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Synthesis and Carcinolytic Activity of Some Diaryliodonium Salts!
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A number of diaryliodoniwmn salts, witlt substituents cliosei in order to vary chemical properties i a syste-

matic way, has been prepared for study as potential carcinolytic agents.

Observed biological activity, as well as

some aspects of the chemistry of these substances, is reported and discussed.

It is generally believed that nitrogen mustards
act by virtue of their ability to form ethylenimmonium
ions, which alkylate biologically important nucleo-
philes.? The primary site of alkylation in the cell
appears to be DNA,? the N-7 position of guanine being
most susceptible.* It has been found in the aromatic
nitrogen mustard series that alkylating ability is gener-
ally enhanced by the presence of electron-donating
aryl substituents,®® and further that Sx1 reactivity
in the series parallels antitumor activity.?

The successful use of alkylating agents in cancer
chemotherapy suggested that arylating agents might
find similar application. The arylating agent of
choice for use against cancer would be one reactive
enough to achieve arylation of a wide variety of nucleo-
philes under relatively mild conditions, but sufficiently
selective to ensure distribution of the substance in the
body. Of the arylating agents known, diaryliodo-
nium salts (I) best meet these demands,

Jenel

The arylating ability of diaryliodonium salts has
been amply demonstrated. It has been shown, for
example, that diaryliodonium halides (I, Z = Cl,
Br, or I) are capable of arylating bases of such diverse
reactivity as halide ions,” sulfhydrvl groups,® arylam-
ines,® and alkoxides.’® The ease with which most of
these arylations occur prompted Beringer to investi-
gate the synthetic potential of diaryliodonium salts,
with the result that arylation of anions of activated
esters!t!?2 and ketones! has been achieved, often in
significant yield.

Beringer further demonstrated that the nature of
aryl substituents greatly affects the rate at which iodo-
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nium halides undergo decomposition in inert solvents,
electronegative substituents facilitating such decom-
position, and conversely.!* Taking this to be a possible
criterion for assessing the reactivity of these compounds
toward cellular constituents, synthesis of 2 scries of
substituted diaryliodonium salts was begun.
Chemistry.—~Compounds selected for biological eval-
uation are listed in Table I; their synthesis was effected
for the mpst part by known methods.’* In order
to assess the possible effect of chemical reactivity on
biological activity, a series of simple monofunctional
salts (Table I, Ta~j) was prepared.  Since in the nitro-
gen mustard series very high aetivity i associated
with compounds suclt as chlorambueil and sarcolysin,
which bear a carboxylic and amino acid side chain,
respectively, it was felt that aetivity in the iodonium
salts might be enhanced by the presence of such
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In NO. H Br 20
1h NO; H NQ; Lo
le NOu NHCOCH; DBr 260
1d NO; OCH; Br 26, 15D
le H H Br 26, 1561
It H H NOp e
Ig OCH; H Bj 15D
Th OCH:] H :\Og e <
I OCH, OCH,q Br 15A
Ij OCH; OCH;, NO;, LT
Tk CH.CH,COOH H 1 15D
Il CHz(ﬁHCOOH H 1 15D
NHCOCF;
+ +
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AvaSsel
X z Y
1
11a H H 1 10A
IIb H H Br 10A

@ Ta, 114, and 1Ib were prepared by methods not previously
employed in their synthesis. I¢, Id, Ih, Ij, Ik, and Il have not
been reported previously. ® Numerals refer to references, let-
ters to methods cited therein. ¢ Nitrates prepared by metath-
esiv af the corresponding halides,  See Fxperimental Section.
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(15) lor a comnplete list of nethiods used in preparation of diaryliodonucm
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nlle, M. Mausner, and 14, Somamer, 1bid., 81, 342 (1959), and ref 10.
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CARcCINOLYTIC DIARYLIODONIUM SALTS

Taswe II
ANTITUMOR AcTiviTY*

Dose b
No X Y Z mg/kg
Ia NO: H Br 25
12.5
Ib NO; H NO, 12.5
6.25
Ie NO; NHCOCH; Br 50
25
1d NO. OCH, Br 25
12.5
5.0
If H H NO; 2.5
Th H OCH, NO, 2.5
Ij OCH; OCH; NO, 2.5
Ik H (CH,).COOH 1 100
50
IIa H PhI+-Ph 21 5.0

e CCNSC screening protocols are fully described in Cancer Chemotherapy Rept., 25, 1 (1962).

