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site; in such cases, differences of K, for two inhibitors
do not reflect, as is normally assumed, differences in
affinity for a common binding site.
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Affinity increases steadily with increasing side-
chain length until a six-carbon length, after which
it remains constant. This effect is interpreted in terms
of a hydrophobic patch of limited size. Phosphoro-
thiolates differ profoundly in potency from phosphates
only in short-chain compounds. Charge is not an ab-
solute necessity for binding to the esterase, and con-
tributes only 18% to the binding of Amiton to acetyl-
cholinesterase.

for instance, by the acid character of their leaving
groups (O’Brien, 1960; Ooms, 1961). Exceptions to
this generalization include those compounds whose
leaving group resembles acetylcholine, which is the
normal substrate. O,0-Diethyl S-(2-diethylaminoethyl)-
phosphorothiolate (Amiton;* Ooms, 1961) and 0,0-

1 Abbreviation used: Amiton, O,0-diethyl §-(2-diethylamino-
ethyl) phosphorothiolate,
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TABLE I1T: Inhibitory Power of Phosphates and Phosphorothiolates.

C.H:O 0
N\ 7/
P
/ N\
C;H:O OR
Iso
(b) Phosphoro-
Compd R (a) Phosphates thiolates Ratio a:b
II CH.CH; 9.5 X 1077 3.0 X 107 3.2
(CH.);,CHCH.CH;
III CH,;CH; 4.7 X 10~¢ 6.0 X 10-8 78
CHCH,CH;
v CH.CH; >10-2 5.6 X107 >1,780
CH.CHCH.CH;
\% CH,CHj; 8.5 X 107 1.9 X 107 4.5
|
(CH,);CHCH,CH,
VI CH.CH; 8.5 X 1077 1.6 X 1077 5.3
(CH,),CHCH,CH,
VII CH.CH; 4.8 X 1077 1.6 X 10~7 3.0
\
(CH,);CHCH,CH,
VIIT C(CHy)s 5.2 X 10°®
IX CH,C(CH3); 4.2 X 105
X (CH,):C(CH3)s 4.6 X 10-¢ 1.6 X 10°¢ 2.9
XI (CH.);C(CH3); 2.4 X 10°¢ 6.4 X 107 3.8
XII (CH2)«(CH3y)s 8.4 X 107 2.3 X 1077 3.6
XTI C,H; >10-3 4.9 X 1078 >20,400
l
CH,CH,NC,H;

diethyl 0-(3,3-dimethyl-1-butyl) phosphate (Fukuto,
1957) could serve as examples. It is assumed that the
high affinity of such compounds for the enzyme surface
compensates for the poor phosphorylating ability.
Recently, kinetic procedures were introduced (Main,
1964; Main and Iverson, 1966) to evaluate separately
the affinity and the phosphorylating ability, based on
reaction 1. Thus, K, is a reciprocal measure of affinity

and k, of phosphorylating activity. These procedures
were extensions of those developed by Kitz and Wilson
(1962) for methanesulfonate inhibitors.

It is widely held that the binding of the choline moiety
of acetylcholine to the enzyme involves coulombic
attraction to the so-called anionic site (Wilson, 1960),
and it was natural to suppose that organophosphates,
such as Amiton or its quaternary analogs (I), were
similarly bound (Tammelin, 1958a,b). We were there-
fore surprised to find that 0,0-diethyl S-(3-ethyl-1-

Ka
E + PX __ EPX *_gp + X (¢9)] pentyl) phosphorothiolate (IIb in Table I), the carbon
C.H;O (0] C.H:O 0]
A4 ANV
P P
C,H:O SCHCH.N*+H(C:H5): C,H;0O XCH.CH,;N+(CH3),
Amiton (at pH 7) Ia, X =:O
1548 b, X =S

BRACHA AND O’BRIEN



1549

(P96 1) UOYIH PUE USLIF,O WOL] ¢ AJIBOUT WO APUBDYIUSIS 9)RIASP Paskq SEM AN[EA SIY} YOIYM UO BIRD Y} TEY) PIMOYS [9A9] % ¢ 118153 X V »

