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Anal Calcd.: C ,  18.0; F, 18.9; I, 63.1. Found: C ,  
17.9; F ,  18.9; I ,  61.5. 

2. Perfluoropolyphenyl. a. From 1,4-Dibromo-2,3,5,6- 
tetrafluorobenzene .-Equal weights of dibromotetrafluoro- 
benzene5 and activated copper powder (see Kleiderer and 
Adams*) were mixed thoroughly and sealed in a tube under 
helium. The tube was heated in a furnace for 80 hours at  
200". After cooling, the tube was opened and the con- 
tents extracted with benzene. The benzene solution was 
poured into ethanol and a white solid precipitated. This 
solid melted at  247-260". It was identified as a low polymer 
containing 18.5% bromine corresponding to Br(CeFd,Br, 
where n = 4-5. The  insoluble residue was treated re- 
peatedly with warm nitric acid and concentrated ammonia 
to remove copper and copper bromide. A light-tan powder 
remained which contained about 1 % of inorganic material. 
On analysis the compound was found to contain 11.8% 
bromine, corresponding to n Z 8 .  Yo melting point could 
he obtained upon heating a sample to 360". 

b .  From 1,4-Diiodo-2,3,5,6-tetrafluorobenzene.-Acti- 
vated copper powder was mixed thoroughly with twice its 
weight of diiodotetrafluorobenzene in an open test-tube. 
This tube was immersed in an  oil-bath and gradually heated 
to 200' while stirring the contents with a thermometer. 
At  about 200" the reaction became exothermic and the tem- 
perature rose rapidly to 290 O while the material solidified. 
I t  mas then heated for an additional half-hour a t  250". 
The solid was removed, crushed and boiled iu benzene. 
The benzene solution, upon treatment with methanol, 
yielded only a minute amount of solid. The remaining 
solid was boiled with pyridine which formed a soluble com- 
plex with the copper salt. Subsequently, the solid residue 
was treated with dilute nitric acid and ammonia, washed 
with methanol and ether and dried. This sample was an- 
alyzed for C ,  F, and I with the following results: C ,  40.6; 
F, 39.4; I ,  14.4. On the basis of the iodine analysis, this 
indicates n G 10. The purified sample was a grayish 
powder which could be heated at  500" in a sealed tube with- 
out melting. Some decomposition occurred a t  this tem- 
perature. as evidenced by the appearance of iodine vapor 
in the tube, but the bulk of the material remained intact. 
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Acceleration of the Hydrolysis of Organic Fluoro- 
phosphates and Fluorophosphonates with Hydrox- 

amic Acids 
BY B. E. HACKLEY, JR., R. PLAPINGER, M. STOLBERG AND 

T. WAGNER-JAUREGG 
RECEIVED FEBRUARY 28, 1955 

Wilson and Meislichl reported that acetylcho- 
linesterase inhibited by diisopropyl fluorophosphate 
(DFP) can be reactivated in the presence of nico- 
tinhydroxamic acid methiodide. It had been ob- 
served previously in this Laboratory that certain 
hydroxamic acids (RCONHOH) at a QH of 7.5 and 
higher, strongly accelerate the hydrolysis of diiso- 
propyl phosphorofluoridate2 and of isopropyl meth- 
ylphosphonofluoridate (sarin). Since the enzyme 
reactivation reaction and the hydrolysis reaction 
may be based on a similar principle and their com- 
parison may help to obtain more information about 
their mechanism, we wish to report briefly some of 
otir experiments. 

(1) I u. Wilson and E. K.  Xleislich, THIS J O U R N A L ,  76, 4698 (1953) 
( 2 )  This is the new name for diisoprolJyl fliiorophosphate, as pru- 

posed I ) ?  llir Anieric:iii Cliriiiiv:rl Soc ie iy ;  ( ' ~ F , I I .  n i i g .  . V r w s ,  38, 151 I 
(l!l,72j. 

The half-time of hydrolysis of sarin in the pres- 
ence of more than thirty hydroxamic acids of a 
wide variety of structures ranged from about 1 to 7 
minutes (2.3 X 10-3 M sarin, 11.5 X lou3 M hy- 
droxamic acid, pH 7.6, 30') as compared with 300 
minutes for the spontaneous hydrolysis of sarin. 
The five most effective hydroxamic acids found, 
thus far, are sorbhydroxamic acid, p-methoxybenzo- 
hydroxamic acid, p-methylbenzohydroxamic acid, 
dipicolinhydroxamic acid (pyridine-2,6-dihydrox- 
amic acid) and picolinhydroxamic acid, arranged 
approximately in order of decreasing activity a t  pH 
7.6. 

