PHOSPHORYLATION OF INDOLES (REVIEW)

A. I, Razumov, P, A, Gurevich, UDC 547.752:542.945.32
and S. Yu. Baigil'dina

Methods for the introduction of phosphorus-containing groupings into indole and its derivatives
and the chemical properties and biological activity of phosphorylated indoles are examined.

If one takes into account the large role that various indole derivatives play in the organism and also the
broad spectrum of the biological action of organophosphorus compounds, the interest in compounds that com-
bine indole and phosphorus-containing fragments becomes understandable, Natural. psilocybin, 3-[2- (dimethyl-
amino)ethyl]indol-4-ol dihydrogen phosphate ester ~ the active principle of "Mexican" fungi — has high psycho-
genic activity and may serve as an example of this sort of combination.

Since a rather large amount of indole raw material from the coking process has not yet found extensive
and intelligent application, the economic factor involved in the development of research in this area is also
understandable.

A relatively small number of review papers have been devoted to the phosphorylation of indole [1-8],
although the first communication appeared in 1930 [9]. In the present review, material on phosphorylated
(phos)indoles is presented with respect to types that differ with respect to the position of the phosphorus-
containing substituent in the indole ring and encompasses publications that have appeared prior to the second
half of 1975.

1-Phosphorylated Indoles

The methods for the synthesis of 1-phosindoles can be divided into two groups: syntheses based onmetal
derivatives of indole and the Arbuzov rearrangement from P (IIl) esters.

Nucleophilic substitution by metal derivatives of indoles of the halogens in compounds with a P—Hal bond
opens up possibilities for the synthesis of diverse 1-phosindoles. Diversel-bis(dimethylamido)phosphorylated
heterocycles, including indoles of the I type, were obtained in 1961 [10]:
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Esters (IT) of phosphoric and thiophosphoric acids were similarly synthesized {11]:
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Indolylmagnesium halides (IIT) are more convenient than indolylsodium, It is well known, of course,

that 3-substituted indoles are more frequently formed when they are used {6]. The authors of the present

review were able to obtain both 1- and 3-phosindoles [12]:
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An analysis of a series of studies [6, 13-16] makes it possible to assume that the degree of ionic char-
acter of the N—MgHal bond in indolylmagnesium halides depends on external factors, particularly on the polarity

of the medium,
Rl
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*
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In the examination of the structure of the ambident indole anion IV by means of the principle of soft and hard
acids and bases [17], the reaction center at the nitrogen atom can be defined as "hard" and the C; atom can
be defined as "soft." In this case it is completely understandable why "hard" acid chlorides — bis(chlorometh-
yl)phosphine oxide and dipheny! chlorophosphate {Eq. (2)] — attack the 1 position of indole.

A second possible method for the synthesis of 1-phosindoles is the classical Arbuzov rearrangement
[18]. Thus esters (V) of P(IIl) acids underwent rearrangement on reaction with 9-haloacylcarbazoles [19]:

K/]\N + (RO)P ——— (3)
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The reaction of phosphites V with 1-chloroacetylindole also proceeds via a reaction of the (3) type. In
this case 1-indolylacyl phosphonates and phosphinates were isolated in 53-67% yields [12]:
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2-Phosphorylated Indoles

The number of described compounds of this type is small, and this is probably associated with the lower
reactivity of the 2 position with respect to electrophilic reagents as compared with the remaining positions of
the indole ring.

The authors of the present review isolated 2-phosindoles VI instead of the expected 3-substituted com-
pounds in the condensation of phosphorylated acetals with arylhydrazines under the conditions of the Fischer
reaction [20, 21}:
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_This fact was explained by intramolecular rearrangement of the initially formed "normal" Fischer re-
action products. Intramolecular rearrangement was first observed in the indole series in 1888 [22]. The
mechanism of rearrangements of this sort has been discussed in detail in the case of alkyl-, aryl-, and acyl-
indoles [23, 24]. The proposed mechanism also successfully explains reaction ).

Compounds of the VI type were obtained from the authentic 3 isomers [25] by heating the latter with an-
hydrous zinc chloride in order to prove the possibility of the occurrence of secondary rearrangements in the
phosindole series. 2-Phosindoles differ from the 3 derivatives with respect to their higher melting points;
the vy and Vp=g absorption frequencies in their IR spectra are shifted to the long-wave region, and this is
in agreement with the data in {26].