2001 €0 SES 001 < THON*HOPHOD 1100:¢
-
S IF-€°0¢ LE LL99 I'L 001< 6 VT 0T 44 SCHO)D'CCHD) X
$ 68659 8°9L 20 €T-8 1 s8I 052 < 8 6£-C €€ v o¢ SCHDIDMHD) IX
0S¢ SLEE£€E  £6¢ 0sz< 1'16°C°SL L'Z8 EEHDIDHHD) X
patedaid JoN 0sz< 001< fEHD)DPHD X1
paiedaxd JoN 0sz< 001< *CHD)D IIIA
9°LL-1°9S 099 28°6'¢ S'P L 66-€° L9 618 8 V€L 1T VLT *HO*HOHDCHD) 1A
*HO'HD
0°L2-9°0C 9°¢€C S'Sv'y 6V 001< 8 0C-C €1 §$'91 *HO*HDOHD ((HD) IA
*HO'HD
1°201-L' 19 v 6L v'S-0P LY 001< »7 " 92-C" 1T L€ FHO*HOHD(*HD) A
EHO'HO
9°SI1-C 06 201 0vI6'9 86 0ST< 'Ll €81 *HO*HOHOY*HD) II
_
*HO'HD
001< L 81-6 €I 191 0s7< 001< P HO*HOHOHOD Al
*HO'HO
*HO'HOHD
_
20" 6£1-8° 89 L'L6 1°L2-€ € 1°6 0s7< 001< EHOHD 111
(5 56) (83/8w) Q1 5 56) (83/3w) (5 56) (84/8w) (%556) (34/8w) A pdwo)
dUdPYUoD IUIPYUOD) “q1 AJUIPYUO)) Sq1 VUIPYUOD) a1
Jo spry Jo suwry Jo sy Jo snuiry
. mo:m‘u\mro‘m DN S3I[] ISNOH JIIN
sojejorqrotoydsoyd (q) saeydsoy (e)
q0 O°HD
S\
d
7 "\
0 O°'HD

'$IN[{ ISNOH PUE DI 01 SAR[OIY10I10YdSOY PUE $91eYdSOY] JO ANIIXO | Al TTAV.L

voL. 7, No. 4, APRIL 1968

AMITON ANALOGS AS ANTICHOLINESTERASES



1550

6.

-

5

o
o

4

3 SR

> A P

m

FIGURE 1: Relation between anticholinesterase potency
and number of carbons in longest branch of main side
chain (m). (®) 0,0-Diethyl S-(w-3-pentylalkyl)phos-
phorothiolates (series A), (a) diethyl w-(3-pentylalkyl)
phosphates (series B), (@) 0,0-diethyl S-(w--butyl-
alkyl) phosphorothiolates (series C), and (o) diethyl
(w-t-butylalkyl) phosphates (series D). Values of k;
below 102 cannot be determined accurately because of
solubility limitations.

analog of Amiton, was only a little less potent than
Amiton itself, in spite of the fact it had neither a formal
charge on its polyalkylated carbon to bind it to the
anionic site, nor any highly electrophilic groups to
contribute toward the proper polarization of the P=0
bond (Bracha, 1967). Presumably IIb, which would
be an even worse phosphorylating agent than Amiton,
must bind very well to the enzyme surface. In order
to explore the nature of that surface and of the binding
forces, we have prepared a variety of analogs of IIb
and measured their anticholinesterase activity and
toxicity.

Results

The compounds, whose syntheses are described
under Experimental Section, are shown with their
physical properties, yields, and analytical data in Tables
I and II, and with their anticholinesterase potencies
and toxicities to mice and houseflies in Tables III
and IV. The compounds prepared included phosphoro-
thionates, containing the P(S)O group; phosphoro-
thiolates, containing the P(O)S group; and phosphates,
containing the P(O)O group. The phosphorothionates
had no significant anticholinesterase activity (i.e.,
they were inactive at 102 M) nor did they have toxicity
to mice or houseflies (i.e., they were inactive at 100
mg/kg against mice or 250 mg/kg against flies). They
will not be discussed further. The phosphates and
phosphorothiolates were of two classes; class I (Table
I) had a variety of side groups whose main chain was
from three to eight carbons long of the general formula
(C.H;0).P(O)X(CH,).CH(C,H:), (X = 0O, S). Class
II (Table II) had a #butyl head on its main side
chain, separated from the P(O) or the P(O)S by from
zero to four methylene groups.

