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TABLE VI 

Values of b, For Equation 1, k' = 6[H + ] exp b 

Solvent 

H2O, HCl 
H2O, H2SO4 

H2O, HCl 
H2O, HCl 
20% Dioxane, 
20% Dioxane, 
80% Dioxane, 

HCl 
HCl 
H2SO1 

T, 0C. 

34.98 
34.98 
37.27 

34.98 

34.98 

JIi 

0.76 
.79° 
.87 

0.80 

2.1° 

" From Table I I . 

values is only about 10%, and the difference in the 
values should not be considered significant for the 
water and 20% dioxane solution, b is increased in 
80% dioxane but less than predicted. The effect 
on the rate when NaCl or (CH3)3N-HC1 is added 
is in accord with expectations, decreasing in the 
order H + , Na+ , (CHs)3NH+ (Table V). 

Introduction 
Borazole is isoelectronic with benzene. In fact, a 

number of physical properties of this compound and 
its derivatives bear fairly close resemblance to 
those of benzene and corresponding benzene deriva
tives.2 For instance, the approximately planar 
hexagon form of a borazole ring in the molecules of 
borazole and some of its derivatives has been con
firmed by electron diffraction3-6 as well as by X-ray 
analysis,6 the BN bond distance being intermediate 
between the B-N single bond distance and the B = N 
double bond distance.7 The ultraviolet absorp
tions of borazole and its derivatives are similar to 
those of benzene and the corresponding benzene 
derivatives, respectively.7-10 The infrared absorp
tions and Raman spectra of the former group of 
compounds can be interpreted on the basis of re-

(1) Shionogi Pharmaceutical Co. Ltd., Amagasaki. 
(2) E. Wiberg, Nalurwissenschaften, 36, 182, 212 (1948). 
(3) A. Stock and R. Wierl, Z. anorg. all gem. Chem., 203, 228 (1H31). 
(4) S. H. Bauer, T H I S JOURNAL, 60, 524 (1938). 
(5) K. P. Coffin and S. H. Bauer, J. Phys. Chem., 89, 193 (1955). 
(6) D. L. Coursen and J. L. Hoard, T H I S JOURNAL, 74, 1742 (1952). 
(7) C. W. Rector, G. W. Schaeffer and J. R. Piatt, / . Chem. Phys., 

17, 460 (1949). 
(8) C. C. J. Roothaan and R. S. Mulliken, ibid., 16, 118 (1948'i. 
(9) J. R. Piatt, H. B. Klevens and G. W. Schaeffer, ibid., 15, 598 

(1947). 
(10) I,. E. Jacobs, J. R. Piatt and G. W. Schaeffer, ibid., 16, 116 

(1948). 
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Experimental 
Materials.—Several different lots of trimethylamine bo-

rane were kindly supplied by Callery Chemical Corporation. 
The samples were 98-100% pure based on iodate titration 
and were used without further purification. Only peroxide-
free 1.4 dioxane was used after drying and distillation from 
calcium hydride. All other materials were reagent grade. 

Kinetic Procedure.—All experiments were carried out at 
temperatures held constant to ±0 .005° . Temperature in
tervals were measured with a Beckmann thermometer. In 
making an experiment, 50 ml. of an aqueous borane solution 
was pipetted into the reaction vessel and diluted either with 
50 ml. of distilled water or with 50 ml. of 50.0% by volume 
aqueous dioxane. Then 25 ml. of standardized aqueous 
HCl were added and the mixture was thoroughly shaken. 
All solutions were thermostated and concentrations were 
calculated from the dilution ratios. The borane concentra
tions were about 0.01 M. At intervals 10-ml. aliquots were 
pipetted for analysis. 

Analysis.—Samples were added to a measured amount of 
standard KIO3 solution. In the acidic solution excess oxi
dant was converted to iodine which was titrated with sodium 
arsenite to the starch end-point after adding excess NaHCO3 . 

suits on the latter group of compounds,11-13 the 
force constant of BN stretching vibrations being in
termediate between those for a B-N single bond and 
a B = N double bond. The dipole moment data 
also suggest a nearly planar hexagon structure of a 
borazole ring.14'15 

These facts have led to the presumption that the 
electronic structure of a borazole molecule may well 
be represented by a resonance hybrid between the 
two electronic states.7'8 

- B " B ~ - -K B -

- J < ^ N ' - -N / N -
B " B 

This suggests that a borazole ring shows dia-
magnetic anisotropy due to Tr-electrons as does a 
benzene ring. However, the effective number of 
^-electrons contributing to the diamagnetic 
anisotropy of a borazole molecule is presumed to be 

(11) B. L. Crawford, Jr., and J. T. Edsall, ibid., 7, 223 (1939). 
(12) W. C. Price, R. D. B. Fraser, T. S. Robinson and H. C. 

