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Uniquely opposed methylene hydrogen atoms in certain exo-exo, endo-endo and endo-exo fused structures, as well as some
half-cage compounds, give rise to an anomalously high C~H stretching frequency in the infrared spectrum. Structural
modifications which remove the uniquely opposed hydrogen atoms cause the disappearance of this high frequency. A
theory which takes account of the effect of the non-bonding interaction potential between opposing hydrogen atoms has
been developed to account for the observed spectral shift. The potential is expanded in terms of the C-H stretch and the
C-H-H angle, and the coupling between antisymmetric vibrations on opposing CH, groups is included. A simple way to
estimate the degree of structural readjustment because of the opposition of methylene groups is also presented. The re-
sulting calculations are in reasonable agreement with the experimental data.

In the investigation of the rearrangements3*
during solvolysis of the bromobenzenesulfonate of
alcohols I and II, it was observed*® that one of the
four saturated alcohols which were formed, namely,
the half-cage material V, displayed an anomalously
Ligh frequency band in the C-H stretching region

of its infrared spectrum. Such a band was absent
in the spectra of the three other saturated alcoho!
products VI-VIII, but it was evident in the
spectra of III and IV, the hydrogenation products
from I and II. Further, it was not evident in the
spectrum of the bird-cage hydrocarbon product

IX, but it did appear for the exo-exo fused alcohol®
X. The displaced high C-H stretching frequency
appeared to be associated with C-H groups where
large H,H interference between adjacent methylene
groups exists, and its presence or absence was help-
ful in preliminary diagnosis of possible structures of
the various observed products from I and IL.**
Since the earlier work, a number of other ma-
terials have become available,’—° with structures
related to those of I-X, and these permit us to go
further in the definite correlation of the high fre-
quency C-H stretching vibration with methylene
groups which give rise to the type of hydrogen con-
gestion indicated in III-V and X. In the present
manuscript pertinent data for a substantial num-
ber of compounds are reported and discussed.
“Twisted’ and endo-exo Fused Structures.—Of
the additional compounds related to I-X which
have more recently become available, some have the
“twisted’’ carbon skeleton of alcohols VI and VIII,
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and thus they do not possess methylene groups in
X X close proximity, such as the indicated ones in

III-V and X. Consistently, they do not display
an enhanced infrared C-H stretching frequency in
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their spectra. This is true of the “twisted”
ketone%® VIa, acetate®® VIb and parent hydro-
carbon®® Vlec.

Other new compounds have the endo-exo fused
carbon skeleton of alcohols IIT and IV. As is
clear from Table I, which summarizes the spectra
which were measured for quantitative comparison,
alcohols®® IVa and IVb, with a 7-OH and a 2-OH
group, respectively, resemble alcchol IV closely
in infrared spectrum in the C-H stretching region.
All three spectra resemble that of bicycloheptane
(Table I), but they show an additional sharp
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band at 3037-3049 cm. 1, the latter being up in the
range of olefinic C-H stretch, as in bicycloheptene
(Table I). The same thing can be said for the
parent hydrocarbon® IVc. Conversion of alcoliol
IVDb to the ketone® IVd leaves one remaining pair
of opposed methylene hydrogen atoms, and the
increased C-H stretching frequency is still evident

