
nervous sytem;20 a high activity of monoamine oxidase 
is always found in the l i ~ e r . ~ ~ ~ ~ ~ ~  The monoamine 
oxidase from rat liver mitochondria has been studied 
exten~ively,~ especially by Tipton and Sourke~.~~Y 23 

The enzyme does not require CuII or pyridoxal phosphate 
but FAD has been shown to be an essential co-factor. 
Mitochondria1 monoamine oxidases are difficult to purify, 
and substantial losses in activity usually occur during 
purification. However, partially purified preparations 2p 

The more efficient alternative methods, using either [1-3H]- 
cyclohexanol l7 or [l-SH]cyclopentanol as reducing agent, were 
not suitable in this case because separation of a small amount of 
the desired alcohol (8) from cyclohexanol or cyclopentanol was 
impractical. 

of the rat liver enzyme t were suitable for the present 
stereochemical investigations. The activity of each 
preparation (measured spectrometrically with benzyl- 
amine as substrate by following the formation of benzal- 
dehyde) was found to be between 0.1 and 1 pmol benzyl- 
amine oxidised per min per mg of protein at 30" C. 

For the enzymic experiments, it was necessary to 
consider the susceptibility of the product heptanal to 
further oxidation, particularly since oxygen is required 
by the amine oxidase and hydrogen peroxide is a by- 
product (Scheme 1). If partial oxidation of the alde- 
hyde occurred, the 3H-specific activity of the residual 
heptanal would be increased as a result of the kinetic 
isotope effect. The aldehyde was therefore reduced in 
situ to heptan-1-01 by a coupled redox reaction based on 
liver alcohol dehydrogenase with ethanol as the hydrogen 
donor; the enzyme catalase was added t9 remove hydro- 
gen peroxide as it was formed. 

Each of the three tritiated amines (15b), (15c), and 
(15b and c) was incubated separately with the mixed 
enzyme system, and after 20 h the product heptanol was 
isolated. Experiments 3 and 4 (Table 1) strongly 

TABLE 1 
Incubation of tritiated l-aminoheptanes with the 

ainine oxidase 

Heptan-1-01 

Expt. Specific 
no. l-Aminoheptane a activity e 

2 0.939 

4 0.936 
5 ( 1RS)-[1-3HJ- 3.25 

1 (1S)-[1-3HJ-(15b) 1.04 

3 (1R)-[1-3Hl]-(15~) 0.906 

(15b and c) 

% of 
original 

Specific specific 
activity activity 

1.67 160 f 5 
1.48 158 f 5 
2.4 x lop2 2.5 f 1 
1.75 x 1.9 f 0.5 
1.73 53 f 3 

a Radioassay as N-heptylurea. Radioassay as the bi- 
phenyl-Cylurethane. $3 mmol-l. 

indicated that the (Re)-hydrogen atom had been re- 
moved stereospecifically in the oxidative deamination 
reaction, but the unexpectedly high values for tritium 
retention for the (1s)-amine were puzzling $ (Experi- 
ments 1 and 2, Table 1). The following paper 25 

describes results which allowed the anomaly to be 
understood; this work also indicated the way to mini- 
mise this increase in tritium level and these conditions 
were used for the studies which follow using doubly- 
labelled amines. 

1-Amino[l-l4C]heptane [as (15)] was prepared as in 
Scheme 4, and was mixed in suitable quantity with 
each of the tritiated amines (15b), (15c), and (15b and c) 
to provide an internal standard. The doubly-labelled 

f These preparations contain the normal mixture of amine 
oxidase isoenzymes, but significantly they have been shown to be 
free of alcohol dehydrogenase and aldehyde dehydrogenase 
a~t iv i ty .2~  

$ The retention values were somewhat variable and the value 
from experiment 5 ,  Table 1 is low relative to  experiments 1 and 2. 
However, the main point is that unexpectedly high values were 
generally observed. 
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TABLE 2 

Incubation of doubly labelled 1-aminoheptanes with 
the amine oxidase 

Heptan-1-01 
?-A- 7 

Expt. 3H/I4C 3H/14C original 
no. 1-Aminoheptane a value value value 

% of 

(1S)-[1-'4C,1-3H,]- 10.6 & 0.3 12.0 0.3 113 6 

10.3 & 0.3 11.6 f 0.3 112 f G 
{ (15W 

{ (154 

2 
(lR)-[l-14C,l-3Hl]- 6.5 f 0.2 0.59 0.05 9 f 2 

6.7 f 0.2 0.61 & 0.05 9 f 2 

(15b + c) 20.9 & 0.3 10.5 f 0.3 50 f 3 
Radioassay as N-hcptylurea. Radioassay as the bi- 

amines were converted into picrates for purification and 
storage, and the free amine was recovered immediately 
prior to incubation by chromatography of the picrate on 
alumina. The modifications used in the enzymic runs 
included the omission of catalase, increase of the buffer 

4 
(1RS)-[1-'4C,1-3HJ- 21.2 f 0.3 10.7 f 0.3 50 & 3 

phenyl-4-ylurethane. 

(18) (19) 

( 1 5 )  (20) 
SCHEME 4 (i) TsCI-C,H,N, - 5  "C; (ii) Na14CN-DAIF; 

(iii) H,, 10%Pd-C, EtOH-HC1. 

concentration, and addition of the amine substrate in 
small portions, freshly recovered each time, throughout 
the period of the reaction. 

The results of these experiments are collected in 
Table 2. When taken with those given earlier (Table l), 
they show unequivocally that the Re-hydrogen atom 
(Scheme I) is removed stereospecifically from the methy- 
lene group during oxidative deamination by monoamine 
oxidase from rat liver mitochondria. The modified con- 
ditions suppressed the increase in tritium specific 
activity significantly, and also resulted in improvement 
in the recovery of heptan-1-01. The higher values for 
tritium retention from the (1R)-amine (Experiments 3 
and 4, Table 2) are probably due to slightly greater loss of 
optical purity in the preparation of this batch of (lR)-l-  
amin~[l-~H,]heptane compared with the earlier one 
used for Table 1; the (S ) -  and (RS)-labelled amines for 
Table 2 were from the same samples used previously. 

The Re-stereospecificity found here for the rat liver 
enzyme acting on heptylamine ties in with the work of 
Belleau et aZ.6 for the action of the enzyme on tyramine. 
It has already proved valuable 26 to have this stereo- 
chemical probe available which works in the opposite 
sense to the pea-seedling enzyme (Si-specific) and we 
believe this will be generally helpful for similar re- 

searches on primary amines, e.g. from decarboxylation 
of a-amino acids. Examples of our use of these two 
enzymes will be described in future papers. 

