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be considered; pyrrole, one of the weakest acids, 
reacts rapidly, its donating ability being strong 
because of the N lone pair. Cyclopentadiene, the 
strongest acid,24 shows no reactivity apparently 
because of its lack of donator properties. 

One can conclude then that a 4-center transition 
state is in agreement with all of the available facts. 

It is interesting that in Hawthorne's investiga­
tion7 of the acid hydrolysis of (C6He)2BH-NC6H6 
where boron is already coordinated with a donor, 
a 3-center transition state has been suggested. 
Similarly, Shore and Parry26 have shown that 
NH4X salts react slowly with many borohydrides, 
the reaction being strongly catalyzed by ammonia. 

Obviously, both a proton donor and an electron 
donor seem to be necessary for such reactions to 

(24) One referee h a s correc t ly po in ted o u t t h a t t h e g rea t e r r eac t iv i ty 
of pyr ro le or alcohols c o m p a r e d to t h a t of cyc lopen tad iene migh t be 
d u e t o t h e fact t h a t in genera ! N - H a n d O - H b o n d - b r e a k i n g processes 
a r e r ap id c o m p a r e d to C - H bond b reak ing . As ind ica t ed in t h e foot­
no te to T a b l e I I I we a r e cu r r en t l y m e a s u r i n g t h e r a t e s of d e u t e r i u m 
exchange in a series of weak acids , a n d cyc lopen tad iene exchange h a s 
been s tud ied . If t h e N - H sys t ems p r o v e a m e n a b l e t o t h e s a m e t r e a t ­
m e n t th i s ques t ion m a y be answered . 

(23) S. S. Shore a n d R . W . P a r r y , J. Am. Chem. Soc, 8 0 , 8 (1958). 

Introduction 
Covalent esters of perchloric acid have been 

reported2 in the literature. These alkyl per­
chlorates are extremely unstable and treacherous 
to prepare. Because of the explosion hazard 
associated with these compounds, we undertook 
to stabilize these covalent perchlorates by trapping 
them as the endocyte in a urea inclusion com­
pound. This approach was used because the highly 
oxidized urea molecule would be expected to act 
as a protective cover for the strongly oxidizing n-
alkyl perchlorates. 

Discussion 
The alkyl perchlorates were prepared by the 

reaction 
w-pentane 

M-RI + Ag + ClO 4 - •—> AgI + M-ROClO3(Hq.) 

Commercially available "anhydrous" silver per­
chlorate required dehydration. This dehydration 
is necessary because covalent perchlorates are 

(1) F r o m t h e F rankfo rd Arsenal and from w h o m repr in t s m a y be 
ob ta ined . 

(2) C. H a r e a n d M . H. Boyle , Phil. Mag., 19 (3), 370 (1841); K. A. 
H o f m a n n , A. Zed twi t z a n d H . W a g n e r , Chem. Ber., 42, 4390 (1909); 
L. B i r c k e n b a c h a n d J . G o u b e a u , Nalurwissenschaflen, 18, 530 (1930); 
J. M e y e r a n d W . S p o r m a n n , Z. anorg. U. allgem. Chem., 228, 341 (1936) ; 
R. D . S t e w a r t in J. C. S c h u m a c h e r . " P e r c h l o r a t e s . " Reinhold Publish-
ing C o r p . , New York , N . Y., H)IiO, pp. 07. 21 (, 

take place easily. These may be in one molecule 
of the attacking reagent (present work), in separate 
attacking reagent molecules (Shore and Parry26) or 
distributed between the substrate (borohydride) 
and the attacking reagent (Hawthorne7). 

Returning then to the problem of the detailed 
mechanism of the reaction between CeH6OH and 
NaBH4, we can write 

SlOW H y / H 
C6H5OH2

+ + NaBH4 > H2 + N a + , H - ^ B - 0 < 
H / \ C 6 H 6 

fast I 
NaBH3OC6H5 + C6H5OH < 1 (9) 

C6H5O-

Whether the attack of phenoxide is on the B, 
followed by displacement, or involves proton 
abstraction is not known. 
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thermodynamically unstable to hydrolysis.3 All 
of the alkyl perchlorates prepared were explosive. 
The lowest molecular weight alkyl perchlorate 
was most sensitive to shock. Although the highest 
molecular weight alkyl perchlorate was least sen­
sitive to shock after isolation, the higher tempera­
tures required for distillation introduced a com­
pensatory hazard. 

The isolated perchlorates were treated with a 
urea-methanol solution. Crystalline urea in­
clusion compounds formed for the normal pentyl, 
hexyl, heptyl and octyl perchlorates. 