Longuet-Higgins, Discussion Faraday Soc, 9, 131 (1950). 
(13) H. Watanabe, M. Narisada, T. Nakagawa and M. Kubo, 

Spectrochim. Acta, to be published. 
(14) K. L. Ramaswamy, Proc. Indian Acad. Sci., A2, 364 (1935). 
(15) H. Watanabe and M. Kubo, T H I S JOURNAL, 82, 2428 (1960). 

[CONTRIBUTION FROM CHEMICAL DEPARTMENT, NAGOYA UNIVERSITY, CHIKUSA NAOOYA, JAPAN] 
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The diamagnetic susceptibilities of borazole and some of its derivatives were measured at room temperature. From 
these data and the diamagnetic susceptibility calculated from Pascal's constants along a direction parallel to the molecular 
plane, the diamagnetic anisotropy of a borazole ring was estimated at about —36 X 10 ~s. Theoretical calculations based 
on molecular orbitals for the x-electron system of a borazole ring were carried out in order to evaluate the diamagnetic anisot
ropy as a function of molecular parameters. Comparison between the observed and calculated diamagnetic anisotropics 
led to the conclusion that the extent of contribution of the donor-acceptor double bond structure to the normal state of bora
zole is 24% and that the 7r-electron bond order of BN bonds in a borazole ring is 0.45. 
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smaller than that of a benzene molecule depending 
upon the importance of the electronic structure in
volving single bonds alone relative to that having 
donor-acceptor double bonds. In addition, unlike 
a benzene molecule belonging to a point group Deh, 
a borazole molecule has a symmetry of Dzh. For 
these reasons, the diamagnetic anisotropy of bora
zole will be appreciably different from that of ben
zene, and the determination of its value will give a 
clue to the elucidation of the electronic state of a 
borazole ring. 

The present investigation has been undertaken in 
an effort to discuss this problem based on the meas
urements of the magnetic susceptibilities of bora
zole and its derivatives. 

Materials.—The samples of borazole and N-trhnethyl-
borazole were supplied from Dr. R. Schaeffer of Indiana 
University. Other derivatives listed in Table I were syn
thesized by the methods already reported.15 

TABLE I 

MOLAR DIAMAGNETIC SUSCEPTIBILITIES OP B-triX-N-triY-

BORAZOLES AT ROOM TEMPERATURE AND THE DLAMAGNETIC 

ANISOTROPY OF A BORAZOLE R I N G 
. Compound •. 

X Y 

H 

H 

CH3 

C2H5 

C2H5 

CH3 

C2H6 

H 

CH3 

CH3 

CH3
1 

C2H6 

C6H5 

CeH5 

XM X 10« 

- 49.6 

- 78.6 

- 1 1 9 

- 1 4 6 

- 1 8 9 

- 2 3 4 

- 2 6 4 

Experimental Method and Results 
The magnetic susceptibility was determined at 

room temperature by means of a Gouy magnetic 
balance described elsewhere.16 The results are 
shown in Table I. 

Evaluation of Diamagnetic Anisotropy.—The 
diamagnetic anisotropy Ax of borazole is related to 
the molar susceptibility XM by 

XM = g (2x[| + xl) = xll + g ^x 

where xil and xx denote the magnetic susceptibili
ties of a borazole molecule with its molecular plane 
parallel and perpendicular to the external magnetic 
field, respectively. The factor V8 takes into ac
count all possible orientations of the molecule in 
space. Accordingly, provided that xil is properly 
estimated, Ax can be evaluated from the observed 
susceptibility. The estimation of xil presents a 
fairly difficult problem. However, because 7r-elec-
trons revolving along the ring are not involved in 
Xil, one may safely assume that xil of borazole is 
not very different from that of isoelectronic ben
zene, -37.7,1 7-1 9 yielding Ax = -36. 2 0 This 

(16) M. Kishita, Y. Muto and M. Kubo, Australian J. Ckem., 10, 
386(1957); 11,309(1958). M. Kondo and M. Kubo, J. Phys. Chem., 
61, 1648 (1957); 62, 46s, 1558 (195S). O. Asai, M. Kishita and M. 
Kubo, ibid., 63, 96 (1958). 