Tables I and I1 list the half-times of the hydroly- 
sis of DFP in the presence of aliphatic, aromatic 
and heterocyclic hydroxamic acids. 

TABLE I 
HYDROLYSIS OF 1 0 - 6  MULE OF D F P  + MULE o l ~  

BUFFER, bH 7.6 AT 38"" 
ACETHYDROXAMIC ACIDS I N  2.2 ML. O F  BICARBONATE-COi 

Moles of acid (as 
Cot) produced 

hydrolysis, DFP a t  the end 
Half-time of per mole of 

min. of reacn 

D F P  alone 2500-3000 2 
D F P  + acethydroxamic acid 36 1 . 9  
D F P  + aminoacethydroxamic 

acid 29 1.8 
D F P  + 3-pyridylacethydrox- 

amic acid 23 2 . 0  
The rates of hydrolysis were determined maiiometricall!r 

as described in earlier papers.324~5 

TABLE I1 
HYDROLYSIS OF 57.5 X 
MOLE OF BENZOHYDROXAMIC ACID AXD ITS PYRIDINE 

MOLE OF D F P  + 287.5 X 

ANALOGS I N  34 ML. OF 0.1 KC1 A1 DH 7.6 AND 30"" 
Moles of acid 
produced per 
mole of DFP 

Half-time of a t  end of 
hydrolysis reacn. 

D F P  alone Several days 2 
D F P  + benzohydroxatnic acid 22 min. 2 . 2  
DFP  + nicotinhydroxamic acid 20 min. 2 . 2  
D F P  + nicotinhydroxamic acid 

methiodide 68 min. 0 , t i  
D F P  + picolinhydroxamic acid 20 min. 2 . 0  

methiodide 65 miti. C) . 3  

acid 28 min. 2 . 2  

acid methiodide 73 min. 0 . 4  
a A Beckman automatic titrator was used in these experi- 

ments for the determination of the acid produced during the 
hydrolysis. 

From the figures in Table I i t  can be seen that 
introduction of an amino or a pyridino group into 
the a-position of acethydroxamic acid leads only to 
slightly increased reactivity with DFP. When a 
pyridine nucleus is substituted for the phenyl 
group in benzohydroxamic acid the differences in 
the observed half-times are even less (Table 11). 

D F P  + picolinhydroxamic acid 

D F P  + isonicotinhydroxamic 

D F P  + isoniotinhydroxamic 

(3) B. J. Jandorf, 1'. \Vaytler-Jaurrgg, J .  J .  O'Neill and  11, Slolberg. 

(4) T. \Vaguer-Jnuregg and E. I?. IIackley, J r . ,  ibiel , 76, 212: (1953) 
( 5 )  ' 1 ~ .  \VV;iynPr-J:iiirrgy, 1 3 .  l i  l rwklcv ,  I r . ,  C L  ( I / . ,  iiii,! , 77, !I? 

( I  ! lSLij ,  

THIS JOURNAL,  74, 1691 (1Y;Z). 
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Quaternization of the nitrogen in pyridinehydrox- 
amic acids decreased the reactivity markedly. 
However, since only 0.3-0.6 mole of acid was ti- 
trable with these substances i t  seems questionable 
whether the half-times observed in these cases are 
directly comparable with the other values.6 

The rate of reaction between DFP or sarin arid 
hydroxamic acids becomes much faster with in- 
creasing pH of the solution. This demonstrates 
that probably the hydroxamic acid anion is the 
reactive form. The common hydroxainic acids are 
weakly acidic. We determined the pKa's of fifteen of 
the hydroxamic acids which reacted rapidly with 
sarin and found values approximately between 7.8 
and 9.3. Two cyclic hydroxamic acids of structure X7 
and BS with a pKa of 5.7 and 6.4, respectively, re- 

o 

OH 
B 

acted only at a very slow rate with DFP. The rela- 
tion between the acidity of the hydroxamic acids 
and their reactivity with phosphoro- and with 
phosphonofluoridates will be more extensively dis- 
cussed in later publications. 

Approximately two moles of acid is formed dur- 
iiig the reactions reported in Table I and I1 which is 
indicative of hydrolysis of DFP  with formation of 
HF and HOPO(OR)z. In experiments with benzo- 
hydroxamic acid, nicotinhydroxamic acid and pico- 
linhydroxamic acid, using the reaction conditions 
described in Table 11, it was found that 1.5 to 2 
moles of hydroxamic acid disappeared during the 
reaction. This demonstrates that the hydroxamic 
acids are not true catalysts in the hydrolysis reac- 
tion inasmuch as they undergo traiisfoririatinIi. 