The ease of formation of the urea inclusion com­
pound was proportional to the chain length of the 
alkyl perchlorate. The resulting crystalline com­
plexes had no apparent shock sensitivity in small 
quantities (ca. 0.5 g.). The formation of the urea 
inclusion compound was unequivocally verified by 
the X-ray powder diffraction data in Table I. 
The pentyl perchlorate inclusion compound is 
the least stable and most highly dissociated. The 
following spacings characteristic of urea inclusion 
compounds are consistently present for all of the 
perchlorates except the pentyl: 7.05-7.10, 4.09-

(3) J. Rade l l a n d J . W. Connol ly , P a p e r s a n d S u m m a r i e s , I n t e r ­
n a t i o n a l S y m p o s i u m on M a c r o m o l e c u l a r C h e m i s t r y , T h e I n t e r n a t i o n a ! 
Union of P u r e a n d Appl ied C h e m i s t r y , Moscow, U.S .S .R . , J u n e , 
19IiO, Section I, pp. 292 -295 ; J. Polymer Sci., X L V I I I , 343 (1960). 
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The previously unreported normal pentyl, hexyl, heptyl and octyl perchlorates were prepared from the corresponding 
alkyl iodide and silver perchlorate. The pure esters of perchloric acid were stabilized as the endocyte of a urea inclusion 
compound. The infrared spectra and some physical properties are reported for the w-alkyl perchlorates. 
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TABLE I 

X - R A Y POWDER PATTERNS OF U R E A INCLUSION COM­

POUNDS OF n-ALKYL PERCHLORATES 
7.05 4 .09- 3 . 9 1 - 3 .83- 3.54- 3 .37- 2 .68- 2 .60-

M-R 7.10° 4.11 3.98 3.85 3.56 3.39 2.69 2.61 
CsHi7 0.066 1.00 0.05 0.12 0.84 0.34 0.05 0.12 
C7H1S .08 1.00 .05 .07 1.00 .20 .05 .08 
CeHu .08 0.96 .09 .05 1.00 .23 .08 .19 
CsHu . . 1.00 .35 . . 0.89 . . .05 .05 

0 Interplanar spacings in angstrSms using CuKa radiation. b Relative intensities; 1.00 being the strongest. 

4.11, 3.83-3.85, 3.54-3.56, 3.37-3.39 and 2.60-
2.61 A. These spacings have been consistently 
found for urea inclusion compounds with various 
guest molecules.4 The spacing at 3.91-3.98 A. 
is an intense and reliable spacing for dissociated 
tetragonal urea. These data may be used to 
determine the relative stability of the inclusion 
compounds.4'5 

The lesser stability of the lower molecular weight 
endocytes was shown by the presence of appreciable 
amounts of dissociated urea in the X-ray powder 
diffraction patterns of the complexes of pentyl 
and hexyl perchlorates. The higher molecular 
weight endocytes, heptyl and octyl perchlorates, 
were free of dissociated tetragonal urea. The 
relative intensity of the spacings for dissociated 
urea and inclusion compound is the basis of a 
method4'5 for estimating the relative stability of 
the inclusion compounds of an homologous series 
of complexing compounds. The intensity of 
certain complex spacings increases with increasing 
number of -CH 2 - groups at: 4.07-4.11, 3.54-3.56 
and 2.60-2.63 (Table I). The pentyl perchlorate 
inclusion compound did not show the last spacing. 
On the other hand, the intensity of the line for 
dissociated urea at 3.97-4.01 increased with de­
creasing chain length. These results are consistent 
with those of other studies.4-6 

The cross-sectional diameter of a normal hy­
drocarbon (4.6 A.) seems to be close to the opti­
mum for urea channel complex formation.6)6b The 
measured maximum cross-sectional diameter of 
the w-alkyl perchlorate was 5.3 A. under the fol­
lowing conditions: (1) The molecule was arranged 
in a planar zigzag conformation having the smallest 
maximum cross section. (2) The chlorine atom 
was tetrahedrally substituted. (3) The atomic 
radii used for the structure RCH2OClO3 were 
1.3 A. for all the oxygen atoms, 1.5 A. for chlorine, 
1.0 A. for hydrogen and 1.3 A. for carbon. The 
shortest hydrocarbon which formed a complex 
by this7 procedure was w-octane. However, the 
shortest w-alkyl perchlorate to form a complex 
was pentyl with only five methylene groups. 