Similar isomerization of diphenyl(3-indolyl)phosphine to diphenyl(2-indolyl)phosphine occurs when the
former is heated in polyphosphoric acid (PPA) [12]. The mechanism of the reaction in this case probably also
does not differ from the mechanism proposed in [23, 24].

(2-Tndolylmethyl)phosphonium iodide (VII), (2-tryptopholylmethyl)phosphonium salts (VIID), and diethyl
(2-indolylmethyl)phosphonate (IX) were subjected to reaction with aromatic aldehydes and 4-piperidone (X) in
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order to study the behavior of phosphinomethylenes containing indole fragments in Wittig reactions [27, 28].
In this case it was observed that phosphonium salts (for example, VII) react with ketone X to give adducts:
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A reaction of the (5) type was not observed in the case of phosphonate IX. The reason for this, as Eenk-
hoorn and co-workers validly assume [27, 28], consists in an increase in the acidity of the NH group and a de-
crease in the C—H acidity of the methylene protons of phosphonate IX as compared with phosphonium salts
VI and VIIL.

An interesting method for the preparation of indoles with a phosphonimide grouping consists in the re-
duction of substituted B- (2-nitrobenzoyl)-2-nitrostyrenes with triethyl phosphite (V) [29]:

CHyp V02 R N=P(OC,H; )y
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3-Phosphorylated Indoles

Calculations of the electron density distribution in the indole molecule [30, 31] show that the 3 position
is the most reactive with respect to electrophilic reagents. Most of the synthesized indoles, including also
the phosphorus-containing compounds, are the 3 derivatives.

3-Phosindoles can be divided into three types with respect to the position of the phosphorus-containing
substituent relative to the indole ring: compounds with a P—C, (indole) bond, phosskatoles, and others. The
material in this section is presented in this order.

A convenient and promising method for the synthesis of compounds of the first type is nucleophilic sub-
stitution at the phosphorus atom by means of indolylmaghesium halides (ITI). This sort of reaction was the
first example of the synthesis of phosindoles [9]:

P
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Tri (3-indolyl)phosphine oxide (XI) was similarly obtained subsequently by the use of phosphorus oxychloride
in place of phosphorus trichloride [32]:
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Di(3-indolyl)phosphinic acid (XII) was detected along with phosphine oxide XI. Tts formation was explained by

the initial generation of di(3-indolyl)chlorophosphinate, which was hydrolyzed to acid XII during isolation.

Diverse 3-phosindoles — phosphines XIIla, phosphinites XIIIb, phosphonites XIIlc, phosphine oxides XIVa,
phosphinates XIVb, and phosphonates XIVc — can be obtained by reaction of the products of indolylmagnesium
halides TII with tri- and tetracoordinated phosphorus acid chlorides [33]:
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XH,XIV a R=R'zAr; b R=Alk,R'=0AIx;< R zR'=0AlKk

The Cj atom — the "soft" center of the indolylmagnesium halide — is attacked by the relatively "soft" chlorides
of P(IIT) and P(IV) acids. This is probably an acceptable explanation of the occurrence of reactions {7} in the
indicated direction.
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A relatively simple method for the preparation of (2-methyl-3-indolyl)phosphonic acid dichloride (XVI),
which consists in the reaction of 2-methylindole (XV) with phosphorus pentachloride, has been proposed [34]:
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Powers [34] assumes that dichloride XVI is formed as a result of electrophilic attack of PC14+ on indole XV,
However, the method of isolation of XVI is rather "peculiar,” since it includes a step involving treatment of
the acid chloride with potassium carbonate and aqueous alkali. This "peculiarity” is augmented to an even
greater extent when one examines another paper by the same author [35], in which hydrolysis of XVI with aque-
ous potassium carbonate solution led to cleavage of the phosphorus-containing fragment from the 3 position of
indole and isolation of starting indole XV. Of course, it is well known that the calculated amount of water [38]
or ice-cooled hydrochloric acid [39] is used in the preparation of organodichlorophosphonates by the Kinnear—
Perren—Clay method [36, 37] to decompose the complex counsisting of phosphorus trihalide, alkyl halide. and
anhydrous aluminum halide. However, it is well known that the chlorides of phosphorus acids are extremely
sensitive to traces of moisture [40].