OO

‘Whole animal tumors ——XKB tissue culture—

% T/C* EDsp.
DA H1 LE 8P ug/ml Slope
108 84 1.9 —3.6
100
120 93 2.1 —-0.91
120
87 73 3.0 —-1.9
105
113 128 0.68 —-2.9
105
103
54 0.54 —0.41
75 0.82 —0.47
98 73 0.39 —0.55
100 94 36 —0.63
129
66 1.0 <—-0.39
® Toxic doses omitted. ¢ % T/C =

tumor weight in treated animals/tumor weight in controls X 100. DA = Dunning ascites leukemia, H1 = HS1 human sarcoma (rat,
egg), LE = lymphoid leukemia 1.1210, and 8P = P1798 lymphosarcoma.

moieties. Compounds Ik and Il were prepared to test
this approach,

It is well known that difunctional mustards are far
more active as antitumor agents than the correspond-
ing monofunectional compounds.®® Since the observed
low antitumor activity of the latter bear little relation
to SN1 reactivity,® resolution of the disparity must
rest on biological considerations. Brookes and Lawley*
found alkylated biguanyl as well as monoguanyl resi-
dues in hydrolysates of nucleic acids isolated from
animals treated with difunctional mustards, which
suggests that the antitumor effects of difunctional
mustards may be due to the formation of strategic
cross-linkages between strands of DNA. It is con-
ceivable that difunctional iodonium salts such as II
might likewise be capable of cross-link formation and
that antitumor activity might therefore be enhanced.
Diphenyl-4,4’-biphenylyldiiodonium diiodide (IIa) was
chosen as a prototype difunctional iodonium com-
pound.

Pharmacological Results.—Compounds Ia—d, f, h, j,
k, and IIa were submitted for antitumor screening to
the Cancer Chemotherapy National Service Center.
Both whole animal and cell culture methods were used.
The results are shown in Table II. Compounds Ie,
g, and 1 had been submitted by other workers; Il
has not been obtained in sufficient yield to allow test-
ing.

The results of testing against whole animal tumors
shown in Table II indicate that none of these com-
pounds shows significantly selective antitumor activity
when tested in this manner. Since the doses shown
are the highest the animals could tolerate, it is clear
that toxicity in this series is related to solubility of the
substances, since almost without exception the water-
soluble nitrates are much more toxic than the rela-
tively insoluble halide salts. This difference, however,
is not reflected in antitumor potency, nor does the wide
range of chemical reactivity!s represented in this series
appear to be of any consequence. The diiodonium

compound Ila is the most active iodide salt we have
yvet encountered, and soluble salts of this type appear
to merit further study.

All compounds tested except Ik showed a reproduc-
ibly high order of activity against tumor cells in the
KB tissue culture system (Table II). In this test
method, compounds are in solution, so that differences
in solubility should not be important. Consequently,
the nature of the anion should have little effect on
observed activity. This is found to be the case.
In addition, it is seen that, in general, the highest po-
tency is associated with diaryliodonium salts which
are known!* to be the least reactive toward nucleo-
philes. That is, it appears that the destabilizing
nitro group has a pronounced deleterious effect on
antitumor potency in tissue culture, whereas the con-
verse is true of the methoxy group. Further study
will be necessary to determine whether this results
from too rapid decomposition of the more reactive
compounds in water, or whether a biological mechan-
ism other than direct chemical arylation is operative.

Experimental Section

Analytical Procedures. — Microanalyses were performed by
Drs. Weiler and Strauss, Oxford, England, and by Huffman
Laboratories, Inc., Wheatridge, Colo. Melting points were
taken on a calibrated Thomas—~Hoover melting point apparatus.
Infrared spectra were taken on a Beckman IR-5 or a Beckman
IR-8 recording spectrophotometer,

Melting Points of Diaryliodonium Compounds.—Since diaryl-
iodonium salts decompose at or near their melting points, it is
necessary to specify at which temperature the sample is inserted
and the rate of heating. Samples of compounds prepared in this
study were inserted 10-15° below the expected melting point and
heated at 4-6°/min.