The infrared spectra of the capillary liquid 
film samples of all the alkyl perchlorates except 

(4) J. Radell and J. W. Connolly, Abstracts, 9th Annual Confer­
ence-Applications of X-Ray Analysis, Denver Researeh Institute-
University of Denver, Denver, Colo., August 10, 1960; in W. M. 
Mueller, "Advances in X-Ray Analysis," Vol. IV, Plenum Press, 
New York, 1961, pp. 140-150. These reprints are available from J. R. 

(5) J. Radell and J. W. Connolly, J. Org. Chem., 26, 1202 (1960). 
(6) (a) J. Radell and P. D. Hunt, J. Am. Chem. Soc, 80, 2683 

(1958); (b) J. Radell, J. W. Connolly and L. D. Yuhas, J. Org. Chem., 
26, 2022 (1961). 

(7) The shortest reported in the literature was M-hexane: E. V. 
Truter, "Wool Wax," Interscience Publishers, Inc., New York, N. Y., 
1956, p. 212. 

WAVELENGTH (MICRONS). 

Fig. 1.—Infrared spectra of «-alkyl perchlorates: I, 
hexyl perchlorate; II , heptyl perchlorate; I I I , octyl per­
chlorate. 

pentyl are shown in Fig. 1. A comparison of ab­
sorption bands associated with the perchlorate 
function is listed in Table II for perchloric acid, 
perchloryl fluoride, perchlorylbenzene and our 

/O 
M-alkyl perchlorates, R-Oi- Cl^-O Oi, designating the 

O 
oxygen between the carbon and chlorine only. 

TABLE I I 

RELATED ABSORPTION BANDS 

Description 
Cl-Oi asymmetric 

stretching 
Cl-Oi symmetric 

stretching 
Cl-Oi stretching 

C-Oi stretching 

• Frequency, cm. _ 1 

B-ROiClOi HOClO' ClO3Fs 

1230,1260 

1035 
CeHisOClOs, 709 
CyHiiOClOa, 705 
CaHivOClOi, 704 
CsHi3OClO3, 1125 
C7HiSOClO31 1105 
CsHnOClOi, 1080 

1182,1312 1191 

1032 1075 
738 

CeHsCIO3" 

1315 

1061 

The Cl-O asymetric stretching gave a doublet 
for the w-alkyl perchlorates and perchloric acid. 
A single band was obtained for perchloryl fluoride 
and perchlorylbenzene although the latter probably 
has an unresolved doublet. In the case of the 
C-Oi stretching and to a lesser extent the Cl-Oi 
stretching there is an increase in the absorption 
frequency with decreasing mass of the alkyl 
group. The Cl-Oi band is also present in per­
chloric acid while the C-Oi stretching is present 
in the alkyl perchlorates only. 

The infrared spectra of the alkyl perchlorates 
were compared before and after complex formation 
to show that the ester was unaltered. These 

(8) O. Redlich, E. K. Holt and J. Bigeleisen, J. Am. Chem. Soc, 66, 
13 (1944). 

(9) D. R. Lide, Jr., and D. E. Mann, / . Chem. PAyJ., 25, 595 (1956). 
(10) C. E. Inman, R. E. Oesterling and E. A. Tyczkowski, J. Am. 

Chem. Soc, 80, 5286 (1958). 



3960 JACK RADELL, J. W. CONNOLLY AND A. J. RAYMOND Vol. 83 

spectra were made of the pure liquid perchlorates 
and the Nujol mull of the crystalline urea com­
plexes of the perchlorates. The spectra of the 
complexes were in each case compared with the 
spectra of the Nujol mull of urea. The following 
absorption peaks were absent from the urea spec­
trum but appeared in the spectra of the perchlorate 
inclusion compounds: 1235, 1270, 1118 and 917 
cm. - 1 . AU other peaks were present in both the 
urea and inclusion compounds' spectra. The 
following pairs of absorption bands appear in the 
spectra of the alkyl perchlorate complexes and 
the pure alkyl perchlorate, respectively: 917 and 
925, 1118 and 1120, 1235 and 1220, 1270 and 1270 
cm. -1 . 

In the preparation of a Nujol mull of an alkyl 
perchlorate urea inclusion compound, it is possible 
that the Nujol may replace the perchlorate as the 
enclosed material in the inclusion compound. 
This does not complicate the situation, since 
the only purpose was to show that the inclusion 
compound involved a perchlorate. 

Sufficient data are available (Table III) for de­
termining the molecular refraction for K-hexyl 

TABLE III 

PROPERTIES AND ANALYSES OF M-ALKYL PERCHLORATES 

K-R 

CsHlI 
C 6 H 1 3 ' 

C7H15 
C j H n 

" d 2 8 , 

. B.p. 
0 C. 

51.5 
52.0 
49-51 
55-60 

1.11. *<22!, 

Mm. 