Powers [35] feels that the above~indicated loss of a substituent from the 3 position is a general reaction
for 3-phosindoles. He has proposed a hydrolysis mechanism consisting in the conversion of dichloride XVI to
tautomeric indolenine XVII in alkaline media or to indolenine salt XVIII in acidic media; XVII and XVIII then
lose phosphorus:
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It should be noted that cleavage of a substituent from the 3 position of phosindoles has not beenobserved
in a number of studies [41-43].

In all likelihood, the production of phosindoles by means of PCl; can hardly be classified, in general. with
convenient methods for the phosphorylation of indole. The formation of only the (2-indolyl)acyl chloride was
observed in the reaction of indole-2-carboxylic acid with PCl; [44]. Ethyl indole-2-carboxylate was converted
to corresponding 3- and 6-chloro derivatives on treatment with PCl; [45].

'The preparation of diethy! (2-phenyl-3-indolyl)phosphonate (XX) from 1-hydroxy-2-phenylindole (XIX)
and triethyl phosphite (V), which presumably proceeds via a homolytic mechanism, has been described [46]:
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-Isatin (XXI) adds dialkyl phosphites (XXII) to the carbonyl oxygen atom in the 3 position to give 2~oxo-3-
hydroxyindolyl phosphonates [47].
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(e
P N — ; AN p(or)
!/ i + (R.'O)zP(O)H———K H &.6 2
V\[\"k‘c \/\N' X
F R
XX XXH

The oxygen in the 2 position does not undergo reaction, since it has amide character. In the case of tri-
ethyl phosphite, isatin (XXI) underwent reaction to the extent of a ratio of 1:2 to give a compound with an oxy-
phosphorane structure:

— %
= ] | /\
SARe oy
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The product (XXIII) of the reaction of 1-ethyl-2-oxo-3-methyleneindole with triphenylphosphine dihalide
is a 3-phosindole [48].

The nitration of a triphenyl(1-methyl-3-indolyl)phosphonium salt with nitric acid at 0° led to the corre-
sponding 6-nitro derivative (XXIV) [49]:

‘ +
O;_/EP(CSHS)3 ( ]\—J—l P(CgHy)s
Y 1

N0 O,N N

CoHg c':H3
XXl XXIV
Skatole derivatives occupy a significant position among 3-phosindoles. The reaction of quaternarized
Mannich bases with P (ITI) derivatives was found to be a convenient method for the preparation of phosskatoles.
Transfer of the onium function from nitrogen to phosphorus presumably occurs in these reactions [50]. For
example, skatyltrimethylammonium iodide (XXV) forms skatyl phosphate XXVI when it is heated with triethyl
phosphite (V) [25]:

+ _ + -
T CHNCHT | s @UCHZP(OCZHSEJ ‘ CH,POC,H), (8)
NN ~N(CH,), N N ©

l X N
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N-Methylskatyltriphenylphosphonium iodide is obtained via a mechanism similar to that of reaction (8)

[50]:
+ P(CeHg), CH,P(C
Xxv N(CH,) | R
3’3 bl‘ I
R =CH, R

One ester group was saponified to give acid ester XXVII in the course of several transformations of
phosphonate XXVI, particularly in the case of hydrolysis with aqueous alkali:
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CH,p_
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N

¥
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The hydrolysis of diester XXVI in acidic media led to destruction of the molecule. Saponification of both ester
groups of XXVI to give skatylphosphonic acid XXVIII occurs during alkaline hydrolysis under pressure at high
temperature {41]. Veldstra and van der Westeringh [41] were unable to effect acid hydrolysis of phosphonate
XXVI, since, in their opinion, it is unstable in acidic media, It has been reported in a patent [51] that acid
XXVIII is obtained when diester XXVI is heated in a mixture of acetic and hydrochloric acids:

P(OH.
I
N

|
I
R XXVIH

Convenient methods for the synthesis of hydroxy- and aminoskatyl phosphonates have been developed on
the basis of formylindoles XXIX, Thus hydroxyskatyl phosphonates XXX were formed in 60-65% yields in the
reaction of the latter with dialkyl phosphites XXII in the presence of catalytic amounts of triethylamine in
acetonitrile [52] or dimethylformamide (DMF) [53]:

HO 9
@c + (R'0),P(OIH ———= @\_]’CH PIOR), (9)
N

R

XXt XXX a, b
XXX a, b; a R=H;b R=COCH,

The alkaline hydrolysis of diester XXX under mild conditions made it possible to obtain a hydroxyskatyl-
phosphonic acid monoester. Phosphonate XXX readily forms alkoxides. The latter were converted to the cor-
responding ethers and esters by reaction with alkyl and acyl halides [53].