EXPERIMENTAL 

Most general directions are given in ref. 4. All commer- 
cial solvents were purified and distilled before use. Ligroin 
refers to that petroleum fraction which had b.p. 105- 
115 "C, light petroleum had b.p. 57-67 "C, and pentane 
had b.p. 35-37 "C. Gas-liquid chromatography (g.1.c.) 
was carried out on either Perkin-Elmer F21 (preparative) 
or F11 (analytical) instruments, using the following 
columns: I, a 6 m x 9-mm internal diameter copper 
column packed with 30% w/w Apiezon L on Chromosorb P 
(60-80 mesh); 11, a 7.6 m x 1-mm internal diameter 
glass column packed with 5% w/w Carbowax on Chromo- 
sorb W (70-80 mesh). 

3-Bromo- 1,l-dimstlzoxypropane ( 1) .-Anhyclrous hydro- 
gen bromide was passed into a tared flask containing di- 
chloromethane (1 1) a t  0 "C) until the solution was saturated 
(66.0 g, 0.815 mol HBr absorbed). Acrolein (45.6 g, 
0.815 mol) was added in one portion to the stirred solution 
followed after 2 min by trimethyl orthoformate (173 g, 
1.63 mol) in methanol (200 ml). Stirring was continued a t  
0 "C for 10 min when anhydrous calcium carbonate (20 g) 
was added. After 1 h, the mixture was filtered, the filtrate 
concentrated to  ca. 100 ml and the residue distilled under 
reduced pressure to give the pure dimethyl acetal (85.5 g, 
58y0), b.p. 60-62 "C a t  15 mmHg (lit.,,' 58-60 "C a t  
17 mmHg); vmx. 1 120 and 1010 cm-'; 6 4.58 (1 H, t, J 

2 x OMe), and 2.14 (2  H, dt,  J 6.5 Hz, 2-H,). 
~3,3-Di-iso~ro~oxy~ro~yl~tri~henyl~hos~honium Bromide 

(3) .-Triphenylphosyhine (122 g, 0.465 mol) was added to 
3-bronio-1,l-dimethoxypropane (85 g, 0.465 mol) in 
anhydrous acetonitrile (200 ml) and the solution was 
heated under reflux for 4 h. The residue from evaporation 
of the acetonitrile in vucuo was treated with sulphuric acid 
(2 ml) in anhydrous isopropyl alcohol (1 I),  and the solution 
was boiled gently for 26 h while a mixture of methanol and 
isopropyl alcohol (210 ml) distilled out through a lagged 
30-cm Vigreux column under a reflux ratio of cu. 10 : 1, b.p. 
70-82 "C. The solution was cooled, neutralised with 1% 
sodium isopropoxide in isopropyl alcohol, and evaporated 
under reduced pressure to give a gum which crystallised 
from benzene to give the crude phosphonium salt (184 g, 
79%), m.p. 104-105.5 "C, sufficiently pure for use in the 
Wittig reaction; 6 7.74 (15 H, m, Ar-H), 5.12 ( 1  H, br t, J 
5.5 Hz, 3-H), 3.9 (4 H, m, 1-H, and 2 x Me,CH), 1.9 (2 H, 
ni, 2-H,), and 1.17 (12 H, d ,  J 6.6 Hz, 2 x Me,CH). 

(Z)- l ,  l-Di-isopropoxyhept-3-ene(5) .-A solution of sodium 
methylsulphylide in dimethyl sulphoxide was prepared 9 

under nitrogen from 50% sodium hydride clispersion in oil 
(14.4 g, 0.30 niol NaH) and anhydrous dimethyl sulphoxide 
(200 ml) . (3,3-Di-isopropoxypropyl) triphenylphosphonium 
bromide (150 g, 0.30 mol) in dimethyl sulphoxide (350 ml) 
was added and the resulting red solution was stirred for 
10 min a t  20 "C. Butanal (21.6 g, 0.30 mol) was then 
added slowly, the solution was stirred for a further 4 h a t  
20 "C and poured into a cold mixture of water ( 1  1) and 
saturated aqueous sodium chloride (1 1). The mixture was 
kept at 0 "C overnight and then filtered to remove tri- 
phenylphosphine oxide. The filtrate was extracted with 
light petroleum-ether (1 : 1) (5 x 100 ml) and the organic 

6.5 Hz, 1-H), 3.44 (2 H, t, J 6.5 Hz, 3-H,), 3.37 (6 H,  S, 
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extract was washed with water, dried, and concentrated 
under reduced pressure to ca. 60 ml. Vacuum distillation 
gave a major fraction (34.5 g, 54y0), b.p. 115-120 "C at 
15 mmHg, which was mainly the required acetal by n.m.r. 
Preparative g.1.c. (column I, flow rate 200 ml min-I, 170 "C) 
gave pure metal (17.6 g, %yo), one peak of retention time 
20.0 min in an analytical run on the same column (Found: 
C, 72.7; H, 11.9. C13H,,O, requires C, 72.9; H ,  12.1%); 
vmx. 3 010, 1 650, 1 120, and 1 030 cm-'; 6 5.4 (2 H, m, 

septet, J 6 Hz, 2 x Me,CH), 2.31 (2 H, br t, 2-H,), 2.0 (2 H, 
m, 5-H,), 1.3 (2 HI m, 6-H,), 1.14 and 1.09 (12 H, over- 
lapping d + d, J 6 Hz, 2 x Me,CH), and 0.86 (3 H,  t, J 
6.5 Hz, MeCH,). 

(Z)-Hept-3-enaZ (7).-The foregoing acetal (1.2 g, 5.6 
mmol) was added to a solution containing water (25 ml) and 
4% oxalic acid in acetone (100 ml), and the solution was 
allowed to stand at 20 "C for 3.5 h. The clear solution was 
diluted with half-saturated sodium chloride (250 ml) and 
extracted with pentane (1 x 100, 4 x 20 nil). The organic 
extract was washed with water, saturated sodium bicar- 
bonate, and saturated brine, dried, and evaporated a t  20 "C 
t o  give the aldehyde as an oil (0.65 g) which was reduced 
immediately as below; hm, only end absorption; vmx. 
3 010, 2 730, and 1730 cm-l; 6 9.74 (1 H, t, J 2 H z ,  1-H), 
5.65 (2 H, m, W ,  10 Hz, cis-CH=CH), 3.2 (2 H,  m, 2-H,), 
2.0 ( 2 H ,  m, 5-H,), 1.3 (2H,  ni, G-H,), 0.90 (3 H,  t, J 6.5Hz, 
MeCH,). 

(Z)-Hept-3-en- l-oZ (8) .-The above aldehyde (0.62 g ,  
5.5 inmol) in ether (25 ml) was added during 5 min to a 
stirred suspension of lithium aluminium hydride (0.15 g, 
4.0 mmol) in ether (25 ml) and the mixture was heated 
under reflux for 2 h and then cooled. The unreacted 
hydride was removed by the addition of methyl formate 
(0.2 ml), followed by water (0.1 ml), 3~-sodium hydroxide 
(0.2 ml), and water (0.5 ml). The mixture was filtered and 
the solids were boiled with ether, and after filtration the 
residue was washed with more ether. The residue from 
evaporation (20 "C) of the combined filtrates and washings 
was distilled bulb-to-bulb (80-100 "C, 20 mm) to give (2)- 
hept-3-en-1-01 (0.48 g, 72%); v,, (film): 3 350, 3 010, 
1655, and 1050 cm-l; 6 5.45 (2 HI m, W ,  10 Hz, cis- 

H z ,  2-H,), 2.0 (3 H, m, 5-H, and OH), 1.3 (2 H, m, 6-H,), 
and 0.86 (3 H, t, J 6.5 Hz, MeCH,); m/e 114 (M' 8%), 
96 (15), 81 (60), 55 (loo), and 41 (go), [113/114 <3%]. 