Discussion

The Thiolo Effect. One unexpected finding (Table III)

BRACHA AND O’BRIEN
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was that IIb, the carbon analog of Amiton, is only
threefold more active than its phosphate analog Ila.
This small difference is potency is generally found in
the present series, with the dramatic exception of IV,
in which the difference is more than 1780-fold, and III
where it is 78-fold.

It has become widely held that in compounds of this
class, phosphates are virtually inactive, being typically
10,000-fold less inhibitory than their phosphorothiolate
analogs. Let us call this phenomenon the thiolo effect.
The effect was first shown by Tammelin (1957) for 16
compounds with side chains of 2-trimethylammonium-
ethyl or 2-dimethylaminoethyl, and containing also
(CH3)(C,H:0)P or (CH;)}(C:HO)P or (C.H;0.)P.
It was also observed for Amiton derivatives by O’Brien
and Hilton (1964), with six compounds having side
chains CH,CH.NR,R,, where R; and R. could be
C;H; or C,H.,F. Phosphates and phosphorothiolates
of this type differ also in susceptibility to alkaline hy-
drolysis, but the difference is relatively modest, being
16-fold (Tammelin, 1957) or 17-fold (Larsson, 1958)
for (CH;0).P(O)XCH,CH:N*(CHj);. A few phosphoro-
thiolates hydrolyze two to eight times more slowly
than their phosphates, e.g., (C:H;0).P(O)SC,H ,SC.H;
and its sulfone (Fukuto et al., 1955), but, nevertheless,
Heath (1961) provides data that in general the phos-
phorothiolates hydrolyze abnormally fast. Larsson
(1958) points out that the inductive electrophilic effect
for thioalkyl groups is actually smaller than that for
alkoxy groups (Ingold, 1953). Nevertheless, the pK.
of SH compounds is much larger than of OH; thus
ethanethiol and butanethiol are quite acidic, with pK.’s
of about 10.7 (Ailman, 1965); and pK.’s of the leaving
groups of phosphorus esters are excellently correlated
with the alkaline hydrolysis rate constants of the phos-
phate esters (Heath, 1961).

The data of Table III show that in most cases (i.e.,
seven pairs of compounds) the phosphorothiolates are
three to five times more inhibitory than their phos-
phates. On the basis of the above discussion, it is plausi-
ble to assign this small thiolo effect to electronic effects
which parallel differences in alkaline hydrolyzabilities.
By contrast the 78-fold thiolo effect between IIla and
b and of more than 1800 between IVa and b would
seem to require a special explanation. In this light the
large thiolo effect described in the literature for 2-
aminoethyl compounds seems to be a rather special
case, and not a general phenomenon as has been previ-
ously thought.

An additional puzzle about the thiolo effect is that
in the nitrogenous compounds, the effect is large when
the nitrogen is separated from the PO group by a two-
carbon chain; but in the precisely analogous all-carbon
analog, the thiolo effect is small, and only when the
above chain is shortened to one or to zero does one see
a large thiolo effect. Unfortunately, for the nitrogenous
compounds a series is not yet available which can en-
able one to study the thiolo effect as a function of
leaving-group chain length. We will therefore restrict
our discussion to the all-carbon compounds.

The phenomenon to be explained, then, is why the
thiolo effect in compounds such as (C,H;O),P(O)X-
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TABLE v Kinetics of Cholinesterase Inhibition.=

ki (min—l
Compound K. X 105 (m) ke (min~1) mole~?)
Amiton (25°) 0.72 £ 0.18 6.66 =1.72 9.25 X 105
0,0-Diethyl S-(3-ethyl-1-pentyl) phosphorothiolate (IIb) (25°) 6.16 = 0.53 2.58+£0.13 4.2 x 10¢
Diisopropyl phosphorofluoridate (25°) 117 40.7 3.48 X 104
0,0-Dimethyl S-1,2-bis(carbethoxy)ethyl phosphorothiolate 77 11 1.42 x 10¢
(malaoxon) (37°)

3,5-Diisopropylphenyl N-methylcarbamate (37°) 0.34 1.38 4.07 X 108
o-Isopropoxyphenyl N-methylcarbamate (37°) 0.99 1.05 1.06 X 108
1-Naphthyl N-methylcarbamate (37°) 1.06 1.33 1.25 X 10°

s Data for Amiton from Aharoni and O’Brien (1968), for malaoxon from Main (1964), for diisopropy! phosphoro-
fluoridate from Main and Iverson (1966), and for carbamates from O’Brien ez al. (1966). Data from Main’s labora-
tory are for serum cholinesterase, remainder are for bovine erythrocyte acetylcholinesterase.