The reaction product between DFP or sarin 
and benzohydroxamic acid has been isolated and 
identified as 0-phenylcarbamyl benzohydroxa- 
mate, C6H5CONHOCONHC& (11). The reac- 
tion mechanism probably involves the preliminary 
phosphmylation of the hydroxamate ion by DFP or 
by sarin. The unstable phosphorylation product 
(I), which never could be isolated, undergoes a Los- 
sen rearrangement to give the hydrolyzed DFP or 
sarin and phenyl isocyanate, which reacts with 
more hydroxamic acid to give the final isolated 
product (TI) 
PhCOSIlOH + FP(O)(OR), = 

PhCOKHOP(O)(OR)2 ( I )  f HF (1) 
I --+ PhNCO + HOP(O)(OR)I ( 2)  

( 3 )  
PhSCO t PhCOIiHOH = PhCOSHOCOSHPh( 11) 

2PhCOSHOI-I f FP(O)(OR)Z = 
PhCOSHOCOSHPh (11) + H F  + HOP(O)(OR)? 

~- (1 + 2 + 3  
( 0 )  The ratio of the hali-times lor the reaction of 1 0 - 0  mole of DFP 

with 5 X 10-6 mole of nicotitlhydroxamic acid and  i ts  methiodide, re- 
spectivelv. in 1)irarbonate haffer  under the conditions of Table I i r a ~  

iurinrl t o  l ~ e  nii;~~r,xtmately 1 :  :. 1.2 mt,lrc of acid was protlitcr<l 
in t h c  rr:irt,oii 0 1  l ) l ; l '  with ~i i rot inl is~lr~ixi tnic  acid i i i ~ t l i i ~ ~ l i ~ l e  

(71 5 i i  ;,:!tir . i i i < l  J .  11 b't l l ian~s,  ./. O r e .  Che?i?.> 7 ,  l2!18 ( l$ j52 ) .  
ib)  .\, I 0 r i l i ~ ) r u  . i i i d  K l l r l l l r r ,  F;vr , 36, 3ti.50 (1902). 

The same product (11) also can be obtained by 
the reaction of benzohydroxamic acid with benzene- 
sulfonyl c h l ~ r i d e ~ ~ ' ~  instead of DFP  or sarin, and 
the mechanism of the reaction is identical with all 
three reagents. 

With p-methylbenz:)-, p-nitrobenzo-, p y a n o -  
benzo-, picolin- and nicotinhydroxamic acids and 
sarin, reaction products analogous to O-phenylcar- 
bamyl benzohydroxamate (11) were obtained. 
Other hydroxamic acids probably follow the s a i i i c  
pathway of reaction. 

Several hydroxyamidines, Re(-")"OH, 
which are the imino analogs of hydroxamic acids, 
have been found to  react with DFP  or sarin, al- 
though much slower than the corresponding hy- 
droxamic acids. In  this case stable phosphoryla- 
tion products could be isolated and will be described 
in a later publication. 

The reactivation of DFP-inactivated cholinester . 
ase by hydroxamic acids might be visualized as a 
transfer of the phosphoryl group to the hydroxamic 
acid, with subsequent rearrangement of the hypo- 
thetical phosphorylated hydroxamic acid, thus 

CONHOP(0) (0R)z (unstable). There is as yet no 
experimental proof for this assumption. 

ChE-P(O)(OR)z + KCONHOH + ChE f R- 

Experimental 
A .  Compounds Investigated.-The liydroxaniic acid5 

used in this study were for the most part synthesized in thii 
Laboratory. A few were obtained commercially, and somc 
samples werc received as a result of rcquests from outsidc 
agencies (see Aclino;vledgments). 
In general, the hydrosamic acids were prepared by stand- 

ard procedures from the corresponding carboxylic esters 01' 

acid chlorides by reaction n-ith hydrosylamine.il Th? \c 
hydroxamic acids which are water soluble usually were 150- 
lated as their relatively insoluble cupric salts. Treatment 
with hydrogen sulfide reinnved the copper as copper sulfidc 
and yielded the free hydroxainic acid. 

p-Aminobenzohydrosamic acid v.as ,.btained from / I -  

nitrobenzohydroxamic acid by catalytic reduction in akohiJ1 
~ r i t h  platinum oxide a t  room temperature. 