TaBLE I
INFRARED ABSORPTION OF VARIOUS COMPOUNDS IN THE
C-H STRETCHING REGION®

A B C D
Cyclohexane 2934 2859 2793
Cyclodecanol 2991(sh) 2930 2868 2849
Cyclododecanol 2041 2868 2857
Bicycloheptadiene 3132 2996 2945 2877
3119 2980
3077
Bicycloheptene 3139 2074 2924 2879
3067 2907
Bicycloheptane 2963 2924 2879
endo-exo-Alcohol IV 3049 2055 2911 2887
endo-exo-Alcohol IVa 3037 2954 2918 2894
endo-exo-Alcohol IVb 3048 2955 2921 2879
endo-exo-Hydrocarbon
IVe 3048 2953 2889
endo-exo-Ketone IVd 3039 2063 2919 2882
exo-exo-Alcohol X 3052 2050 2926 2882
exo-exo-Alcohol Xa 3040 2955 2921 2879
exo-exo-Hydrocarbon
Xb 3052 2959 2930 2881
endo-endo-Alcohol XIa 3018 2960 2887
endo-endo-Hydrocarbon 3031 2952 2885
XIb 2877
endo-endo-Ketone XIc 3018 2961 2899
Half-cage alcohol V 3048 29063 2891
Half-cage ketone Va 2970 2900(sh) 2882
Half-cage alcohol Vb 3083 2961 2882
Bird-cage hydrocarbon
IX 2967 2871

@ Spectra measured on 109, solutions in carbon tetra-
chloride with a Beckman IR-4 spectrophotometer.
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in the spectrum of this ketone (Table I). On the
other hand, conversion of alcohol IVa to ketone®
IVe leaves no remaining opposed methylene hydro-
gen atoms. Consistently, ketone IVe does not have
an enhanced C-H stretching frequency in its in-
frared spectrum.

H. HH H
O |
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exo-exo and endo-endo Fused Structures.—As is
brought out in Table I, two additional compounds
with the exo-exo fused carbon skeleton, namely, the
7-alcohol® Xa and the parent hydrocarbon® Xb,
display spectra nearly identical with that of al-
cohol X. All three compounds display high fre-
quency C-H stretch at 3040-3052 cm.~%

H; EH H; EOH ;\51{%
Xa Xb
Several of the new compounds have an endo-
endo fused carbon skeleton, and, as expected, these
display high frequency C-H stretch in their in-
frared spectra (Table I). The compounds in-

clude alcohol” XIa, the parent hydrocarbon’ XIb
and the corresponding ketone® XIec.
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Half-cage and Cage Molecules.—The spectra of
certain half-cage and cage molecules further point
to the correlation of an increased C-H stretching
frequency with the presence of two or more methyl-
ene hydrogen atoms in close proximity. As sum-
marized in Table I, conversion of the half-cage
alcohol V to the ketone® Va causes the disap-
pearance of the high frequency band at 3048 cm. ~.
The structural change from the half-cage alcohol
V to the cage oxide® XII also eliminates the op-
posed pair of hydrogen atoms from V. Consist-
ently, the cage oxide XII does not show the en-
hanced C-H stretching frequency in its infrared
spectrum.

The half-cage alcohol® Vb, epimeric with al-
cohol V, is interesting in the present connection.
The one remaining hydrogen atom of the two op-
posed ones in alcohol V is now opposed by an hy-
droxyl oxygen atom. It may be seen from Table
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I that a C~H stretching frequency of 3083 cm.—?
now appears in the infrared spectrum of Vb,
even more enhanced than the 3048 cm. ~! frequency
for half-cage alcohol V.

Sterically Opposed Hydrogen Atoms and En-
hanced C-H Stretching Frequencies.—It seems
clear that the high frequency band in the C-H
stretching region observed in the spectra of the
various fused bicycloheptane derivatives described
above is to be ascribed to uniquely sterically op-
posed methylene hydrogen atoms. With respect
to such opposition of certain definite hydrogen
atoms, the exo-exo, endo-exo and endo-endo fused
structures, as well as the half-cage counterparts,
are certainly unique. This is clear from the ap-
proximate non-bonded H—H distances given by
Dreiding scale models!® of the various skeletons
mentioned. These are

0.2 A 0.9 A
endo-endo half-cage
1L1A 1.3 A
H H/H q H H/H H
H H
eXV-£.30 erndo-ex0

While these distances are larger in the actual
molecules with compromised geometries as discussed
later in this paper, it is evident that the unique
non-bonded H—H distances are very far below
ordinary H—H van der Waals separations.