(CH,),CH(C:H5), is 78-fold when n = 0, 1800 when
n = 1, and 3-5 for larger values of n. Inspection ot
Figure 1 shows that as n increases, the potency of the
phosphorothiolates increases steadily, whereas that
of the phosphates shows a profound drop whenn = 1
(corresponding to m = 4). Presumably, therefore, the
thiolo effect is due to some special aspect of the be-
havior of the phosphates which is not present in the
phosphorothiolates. This behavior is not shown by all
phosphate series; for example, the r-butylalkyl phos-
phates of Figure 1 show a fairly steady improvement
up to the limiting size of a six-carbon main chain.

In considering series A alone, one possibility would
be that there is a limited hydrophobic patch, A, within
5.4 A of the esteratic site, and bounded by a barrier,
such that alkyl groups extending more than 5.4 A
cannot bind to patch A. A second patch, B, is situated
with its near edge about 7.5 A from the esteratic site,
so that only compounds with chains longer than 7.5 A
can bind to B. Thus the compound with n = 1 is too
large to fit on to A, yet cannot extend to B.

A simple explanation of this type is insufficient to
explain why the phosphorothiolates do not display a
parallel phenomenon. The reason may lie in the
substantially altered three-dimensional configuration
of phosphorothiolates; given a fixed position of the
phosphorus, the side chain of a phosphorothiolate is at
an angle smaller by 9° than that of the corresponding
phosphate, a difference caused by the valence angle of
sulfur being 100° and of oxygen being 109°.

Structure—-Activity Relations in the Nonbasic Com-
pounds. The forces involved in binding the side chain
can only be van der Waals or hydrophobic, and the
latter are almost certainly more important in view of
the relative nonspecificity of the structure-activity
relation (Belleau and Lacasse, 1964). Figure 1 shows
that for carbon analogs of Amiton (series A) and their
phosphate analogs (series B) and that for w-r-butylalkyl
phosphorothiolates (series C) and phosphates (series
D) the length of the principal carbon chain is of
great importance. Extending it to six carbons gives a

progressive increase. The change in free energy of
binding per added methylene amounts to 660 cal for
series A, 600 cal for series C, and 710 cal for series D,
Brestkin er al. (1964) found for two series of O-ethyl
methylphosphonthiolates an increase per added methy-
lene of 840 cal for S-w-z-butylalkyl compounds and
870 cal for S-n-alkyl derivatives. In a series of straight-
chain n-alkyl phosphorothiolates we have found
(Bracha and O’Brien, 1968) a value of 800 cal/methylene.
Main and Hastings (1966) found for serum cholinester-
ase a value of 663 cal for malaoxon homologs and 685
cal for alkyl butyrates. Belleau and Lacasse (1964)
calculate 650 cal for n-alkyltrimethylammoniums,
and say that such effects are “entirely accountable on
the basis of the contribution of hydrophobic interaction
to binding, and not to van der Waals’ forces.” The
free energy of transfer of a methylene group, under
ideal conditions, from an aqueous to a nonpolar
environment amounts to 730 cal (Belleau and Lacasse,
1964).

We conclude that in all the above cases, hydropho-
bic forces account entirely for the binding of the side
chains to the enzyme. The cutoff at m = 6 in Figure
1 implies that the corresponding hydrophobic patch on
the enzyme is of limited size.