The alcohol (0.10 g) in ether (1 ml) was added to bi- 
phenyl-4-ylisocyanate (0.2 g) and the mixture was heated a t  
ca. 100 "C for 0.5 h. The pale yellow solid (0.22 g), extracted 
from the product into boiling ligroin (2 ml), was purified by 
p.1.c. on silica [ethyl acetate-benzene (1 : 4), RF 0.41 and 
recrystallised from ligroin to give the urethane as white 
needles (0.15 g), m.p. 84-84.5 "C (lit.,10 84 "C), undepressed 
on admixture with authentic cis material ' 0  but lowered to  
70-85 "C by admixture with the trans isomer lo (Found: 
C, 77.4; HI 7.2; N, 4.5. C20H23N02 requires C, 77.7; H, 
7.45; N, 4.5%); vmax. (KBr disc) 3 320, 1 705, and 1 240 
cm-1; 6 7.7-7.2 (9 H,  m, Ar-H), 6.7 (1 H, br s, NH), 5.45 
(2H, m, W )  10 Hz, cis-CHxCH), 4.17 (2 H, t, J 6.5 Hz), 2.4 
(2 H, dt,  2-H,), 2.0 (2 H,  dt ,  5-H,), 1.35 (2 H, m, 6-H,), 
and 0.89 (3 H, t ,  J 6.5 Hz, MeCH,). 

BiphenyZ-4-yZ Isocyanate.-4-Nitrobiphenyl (19.9 g, 01.0 
mol) in ethanol (500 ml) was hydrogenated at 1 atm and 
20 "C over Adams catalyst (0.1 g) t o  give 4-aniinobiphenyl 
(10.9 g, 65%), after filtration, evaporation, and crystall- 

W ,  9 Hz, cis CH=CH), 4.51 (1 H,  t ,  J 6 Hz, 1-H), 3.84 (2 H, 

CH=CH), 3.60 (2 H ,  t ,  J 6.5 Hz, l-HS), 2.30 (2 H ,  d t ,  J 6.5 

isation from ether-pentane, m.p. 49-50 "C (lit.,,' 50-52 "C). 
Phosgene was passed slowly into ether ( 1  1) at 0 "C until 
300 g had been absorbed. A cold suspension of 4-amino- 
biphenyl hydrochloride in ether [prepared from the amine 
8.45 g, 50 mmol) in ether (200 ml) and anhydrous HCl] was 
added over 20 niin to the vigorously stirred 30% phosgene 
solution (ca. 1.2 1) and stirring was continued for a further 
5 h. The bath temperature was raised to  20 "C and nitrogen 
was passed through the solution for 1 h while the effluent 
gases were passed through 5% KOH (5 l), after which the 
solution was concentrated by slow distillation into 5% KOH 
(2 1) (bath temperature 50 "C). The concentrated reaction 
mixture was evaporated in vacuo and the residue crystallised 
from ligroin to give biphenyl-4-ylisocyanate (5.36 g, 55y0), 
m.p. 56-57 "C (lit.,"" 57 "C) ; v,,,~ (Nujol) 2 270 and 2 230 
(sh) cm-l. 

[l, 1-2H,]EtlzanoZ.-Freshly distilled acetyl chloride (8.15 
g, 102 mmol) in dry ether (15 ml) was added slowly to a 
stirred suspension of lithium aluminium deuteride (2.0 g, 
47.4 mmol; D, >99.9%) in dry ether (35 ml) a t  0 "C. The 
mixture was heated under reflux for 4 h, cooled, and the 
residue from evaporation was treated with 2~-sodium 
hydroxide (10 ml), and distilled water (40 ml) was added 
gradually with swirling until the mixture had become a 
smooth paste. The volatile material was vacuum trans- 
ferred (0.04 mmHg, bath temperature 20 "C) to give a clear 
distillate, shown to contain ca. 3.9 g of CH,CD,OH by n.m.r. 
analysis. This solution was fractionated through a Vigreux 
column and the distillate was collected up to 100 "C to give 
the dideuteriated alcohol (ca. 3.9 g, 89%) in water (2.5 g). 
Distilled water (1.4 g) was added to give ca. 500/, w/w 
aqueous [l,l-2H,]ethanol (7.8 g). 

( 1R)-(Z)-[l-2Hl]Hept-3-en-I-oZ (8a).-Albumin (10 mg; 
Sigma) and NAD' (10 nig; free acid, Boehringer) were dis- 
solved in a solution containing 0.2hl-phosphate ( K') buffer, 
pH 7.0 (25 nil), distilled water (185 ml), and [l,l-2H,jethanol 
(3.5 g )  in water (3.5 g). This solution was added to (2)- 
hept-3-enal (0.36 g, 3.2 mmol) in dioxan (2 ml). The cloudy 
mixture was clarified by warming to 30 "C and ethanol-free 
horse-liver alcohol dehydrogenase (5 mg; ca. 1.4 units mg-1; 
Sigma) was added. The solution was sealed under nitrogen 
and left for 18 h a t  34 "C in the dark. Further alcohol de- 
hydrogenase was added and the reaction mixture left for 
10 h as before. The cloudy solution was saturated with 
sodium chloride, water (30 ml) was added and the mixture 
was extracted continuously with ether for 18 h. The ether 
extract was concentrated to ca. 300 in1 and washed with 1% 
sodium hydrogen carbonate in saturated sodium chloride 
(2 x 10 ml), dried, and concentrated under reduced pressure 
(bath temperature 30 "C) to give a yellow oil (0.27 g). Bulb- 
to-bulb distillation a t  85-95 "C and 20 mmHg gave the 
monodeuteriated alcohol (0.18 g, 50y0), homogeneous by g.1.c. 
(column 11, 110 OC, retention time 10.1 min) (Found: M + ,  
115.110 4. C,1Hl,2H,0 requires MI 115.110 7) ; vmaX. (film) : 
3 340, 3 010, 2 140, and 1060 cm-l; 8 (CC1,) 5.40 (2 H, m, 
cis-CH=CH), 3.50 (1 H, br t, J 6.5 H z  and J lH2H 1.5 Hz, 
1-H), 2.9 (1 H,  br s, OH), 2.24 (2 H,  dd, J 6.5 and 6.5 Hz, 
2-H,), 2.03 (2 H,  dt ,  J 6.5 Hz, 5-H,), 1.35 (2  H,  m, 6-H,), and 
0.91 (3 H, t, J 6.5 Hz, MeCH,); m/e 115 (M+,  8%),  97 (17), 
82 (50) ,  81 (30), 55 (loo), and 41 (90) [114/115 <4%]. 