Similarly increased C-H stretching frequencies
could be expected to appear quite generally with
sterically congested molecules with suitable geom-
etry.!? We are examining this matter further
and shall comment here only on the question of
the occurrence of the phenomenon in medium-
sized carbocyclic rings. It is well known that such

(10) W. Biichi Glasapparate-Fabrik, Flawil, Switzerland.

(11) See alse L de Vries and P. R. Ryason, J. Org. Chem., 26, 621
(1961).
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rings are associated with relatively high energies
and involve considerable hydrogen congestion.!?

As shown in Table I, cyclodecanol does give
evidence of a high C-H stretching frequency, a
shoulder at 2991 cm. —! being present in its infrared
spectrum. On the other hand, cyclododecamnol,
measured for comparison, does not show such an
enhanced C-H stretching frequency. The pres-
ence of the enhanced C-H stretching frequency for
the 10- and not the 12-ring is consistent with the
greater congestion in the 10-ring than the 12.
There is much chemical and physical evidence to
this effect,!? and recent structural investigations!?
show the smallest H—H distance to be above ca.
2.0 A. in the 12-ring, while it is ¢ca. 1.8 A. in the 9-
and 10-rings.

Assignment of Bands.—For further interpreta-
tion of the sterically increased C-H stretching
frequencies in the various endo-exo, exo-exo,
endo-endo and half-cage molecules it is necessary
to make at least a partial assignment of the dif-
ferent observed bands. With the exception of the
first few entries listed in Table I, the frequencies
in columns B, C and D are clustered about 2960,
2920 and 2886 cm. ™}, respectively; these frequen-
cies are about 30 cm.”! above the characteristic
frequencies given by Bellamy!* for the CH, asym-
metric stretch, the tertiary C-H stretch and the CH,
symmetric stretch, respectively, in unstrained
molecules. These assignments also seem to be in
reasonable agreement, according to the criteria
of Francis,® with the observed intensities. A
difficulty with this assignment is that the 2920
cm. ! line is missing in the bird-cage, endo-endo
and half-cage molecules. However, the 2960 cm. !
line is unusually intense and broad in these mole-
cules; this suggests that the ferfiary C-H stretch
has perhaps been shifted up sufficiently so as to
be included in the 2960 cm. ! band.

The increased C-H stretching frequencies in
column A of Table I represent weak lines and are
thought to represent the “‘asymmetric” stretch
of the opposed CH, groups; the ‘‘symmetric
stretch” of these groups probably lies between 30
and 100 cm.—! above the entries in column D.
On this basis, the difference between the frequencies
in columns A and B of Table I measures the effect
of the unique steric opposition in the various
molecules on the C-H stretching frequency of the
methylene groups involved.

Theory of Frequency Shifts.—It is possible to
explain the increase of C-H stretching frequency

(12) (a) V. Prelog, J. Chem. Soc., 420 (1850); (b) R. Heck and V.
Prelog, Helv. Chim. Acta, 88, 1541 (1955); (c¢) H. C. Brown and K.
Ichikawa, Tetrahedron, 1, 221 (1957).

(13) E. Huber-Buser, R. F, Bryan, J. D. Dunitz, H. C. Mez and
H. M. M, Shearer, page 67 of Abstracts of 5th International Congress
and Symposia of International Union of Crystallography, Cambridge,
England, August 15~24, 1960; see also Hely, Chim. Acta, 43, 3, 18, 760
(1960).

(14) L. J. Bellamy, “The Infra-red Spectra of Complex Molecules,”
John Wiley and Sons, Iuc,, New Vork, N. Y., 1954.

(15) S. A. Francis, J. Chem. Phys., 18, 861 (1950). The integrated
intensity, 4 = — (nl)~! f In Tdy, where n = no. of molecules per
cm.3, L the path length, 7 the fraction transmission, » the radiation
frequency. For unstrained molecules 10 4 = 1.1 Ncm,, 2.7 NcH, 1.4
Ncp for the symmetrical CHz, asymmetrical CHg, tertiary CH stretch.
repectively; Ncm, and Ngpg are the number of CH2 and CH groups
per molecule, respectively,
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Fig. 1.—Diagram of opposed methylene hydrogen atoms.

by taking account of the non-bonded repulsion
between opposed hydrogen atoms H; and H, shown
schematically in Fig. 1. Because of this H---H
opposition, the C—H vibration is associated with
an effectively larger force constant and coupling
occurs between the C—H; and C—H, stretches.