General Preparation of Diaryliodonium Nitrates.—Preparation
of diaryliodonium nitrates was achieved in each case by suspend-
ing 4-5 g of the parent halide in methanol (20 ml), to which was
added an equimolar quantity of AgNO; dissolved in a minimum
amount of methanol. The mixture was stirred in the dark at
room temperature for 1-6 hr and the silver halide was removed
by filtration, The solvent was completely evaporated without
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applicatione of heat, ad the crnde dteide was reervestallized
from methanol or methanol-ether. Conversions of diaryliodo-
nium halides to the corresponding nitrates were accomplished in
86-1009%, vield.

Iodose Compounds.—Preparation of iodosobenzene is described
by Lucas, et al.'® 4-Iodosonitrobenzene was prepared by a
similar method.'” Phenyliodoso diacetate was prepared accord-
ing to the procedure of Pausacker.:

Chlorination of a solution of 4,4’-diiodobiphenyl i1 cold, dry
chloroform?®® gave 4,4’-dilodosobiphenyl tetrachloride® which
was washed with cold CHCI, (20 ml) and dried. To this (30.7
g, 46 mmoles) wax added 5 .V NaOH (80 ml). After thorough
trituration the mixture was allowed to stand (with ocensional
trituration) for 3 davs, at which time the niixture was filtered,
wushed with water until the washings werc no longer basie, and
dried. The dried material was washed with chloraform (100
ml) and dried to give eride amorphons 4,4’-diiodosobiphenyl
(X1, 187 g, 42 mmoles, 76¢7), mp 176-80°, 116,20 “about 198°,"1

Iodoxy Compounds.—Preparation of iodoxybenzene is de-
scribed by Lucas and Kennedy.??  4,4-Diiodoxybiphenyl® was
prepared by a similar method.

Diphenyliodonium bromide (Ie) was prepared as described!
and also from benzene and KIO; in the presence of H.SO, as
described by Beriuger for the corresponding cliloride salt.3

Diphenyliodonium nitrate (If)?* was prepared by metathesis
«f IITe with AgNO; as described above.

4,4’-Dimethoxydiphenyliodonium bromide (IIIf) was synthe-
~ized by the procedure described by Plati.#
4,4’-Dimethoxydiphenyliodonium nitrate (Ij) wag prepared
from Ii by metathesis with AgNOQ; Recrystallization from
methanol-ether gave colorless ueedles, mp 191.5-192.5° dec,
inserted at 180°, 6°/min.

dnal, Caled for CuM INO,: C, 41.74; H, 3.50; 1, 5148
Found: C, 41.76; H, 5.18; 1, 31.40.

4-Nitrodiphenyliodonium bromide (la) was obtained by a
modification of the persulfate oxidation method of Beringer aund
Lillien?; yield 59¢;, mp 149-30° dec, inserted at 140°, 4.5°/
min; 1it.18 mp 149° dec.

Anal. Caled for CplIBrINO.: C, 85.48; H, 2.22; N, 3.44.
Found: C, 35.85; H, 2.08; N, 3.40.

4-Nitrodiphenyliodonium nitrate (Ib)!® was prepared from Ia by
metathesis with AgNO; as previously described.

4-Acetamido-4'-nitrodiphenyliodonium bromide (Ic) was ob-
tained from the procedure which gave the corresonding io-
dide.”® The over-all reaction afforded a 45¢¢ yteld of Ic, mp
165~167.5° dec, inserted at 150°, 6°/min.

Anal. Caled for Ci H :BrIN.O;s: C, 36.31; I, 2.09.
(,36.97; H, 2.69.