( 1 la) .-Toluene-4-sul- 
phony1 chloride (330 mg, 1.73 mmol) in cold pyricline (3 ml) 
was added to a solution of the above (1R)-deuteriated alcohol 
(8a) (160 mg, 1.4 mmol) in pyridine (2 ml) a t  -5 "C, and the 
solution was allowed to  stand a t  0 "C overnight. The mix- 

( 2S)-(Z)-[2-2H,]Oct-4-enonitrile 
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ture was diluted with ice-water (100 g), the pH adjusted to 
1 with 2~-sulphuric acid, and the mixture was extracted 
with pentane (1 x 50, 5 x 20 ml). The combined pentane 
extracts were washed with cold IN-sulphuric acid, water, 
saturated sodium hydrogen carbonate, and saturated 
sodium chloride, dried, and evaporated in vucuo (bath tem- 
perature 30 "C) to give the tosylate (10a) as a colourless oil 
(340 mg, 91%), homogeneous on t.1.c. (SiO,,C,H,, RF 0.5); 
v,,,. (film): 2 140, 1 600, 1 175, 960, and 915 cm-l; 6 (CCl,) 
7.73 and 7.27 (4 H, dd, J 8.5 Hz, AA'BB' pattern, aryl-H), 
5.35 (2  H,  m, cis-CH=CH), 3.93 (1 H, br t, 1-H), 2.45 (3 H ,  s, 
aryl-Me), 2.4 (2 H, m, 2-H,), 1.9 (2 H,  dt ,  J 6.5 Hz,  5-H,), 
1.3 (2 H, m, 6-H2), and 0.89 (3 H, t, J 6.5 Hz, MeCH,). 

Ice-cold, saturated sodium cyanide (hydroxide-free) in 
dry dimethylformamide (40 ml) was added to the above 
tosylate (290 mg, 1.08 mmol). Solid sodium cyanide 
(1.0 g) was added to the stirred solution, which was allowed 
to warm to 20 OC, and stirring was continued for a further 
16 h. After the mixture had been diluted with ice-water 
(100 g), i t  was extracted with pentane ( 5  x 25 ml) and the 
extracts were washed with water (2 x 25 ml), saturated 
sodium hydrogen carbonate, and saturated sodium chloride, 
and dried (Na,SO,) . Evaporation in vacuo (bath tempera- 
ture 0 "C) gave an oil (130 mg) which by bulb-to-bulb 
distillation gave the deuteriated nitrile (93 mg, 70%) (Found: 
M+, 124.110 4. C81Hl,2H,N requires M ,  124.111 1);  6 
(CCI,) 5.45 (2  H, m, cis-CH=CH), 2.35 (3 H, in, 2-H and 
3-H,), 2.03 ( 2  H, dt,  J 6.5 H z ,  6-H,), 1.4 (2 H,  in, 7-H,), and 
0.91 (3 H, t, J 6.5 Hz, MeCH,). 
(2S)-(Z)-[2-2H,]0ct-4-enamide (12a) .-A solution of 2 ~ -  

sodium hydroxide (0.8 ml) in 30% hydrogen peroxide 
(10 ml) was added to a mixture of the foregoing nitrile 
(86 mg, 0.71 mmol) and a-pinene (0.5 ml) in ethanol (2.0 ml). 
The mixture was stirred for 3.5 h a t  45-55 "C, cooled, 
diluted with saturated sodium chloride (60 ml), and ex- 
tracted with ethyl acetate (1 x 50, 3 x 20 ml). The 
organic extract was washed with water, saturated iron(I1) 
sulphate (3 x 20 ml), and saturated sodium chloride, dried, 
and evaporated to an oil (310 mg). Chromatography on 
Malinkrodt CC-7 silica gel in dichloromethane gave a-pinene 
(210 mg) initially, and elution with methanol-dichloro- 
methane (1 : 9) gave a solid (80 mg), m.p. 73-75 "C, which 
crystallised from ether-pentane to yield (2S)-(Z)-[2-2H1]oct- 
4-enamide (64 mg, 63%), m.p. 77-78 "C (Found: M+, 
142.1215. C,1Hl,2HlN0 requires M ,  142.1 216), 6 6.4-5.1 
(2 HI CONH,), 5.40 (2 H, m, cis-CH=CH), 2.3 (3 HI m, 2-H 
and 3-H,), 2.0 (2 H, d t ,  J 6.5 Hz, 6-H,), 1.4 (2 H, m, 7-H,), 
and 0.89 (3 H, t ,  J 7 Hz, MeCH,); m/e 142 (M+, loo%), 
113 (35), 99 (25), 73 (25), 72 (20), and 60 (90) [141/142 <3y0]. 

A parallel preparation from the unsaturated acetal (5) in 
the unlabelled series gave (Z)-oct-4-elzamide, m.p. 78- 
78.5 "C (Found: C, 67.0; HI 12.0; N, 9.7. C8Hl,N0 
requires C, 67.2; H,  11.9; N, 9.8%); n.m.r. spectrum as 
above except that  the signal at 6 2.3 corresponded to 4 H ;  
m/e 141 (M', loo%), 112 (40), 98 (25), 72 (40), and 59 (90) 
[140/141 <2%]. 
(2S)-(Z)-[2-2Hl]Oct-4-enoic Acid (16) .-The above amide 

(61 mg, 0.43 mmol) was added to 0.5~-sulphuric acid (20 ml) 
and the mixture was heated under reflux for 3.5 h, cooled, 
saturated with sodium chloride, and extracted with chloro- 
form (4 x 10 ml). The organic extract was witshed with 
saturated sodium hydrogen carbonate (3 x 10 ml), the 
combined alkaline washings were acidified with 1 0 ~ -  
hydrochloric acid, and the mixture was saturated with 
sodium chloride and extracted with chloroform (4 x 10 ml). 

The chloroform extract was washed with saturated sodium 
chloride, dried, and evaporated to  give the deuteriated acid 
(31 mg, 51%) as a colourless oil (Found: M+, 143.1058. 
C,1H,,2H102 requires M ,  143.1056); 6 10.0 (1 H ,  br s, 
CO,H), 5.4 (2 H, m, cis-CH%H), 2.35 (3 H,  m, 2-H and 
3-H,), 2.0 (2 H, dt,  J 6.5 Hz,  6-H,), 1.35 (2 H, m, 7-H,), and 
0.89 (3 €3, t, J 7 Hz, MeCH,). 