The hypothetical structure of the molecule in
the absence of non-bonding interactions between
the opposing hydrogens can be estimated from
Dreiding models. The opposing hydrogens are
often absurdly close according to this model,
i.e., 0.2A. for the endo-endo structure, and we must,
therefore, consider the effect of a non-bonding
potential energy ¢ upon the structure. If this
potential energy and all the molecular force con-
stants are known, a more realistic ‘“‘equilibrium
structure” can be obtained by minimizing the total
energy of the molecule. In practice this cannot
be done and the “equilibrium structure” must
usually be obtained by direct measurements, i.e.,
X-ray diffraction data. However, in the absence
of good structural information an approximate
calculation, as outlined above, can be carried out;
such a procedure is illustrated in the last section
of this article.

Let us assume that the “equilibrium structure”
is known and let the H---H distance » have the
equilibrium value 7. (see Fig. 1). Since stretching
frequencies are much larger than torsional ones,
it will be assumed that the distance 7. as well as
the ‘“equilibrium bond angles” can, in principle,
be determined without altering bond lengths and
stretching frequencies from their values in mole-
cules free from non-bonding interactions. How-
ever, the effect of the non-bonding potential ¢
upon the C-H bonds must be considered in the
“equilibrium structure.” To do so one assumes
that the potential ¢ is a function of the distance
between non-bonding centers only; in our case we
will assume that the non-bonding interaction takes
place entirely between opposing hydrogens. The
nature of the potential ¢(r) and the validity of the
approximations introduced is discussed in the next
section.

The total potential energy of the molecule can
be expanded about the ‘“‘equilibrium structure.”
We are interested only in the C-H stretching mo-
tions in opposing CH, groups, and since these
vibrations are mnearly independent of the other
molecular motions we will consider only terms in
the potential energy that depend solely upon varia-
tions in the C-H bond lengths on the opposing
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(a),

Fig. 2.—Coupled asymmetric stretching modes:
symmetric—asyinmetric mode; (b), asymmetric-asymmetric
mode.

methylene groups. In the absence of the nomn-
bonding potential the contribution to the energy
from C-H stretches is U as givenin eq. 1. In this
Us = (Va)k(An? 4+ An'? 4 Ar? + An'2) +
klll(AhAl’l/ + A?‘zATg/) (1)

equation Ar, and Ary’ represent the variations in
length of the C-H bond on one of the methylene
groups; the unprimed symbol refers to the C-H bond
directly opposed to the other methylene group (see
Fig. 2); Ary and Ary’ are analogous quantities re-
ferred to the other methylene group; % and ku’
are the unstrained force constants for C-H stretching
on methylene groups. To U, we inust add the
contribution from the expansion of #(r). The
terms in Ary’ and Ar,’ that arise in this expansion of
¢(r) are omitted because they contribute to the
vibrational frequencies only in second order.!
The significant contribution to the stretching energy
from the non-bonding interactions is given in eq. 2.

2
#(An,An) = D (kB — k)lan +
i=1
(0o lre} /oryke™ cos v]2/2 + kAndr (2)
In this equation the new force constants 2 and ky
are given in eq. 3 and 4. In order to obtain eq.

kE = ko 4 (3% (7.} /0r?) cos? v + re (d{re} /0r) sinz('g)

kiz = (02{7e}/07%) cos? 7 — 7.~ (dp{re}/Or) sin? v (4)

2 the derivatives 0r/0r; and 0% /0r;? that appear in
the expansion of ¢(r) have been evaluated with the
aid of Fig. 1. Equation 2 describes the change in
stretching force constants (¢ — %) and the coupling
of the stretching motions of the two methylene
groups (k1) as well as the shift in the C-H equilib-
rium distance. The latter is small and will be
neglected.