(17) K. S. Krishnan, B. G. Guha and S. Banerjee, Phil. Trans., 
A231, 235 (1933). 

(18) K. Lonsdale, Proc. Rcy. Soc. (London), A189, 149 U937). 
.19) G. Hazato, J. Chem. Soc. Japan 64, 483 (1943). H. Shiba 

and G. Hazato, Bull. Chem. Soc. Japan, 22, 92 (1949). 
(20) Throughout this article, the data of magnetic susceptibility 

are given in 10 ~! e.m.u. 

assumption is supported by these several considera
tions. 

In calculating xn by Pascal's additivity rule 
xll = 3XB + 3XN + 6XH 

no suitable data of Pascal's constants can be found 
in the literature, except that for hydrogen,21 —2.93. 
The only datum available for the estimation of XB is 
the magnetic susceptibility of boron trichloride, 
-67.0.2 2 Fortunately, B-Cl bonds in this mole-
molecule, like BN bonds in a borazole molecule, are 
known to have some degree of double bond char
acter.23-25 Accordingly, the contribution of a 
chlorine atom to molar diamagnetic susceptibility 
was evaluated from the data of compounds, such as 
tetrachloroethylene, iraws-dichloroethylene, chloro-
benzene and syw-trichlorobenzene,22 having partial 
double bond character in their C-Cl bonds, as 
—19.6, instead of the usual Pascal constant. —20.1, 
for chlorine. Therefore XB was estimated at about 
- 3 . 2 . 

Pascal's constant of a nitrogen atom in a closed 
ring as in piperidine and piperazine is known to be 
equal to —4.61.21'26 The correction for the partial 
double bond character of BN bonds can be made in 
the following way. The constitutive correction 
constant for N = C is +8.2.21 Subtracting from 
this value half an amount of the constitutive cor
rection constant for C = C , +5.5, one obtains a 
constitutive correction constant for a double-
bonded nitrogen atom in a ring. This multiplied 
by the degree of BN double bond character gives a 
correction to be applied to the ordinary Pascal's 
constant mentioned above. The degree of BN 
double bond character is nothing but the fractional 
contribution of the donor-acceptor double bond 
structure to the normal state of a borazole mole
cule, i.e., the 7r-electron density on a boron atom in 
a borazole ring, and is estimated at 0.24, as de
scribed below. Thus, we have 

X N = - 4 . 6 1 + 0.24 (8.2 - ^ X 5.o) = - 3 . 3 

Therefore 
XlI = - 3 X 3.2 - 3 X 3.3 - 6 X 2.03 = -37.1 

in good agreement with —37.7 for benzene. 
Analogous calculations are feasible for some of the 

borazole derivatives investigated and give almost 
concordant results, as shown in Table I. However, 
with increasing complexity of molecules, the cal
culated values of anisotropy are less reliable than 
that for borazole. One may presume that the dia
magnetic anisotropy of a borazole ring is not far 
from —36, which is considerably smaller than —54 
for benzene.17-19 

(21) P. W. Selwood, "Magnetochemistry," Interscience Publishers, 
Inc., New York, N. Y., 1956, p. 92. 

(22) G. Foex, "Constantes Selectionnees, 7. Diamagnetisme et 
Paramagnetisme," Masson, Paris, 1957. 

(23) L. Pauling, "The Nature of the Chemical Bond," Cornell Univ. 
Press, Ithaca, N. Y., 1940. 