Degradation of (2S)-(Z)-[2-2Hl]0ct-4-enoic Acid (16) to 
( +)-(2S)-[2-2Hl]Succinic Acid (17) .-Ozonised oxygen (ca. 
5%) was passed for 4 h through a solution of the foregoing 
acid (16) (28 mg) in dichloromethane (20 ml) at -78 "C. 
Excess of ozone was then removed in a stream of nitrogen, 
the solution was evaporated in vacuo, and the residue was 
heated under reflux with 30% hydrogen peroxide (1 ml), 
formic acid (1 ml), and water (3 ml); more hydrogen per- 
oxide (ca. 0.5 ml) was added periodically. The residue 
from evaporation was washed with chloroform and the 
insoluble solid was sublimed a t  105 "C and 0.07 mmHg 
(yield 11 mg). This was recrystallised three times from 
ethyl acetate to give ( +)-(2S)-[2-2Hl]succinic acid (6.4 mg), 
m.p. 186-186.5 "C (lit.,,* 184-186 "C); the deuteriated 
acid showed no U.V. absorbtion >250 nm. Mass-spectro- 
metric measurements (average of five determinations) 
showed tha t  the succinic acid had 0.95 f 0.03 deuterium 
atoms per molecule. 0.r.d. measurements l5 (Table 3) 
were performed on the acid (3.245 mg) in water (240 mg) ; 
the average of rotations over the raRge 232-323 nm was 
84% of standard, corresponding (after allowance for 05% 
,H,-species) t o  88% of standard, i . e .  94% of (+)-(2s)-acid 
and 6% of (-)-(2R)-acid. A reasonable estimate of the 
accuracy is f6%. 

TABLE 3 
0.r.d. measurements on the succinic acid 

Standard l6 Found % of 
h/nm [a1 (7 [a1 ("1 Standard 
232 62.4 + 48.0 92 
238 37.6 + 34.1 91 
244 26.2 + 23.8 91 
250 18.2 + 16.6 91 
266 13.0 + 12.0 92 
263 10.1 + 8.98 89 
270 7.87 + 6.98 89 
278 6.26 + 6.52 88 
286 6.07 + 4.23 83 
294 4.13 + 3.23 78 

313 2.74 +2.18 80 
323 2.25 + 1.62 72 

303 3.36 + 2.61 78 

Conversion of (Z)-Oct-4-enamide (12) into l-Aminokeptane 
(14).-Unlabelled (Z)-oct-4-enamide [as (12)] (300 mg, 
2.1 mmol) in ethyl acetate (30 ml) was hydrogenated a t  
1 atm and 20 "C over Adams catalyst (20 mg) (uptake 
1.05 mol equiv. over 1 h). The solution was filtered 
(Celite) and evaporated to a solid, which crystallised from 
ethyl acetate-light petroleum to give octanamide [as (13)] 
(280 mg, 93%), m.p. and mixed m.p. with authentic 
material 104-105 "C (lit.,,' 105 "C) (Found: C, 67.0; H,  
12.0; N, 9.7. C8Hl,N0 requires C, 67.0; H I  12.0; N, 
9.8%). 

The octanamide (250 mg, 1.75 mmol) was boiled with 
0.5~-sulphuric acid as before to  give octanoic acid [as (14)] 
(vmX 3 400-2 300, 1 700, and 920 cm-l), which was treated 
immediately with chloroform (6 ml) and concentrated 
sulphuric acid (1.0 ml). The stirred mixture was warmed 
to  50 "C, sodium azide (116 mg, 1.77 mmol) was added in 
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small portions during 45 niin, and stirring was continued 
for 3 h at 50 "C. The cooled mixture was diluted with ice- 
water (100 ml) and washed with chloroform (2 x 20 ml); 
the aqueous solution was brought to pH 11 with 2~-sodium 
hydroxide and was extracted with dichloromethane. The 
organic extract was washed with saturated sodium chloride, 
dried ( K2C03), and evaporated under reduced pressure (bath 
temperature 20 "C) to give 1-aniinoheptane (200 mg, 
loo%), 6 2.64 (2 H I  br t, 1-H,), 1.3 (10 H,  m, [CH21S), 1.16 
( 2  H I  s, NH,), and 0.86 (3 H,  distorted t, MeCH,). 

For characterisation, the amine (20 mg) in 10% aqueous 
acetic acid (0.2 ml) was treated with a warm solution of 
sodium cyanate (15 mg) in water (0.2 ml), and the solution 
was heated on the steam-bath for 0.5 li and then cooled. 
The precipitated solid crystallised from chloroform to give 
N-heptylurea (16 mg), m.p. and mixed ni.p. with authentic 
material 112-112.5 "C (lit.,,' 111 "C) (Found: C, 60.8; H,  
11.2; N, 17.2. C,H,,N,O requires C, 60.7; H, 11.5; N, 
17.7%); vmaX. (Nujol) : 3 370, 3 190, 1 655, and 1 600 cn- l ;  
6[CDC13-C,D,N (2 :  l)] 5.2 (2 H, br s, NH,), 4.0 (1 H, s, 
NH), 3.15 (2 H, ni, l-HJ, 1.6-1.0 (10 HI m, [CH2I5), and 
0.84 (3 H, distorted t, MeCH,). 

1- Aminoheptane was stored as the stable picrate made by 
treating the amine (100 mg, 0.870 mmol) in ethanol (1 nil) 
with dry picric acid (200 mg, 0.872 mmol) in hot ethanol 
(ca. 5 ml). It was recrystallised twice from chloroform to 
give 1-aminoheptane picrate (270 mg, goyo), m.p. and mixed 
m.p. with authentic material 117-118 "C (lit.,,' 120 -  
122 "C). The free amine was obtained by passing a solution 
of the picrate in ethanol-chloroform (1 : 9) down a column 
of alumina (Spence type H ;  1 : 100) followed by evapor- 
ation of the solvent under a stream of nitrogen. 

Synthesis of L-abelled l-Aminoheptanes.-(a) l-Aniino- 
[l-l4CIhefitane. Hexan-1-01 (2.0 g, 19.6 mmol) was treated 
with toluene-4-sulphonyl chloride (4.1 g, 21.5 mmol) in 
pyridine (20 ml) as before to give, finally, hexyl toluene-4- 
sulphonate (19) 4.65 g, 91yo), homogeneous on t.1.c. (SO,, 
C,H,, RF 0.45) ; 6 (CC1,) 7.63 and 7.24 (4 HI d + d,  AA'BB' 
pattern, aryl-H), 3.90 (2 HI t, J 6.5 Hz,  CH,), 2.41 ( 3 H ,  s, 
aryl-Me), 1.9-1.0 (8  H, m, [CHJ4), and 0.84 (3 H, distorted 
t, MeCH,) . 

