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proton transfer having occurred in the transition state 
(i.e., low degree of positive character of the O-H 
protons) and, concommitantly, (2) a good distribution 
of positive charge in the organic portion of the transi
tion state. The transition state in the hydration of 
aliphatic olefins appears to be more strongly solvated 
since the acidity dependence of the rates is less steep 
( —d log kc/dHo is around unity for a number of alk-
enes1). Perhaps this is due to the proton having been 
transferred to a lesser extent in the transition s ta te ; 
i.e., the transition state has greater oxonium ion char
acter. This would be consistent with the small sol
vent isotope effects found.1 On the other hand, the 
small isotope effect in the hydrat ion of aliphatic olefins 
has been at t r ibuted to nearly complete proton transfer 
in the transition state.3 In tha t event, proton transfer 
in the transition state of styrene hydration may be less 
complete. The steeper acidity dependence of styrene 
hydration then could be a t t r ibuted to a more efficient 
distribution of the positive charge in the organic por
tion of the transition state. 

The lack of a detectable isotope effect in the hydra
tion of styrene-/3,0-(i2 and of styrene-a-<i is consistent 
with mechanism I. The a -C-D isotope effect would 
be minimized by the a-carbon being' t r igonal in the 
transition state as well as the ground state. In mech
anism I, the change t ha t occurs at the /3-carbon re
sembles tha t of ex-complex formation in aromatic sub
stitution. Secondary isotope effects in the lat ter 
reaction also are absent or very small.9 

(9) E. A. Halevi, "Secondary Isotope Effects," in "Progress in Physical 
Organic Chemistry," Vol. I, Interscience Publishers, Inc., 1963, p. 109, 
and references therein. 
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The Molecular Symmetry of Iodopentaborane 

Sir: 

The compounds formed by the direct a t tack of ele
mental iodine on pentaborane(9) in excess pentaborane-
(9) a t 70 0 1 has been shown to be 1-iodopentaborane-
(9); t ha t is, the iodine atom is bonded to the apical 
boron of the tetragonal boron pyramid as shown in Fig. 1. 

Since the compound is sensitive to air, single crystals 
were grown from the melt in thin-walled Pyrex capil
laries. The unit cell is monoclinic with a — 11.24, 
b = 10.03, c = 13.14 A., and 8 = 110°5'. Z = S 
and the space group is C2/c. 

The structure was solved by the heavy atom tech
nique using partial three-dimensional data obtained 
on a Buerger precession camera at — 25°. The R value 
with individual isotropic temperature factors is 13.0 
for the 529 reflections. 

The space group places no symmetry requirements 
on the molecule. However, the measured bond dis
tances and bond angles show tha t within experimental 

(1) L. H. Hall. W. S. Koski, and V. V. Subbanna. J. Am. Chem. Soc, 
86, 1304 (1964). 

Fig. 1.—Molecular structure of B5H8I: bond distancesare Bn-I 

= 2.20 ± 0.03, B a -B b = 1.71 =*= 0.05, B b -B b = 1.84 ± 0.05 A.; 
bond angles are Z B b - B , - B b ' = 65.0 ± 1.5°, Z 1-B11-Bb = 130.5 
± 1.5°, and Z B b - I - B b = 30.0 ± 1.0°. The listed errors are 
estimated errors. 

error the molecule nearly possesses a four-fold axis. 
The boron (apical)-boron (basal) average bond distance 
is 1.71 A. with values ranging from 1.70 to 1.72 A. 
The boron (basal)-boron (basal) average bond distance 
is 1.84 A. with values ranging from 1.78 to 1.95 A. A 
complete discussion will be presented in a later paper. 

These results confirm the n.m.r. work of Schaeffer, 
et al.,2 who concluded tha t the monoiodide of penta-
borane(9) is apically substituted. I t is to be noted 
tha t the boron-iodine bond distance in B5H8I, 2.20 
A., is somewhat longer than the boron-iodine distance 
in BI3, 2.10 A.3 
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Blocked Rotation in Hexaisopropylbenzene. 
Evidence for Cyclobutadiene Intermediates 
in the Trimerization of Diisopropylacetylene 

by Dicobalt Octacarbonyl12 

Sir: 

The Fisher-Hirschfelder model of hexaisopropyl
benzene (see Fig. 1) can only be constructed with great 
difficulty because of the requirement that each isopropyl 
group exactly interlock with its neighbors on either side. 
This can only be accomplished if (as shown) all of the 

(1) Crowded Benzene Compounds. III. Ref. 3 and 4 are parts I and II 
in this series 

(2) This work was supported at various stages by NIH Grant CA-0")'il2 
and XSF Grant GP-2014, for which we are most grateful. 