Comparison of Amiton and Its Carbon Analog. Next
let us consider the implications of the finding that at
38°, IIb is only six times less inhibitory than Amiton.
As eq 1 indicates, both affinity factors (affecting K.)
and electronic factors (affecting k) must be considered.
One would expect IIb to be a poor phosphorylator,
for the pK. of ethanethiol is 10.5-10.9 and of butane-
thiol is 10.7 (Ailman, 1965) and one would expect 3-
ethylpentanethiol to have a similar value. By contrast,
2-diethylaminoethanethiol has a pK. of 7.9 (Ooms,
1961). Main kinetic analysis (Table V), which had
to be performed at 25° (see Experimental Section),
shows that the k, for IIb is 2.6-fold less than that of
Amiton. The K, for IIb is 8.6-fold more than for
Amiton, i.e., the affinity is 8.6-fold less. The difference
in the binding energies to cholinesterase of the two 1551
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compounds at 25° can be calculated (Webb, 1963),
AAF = 1.36 log K. /K., and gives a value of 1.27
kcal/mole. Presumably this reflects primarily the
contribution of the charge on Amiton (which is pro-
tonated at neutral pH). This is a very low contribution
for an ionic bond, whose energy can be as high as
99 kcal/mole in sodium chloride (Weast et al., 1964).
One may calculate (Webb, 1963) that a charge separa-
tion of 8.7 A is implied by a binding energy of 1.27
kcal/mole. An alternative possibility is that Amiton
is bound to what we perhaps should call a second site
(rather than a truly anionic site) by hydrogen bonding
or by ion-induced dipole forces. The second possibility
is attractive in that it might explain why, in the strictly
analogous substrate situation, 3,3-dimethylbutyl ace-
tate (the carbon isostere of acetylcholine) is almost as
good a substrate for erythrocyte acetylcholinesterase
as is acetylcholine itself (Adams, 1949), implying that
the cationic nitrogen of choline does not make an
extremely large contribution to binding.

From the K. of Amiton one may calculate (from
AF = RT In K,) a AF of 6.9 kcal/mole for the binding
energy. The coulombic contribution, calculated above,
is 1.27 kcal/mole, and therefore contributes only 18%;
to the total binding energy.

In spite of the fact that the variations discussed so
far have all been due to steric variations, and have
emphasized the binding aspect, these inhibitors act as
phosphorylating agents, not as simple reversible com-
petitive inhibitors. The evidence is, firstly, that inhibi-
tion is progressive; and secondly, that electronic fea-
tures are of great importance, because desethylation
of IIb to give XIV abolishes anticholinesterase activity;
XIV has an I3 of 1.0 X 102 M (Aharoni and O’Brien,
1968). Such abolition is found in virtually all organo-
phosphates, and is attributable to abolition of the
electrophilic character of the phosphorus. Nevertheless,

C:H;O O
N\ A
P
// \
-0 S CH.CH,CH(C:H5),
X1v

under special conditions, the binding aspect can be
emphasized. Thus, Heilbronn-Wikstrom (1965) found
that at 0° with “phosphorylthiocholines and tertiary
analogs™” all of the inhibition could be reversed by
dialysis or gel filtration, and was therefore probably
due exclusively to reversible binding,

Table V also shows that Amiton and its carbon
analog are unlike the familiar organophosphates,
which have poor affinity and a high k,, and more like
the carbamates, which have high affinity and a low k..
(Nevertheless, two carbamate analogs which were
prepared, i.e., CH;NHC(O)O(CH,),CH(C:H;),, with
n = 1 and 2, were devoid of anticholinesterase activity
at 10~2 M.) We conclude that the carbon analog of
Amiton is a good inhibitor because its poor phospho-
rylating ability is compensated by its excellent affinity
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for acetylcholinesterase, This affinity is derived from
hydrophobic interaction with a zone of limited size on
the enzyme surface.

All of the discussion above has assumed that the
changes in potency are associated with changes in
binding energy caused by utilization of additional bind-
ing areas of the enzyme. In principle, it is hard to
exclude an alternative view, that various changes in
enzyme conformation are induced by various inhibitors.
In addition, we have no proof that the K, values are
true thermodynamic dissociation constants, rather than
complex ratios. Nevertheless, the finding that additional
methylene groups add precisely the theoretical free
energy for hydrophobic bonding, suggests that our
assumptions are correct.

The toxicity of these compounds for mice was simply
related to their anticholinesterase activity, the more
inhibitory compounds being the more toxic. But only V
and their higher homologs had any significant toxicity
for houseflies. A similar selectivity has long been known
for Amiton, and has been attributed to the ionizability
of Amiton’s side chain (O’Brien, 1963; O’Brien and
Hilton, 1964). The finding that these carbon analogs
behave similarly casts doubt upon that attribution.