(24) W. Gordy, Discussion Faraday Soc, 19, 14 (1955). 
(25) T. Chiba, / . Phys. Soc. Japan, 13, 860 (1958). 
(26) S. S. Bhatnagar and K. N. Mathur, "Physical Principles and 

Applications of Magnetochemistry," Macmillan and Co., London, 
1935, p. 90. Piperidine and piperazine were preferred to pyridine for 
reference, because the latter compound appears to be an exception in 
the application of Pascal's additivity rule (Bhatnagar and Mathur, 
ibid., p. 76). 
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Discussion 
The quan tum mechanical t rea tment of diamagne-

tic anisotropy due to the ring current of x-electrons 
has been carried out by London27 '28 and led to satis
factory results for a variety of aromatic ring com
pounds.29 Later, McWeeny3 0 gave a general for
mulation for the solution of a secular equation ap
pearing in the London theory. According to his 
results, the diamagnetic anisotropy of benzene as 
well as of borazole is expressed by 

A x = 
18 V he ) 1 K I L(I-J) (rs) (tu) 

(D 
Here, Q denotes the area of the ring. /3 is a param
eter defined by3 1 

0 = 7 ~ Sa (2) 

where y and j are the. resonance integral and the 
overlap integral between neighboring atoms, re
spectively, while a is the coulomb integral of a 
carbon atom and the mean of the coulomb integrals 
of boron and nitrogen, respectively, for benzene and 
borazole. prs is the bond order of the rs bond. 
Tr^s) ((«) is defined by32 

« (3) 

(4) 

W~{rs)(tu) — 7T7-S, tu — TTn Ut ITsr, 

J 

unocc. 

2^ EJ-EK 

where c,j is the coefficient of the r th atomic orbital 
<j>, (r = 1, . . . 6) in the J t h zero-field molecular orbi
tal having an energy Ej, real wave functions being 
used throughout. Other notations have similar 
significances. The LCAO molecular orbitals of 
benzene are available in the literature.33 Those of 
borazole have the forms shown in Table I I . Calcu-

Species 

A1 

E 

A, 

TABLE II 

MOLECULAR ORBITALS OF BORAZOLE 
Molecular orbitals 

<-"ll(01 + 03 + 06) + C2l(02 + 04 + 06) 

J Cn((j>l — 06) + ("22(02 - 04 ! 

lci2(01 — 203 + 0;) — f2i(04 — 206 + 02j 

< 
kCl4(01 — 203 + 0o) — ('24(04 — 

Cl6(01 + 03 + 0j) + fte(02 + 

02^ 

lations show tha t irrespective of numerical values of 
c, the following summation vanishes for both ben
zene and borazole. 

/ , T ( r s ) ( ( » ) = O 

(tu) 
(5) 

(27) L. Pauling, / . Chem. Phys., i, 07.3 (1936). 
(28) F. London, J. phys. radium, 8, 397 (1937). 
(29) See for instance, R. McWeeny, Proc. Phys. SoC. (London), A64, 

261, 921 (1951); A65, 839 (1952); B. Pullman and A. Pullman, "Lcs 
Theories Electronique de la Chimie Orgamque," Masson, Paris, 1952, 
p. 527. 

(30) R. McWeeny, MoUc. Phys., 1, 311 (1958). 
(31) McWeeny denned (3 simply to be equal to 7, disregarding the 

overlap integrals. The present definition is more rigorous from the 
standpoint of the method of molecular orbitals. See for example, R. S. 
Mulliken, C. A. Rieke and W. G. Brown, THIS JOURNAL, 63, 41 (1941); 
R. S. Mulliken and C. A. Rieke, ibid., 63, 1770 (1941). 

(32) In the McWeeny's paper, ref. 30, the summation X(K) in eq. 4 
is taken over all K values except J. However, providea that all un
perturbed wave functions are expressed in real forms, the definition as 
in eq. 4 is also valid for the evaluation of it. 

(33) H. Eyring, J. Walter and G. K. Kimball, "Quantum Chemis
try, " John Wiley and Sons, Inc., New York, N. Y., 1948, p. 257. 

Therefore, the diamagnetic anisotropics of these 
compounds can be expressed by 

* - - S ( £ ) ' « ™ (6) 

I t should be mentioned in this connection tha t this 
equation, with p = 2/3 due to Coulsou,34 gives Ax of 
benzene in agreement with tha t obtained by solving 
the secular determinant of London.23 29 