(3) E, M. Arnett, M. E. Strem, and R. A. Friedel. Ielrahedron I.cllen. 
No. 19, 658 (1961). 

(4) E, M. Arnett and M. E. Strem, Chem. Ind. (London), 2008 (1961; 
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Fig. 1.—Model of hexaisopropylbenzene from about 20° 
above plane of ring. Note two methine hydrogens (arrows) 
in plane of ring and in "clockwise" alignment. Note, also, how 
ring is protected from above and below by al ignment of methyl 
groups. 

groups are pointed in the same direction, clockwise or 
counterclockwise, around the perimeter of the ring. 
Once the model has been put together in this way, it is 
impossible to rotate the isopropyl groups more than a 
few degrees without breaking it. The model, there
fore, suggests tha t an extreme case of hindered rotation 
exists in the molecule, and spectral evidence indicates 
tha t this may actually be so. 

The n.m.r. spectrum of hexaisopropylbenzene shows 
the expected sharp methyl doublet a t T 8.73 p.p.m., 
nearly the same position (r 8.79 p.p.m.) as in cumene. 
However, the methine septet is shifted over 0.7 p.p.m. 
downfield (center a t r 6.39 p.p.m.) relative to t h a t for 
cumene5 (r 7.12 p.p.m.). 

vSuch a shift is just what would be expected if the 
methine hydrogens were forced into such close proximity 
to neighboring isopropyl groups tha t strong dispersion 
interactions could occur.6 The methine peaks are 
sharp, suggesting equivalence of the methine hydrogens. 

A striking feature of the infrared spectrum of hexa
isopropylbenzene is a very sharp band of medium 
intensity at 3070 c m . - 1 . Since there are no aromatic 
hydrogens, this cannot be a shifted 3030-cm. ' band. 
Indeed, we know of only one precedent for such a band 
in a hydrocarbon, and tha t is for the crowded methylene 
hydrogens in the "bird-cage hydrocarbons" described 
by Winstein and de Vries.7H This band is absent from 
other isopropylbenzenes and also from tetraisopropyl-
cyclopentadienone (see below), whose model is rela
tively free of the rotational limitation on hexaisopropyl
benzene. We propose tha t this should be assigned to 
the methine hydrogens which are forced into close 
proximity to their neighboring isopropyl groups. 

A logical conclusion from the above spectral interpreta
tion is that the model is correct in showing that rotation of 
the isopropyl groups is almost completely blocked in this 
molecule, but tha t there is no unusual restriction to 
normal rotation of the methyl groups around their own 
axes. 

The evidence given here suggests (but does not de
mand) tha t the time of rotation is long on the n.m.r. 
time scale. If this is correct, it presents a novel stereo
chemical situation in which a conformation is "frozen" 
at room temperature by virtue of cooperative non-
bonded repulsions of the whole molecule instead of 

(.">) Spectra <>f both compounds were determined in carbon disulfide and 
peaks were invariant to dilution. 

(ti) A. A. Bothner By. ./. .)/<>/. Sfiecly., 6, 52 (1'.HK)I. 
(7) I) Kivelson. S Winstein. P. Bruck. and K. I.. Hansen. J Am. (hem. 

Sot . 83, 29:i8 I U)(Sl) 
iK) I. de Vries and V. R Ryason. J. Org. (hem.. 26, 621 (1961). 

through covalent bonds. A natural consequence of 
this would be the existence of stable enantiomers 
related to hexaisopropylbenzene in which the symmetry, 
with respect to the ring, is destroyed, provided that the 
average time for rotation is long enough to allow 
resolution. We are examining this possibility. 