Aminoskatyl phosphonates XXXI were obtained in 50-60% yields via the scheme [54, 55]

XX1X +  XXn o+ HNR“R’“——» CH P(OR) ‘10)
NR Rl"

a-¢
. Xxxa- _ XXX
XXX a R=R =H; b R"=H,R":AIx; ¢ R"=R":zAIx
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The corresponding imines or products of the addition of the amine to the aldehyde group, which on subsequent
reaction with phosphite XXII are converted to phosphonates XXXI. are initially formed, depending on the nature
of the amine.

Pyrazolyl-substituted skatyl phosphonates were obtained as a result of the addition of phosphite XXII to
a conjugated system [56]:

o= P(OR )Z
“+ XXl —— [ l
/N
CSHAR C5H4

One can also include 3-indolylmethylenephosphine [57]
<EFJ:CH=P(C5H5)3
NTOR
CH,

and products of Fischer cyclization (XXXIIT) of 1-phenyl-2,3-benzophosphorinan-4-one [58] and 1-phenylphos-~
phorinan-4-one (XXXII) among the phosskatoles [59]:

H.C & R H5C5\, R
4 —_— |
o H,NNH N

H
XXX XXX

It has been shown in a number of papers [60-62] that the biosynthesis of tryptophan occurs in many micro-
organisms through (3-indolyl)glyceryl phosphate (XXXIV). The synthesis of phosphate XXXIV has beenworked
out by reduction of diphenyl{2.3-dioxo-3~ (3-indolyl)propyl] phosphate (XXXV), obtained in turn from 3-diazo-
pyruvolylindole [63], with potassium borohydride:

l CG—CHN, HOP(OCHy) C—C—CHZOP(OC5H5)2
o 5 '5°2 =
N
H XXXV
KBH, @ CH(OH)CH(OH)CHZOF;(OH)Z
o
N

H XXXV
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The alkylating ability of quaternized Mannich bases has been used for the preparation of {3-keto-3-(3-
indolyl)propyl] phosphonates (XXXVT) [42]:

\@zTCCHZCHZN(CHa)Z Hal™ @—ICCHZCH 2 (OR), (11)

R R XXXV

The mechanism of reaction (11) is similar to that presented in Eq. (8). Acid ester XXXVII is formed by alka-
line hydrolysis of diester XXXVI and is converted to dibasic acid XXXVIII by acid hydrolysis. In this case it

was noted that alcohol ROH, which is liberated during the hydrolysis, alkylates the nitrogen atom when R'=H:

Il
CCH CCH,CH,PIOH),
xxxv =2 2 g OCH, L 4

R'zH,R=CHy XXXV CFs  xxxvin

Acid XXXVIII exists in lactol form XXXIX in the solid state.

n ?H ﬁ
AN T CH,CH,C—P—OH ‘ Ic|cHzorﬁ(0R)2
I§ NJ L—O—-J e (o]
1y !
R xxxix Rooxu

Keto phosphates XL, obtained by reaction of 3-hydroxyacetylindoles with phosphorus acid chlorides,
have been described [64].

The synthesis of diethyleneimides (XLI) of phosphoric and thiophosphoric acids was realized during a
search for substances that have radiation-protection [65] and cytostatic [66] activity [67, 68]:
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The preparation of phosphorus-containing formylindole acylhydrazones has been reported [69]. Replace-
ment of the oxygen atom by a phosphorus atom, as a result of which 4- (3-indolyl)phosphorines (XLII)are formed,
occurs when 3-indolylpyrylium salts are treated with tris (hydroxymethyl)phosphine in absolute pyridine in a
nitrogen atmosphere [70]:

R R R
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|

'
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R R XLt
Sheinkman and co-workers have developed methods for the introduction of six-membered nitrogen-con-
taining heterocyvcles in the indole ring in the presence of phosphorus acid chlorides [71-74].