The methiodides were prepared by rcflusing the Iiydro < -  
amic acid in 95% ethanol for 4 hours with a 100% excess n f  
methyl iodide, and were isolated by standard tecliniquc,. 
The reaction of picolinhydroxamic acid with methyl iodidc 
gave poor yields of the desired product together with small 
amounts of a byproduct. 

Table 111 contains physical and analytical data on / I -  
substituted benzohydroxanlic acids most of which have nq t  
been characterized previously. In Table IV the correspond- 
ing data are listed for several heterocyclic hydroxamic acid., 

Reaction of Hydroxamic Acids with DFP or with 
Sarin.-This reaction ivas carried out in a similar niant1c.r 
as described for benzenesulfonpl chloride in an earlier pap 
The products obtained are listed in Table V. 

Decomposition (in some cases with shrinking and brov I I -  
ing, in others with melting and evolution of gas bubble ~ 1 

probably occurs a t  the temperature at which carbon dioxi I C  
is liberated, with formation of the corresponding N,S'- 
diarylurea: RCOXHOCONHR = (RNH)L!O j- Coz. 

The second decomposition (melting) points (in Table 1. 
given in parentheses) are rather close to the melting points 
of the corresponding diary1 ureas, except in the case of thc  
ptiitrophenyl derivative (the decomposition point of ",E'- 

B. 

(9) M. Stolberg, R .  Tweit. G. R I .  Steinberg and T. Wagner-Jauregi: 

(10) C. D. Hurd and L. Daurr, ibid., 76, 2791 (19Sd). 
(11) Review artirles: H. L. Yale, Chem. Reus., 33, 209 (1943); 

i'. Rfathis, Buli. so<. rhi7n. F r n n c e ,  5 ,  Dg (1953); H Henecka and P 
L u r t z  in I I o u b e i i - \ ~ e y I - ~ I ~ I I e r ,  8 111, 684 (1932) ; specific example5 
ic,rmhydroxatnic acid,  1.. 1%'. Jones, Tars J U I J R V  ti.. 20,  28 (1898), 
~ l y ~ i t i e h y ~ l r ~ ~ i ~ ~ m i c  acid. ~ . f ,  ref. 7 ;  m : i n d ~ l h y d r ~ , x a m i c  acid, I.. IV 
J u t c e ~  :~1111 I . .  Neuller. THIS J O U R N A L  59,  liti7 ( l 9 l i ) .  

Trixs JOURNAL. 77, 765 (195;). 
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TABLE 111 
 SUBSTITUTED BENZIIYDROXAMIC ACIDS 

Acid 

p-Chlorobenzohydroxarnic 
p-Nitrobenzohydroxamic 

p-Methylbenzohydroxaniic 
p-Methoxybenzohydroxamic 
p -  Aminobenzohydroxamic 
P-Cyanobenzohydroxamic 
p-Fluorobenzohydroxamic 

Uncorrected; determined 
pH of a half-neutralized 0.01 
pK,. 

Acid 

Recrystallized 
from 

Analyses, 70 
Found M.P.,  Calculated 

'C.O C H N C H N @Kb 

EtOH; EtOH + Hz0 185 49 .1  3 . 5  8 . 2  49 .1  3 . 4  8.40 
Hz0; acetone; acetone + petr. eth.; 

dioxane 186 46.2 3 . 3  15.4 46 .2  3 . 4  15.6 8 . 0 1  
Acetone + petr. ether 154 63.6 6 .0  9 . 3  63.7 6 . 1  9 . 6  8 .93  
Acetone + petr. eth. 163 57.4 5 . 4  8 . 4  57.7 5 . 2  8 .1  9.03 
EtOH + petr. eth. 185 52.2 5 . 3  18.4 55.1 5 . 5  17.9 9 .32  
Water 176 59.2 3 . 7  17 .3  58 .9  3 . 7  17.0 8 .16  
Acetone + petr. eth. 165 54.2 3 . 9  9 . 1  54.7 4 . 0  8 .8  8 .70  

with the Berl-Rullman copper melting point block. b Obtained by determination of the 
Jf solution of the acid in 0.1 M KN03 (Dr. R. Switiler). c Too insol in H?O to determine 

TABLE I V  
HETEROCYCLIC HYDROXAMIC ACIDS 

Analyses, % 
Crystallized M.P. ,  Calculated Found 

from OC.'" C H N I C H N  I @Kab  

Picolinhydroxarnic12 H20; acetone + petr. eth. 120 52.17 4.35 20.35 45.3 52 .5  4 .60  20.30 . . 8 . 7  
Methiodide Ethanol + ether 165 30.02 3 .23  10.0 45 .3  30.0 3 . 3  9 . 6  45.6 5 . 5  