11 
4 .5 
2 .5 
1.5 

1.070. 

«2*D 

1.4042 
1.4146 
1.4170 
1.4192 

-—Chlorine, % 
Calcd. Found 
20.79 
19.21 
17.85 
16.67 

19.93 
18.47 
17.47 
16.46 

and w-octyl perchlorates only. By use of the 
Lorentz and Lorenz equation the values obtained 
for the molecular refraction of the hexyl and octyl 
perchlorates were 55.48 and 66.88, respectively. 
If we subtract the refractivity value for W-CeH^ 
(28.86) n and M-C8Hi7 (38.14)11 from 55.48 and 
66.88, respectively, we obtain values of 27.62 and 
28.74 for the refractivity of the perchlorate group 
in the two separate compounds. No value for 
the refractivity of the perchlorate group in a cova-
lent perchlorate ester has been found in the litera­
ture. 

Experimental 
Dehydration of Silver Perchlorate.—Commercial "an­

hydrous" silver perchlorate (25 g.) was added to 150 ml. of 
benzene in a flask fitted with a Dean and Stark distilling 
receiver. The solution was refluxed until all water was 
azeotropically removed (4 hours). The solution was 

(11) A. L. Vogel, "Practical Organic Chemistry," Longmans, Green 
and Co., New York, N. Y., 1954, p. 900. 

cooled and treated with 100 ml. of dry pentane. The 
precipitated silver perchlorate was filtered in a dry nitrogen 
atmosphere. The silver perchlorate was dried in a desic­
cator over phosphorus pentoxide at 1 mm. for 24 hours 
leaving 21 g. of anhydrous silver perchlorate. 

Preparation of Alkyl Perchlorates.—To a mixture of 50 
ml. of pentane and 0.1 mole of anhydrous silver perchlorate 
in a r.b. flask fitted with a magnetic stirrer, reflux condenser, 
addition funnel and drying tube, was added dropwise with 
stirring at room temperature, 0.05 mole of n-alkyl iodide 
dissolved in 15 ml. of n-pentane. An immediate yellow 
precipitate of silver iodide formed. The reaction mixture 
was stirred for 4 hours after the addition was completed. 
The solid silver iodide was separated from the solution of 
alkyl perchlorate in pentane by filtering through an anhydrous 
sodium carbonate bed in a dry-box under a nitrogen atmos­
phere. The silver iodide precipitate was washed with 50 
ml. of pentane. The solvent was evaporated at room tem­
perature by passing dry nitrogen through the solution 
protected by a drying tube for 2 hours. This was either 
done immediately or the solution was stored overnight 
over anhydrous sodium carbonate before filtering and con­
centrating. In this way about 90% of the solvent was 
removed. The residue was vacuum distilled with a nitro­
gen capillary bleed using an 8-inch Vigreux column. The 
yield was 90-95% based on silver iodide. Recoveries 
ranged between 60-75%. A safety shield was used to 
protect the operator from the distilling apparatus and 
Dry Ice trap. 

Although the thermal and drop weight stabilities for the 
perchlorates were not very reproducible, the results indicate 
the relative instability of these compounds. The compounds 
were detonated by a five kilogram weight dropped from a 
height of between 5 and 12.7 cm. The lower molecular 
weights perchlorates were most sensitive. The charring 
temperatures of the perchlorates varied between 150 and 
350°. These values varied considerably but generally were 
proportional to the chain length of the n-alkyl group. 
The properties and analysis of the perchlorates are listed in 
Table III. 

Perchlorate Analysis.—The distilled alkyl perchlorates 
were analyzed by dissolving ca. 2 g. of alkyl perchlorate in 
25 ml. of concentrated aqueous ammonium hydroxide and 
75 ml. of 95% ethanol. The liquid was evaporated to 
near dryness and the residue was analyzed by the nitron 
method." 

Urea Inclusion Compounds.—The urea inclusion com­
pounds of the alkyl perchlorate were prepared by a pre­
viously described procedure.6 

Infrared Analysis.—The liquid film infrared analysis of 
the liquid alkyl perchlorates was performed between sodium 
chloride windows on a Perkin-Elmer Infracord. The 
crystalline urea inclusion compounds were examined as 
Nujol mulls on a Perkin-Elmer 21 instrument. The spec­
trum for w-amyl perchlorate was not measured because of its 
instability. 

X-Ray powder diffraction analysis was done by a pre­
viously described5 procedure. 
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(12) W. W. Scott, "Standard Methods of Chemical Analysis," 
5th Edition, D. Van Nostrand Co., Inc , New York, N. Y.. 1925, Vol 
II, p. 1677. 