N-Phosphorylisoquinolinium salts, which hetarylated indole even at room temperature, were found to
be the most active compounds. Pyridine and, particularly, quinoline were found to be considerably less active.
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Derivatives with Phosphorus-Containing Substituents

in the Benzene Ring of Indole

In connection with the high physiological activity of psilocybin [75-78], it was natural to anticipate the
synthesis of substances with a similar structure.

A number of studies in this direction were made by Suvorov and co-workers [79-84]. Thus the develop-
ment of a2 method for the protection of the amino group of serotonin (XLV) [80] made it possible to selectively
introduce a phosphorus-containing substituent in the 5 position of indole [79]. The trityl protective group was
removed by treatment of phosphorylation product XLVI with 50% acetic acid, as a result of which O-substituted
and unsubstituted serotonin phosphates (XLVII-XLIX) were formed:

R RO\P o
N CH,CH,NHTF ! = CH,CH,NHTP
T Cecipory, RGO T ] TR
NN o] SN
h H
XLV XLV}
RON _
RO/E\ ~ i I CHZCHZNHZ
L~ o X \N/
T+ CH3C00H N Hy Pd/c
N XLl XLVIt b
o] M
RO/('S = ‘ l CHZCHZNH:4
\)\N
H
XLY 1
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XLIX
XLV 2 R=H; b R=Na  XLVI & R=CyHg; b R=CH,CeHgic R=CgH,NO~4
XLVH 2 R=CgHgj b R=CgH,NO,~4  XLVIll 2 R=CH,CeHsib R=CgH NO,—4

5-Phosindolines and 5-phosindoles were obtained when 1-benzyl-5-lithioindoline (L) was used [81-84].
In addition to the principal reaction products — dimethyl! 1-benzyl-5-indolinylphosphonate (LI) ~ tris(1-benzyl-
5-indolyl)phosphine oxide (LII) was isolated from the reaction of indoline L with dimethyl chlorophosphate.
The formation of LII was explained by reaction of indoline L with the ester groups of the chlorophosphate; this
probably requires more detailed proof.

Li (cn,c)z
\©:j + C|P(OCH y—e
N N

] 1
CH,CgHg cnzcsn5 CH,CgHy /3
L Li 53%% L1 13,3

The indoline system was converted to the indole system by refluxing LI in xylene over 10% palladium
on carbon in a stream of hydrogen:

(CHzo)zﬁ = (CH;0), TI
L ol I ] + o |
X
N N
. H
CH,CH,
LHI 4% LIV 387,

The yield of indole LIII was raised to 33% by dehydrogenation of indoline LI with chloranil,

Biological Activity of Phosindoles

Most of the literature on this topic has been devoted to the problem associated with the affect of psilocybin,
which, in doses of 0.08 mg/kg, produces, in humans, lively hallucinations usually of a pleasant {more rarely
frightening) character [77, 78].

The fungicidal, insecticidal, and asecaricidal activity of 1-indolyl amidophosphonates I is inferior to that
of many compounds used for these purposes [10].

Data on the toxicity of phosecarbazoles with respect to warm-blooded animals have been presented [19],

Dialkyl skatylphosphonates XXVI have been studied as analogs of natural metabolites [41]. There is an
indication that acid XXVIIT and its salts have been found to be antagonists of heteroauxins [51].

The antimicrobial activity of hydroxyskatyl phosphonates XXX has been reported {53].

Dialkyl (5-indolyl) phosphonates [81] have extremely low serotoninlike activity (they are inferior to
serotonins by a factor of more than 10,000 with respect to their spasmogenic activity) and antiserotonin prop-
erties, but they do not have a cholinomimetic effect.

Problems involving the phosphatase activity of 3-indolyl and 5-bromo-3-indolyl phosphates in tissue
were elucidated in [85].

4-Chloro~5~bromo-~3-indolyl phosphate has been detected in biochemical substrates [86].
The structure of a streptomycin metabolite, which includes tryptophan and a phosphate grouping, was
recently established [87].
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