4-Methoxy-4'-nitrodiphenyliodonium Bromide (Id).—To a
stirred solittion of 4-iodouitrobenzene (10.0 g, 40.2 mmoles) in
100 ml of conceutrated H,S04 at 15° was added portionwise
K:S8,05 (12.0 g, 40.2 minioles). The mixture was stirred for 2 hr.
The reaction flask was maintained at —20° during the addition
of anisole (39.6 g, 0.36 nwle) and for 1 hr afterward. The
temperature was allowed to increase gradually to 0° and wus
maintained at this level for 1 hr. Stirring was continued at
15° for 2 hr more. The mixture was then poured onto ice (200 g),
the =olid was removed, and the filtrate was extracted three times
with 50 ml of ether to remove uureacted anisole. To the solution
was added NaBr (4.55 g, 40.2 mmales) dissolved in 10 n1l of water.
The resulting precipitate was quickly removed, washed with
water (100 ml) and methanol (50 ml), and dried ta give the
product (4.95 g, 33%;). mp 151-174° dec, inserted at 150°, 8°/

Found:

(16) 11.J. Lucas, E. R. Kennedy, and 3. W. Formo, "*‘Organic Syntlieses,"”
Coll. Vol. 111, John Wiley and Sons, Inc., New York, N. Y., 1953, p 483.

(17) C. Willgerodt, J. I’rakt. Chem., 83, 154 (1886).

(18) K. H, Pausacker, J. Chem. Soc., 107 (1953).

(19) The procedure is essentially the same as that employed in the syn-
thesis of iodosobenzene dichiloride. Cf. H. J. Lucas and E. R. Kennedy.
ref 16, p 482,

(20) C. Willgerodt and . Hilgenberg, Ber., 42, 3826 (1909).

21 Willgerodt 2 noted that XI eould not be obtained in pure form., He
nevertheless successfully employed crude XTI in the synthesis of diarylio-
donium compounds.

(22) H.J. Lucas and 1i. R. Kennedy, ref 16, p 485.

(23) Y. M. Beringer, 1. J. Cleering, I. Kuntz, and M. Mausner, .J. Phys.
Chem., 60, 141 (1956).

124) 1. M. Beringer and X, Al. Gindler, J. Am. Chem. Soc., T7, 3203
(1955).

(25) J. T. Plati, U. S, Patent 2,839,583 (July 17, 1938).