The vibrational frequencies can best be cal-
culated by introducing a coérdinate transforma-
tion. An asymmetric stretch Si- and a symmetric
stretch S+ can be introduced for the first methyl-
ene group: Sy is given in eq. 5. Analogous asym-

Sli = 2"1/3(A7’1 =+ Ah/) (5)

metric and symmetric stretches S,y can be de-
fined for the other methylene group. U, is com-
pletely separable in these four new codrdinates;

(16) Modify the equations given by G. Herzberg, "*Infrared and

Raman Spectra,” D, Van Nostrand Co., Inc,, New York, N, Y., 1945,
pp. 148; 149, 169,
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however, these coordinates are coupled in the
#(Ar;, Ar,) contributions to the energy. All
cross terms between symmetric Sy and asyimnmetric
S_ terms can be neglected since these cross terms
contribute to the asymmetric vibrations only in
second order. Cross termsin S;-.5;- are important,
however, since the S;— and S,- modes are degen-
erate in the absence of these cross termis. The po-
tential emergy for the asymmetric vibrations is
thus nearly separable from that for other motions;
it can be obtained by adding ¢(Ary, Ary) to U,
carrying out the coordinate transformation de-
scribed above, dropping all terms containing Suy
or S+, and introducing two new codrdinates: the
“symmetric-asymmetric”’ stretch Ry and the
“‘asymmetric-asymmetric”’ stretch R- defined in
eq. 6 (see Fig. 2). The asymimetric stretching

R, =272 (Si. % S-) (6)
potential U is then given in eq. 7.

U= (k4 k — 2kn" + k)R, %/4 +

(k + ko — 2kn’ — k)R_2/4 (7)
the two asymmetric stretching inodes are separable
and that two well defined stretching frequencies
7+ and 7, corresponding to R+ and R-, respec-
tively, will result. If ¥, is the asymmetric vibra-
tion characteristic of molecules without non-
bonding interactions (¥, = 2960 cm. 1), ¢ the speed
of light, M the hydrogen mass, a« the H-C-H
angle in the CH, group (a =~ 109°), then the fre-
quency shifts in wave numbers are given by eq. 8.
Avy =y — v = (k — ko &£ F2) X

[1 4 (1/s) sin? «] /3272 vy Mc? (8)
In obtaining this equation the condition 7y >
|7, — 79| has been applied.

Equation 8 along with the auxiliary eq. 3 and 4
depend upon the assumptions that a non-bonding
interaction potential ¢(r) exists, that it can be
meaningfully expanded to second order about the
“equilibrium structure” and that a number of in-
teraction terms can be discarded in the potential
energy. Only the first of these assumptions need
be pursued. Non-bonding intramolecular poten-
tials are notoriously ineffective in explaining ef-
fects such as hindered internal rotation: however,
in the molecules under study the interacting hy-
drogens are four saturated carbon-carbon bonds
apart which guarantees that the interaction is
“non-bonding” and rather more like an inter-
inolecular interaction for which potentials of the
form ¢(r) have been devised successfully.

Unless v is very close to 90° (see Fig. 1), the
shift in the “‘symmetric-asymmetric” mode Az,
is very much greater than the shift in the “asym-
metric-asymmetric’”’ mode As-. One would also
expect - to be more intense than the former;
this agrees with the observed fact that the 7y
lines recorded in column A of Table I are weak
and shifted quite far from 7, while the 7_ lines re-
corded in column B are not shifted appreciably
and are roughly as intense as they would be were
there no 7. shifted out to higher frequency. The
74+ has a finite transition probability only because
the separation of symmetric Sy and asyminetric
S— modes is not complete. In the limit that this
mixing vanishes, the intensity of #; wvanishes and

It is seen that
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7_ has an intensity equal to the sum of the in-
tensities of the two uncoupled asymmetric modes
Si— and S,—. The theory is compatible with
weak S, S_ mixing and the observed spectra.