Unlabelled sodium cyanide (5 mg, 0.1 mmol) was added 
to  a solution of the toluene-Csulphonate (19) (500 mg, 
1.95 mmol) in dry dimethylformamide (20 ml) a t  20 "C 
under nitrogen, and the mixture was stirred for 2 h by which 
time all the solid had dissolved. Sodium [14C]cyanide (ca. 
0.5 mg, 0.01 mmol; 500 pCi) (Radiochemical Centre, 
Amersham) was added and after a further 18 h an excess of 
unlabelled sodium cyanide (500 mg, 10.2 mmol) was added 
and stirring was continued for another 4 h. The mixture 
was diluted with unlabelled heptanenitrile (500 mg) and was 
worked up as above to give an oil which after bulb-to-bulb 
distillation afforded [ l-l4C]heptanenitrile (20) (672 mg, 
80%; 170 $3); vmx. 2 250 cm-l; 6 (CCl,) 2.25 (2 H ,  
distorted t ,  2-H,), 1.9-1.1 (8 H, m, [CH,],), and 0.91 (3 H,  
distorted t, MeCH,) . 

The foregoing nitrile (20) (35 mg, 0.315 mmol; 9.85 pCi) 
in ethanol (5 ml) was added to a solution of heptanenitrile 
(600 mg, 5.4 mmol) and 5~-hydrochloric acid (2.5 ml) in 
ethanol (20 ml) and the resulting solution was hydrogenated 
for 16 h a t  1 atm and 20 "C over 10% palladium-charcoal 
(0.5 g) (uptake 2.1 mol equiv.). The solution was filtered 
(Celite), concentrated to ca. 5 ml, diluted with water, and 
washed with ether. The aqueous solution was brought t o  
pH 11 with 2~-sodium hydroxide, and was worked up as for 

the unlabelled material t o  give 1-amino[ 1-l4C]heptane (15) 
(540 mg, 85%;  7.6 pCi), characterised as the urea (1.6 pCi 
nimol-l), m.p. and mixed m.p. 111-112 "C. The amine 
(500 mg) gave the [14C]picrate (1.34 g, 90"/0), m.p. and mixed 
m.p. 117-118 "C. 

(b) (1RS)-l-Aunino[l-3Hl]hefitune (15b and c). 0 . 1 ~ -  
Sodium hydroxide (0.2 ml) and sodium borohydride (5 mg, 
0.13 mmol) were added in turn to a stirred solution of (2)- 
liept-3-enal (7) (1.0 g, 8.95 mmol) in ethanol (20 ml) under 
nitrogen a t  20 "C. After 0.5 h, Na3BH3T (ca. 3.2 mg, 
0.085 mniol ; 50 mCi) (Radiochemical Centre, Amershani) 
was added, and the misture was stirred for a further 18 h. 
Excess of unlabelled sodium borohydride (100 mg) was 
added, and after 1 h, the mixture was diluted with half- 
saturated sodium chloride (150 ml). Unlabelled (2)-hept- 
3-en-l-ol (0.2 g, 1.79 nimol) was added, the unreacted 
sodium borohydride was decomposed with 3N-sulphuric 
acid, and the mixture was extracted with ether (5 x 30 ml). 
The combined ether extracts were washed with saturated 
sodium hydrogen carbonate and saturated sodium chloride, 
dried, and evaporated to give an oil (970 mg). Bulb-to- 
bulb distillation gave ( lRS)-(Z)-[1-3H,]hept-3-en-1-ol (8b 
and c) (690 m g ,  57%; 27 mCi), characterised as the bi- 
phenyl-4-ylurethane (4.47 mCi mmol-l), n1.p. and mixed 

The foregoing alcohol (8b and c) (160 nig, 1.4 mmol; 
6.26 mCi) was converted into (2RS)-(Z)-[2-3Hl]oct-4- 
enamide (12b and c) (69 mg, 0.49 mmol; 2.18 mCi), m.p. 
and mixed m.p. 77-78 "C, exactly as in the deuteriated 
series. As described for the unlabelled series, the ( R S ) -  
amide (65 mg, 0.46 niinol; 2.06 mCi) was converted into 
(1RS)-l-amino[ 1-3H1]heptane (ca. 45 nig, 85%) which was 
diluted with l-aminoheptane (250 mg) and distilled 
bulb-to-bulb (90-95 "C a t  25 mmHg) to give (1RS)- 
l-amin~[l-~H,]heptane (15b and c) (255 mg, 2.22 
nimol ; 1.70 mCi) , characterised as its urea (800 pCi mmol-l), 
m.p. and mixed m.p. 111-112 "C. 

(c) ( l S ) - l - A u n i n ~ [ l - ~ H , ] ~ z e p t ~ n e  (15b). An aqueous 
solution of (1RS)-[ l-3Hl]ethanol was prepared as follows. 
0.1N-Sodium hydroxide (0.2 ml) and sodium borohydride 
(1.5 mg, 0.04 mmol) were added in turn to a stirred solution 
of acetaldehyde (44 mg, 1.0 mmol) in water (2 ml) under 
nitrogen. After 5 min sodium [3H4]bor~hydride (ca. 
3.2 mg, 0.085 mmol; 50 mCi) was added with 0.h-sodium 
hydroxide (5 ml) and the solution was stirred for 16 h at 
20 "C under nitrogen. Then sodium borohydride (30 mg) 
was added, and after 1 h, the unreacted borohydride was 
decomposed with 3~-sulphuric acid (to pH 1). The volatile 
materials were distilled off in a vacuum-transfer apparatus 
(0.04 mmHg, bath temperature 20 "C) to give (1RS)- 
[ 1-3Hl]ethanol in water (7  ml). 

Albumin (40 mg) and NADf (20 mg; free acid) were 
dissolved in a solution containing 0.2M-phosphate (K') 
buffer, pH 7.0 (25 ml), distilled water (80 ml), and the fore- 
going tritiated ethanol (ca. 50 mCi). This solution was 
added to  (Z)-hept-3-enal (7) (250 mg, 2.23 mmol) in dioxan 
(2 ml). The solution was cleared by warming to 30 "C, 
ethanol-free horse-liver alcohol dehydrogenase (5 mg ; ca. 
1.4 units mg-l) was added and the solution was kept under 
nitrogen a t  30 "C in the dark; further additions of the 
ethanol-free enzyme (10 mg) and NAD+ (10 mg) were made 
a t  16-h intervals. After 48 h, the reaction mixture con- 
tained the starting aldehyde and the required alcohol in the 
ratio 7 : 1 by g.1.c. (column 11, 110 "C, retention times 4.2 
and 10.1 min, respectively). Ethanol (2 g), liver alcohol 

84-85 "C. 
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dehydrogenase (5  mg), and NADC (10 mg) were then added. 
After incubation at 30 "C for a further 24 h the reduction 
was essentially complete (g.1.c.). The reaction mixture 
was diluted with (Z)-hept-3-en-l-o1 (8) (400 mg) and worked 
up as for the deuteriated series to give (1R)-(Z)-[1-3Hl]hept- 
3-en-1-01 (8b) (435 mg, 3.81 mmol; 1.95 mCi), characterised 
as the biphenyl-4-ylurethane (513 pCi mmol-l), m.p. and 
niixed m.p. 84-85 "C. 