Equation 6 suggests tha t p.fi\ of a borazole ring 
can be calculated from the observed diamagnetic 
anisotropy. However, it is hardly expected tha t 
this procedure gives useful da ta on the electronic 
state of a borazole molecule. I t is because the value 
of 13, —4.4 e.v., calculated by the present authors 
for benzene using eq. 6 from the observed diamag
netic anisotropy was in poor agreement with — 2.6 
e.v. estimated by Roothaan and Mulliken8 from 
the data of ultraviolet spectra. On the other hand, 
London's method gives relative values for the dia
magnetic anisotropics of benzene and various aro
matic compounds having condensed rings in good 
agreement with experiments.29 For this reason, 
an analysis is carried out with the relation 

where r denotes the BN or CC distance. The 
coefficients in the LCAO molecular orbitals for 
the 7r-electron system of borazole were calculated as 
functions of the overlap integral s and a parameter 
d defined by5 

d - (as - an)/28 (8) 

where the numerator denotes the difference be
tween the coulomb integrals of nitrogen and boron. 
The overlap integral is listed in tables compiled oby 
Mulliken, el al.'ij The observed value, 1.44 A.,4 

for the BN distance of borazole gives s = 0.219. 
The 7r-electron distribution on a boron atom </B 
(gK = 2 — QB) and the bond order of BN bonds can 
be evaluated by the usual procedure from molec
ular orbitals. Therefore, they can be calculated 
in a straightforward way as functions of d. The 
results are shown in Table I I I along with the values 

TABLE III 

MOLECULAR PARAMETERS OF A BORAZOLE R I N G 
d SB p I1Sl, e.v. Axbrs/Axliu; 

(I 1.000 U. (SOT 3 .30 1.415 
0 . 5 0.531 .595 2.9(S 1.132 
1.0 .25T .459 2.30 0.69T 
1.5 .124 .336 1.86 .402 
2.0 .000 .239 1.50 .231 

of /3 evaluated for the B N distance equal to 1.44 A. by 
means of the following equation first proposed by 
Roothaan and Mulliken3 and modified in accord
ance with the new assignments of ultraviolet ab
sorption bands of benzene.33 '37 

/3 = - 6 . 9 3 / 2 . 1 0 ( 1 + O.'dod2 )'•/'• e.v. (9) 

From these data, Axboraz 'Axbenz can be evaluated as 
a function of d by means of eq. 7 with fee = 1-40 

(34) C. A. Coulson, Proc. Roy. Soc. (London), A169, 413 (1939). 
(35) R. S. Mulliken, C. A. Rieke, D. OrlofT and H. Orloff, J. CMm. 

Phys., 17, 1248 (1949). 
(36) D. T. Craig, Proc. Roy. Sue (London), A200, 401 (1950). 
(37) R. G. Parr, I), P. Craig and I. G. Ross, / . Client. Phys.. 18, 1501 

(1950). 
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A.,38'39 p = 2/3, and 8 = -2 .6 6 e.v. for benzene as 
mentioned above. The results are shown in the 
last column of Table III. On the other hand, the 
observed ratio of the diamagnetic anisotropics of 
the two compounds is 36/54 = 0.67. Interpola
tion by means of Table III gives d = 1.O6, #B = 
0.24, £BN = 0.45 and /?BN = -2 .3i e.v. for the 
molecular parameters of a borazole ring. 

The value of d is in excellent agreement with that 
given by Roothaan and Mulliken,8 1.0. The 
resulting value of «N — «B = — 4.7 e.v. compares 
favorably with ax - ac = -(1.8-2.4) e.v.40 The 
value of /3 thus obtained gives the ratio, 8b oraz' Pbenz 

= 2.31/2.66 = 0.87 in good agreement with the 
ratio of overlap integrals, SborazZ-Sbenz = 0.219/0.25 = 
0.88. It is known31 that 8 (or the resonance inte
gral) of CC bonds varies with the interatomic dis
tance in proportion to the overlap integral s. The 
present results confirm that the same relation is valid 
also for bonds involving heteroatoms.41 

The extent of contribution of the donor-acceptor 
double bond structure, i.e., the x-electron distribu
tion qs on boron atoms in a borazole molecule has 
been a subject of considerable dispute. Although 
the marked similarity of a borazole ring to a ben
zene ring suggests a fairly high value of ^B, the 
present analysis gives 0.24 in agreement with the 
conclusion derived by Pease42'43 from observed in
teratomic distances that JB is not very great. Rec-

(38) B. P. StoichefT, Can. J. Chem., 32, 339 (1954). 
(39) K. Kimura and M. Kubo, J. Chem. Phys., to be published. 
(40) F. A. Matsen, T H I S JOURNAL, 72, 5243 (1950). 
(41) G. W. Wheland, ibid., 64, 900 (1942). 
(42) R. S. Pease, ibid., 74, 4219 (1952). 
(43) R. S. Pease, AcIa Cryst., 5, 356 (1933). 