We prepared hexaisopropylbenzene by t rea tment of 
diisopropylacetylene9 (0.26 mole) with dicobalt octa-
carbonyl (0.02 mole) a t reflux temperature in Skelly-
solve C for three days, a t the end of which time the 
solution had a greenish color. Work-up resulted in a 
12% yield of hexaisopropylbenzene which melts a t the 
high temperature of 286°, compared to hexa-n-propyl-
benzene" (m.p. 101°). Anal. Calcd. for C24H42: 
C, 87.19; H, 12.81; mol. wt., 330. Found (two inde
pendent analytical laboratories): C, 87.29, 86.92; 
H, 12.81, 13.01; mol. wt., 295 (vapor pressure osmom
eter), 330 (mass spectrometer). The n.m.r. spec
trum was very simple, showing, in addition to the 
methine septet referred to above, a doublet centered a t 
T 8.73 p.p.m. whose integrated area was six times that 
for the septet. This agrees with an n.m.r. spectrum 
reported for this compound ill a very recent article12 

which, however, gives no other structural data. 

Except for the peculiar band at 3070 c m . - 1 , which we 
have assigned to crowded methine hydrogen, the infra
red spectrum was simple and consistent with the 
proposed structure. Like the n.m.r. spectrum, it 
gave no indication of olefinic groups, and the isopropyl 
doublet at 1385 and 1370 c m . - 1 was normal. A band 
a t 433 c m . - 1 falls within the small range characteristic 
of hexasubstituted benzenes.13 The ultraviolet spec
trum was very similar to tha t of hexamethylbenzene 
showing a typical aromatic band at 273 ray. (e 188) 
(e 218 at 270 irux for H M B ) . This gives a greatly re
duced K value (0.57) for hexaisopropylbenzene relative 
to tha t (1.35) for hexamethylbenzene, in conformity 
with the more crowded structure proposed for the 
former. 

Three other compounds were isolated from the ni
trate after removal of hexaisopropylbenzene. Complete 
discussion of the structural evidence for them will be 
given in a full paper. The result is presented in pre
liminary form here because of its relevance to the 
mechanism of acetylene trimerization. 

As might be expected,14 one of the compounds 
isolated from the filtrate is tetraisopropylcyclopentadien-
one. The other two are assigned the following struc
tures, which can be derived by one and two hydrogen 
shifts, respectively, from tetraisopropylcyclobutadiene. 

The products which we have found indicate tha t a 
cobalt carbonyl- tetraisopropylcyclobutadiene complex 

-Y 
(9) This was made by mercuric oxide oxidation of the bishydrarone of 

diisobutyryl which in turn was prepared by rearrangement of 2,5 dimethyl-
hexynediol-2.5 in 80% sulfuric acid. It boiled at 105-106°'" and was 
homogeneous to gas chromatography. 

(10) R. l-evina and Y. Shaborov, Chem. Abstr.. 47, 3219c (IUiM). 
(11) B. Wertyporoch and T. FIrIa. Ann., 500, 287 (19:5:5). 
(12) H. Hopff, Chimin, 18, 140 (H)Ol). 
(13) R. J. Jakobsen, Technical Documentary Report ASD TI)R (12 895. 

Battelle Memorial Institute. Columbus. Ohio. 
(II) U. Kruerke anil W. Hubel. (hem. BrT., 94, 2829 (19(51 ). 
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has probably been formed as an intermediate.14 Be
cause of the strain and steric protection of the cyclo-
butadiene ring by the isopropyl groups, the cyclobuta-
diene isomers shown above may be formed before 
insertion of a carbonyl group (to give tetraisopropyl-
cyclopentadienone) or of another diisopropylacetylene 
moiety (to give hexaisopropylbenzene) can occur. 
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Gas Chromatographic Separation 
of the Hydrogen Isotopes1 

Sir: 

Considerable interest has been shown in the gas 
chromatographic separation of the six molecular species 
of hydrogen: H2, H D , D2, HT, DT, and T2. The 
most recent work was summarized by Carter and Smith2 

and by King.3 Since previous work was done at low 
levels of tritium, it was of interest to see whether com
parable results could be obtained at higher tr i t ium con
centrations where radiation effects might impair sepa
ration factors. Glueckauf reported a decrease in the 
separation factor of radiokrypton and radioxenon 
with increasing radioactive power.4 

Separation of the six hydrogen molecular species in a 
mixture tha t contained 2.4 c. of tr i t ium is shown in Fig. 
1. The column, ferric oxide coated alumina at 770K., 
was similar to tha t described by Carter and Smith 
and by King. Separation factors calculated from this 
chromatogram and compared with those of Carter and 
Smith ( ~ 0 . 5 mc. of trit ium) and King ( ~ 7 0 mc. of 
tritium) show no significant effect from the tritium radia
tion. 