Experimental Section

Anticholinesterase Inhibition. Anticholinesterase ac-
tivity was determined by the ferric chloride-hydroxyl-
amine colorimetric assay (Hestrin, 1949). Winthrop
bovine erythrocyte cholinesterase was inhibited for 10
min at 38° at pH 7.4. Shorter inhibition periods and
lower temperature were found necessary for perfor-
mance of the main analysis (Main, 1964), because very
high inhibitor concentrations were required. Enzyme
solution was inhibited for 1 min at 25°, with the ap-
propriate concentration of the organophosphorus
compounds. In a typical experiment 0.4 ml of enzyme
solution (about 16 units) in phosphate buffer (pH 7.4)
was added at 37° to 0.1 ml of inhibitor solution of the
appropriate concentration, mixed, and kept at 37°
for exactly 10 min when 2 ml of 5.2 X 10=3 M solution
of acetylcholine bromide in Tris buffer (pH 8.1) was
added, mixed, and kept at 37° for 15 min. The resulting
mixture (2 ml) was then pipetted to a Klett test tube,
and 4 ml of a solution constituted of equal volumes of
1497 hydroxylamine hydrochloride and 149 sodium
hydroxide was added. Hydrochloric acid solution
(2 ml) (1:2) was added followed by 2 ml of 10%; ferric
chloride in 0.1 N hydrochloric acid, and color intensity
was measured at 540 mu. K. and k. and their standard
errors were computed by the Wilkinson (1961) weighted
regression procedure using a CDC 1604 computer.
The bimolecular rate constants, k;, were calculated
from values of Iy, (the concentration inhibiting by 5097
in time r) by using Aldridge’s expressions (1950).

Toxicity. White mice were injected intraperitoneally
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with the appropriate dose of inhibitor in 0.25 ml of
propylene glycol. Toxicity to flies was determined by
topical application of the appropriate dose of inhibitor
in 1 ul of acetone, to duplicate groups of 20 insects.
The insects were held at room temperature for 24 hr
and mortalities were recorded. Failure to move spontan-
eously or upon stimulation was the criterion for death.
The LDj, doses and 959, confidence limits (Table IV)
were calculated by computer using an iterative process,
involving a weighted linear regression based on probit
analysis (O’Brien, 1967).

Synthesis. PREPARATION OF TRIALKYL PHOSPHATES,
PHOSPHOROTHIOLATES, AND PHOSPHOROTHIONATES. To
a 0.1-mole dispersion of sodium in 70 ml of benzene,
was added 0.1 mole of the appropriate alcohol or thiol
in 50 ml of benzene. Heat was provided when the initial
reaction slackened and the mixture was refluxed until
all the sodium was consumed. The resulting mixture
was cooled to 0°, and 0.1 mole of diethyl chlorophos-
phate or diethyl chlorothiophosphate was added drop-
wise. After the addition was complete, the mixture was
refluxed for 4 hr and then left overnight, and emptied
into 200 ml of water. The benzene layer was separated
and the water was extracted twice with ether. All organic
phases were combined, washed with water, dried over
magnesium sulfate, and fractionated. The physical
data, yields, and analyses of the phosphorus compounds
prepared, are summarized in Tables I and II. Infrared
spectra were determined on a Perkin-Elmer Infracord
spectrophotometer and the following peaks, at the
wavelength (microcons) and intensity indicated, served
to identify the individual compounds,

PHospHATES. Alkyl peaks were at 6.76 (medium), 7.12
(medium) (in w-(3-pentylalkyl) phosphates), as well
as 7.23 u (medium) (in the w-(z-butylalkyl) phosphates);
7.86 (strong, P=0), 8.50 (medium), 9.61, and 10.14 »
(strong, POC,Hj).

PHospHOROTHIOLATES. Alkyl peaks unchanged were
at 7.95 (strong, P=0), 8.50 (medium), 9.75, and 10.22 u
(strong, these peaks were usually better separated
in phosphorothiolates than in the corresponding phos-
phates).

PHOSPHOROTHIONATES. Absence of P=0 absorption
was at 7.8-8.0. The physical data, yields, and analyses of
the esters prepared are given in Tables I and II.

The Eisenlohr molar refraction, MR.—=M n>, was
compared with the calculated values obtained upon ad-
dition of individual bond refraction constants (Sayre,
1958; Vogel et al., 1952).