Nicotinhydroxamic12 Ethanol; acetone + 
petr. eth. 165 52.17 4 .35  20.35 51.8 4.40 20.0 8 . 3  

Methiodide Dimethylformarnide + ether 187 30.02 3 . 2 3  10.0 45.3 30 .4  3 .20  10.0 4 5 . 6  6 . 5  
Isonicotinhydroxamiclz Water 161 52.17 4 .35  20.35 52 .2  4 5 20.3  7 . 8  

Methiodide Dimethylformamide + ether 205 30.02 3 .23  10 0 45.3 29.8 3 . 2  10.2 45 .5  6 . 3  
Isocinchomeronhydroxamic Water 215 42.64 3 .57  21.31 42.9 3 . 4  21.9 
Pyridine-2,6-dihydroxamic Water 217 42.64 3 .57  21.31 42 .4  3 . 6  21.2 
Pyrazinehydroxamic Water 168 43.16 3 .62  30.2 43.3 3 . 6  2 9 . 8  8.1 
Pyrazine-2,3-dihydroxamic HzO; HzO + EtOH 163 36.4 3 . 0 5  28.3 35 .8  3 . 3  27.7 

0.1 A4 KC1, using 0.1 N NaOH for neutralization, 
KCl) by Dr. G. Gilbert, who will discuss their possible significance for the reaction with DFP  in a later paper. 

See footnotes for Table 111. b Determined from the potentiometric titration curve of a 0.04 M solution of the acid in 
The pK, values of the methiodides were determined (in the absence of 

TABLE V 
0-ARYLCARBAMYL ARYLHYDROXAMATES, RCONHOCONHR 

Decomposition Formula 
R (melting) pt., "C. (mol. wt ) 

C6H5- 177 (234) C14HizNz03(256 
p -  C N - C B H ~  272 (277) CieHioN40d306 
p-N02-C6H4- 264 (274) Ci4HioNa07(346 
p - c H 3 0 - C ~ H r  168 (218-224) Ci8Hi6N205(316 
2-Pyridyl 159 (170) C1zHioX403(258 
3-Pyridyl 118 (204) CizHioN403(258 

di-(p-nitropheny1)-urea is 312", with sublimation starting 
a t  300"). 

Pure N,N'-diphenylurea (m.p. 235") was obtained from 
phenylcarbamyl benzohydroxamate by refluxing its dioxane 
solution. 3-Pyridylcarbamyl nicotinhydroxamate on heat- 
ing to  120-130" yielded N,N'-di-(3-pyridyl)-urea, m.p. 
217-219" (from aqueous alcohol). 
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(12) T. S. Gardner, E. Wenis and F. A. Smith, THIS JOURNAL, 73, 
5455 (1951), described the hydrochloride of this hydroxamic acid. 

. .  

Analyses, % 
C H w C H N 

Calculated Found 

1) 65.5  4 . 7  10.9 65.7 4 . 8  11.4 
1) 62.7  3 . 3  18.3 62.2 3 . 4  18.6 
1) 48.5  2 . 9  16 .2  48 .3  3 . 0  15 .8  
I )  60 .7  5 . 1  8 . 9  61 .7  5 . 3  9 . 3  
1) 55.8 3 . 9  21.7 55.6 4 . 1  
L )  55 8 3 . 9  21.7 55.5 4 . 3  21.3 

Orientation in Aromatic Substitution : A Theo- 
retical Study of the Competition between Groups 

BY S. L.  MAT LOW^ ASD G. W. WHELAND 
RECEIVED XOVEMBER 5, 1954 

In 1942, there was described2 an approximate 
quantum-mechanical method for calculating the 
orientation in aromatic substitutions by electro- 
philic, nucleophilic and radical reagents. More 
recently, Dewar3 has developed a much simpler, 
but less general, procedure that is based upon the 
same fundamental assumptions regarding the 
structures of the activated complexes, and that 
leads to the same kinds of information. Each of 
these earlier papers was restricted to the study of 
monosubstituted benzenes; the present one, on 
the other hand, considers the reactions of more com- 
plex molecules in which there is competition be- 

(1) Atomic Energy Commission Predoctoral Fellow, 1952-1953. 
(2) G. W. Wheland, THIS JOURNAL, 64, 900 (1942). 
(3) M. J. S. pewqr, ibid. .  74, 3357 (1952). 