The (1R)-alcohol (8b) (400 mg, 3.5 mmol; 1.8 mCi) was 
converted into (2S)-(Z)-[2-3Hl]oct-4-enamide (12b) (180 mg, 
1.28 mmol; 656 pCi), m.p. and mixed m.p. 77-78 OC, and 
thence as above (without dilution) into (lS)-l-amin~[l-~H,]- 
heptane (15b) (130 mg, 1.13 mmol, 580 pCi), characterised 
as the urea (513 $3 mmol-l), m.p. and mixed m.p. 111- 
112 "C. 

(d) ( I R ) - l - A m i n ~ [ l - ~ H , ~ h e ~ t a n e  (15c). A stirred solu- 
tion of chromium trioxide-pyridine complex was prepared 
in situ 18 from chromium trioxide (1.8 g, 18 mmol) and 
pyridine (3  ml, 36 mmol) in dry dichloromethane (45 ml) a t  
20 "C. After 15 min, (lRS)-(Z)-hept-3-en-l-o1 (8b and c) 
(240 mg, 2.1 mmol, 9.4 mCi) was added and stirring was 
continued for 20 min. The mixture was diluted with ether 
(100 ml), washed with 1N-sodium hydroxide (4 x 50 ml), 
2~-hydrochloric acid (2 x 20 ml), saturated sodium hydro- 
gen carbonate, and saturated sodium chloride, dried, and 
evaporated (bath temperature 20 "C) to  give the aldehyde 
(9) as an oil (ca. 200 mg, 83y0), free from unreacted alcohol 
by t.1.c. [SiO,, chloroform-benzene (1 : l), RF 0.61. 

The foregoing [3H-formyZlaldehyde (9) was distilled bulb- 
to-bulb and the colourless oil was reduced immediately as in 
(c) above, with the following differences: ca. 3 ml of un- 
labelled ethanol was used in place of the jI3Hl]ethanol; the 
enzymic reduction was essentially complete after 48 h 
(g.1.c.). The ( 1S)-(Z)-[l-3Hl]hept-3-en-l-ol (8c) (300 mg, 
2.7 mmol; 157 pCi) was diluted with unlabelled material (to 
450 mg) and converted as for the (1R)-alcohol into (1R)-1- 
amino[l-3Hl]heptane (15c) (145 mg, 1.27 mmol; 52.6 pCi), 
characterised as the urea (41.4 pCi mmol-l), m.p. and mixed 
n1.p. 111-112 "C. This (1R)-amine (140 mg) was stored 
as its picrate (360 mg, 90%). 

Enzymic Conversions with Monoamine Oxidase from Rat 
Liver.-Mitochondria were prepared from rat-liver homo- 
genates as described previously,2eu and then frozen for a t  
least 48 h. The solubilisation and partial purification of the 
enzyme were carried out as in ref. 29b, and the fractions from 
the first Sephadex G-200 column which contained active 
enzyme were pooled and used directly for the enzymic 
conversions. Activity was measured spectrophotometric- 
cally 2eC and is expressed as units ml-l; 1 unit represents the 
ability to oxidise 1 vmol benzylamine per min a t  30 "C. 
Values found ranged from 3 to 16 units ml-l; the typical 
quantity obtained in each preparation from livers of 20-25 
rats was ca. 40 ml, with an average protein concentration of 
ca. 15 mg ml-l. 

The tritiated sample of 1- 
aminoheptane (ca. 57 mg, 0.5 mmol) in 0.2~-phosphate (K+) 
buffer, pH 7.0 (10 ml) was added to a gently agitated solution 
containing the monoamine oxidase preparation (ca. 20 mi, 
80-160 units), 70m~-phosphate buffer, pH 7.0 (40 ml), 
ethanol (4 ml), NAD+ (20 mg; free acid, Boehringer), 
eatalase (E.C. 1.11.1.6.) (ca. 500 units; specific activity ca. 
50 units pg-l, Boehringer) , and horse-liver alcohol de- 
hydrogenase (10 mg; specific activity ca. 2.7 units mg-l, 
Boehringer). The reaction mixture was kept at 30 "C 
under oxygen in the dark; further alcohol dehydrogenase 

(a) With tritiated substrates. 

(5 mg), NAD+ (5  mg), and catalase (ca. 100 units), each in 
70mM-phosphate buffer, pH 7.0 (0.5 ml), were added via a 
syringe every 2 h for a total reaction time of 20 h. The 
mixture was cooled, acidified with 5~-sulphuric acid (to 
pH l ) ,  saturated with sodium chloride, and extracted con- 
tinuously with ether for 10 h. The ether extract was dried 
(Na,SO,) and concentrated (bath temperature 30 "C), and 
the residue was distilled bulb-to-bulb (ca. 100 "C and 15 
mmHg) to give the tritiated heptan-1-01. Its biphenyl-4- 
ylurethane derivative was prepared as before, was purified 
by p.1.c. on silica gel [chloroform-benzene (3 : 5), RF 0.51, 
and recrystallised from ligroin to  constant specific activity ; 
m.p. 105-106 "C (lit.,l1U 105 "C). 

A parallel radio-inactive run gave unlabelled material 
(Found: C, 77.1; H, 8.1; N, 4.6. C,,H,,NO, requires C,  
77.2; H, 8.05; N, 4.5%); v,, (KBr) 3 340, 1700, 1260, 
and 1240 cm-l; 6 7.7-7.2 (9 H, m, aryl-H), 6.7 (1 H, br s ,  
NH), 4.1 (2 H,  distorted t, 1-H,), 1.9-1.0 (10 H, m, [CH2I6), 
and 0.88 (3 H,  distorted t, MeCH,). 

The appropriate 1- 
amino[ 1-3HIheptane picrate was mixed with the picrate of 
the I4C-material in proportions which gave a 3H : 14C ratio 
of ca. 10 : 1 Sufficient unlabelled l-aminoheptane picrate 
was added to  give a 14C-specific activity in the range 
(0.5-5) x 103 disintegrations min-l mg-l for the free amine, 
and the picrate mixture was then recrystallised twice from 
chloroform. The free amine from part of the picrate (ca. 
60 mg) was recovered as earlier and was converted imme- 
diately into its urea; this was recrystallised to constant 
specific activity and 3H : 14C ratio. 

Initially, the enzymic runs were carried out as described 
under (a). However, i t  was found tha t  the competing alde- 
hyde dismutase reaction 25 was partially suppressed when 
the following conditions were used. 

The freshly prepared monoamine oxidase (ca. 25 ml, 110- 
160 units) was added to a gently agitated solution of NAD+ 
(20 mg ; free acid), horse-liver alcohol dehydrogenase ( 10 
mg; specific activity ca. 2.7 units mg-l, Boehringer), 
ethanol (2 ml), and dioxan (2  ml) in O.$~-phosphate (Kf) 
buffer, pH 7.6 (25 ml), and water (50 ml) at 30 "C under 
oxygen in the dark. The l-amino[ 1-14C, l-3Hl]heptane 
(ca. 8 mg), recovered from its picrate (25 mg) as usual, was 
added every 4 h as a solution in 0.2~-phosphate buffer, 
pH 7.6 (1 ml) until ca. 50 mg of the amine had been added; 
additions of more alcohol dehydrogenase (5  mg) and NAD+ 
(10 mg) were made every 8 h. After a total time of 30 h, 
the reaction mixture was worked up as under (a) above to 
give the doubly-labelled biphenyl-4-ylurethane derivative, 
which was purified as before and then recrystallised to 
constant specific activity and 3H : 14C ratio. 