126) 1. M, Beringer and I. Lillien, J. Am. Chen. Soc., 82, 725 (1960).
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it Washivg the companmdd with witer waad o nnmber of or-
ganie solverd= mised the melting point to 155-1557 dee, liserted
at 150°, 5°%/min. llawever, the extremce insolnbility of thix
substance, together with its pronomnced tendeney to decompose
when heated, made it impossible to procure o sample sdficiently
pure to vield a correct mirroanalysis. L order tec characterize
the material, i detailed study of its infrared specirim was madr;
the spectmim was fmmd tacbe consistent n every respect with that
to be cxpected. Thius the following bands were chserved:
1520 and 1348 NG5 1250 (ArOCIT Y S7T0 and S45 e 71,4+
disnbstitnted aromaticrn Tnoaddition, hands were  observed
at 1000 d 725 i Cwhich, in o experience, are charncteris=tice
of todonimn =alts, 1oi heing found in any preenrsors used.  The
HOOD-c1i ! band has beere previounsly referred to in this connee-
ton.*  No =i bands characteristic of other stretural
featnres were observed.  Inoorder further to <eenre the strizeinrl
axsigiment, the canponsd was thermally decomposed o ove-
fluxing benzene, ' and the decompesition pradnets were identi-
fied by gas-liquid pavtivion chiramatography.,  The majoar de-
composition prodacts were 4-icdanitrobenzene,  4-bromonitro-
benzene, 4-lodomdsole, and  4-bromonnisole,  Small amonunts
of mmsole and nitrobenzene, it no evidence of any other ma-
terials, were alse Tound. Thiz & exaeily what would have
been expected fraan $-uitre-4-methoxydiphenylicdonimn toeomide
wnd appesrs to canfirm the strietire,
4-Methoxydiphenyliodonium bromide (Ig) was prepured ax
reported by Beringer.'s
4-Methoxydiphenyliodonium nitrate (Ih) was obtuined from
Lg by metathesis with AgNO; as described above.  Two recryst
lizations from methanol gave colorless needles, mp 155
dec, mserted at 125°, 5°/min.
dnal, Caled Tae CUlTEINOG G, 41,865
Oy 41010 L 567,
p=(2-Carboxyethyl)phenyl]phenyliodonium lodide (Ik).-—T
aosispension of phenyvliodoso diacetate (7.2 g, 22.4 mmoles) in
acetic anhydride (20 mly at 0°, concentrated .80, (1.2
ml, 22.4 mmoles) wa= added dropwise, followed by portionwise
additicm of hydrovinnamic weid (3.36 g, 22.4 nninoles) in acetic
anhydride (330 ml). The mixture was stirred at room tempera-
ture for 12 hr, and the solvent was evaporated in vacuo. Tece
(20 g) was added and the mixture was extracted with two por-
tons of ether (25 ml). To the water fraction golid KI (3.7 g,
224 mmoles) was added cansing precipitation of a light brown
semisolid.  The supernatant was decanted und 9557 ethunol was
added to the flask, producing a yellow solid which was thoroughly
tritinated, filiered, washed with ethanol {25 ml), and dried to
give Tk (3.51 g 7.31 mmoles, 22,607 This was washed with
witer (100 mland ethanol (200 mlt: mp 159-60° dec, inserted
at 1o0°, H° A
daad, Caled for CpllelO. 0 8755 T 2,04,
Contra 10,208,
[p=(2-Trifluoroacetamido-2-carboxyethy!)phenyl]phenyliodo-
nium Todide (I1).-~T» u stirred suspension of phenvliodoso diace-
tate £3.7 g, 11D nimoles) in acetic anhydride (11 ml) at —70° care
centrated Ha804 (0,65 ml, 12,1 minoles) was added dropwise, fol-
lowed by portionwize addition of N-trifluoroacetylphenylalanine
3.2 ¢, 12.2 mmuales) in acetic anhydride (15 ml). The suspension
was stirred at = 70° for 3 hir and at room temperature for 2 dayvs.
The sadvent was cvaporated ?n vacuo to one-half the original
volume {temperature maintained below  70°).  Cold  water
(100 mlc was added, the mixture wus extracted three times
with ether (100 mly and KI (1D g, 11.6 mmoles) was added to
the water fraction, clfecting precipitation of I (0,45 g, 6,474
This material was dizsolved in about 23 ml of chloroform.  Sinee
crvstallizatione conld 1ot be induced, the volime was reduced te
7 nil whereirpon n dark brown semisolid precipitate was formed.
This, when ritbbed with ether, became a gold amorphons =olid
melting at 126-12%° dee (zintered at 115°).  Although the micrce
analysis below is somewhat outside usually accepted limits,
structurnl assignment iz secured by the infrared spectriim,
which is consistent in every detail with the proposed structure.
Anal. Caled for CrH L LNO;: Q) 54.54; T, 2.30:; 1, 42.04.
Yound: C,53.67; 11, 2.30; 1, 42.15.
Diphenyl-4 .4 -biphenylyldiiodinium Diiodide (Ila).—To =
flask containing 4,4'-diiodosobiphenyl (13.2 g, 30 nunoles) and
todoxvbenzene (14.25 g, 60 mmoles) was added 1 N NaOT {120
ml).  The mixture was stirred for 3 hr, at whicl thne stirring
wis dizeontinned due to the formation of hnnps of o yellow solid,

I, 248, Found:

Foind:

2Ty 1L Lilliea. J. Chew Sag,, 4448 S1062),
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presumably the diiodate IIc which was removed and dried in air,
The niaterial was then suspended in ethano! (60 ml), the solid
was reinoved, and the filtrate was retained. The extraction was
repeated three times, the filtrates were conibined, and the resi-
due was discarded. To the combined filtrates excess Nal was
added, precipitating Ila (3.39 g, 4.17 mmoles, 13.8%), mp 145~
148° dec. Washing IIa with ethanol raised the melting point
to 155-157° dec inserted at 145°, 6°/min; 1it.2° mp 158° dec.

To the solution remaining after IIc had been removed was
added excess NaBr, precipitating a white solid which was washed
with water until the washings were no longer basic and dried to
give Ie (3.5 g, 9.7 mmoles, 32.4%), the infrared spectrum of
whicli was superimposable with that of Ie prepared by another
method.

ANTINEOPLASTIC AGENTS.