The separation factors in Table I were calculated in 
the manner described by Carter and Smith, viz. 

«1,S = d2/di 

where d2 and d\ represent the distances from zero time 
to the peak maxima for respective components on the 
chromatograms. Direct comparison of separation fac
tors defined in this manner is complicated by the de
crease in retention times for peak maxima with in
creasing amounts of components, even for nonradio
active components. These decreases result from curva
ture of the sorption isotherms. The concentration 
dependence is particularly noticeable when comparing 
the separations of the five other species from H2 in 
Table I, The higher separation factors reported by 
Carter and Smith are at tr ibutable to the shorter reten
tion time for the H2 peak as a consequence of increased 

(1) T h e in format ion con ta ined in this paper was developed du r ing the 
course of work under C o n t r a c t AT(07 -2 ; - l with t he U, S. Atomic Knerjry 
Commiss ion . 

(2) K. H, C a r t e r and H. A. S m i t h . J. Phys. Chem.. 67, 1.H2 (1963). 
(3) J. K i n s , ibid., 67, 1397 (1963). 
(4) K. Glueckauf, Ami. X. Y. Acad. .Set'.; 72, 562 (1959). 

Pictured Peaks are 
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Column: 24 ft, of 0.18 in ID 
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packed with ferric-oxide 
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Fig. 1 .—Chroma tog ram of 5-cc. s ample of hydrogen i so topes . 

H2 content of their sample (see Table I I ) . When 
allowance is made for the effects of gross compositional 
differences, good agreement is observed between the 
separation factors derived by all three experimenters. 
In no case was there indication tha t the tritium radia
tion level had significantly affected the separation 
factor. 

TABLE I 

COMPARISON OF SEPARATION FACTORS FOR 

HYDROGEN SPECIES 

OC 

H D/H 2 

H T / H , 
D2/H2 

DT/H 2 

T2 /H2 

H T / H D 
D 2 /HD 
D T / H D 
Tj /HD 
Di /HT 
D T / H T 
T 2 /HT 
DT/D 2 

T 2 /D, 
T , / D T 

T h i s 
work 

1,09 
1,20 
1,26 
1,45 
1,66 
1.10 
1.15 
1.33 
1.52 
1.05 
1.21 
1.38 
1,15 
1.32 
1.14 

King> 

1.13 
1.23 
1.38 

1.68 
1.09 
1.22 

1.48 
1.12 

1.30 

1.22 

C a r t e r and 
S m i t h 2 

1,22 
1,42 
1,49 
1.85 
2.08 
1.22 
1,17 
1,52 
1.71 
1.05 
1.30 
1.47 
1.24 
1.40 
1.13 

TABLE II 

COMPOSITION OF SAMPLES FOR 

HYDROGEN ISOTOPE SEPARATIONS 

C o m p o n e n t 

H2 

HD 
HT 
D2 

DT 
T2 

Total sample, 
Total activity 

" At STP. * 
in ref. 2 and 3, 

CC. 

C. 

Th i s 
work 

0.025 
0.48 
0.12 
2,8 
1,4 
0.16 

4.985 
2.4 

Concentrations 

SAVANNAH RIVER LAB 

E. I. DUPONT DE 

ORATORY 

XEMOURS AND 

o impie size, CC. 

King' ' 

0.09 
0.08 
0.03 
0,08 
— 

0.01 

0.29 
0.07 

estimated 

Co. 

from 

A. 

• 

C a r t e r and 
Smi th 6 

1.6 
0.7 

10-4 

1.0 
io-4 

K)- ' 

3.3 
0.0005 
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