(b) With doubly-labelled substrates. 

We thank Drs. K. F. Tipton and M. D. Houslay (Depart- 
ment of Biochemistry, Cambridge) for advice and for help 
with the enzyme preparations, Professor Sir John Cornforth 
and Dr. G. Ryback (Milstead Laboratories, Sittingbourne) 
for the 0.r.d. measurements, and Professor L. Crombie 
(Nottingham) for valuable samples. We also thank St. 
Catharine's College, Cambridge, for a Research Fellowship 
(to D. G. B.) and the Nuffield Foundation, the S.R.C., and 
Roche Products Ltd. for financial support. 

[8/2035 Received, 22nd November, 19781 

REFERENCES 

M. C. Summers, J.C.S. Perkin I ,  1979, 45. 
1 Part 9 ,  A. R. Rattersby, R. Southgate, J .  Staunton, and 



K. F. Tipton in ‘ Handbook of Physiology Section 7: 
Endocrinology,’ vol. 6, ed. €1. Blaschko, G. Sayers, and A. D, 
Smith, Williams and Wilkins, Baltimore, Md., U.S.X., 1975, pp. 

R. Kapeller-Adler, ‘Amine Oxidases and Methods for Their 
Study,’ Wiley-Interscience, New York, 1970. 

A. R. Battersby, J. Staunton, and M. C. Summers, J.C.S.  
Perkin I ,  1976, 1052. 

5 (a) H. Blaschko and E. A. Zeller in ‘ The Enzymes,’ ed. 
P. D. Boyer, H. Lardy, and K. Myrback, 2nd edn., Academic 
Press, New York, 1963, vol. 8, p. 377; (b )  A. N. Davidson, 
Physiol. Rev., 1958, 38, 729; ( c )  H. Blaschko, Pharmacol. Rev., 
1952, 4, 415; (d) K. F. Tipton, Brit. Med. Bull., 1973, 29(2), 116; 
(e) ‘ Monoamine Oxidases: New Vistas,’ in ‘Advances in Bio- 
chemical Psychopharmacology,’ ed. E. Costa and M. Sandler, 
Raven Press, New York, vol. 5, 1972. 

6 B. Belleau, M. Fang, J .  Burba, and J. Moran, J .  -4mer. 
Client. Soc., 1960, 82, 5751. 

(u) C. W. Tabor, H. Tabor, and S. M. Rosenthal, J .  Biol. 
Chem.,  1954, 208, 645; (b) C. W. Tabor, H. Tabor, and U. 
Bachrach, ibid., 1964, 239, 2194; (c) S. Oi, M. Inamasu, and 
I<. T. Yasunobu, Biochem., 1970, 9, 3378. 

8 E. J .  Corey and E. McDonald, unpublished data: personal 
communication from E. McDonald. 

9 R. Greenwood, M. Chaykovsky, and E. J .  Corey, J .  Org. 
Chcm., 1963, 28, 1128. 

67 7-697. 

10 L. Crombie, J .  Chem. Soc., 1952, 4338. 
11 (a)  M. J.  Van Deldern, Rcc. Trav. cliim., 1033, 52, 060; 

(b)  D. V. N. Hardy, J .  Chem. Soc., 1034, 2011. 
1 2  (a) W. P. Schneider, Chem. Comm., 1969, 785; (b)  G. 

Pattenden and R. Storer, J.C.S. Pcrkin I ,  1974, 1603: ( c )  L. 
Crombie, P. Hemesley, and G. Pattenden, J .  Chem. SOC. (C) ,  1969, 
1024; (d )  P. Grieco, J .  Org. Chem., 1972, 37, 2363. 

13 E.g.  F. A. Loewus, F. H. Westheimer, and B. Vennesland, J .  
Amer. Chem. Soc., 1953, 75, 5018; see also V. Prelog, 3rd Inter- 
mztional Symposium on Chemistry of Natural Products, Special 
Lectures, 1964, p. 119. 

J.C.S. Perkin I 
1* L. F. Fieser and M. Fieser, ‘ Reagents for Organic Synthesis,’ 

vol. 1, Wiley, New York, 1967, p. 469. 
15 (a) J. W. Cornforth, R.  H. Cornforth, C. Donninger, G. 

Popjak, G. Ryback, and G. J .  Schroepfer, jun., Proc. Roy Soc., 
1966, Bl68, 436; (b)  D. Arigoni, J .  W. Cornforth, G. Ryback, 
W. P. Zeylmaker, and C. Veeger, European J .  Biochem., 1970,14, 
232. 

G. Popjak, D. S. Goodman, J. W. Cornforth, R. H. Cornforth, 
and R. Ryhage, J .  Biol. Chem., 1961, 261, 1934. 

17 A. R. Battersby, J. Staunton, and H. R. Wiltshire, J.C.S.  
Perkin I, 1975, 1156. 

18 R. Ratcliff and R. Redehorst, J .  Org. Chem., 1970, 35, 4000. 
J. von Braun and E. Friehmelt, Chem. Ber., 1933, 66, 684; 

C. L. Arcus and J. Kenyon, J .  Chem. SOC., 1939, 916; A. Camp- 
bell and J. Kenyon, ibid., 1946, 25; J.  Berson and D. A. Ben 
Efraim, J .  Amer. Chem. SOC., 1959, 81, 4094 

2O H. Blaschko and J. Hawkins, Brit. J .  Pharmacol., 1950, 5, 
625. 

z1 H. Blaschko, D. Richter, and H. Schlossmann, Biochem. J . ,  
1937, 31, 2187. 

22 T. L. Sourkes, Adv.  PharmacoEogy, 1968, 6A, 61. 
23 M. B. H. Youdim and L. L. Sourkes, Biochem. J. ,  1971, 121, 

Z4 M. D. Houslay and K. F. Tipton, Cambridge, personal com- 

25 A. R. Battersby, D. G. Buckley, and J. Staunton, J.C.S.  

26 A. R. Battersby, E. J. T. Chrystal, and J. Staunton, J.C.S.  

27 ‘ Dictionary of Organic Compounds,’ ed. J .  R. A. Pollock 

28 A. R. Battersby, P. W. Sheldrake, J .  StaurLton, and D. C. 

(a) p. 154 of ref. 3;  (b) p. 160 of ref. 3; (c) p,  173 of ref. 3. 

20P. 

munication. 

Perkin I ,  following paper. 

Perkin I, in the press. 

and R. Stevens, Eyre and Spottiswoode, London, 1965. 

Williams, J.C.S.  Perkin I ,  1976, 1056. 