XXXV 231

Diphenyl-4,4’-biphenylyldiiodonium Dibromide (IIb).—A
suspension of 4,4'-diiodoxybiphenyl (7.89 g, 16.5 mmoles),
iodosobenzene (7.3 g, 33 mmoles), and 1 N NaOH (62.1 m!) was
stirred for 3 hr, and the yellow residue IIc was removed from the
reaction mixture and washed with 1.4 1, of water at 60°. To
the filtrate was added excess NaBr, precipitating IIb (4.17 g,
36%), mp 183-186° dec. It was washed with water (50 ml)
and ethanol (25 ml), raising the melting point to 185-186° dec
inserted at 175°, 5°/min; lit.2 mp 185° dec.
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Synthesis of Potential Antineoplastic Agents. XXXYV.
Phosphorus-Containing Structural Analogs of Myleran!
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Three classes of phosphorus-containing structural analogs of myleran have been synthesized in which the
methanesulfonate group of myleran has been replaced by phosphonate groups (II) and by disubstituted phos-

phinate (III) and phosphinite groups (IV).
of 100 ug/ml against Eagle’s KB cells.

Among antineoplastic agents of the alkylating agent
class, several compounds with chemical alkylating
activity weaker than that of the nitrogen mustard
type have been synthesized. Myleran (I) is a well-
known representative of this type of alkylating agent,
and in order to determine whether replacement of
sulfur by phosphorus in myleran-type structures would
produce compounds with antineoplastic activity, three
groups of phosphorus-containing analogs have been
synthesized in which the methanesulfonate group of
myleran (I) has been replaced by phosphonate groups
(II) and by disubstituted phosphinate (III) and phos-
phinite groups (IV).

CH:S0:0(CH,),080,CH,4
I
R{C;H:0)P(0)O(CH,),0(0)P(OC:H;)R
IIa, R = CH;
b, R = C.H;
¢, R = n-CH,
d, R = CH;
R,P(0)O(CH;);0(0)PR; R.PO(CH,).0PR;
IIIa, R = CH; IVa, R = n-C.H,
,R = C:Hs b, R = C¢Hs
c, R = ?’L—C4Hg
d, R = CH;
RP(O)CHOC:H;
v

The phosphonate (IT), phosphinate (III), and phos-
phinite (IV) analogs were synthesized by reaction of
1,4-butanediol with the appropriate phosphorus acid
chloride in the presence of a tertiary amine. The
phosphonates (II) were obtained as shown in Scheme I.
Alkylphosphonate esters (VI) were converted to phos-
phonic dichlorides (VIII) with or without prior
conversion to phosphonic acids (VII); somewhat

(1) This investigation was supported by the Cancer Chemotherapy Na-

tional Service Center, National Cancer Institute, National Institutes of
Health, Contract No. PH-43-64-51, and by the C. ¥. Kettering Foundation.

Five of the analogs displayed cytotoxic activity at a concentration
No significant in vivo activity was observed.

ScnEME T
RX
(C.H;0),P —>
PCls
r 1
H.0,. H* PCl; l
RP(0O)OC.H;); ———> RP(0)YOH), ——— RP(0)Cl,
VI VII VIII
C:H:,OH
l Re'N
HO(CH,)4OH, Rs'N
RP(O)C1)OC.H;

higher yields of the chlorides (VIII) were generally
obtained when the esters were hydrolyzed to the acids
before treatment with phosphorus pentachloride.
Scheme II outlines the reactions used to prepare
the phosphinates (III). Dimethylphosphinic chloride

ScueMe 1T

RMgX Bry, H:0
(C.H;0),P(0O)H ———> R,P(0)H —m—>

PCls HO(CH,)«OH
R.P(0)OH —— R:P(0)Cl ———————III
IX

3'N

(IX, R = CH;) was prepared by the convenient method
of Pollart and Harwood? from tetramethyl bi(phos-
phine sulfide). The phosphinites (IV) were prepared
as shown in Scheme III. Diphenylphosphinous chlo-
ride (X, R = C¢H;s) was secured from commercial
sources.

Scueme 111

LiAlH, COCl: HO(CH2)4OH, Rs'N
R.P(0)Cl ———> RyPH ——> R,PCl —4m78M ——— 1V

X

(2) K. A. Polart and H. J. Harwood, J. Org. Chem. 27, 4444 (1962).