Introduction 
A review of the subject of clathrates1 mentioned 

that these substances afford a convenient means 
for storage and for controlled release of inert gases. 
Generally, in clathrate systems, gases are retained 
under ordinary conditions and may be released 
easily by simple processes such as heating, dis
solving or grinding. Sulfur hexafluoride is a gas 
that has found considerable use in electrical de
vices. It was felt that its range of practical appli
cability would be considerably enhanced if it were 
associated with a solid. A clathrate of sulfur 
hexafluoride appeared to fulfill this requirement. 

(1) L. Mandelcorn, Chem. Revs., 69, 827 (1959). 

tor, et al.,7 have estimated the value of </B at about 
0.15 from the observed BN bond distance. How
ever, since no reliable data are available at present 
for the single bond distance as well as the double 
bond distance of BN bonds, the value thus obtained 
is open to question. On the other hand, Kobayashi44 

has carried out SCF m.o. treatment on borazole 
and found <?B = 0.52. 

The evaluation of the dependence of bond lengths 
upon the bond order of bonds between different 
atoms presents considerable difficulties owing to 
the lack of sufficient data.45'46 The 7r-electron 
bond order £BN = 0.45 for a BN bond distance 
?"BN- = 1.44 A. for borazole is consistent with the 
curve of CC bond lengths plotted against the bond 
order and suggests the adequacy of the values for 
the single bond distance (rs = 1.56 A.) and the 
double bond distance ijd = 1.35 A.) proposed by 
Coffin and Bauer5 and those by Cartmell and Fowles47 

(rs = 1.54, rd = 1.36 A.). On the other hand, the 
values of BN distances given by Rector, et al.,7 

(rs = 1.48, rd = 1.30 A.) and by Hedberg and Sto-
sick48 (rs = 1.49 A.) deviate appreciably from the 
curve of CC bond lengths mentioned above. 

Acknowledgment.——We wish to express our cor
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used id the present investigation. 

(44) H. Kobayashi, private communication. 
(45) E. G. Cox and G. B. Jeffries, Proc. Roy. Soc. (London), A207, 

110 (1951). 
(46) C. A. Coulson, J. Phys. Chem., 56, 311 (1952). 
(47) E. Cartmell and G. W. A. Fowles, "Valency and Molecular 

Structure," Butterworths, London, 1956. 
(48) K. Hedberg and A. J. Stosick, T H I S JOURNAL, 74, 954 (1952). 

Dianin's compound was selected as the host 
component for a clathrate of sulfur hexafluoride as 
a result of preliminary reports by Baker and Mc-
Omie2 and by Powell and Wetters3 on an extensive 
investigation of the properties of this solid. They 
showed that three series of clathrates of Dianin's 
compound are possible; their maximum-composi
tion formulas being 6Ci8H20O2'3Mj, 6Ci8H20O2-2M2 
and 6Ci8H20O2 • M3 where Mi, M2 and M3 are mole
cules of the size of methanol, ethanol and hexa-
chloroethane, respectively. Since the size of a sulfur 

(2) W. Baker and J. F. W. McOmie, Chem. &• Ind. {London), 256 
(1955). 

(3) H. M. Powell and B. D. P. Wetters, ibid., 250 (1955). 
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The sulfur hexafluoride clathrate of Dianin's compound is obtained by recrystallization at a high pressure of sulfur hexa
fluoride. The amount of sulfur hexafluoride contained in the clathrate so prepared is about 13% by weight, which on the 
basis of volume of containing solid, is equivalent to a pressure of 25 atmospheres of gas. At temperatures below its melting 
point, this clathrate decomposes by sublimation of Dianin's compound. The decomposition rate is limited by the ratio of 
sample volume to exposed area and by the magnitude of external gas pressure. An examination of infrared spectra reveals 
that chemical interactions between the sulfur hexafluoride and its enclosing cages are very slight. Evidence that the guest-
free form of Dianin's compound also possesses the clathrate structure is derived from density measurements. 