InTERMEDIATES. The intermediate alcohols for the
above reactions were obtained commercially in the
case of 2-ethyl-1-butanol, which was purified according
to Prout and Carson (1949); or made by treating the
Grignard reagent of the appropriate bromoalkane
with ethylene oxide in the cases of 4-ethyl-1-hexanol,
6-ethyl-1-octanol, and 5,5-dimethyl-1-hexanol; or made
by reducing with lithium aluminum hydride (Sarel and
Newman, 1956) the appropriate carboxylic acid (the
latter being obtained by treatment of the Grignard
reagent of the appropriate bromoalkane with CO,,
in the cases of 3-ethyl-1-pentanol and 5-ethyl-1-hep-
tanol, and obtained commercially in the case of 3,3-

dimethyl-1-butanol); or made from 4,4-dimethyl-1-
bromopentane in the case of 4,4-dimethyl-1-pentanol,
both of these compounds being described by Whitmore
and Homeyer (1933).

The alkanethiols were prepared in every case by
reacting the bromoalkane with thiourea in water, and
then refluxing with sodium hydroxide. A typical pro-
cedure was as follows. A mixture of 25 g of 2-ethyl-1-
bromobutane and 15 g of thiourea in 12 ml of water
was stirred and refluxed. After 5 hr it became homoge-
neous; 3 hr later it was cooled, 12 g of sodium hydroxide
in 120 ml of water was added, and reflux was resumed
for 2 hr. After cooling, the upper layer was separated
and dried; yield, 739.

All the bromoalkanes were prepared by treatment
of the corresponding alcohol with PBr;, essentially as
described by Noller and Dinsmore (1943). Analyses
and boiling points of those alcohols and alkanethiols
which were purified and have not previously been
reported were as follows.

Anal. Calcd for 3-ethyl-1-pentanol: C, 72.39;
H, 13.83. Found: C, 71.92; H, 13.47; bp 65-67°
(15 mm); yield, 87%. Calcd for 4-ethyl-1-hexanol:
C, 73.78; H, 13.93. Found: C, 73.64; H, 13.5; bp 179-
183° (750 mm); yield, 579. Caled for 5-ethyl-1-hep-
tanol: C, 74.93, H, 13.98. Found: C, 74.79; H, 13.88;
bp 85-87° (9 mm); yield, 71%;. Calcd for 6-ethyl-1-
octanol: C, 75.88; H, 14.01. Found: C, 75.60; H, 13.96;
bp 97-99° (9 mm); yield, 459. Calcd for 5,5-dimethyl-
1-hexanol: C, 73.78; H, 13.93. Found: C, 73.72; H,
13.89; bp 75-79° (18 mm); yield, 76%. Calcd for 2-
ethyl-1-butanethiol: C, 60.95; H, 11.85. Found: C,
60.84; H, 11.79; bp 141-143° (750 mm); yield, 73%.
Calced for 3-ethyl-1-pentanethiol: C, 63.62; H, 12.17;
S, 24.24. Found: C, 63.59; H, 12.02; S, 24.49; bp 92-93°
(65 mm); yield, 78%;. Calcd for 4-ethyl-1-hexanethiol:
C, 65.68; H, 12.40. Found: C, 65.62; H, 12.28; bp
188-189° (750 mm); yield, 81%;. Calcd for 3,3-dimethyl-
1-butanethiol: C, 60.94; H, 11.94; S, 27.12. Found:
C, 61.18; H, 11.84; S, 26.97; bp 62-63° (65 mm);
yield, 74%. Calcd for 4,4-dimethyl-1-pentanethiol:
C, 63.56; H, 12.19; S, 24.24. Found: C, 63.46; H,
12,10; S, 24.37; bp 154-156° (750 mm); yield,
459,

O DesSeTHYLATION OF IB. Desalkylation was per-
formed by the method of Lecock and Todd (1954),
yielding the desired product (XIV) in a 519 yield,
along with 289 of unchanged starting material. The
acidic ester was further purified by successive extrac-
tions with 0.05 N sodium hydroxide and showed a
characteristic infrared pattern with peaks at 2.80, 4.23,
5.95,and 8.0 .

The slight shift of the P=0 band absorption was
characteristic and found in other similar desalkylations.
By thin-layer chromatography on silica gel G plates,
it was possible to further distinguish the desalkylated
compound from its parent. Using the system i-propyl
alcohol-water-ammonium hydroxide (75:24.5:05), Ry
values were triester, 0.80-0.82; desalkylated com-
pound, 0.58-0.60. Visualization was by bromine vapor.

Anal. Calcd for CsH»O;PS: C, 44.98; H, 8.81.
Found: C, 45.21;H, 8.91.
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