The effect of non-bonding interactions upon the
symmetric stretches (2885 cm.~!) is complicated
and will not be considered here. It should be
noted that all twists of one CH, plane relative
to the other have been neglected.

Estimation of Frequency Shifts.—In order to
evaluate the frequency shift, an expression for the
potential ¢(r) must be assumed. No thoroughly
satisfactory potential has been proposed, but a
Buckingham! (exp., 6) potential is most often
employed. The potential in eq. 9, where c.g.s.
units are used throughout, will be cliosen for the
present work., The coefficient of the »~% term is

$(r) = 12,7 X 10710 [exp — (4.98 X 10%]) —
3.42 X 10-%~6 (9)

that suggested by Pitzer and Catalano!®; the po-
tential minimum has been fixed at 2.35 A., the
distance reported by Kitaygorodsky.? Also the
value of (0¢/0r) at 1.36 A. was adjusted to that
used by Bartell?® who in turn based it upon spec-
troscopic data.

By means of the potential 9, it is possible to
calculate the frequency difference 7, —7_ as a func-
tion of the Hy---H, distance 7. and the angle ~
between the C—H; bond and the H;---H, line.
When v is small the non-bonding force is directed
almost entirely along the C-H bond and, therefore,
has a maximum effect on the frequency shifts;
when « is large the force has only a small com-
ponent along the C-H bond. The results of the
calculations are summarized in Table II by listing
the values of the angle & compatible with various
values of . for frequency differences 7+ — 7- equal
to 95 and 79 cm.~!. The asymmetric-asymmetric
shifts Av_ corresponding to given values of 7.
and +y are also given in Table II.

TaBLE II

ANGLES v (9+ — 7~) aND FREQUENCY SHIFTS a¥~(V+ — 7~)
AS FUNCTIONS OF 7+ — V- AND 7.

——AT [ T
7o, A TIEHE TS e a9
1.30 71 77 — 56 —60
1.40 57 63 —26 —28
1.45 50 56 —15 —18
1.50 41 48 —18 —11
1.55 29 39 - 4 - 6
1.60 3 25 0 -2

The use of other potential functions does not
alter the qualitative picture. A more exact de-
scription would include interactions other than the
H;---H; one. The general equations derived in the
previous section are, of coutse, more valid the
better the potential function used.

(17) Hirschfelder, Curtiss and Bird,* Molecular Theory of Gases and
Liquids,” J. Wiley and Sons, Inc., New York, N. Y., 1954, p. 180.

(18) K. S. Pitzer and E. Catalano, J. 4Am., Chem. Soc., T8, 4844
(1958).

(19) A. F. Kitaygorodsky, Tetrahedron, 9, 183 (1960).

(20) L. S. Bartell, J. Chem. Phys., 33, 827 (1960).

(21) R. S. Mulliken, J, Am. Chem. Soc., T2, 4493 (1950); 77, 887
(1955).
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The H;---H, distance and the angle between the
C—H bond and the H;---H, line given by Dreiding
scale models of the half-cage, exo-exo (Xb) and
endo-endo (XIb) hydrocarbons are listed in Table
IIT as 7, and <y, values. Also listed are the ob-
served frequency differences »; — 9_. The fre-
quency difference for the half-cage hydrocarbon is

TaBLE II1

STRUCTURE AND FREQUENCY DDIFFERENCES AND SHIFTS IN
SEVERAL MOLECULES

exo-¢x0- endo-endo-
Half-cage Xb XIb
7o, A.: models 0.91 1.08 0.2
o, deg.: models 48 39 27
P+ — V-, cm.”: exptl. 99 93 79
re, At caled. 1.52 1.52 1.40
e, deg.: caled. 69 58 70
ve*, deg.: Table II 35 39 63
AP, cm.~1; Table IT —6 —6 —28

not known, but it is estimated at about 14 cm.™!
greater than that for the half-cage alcohol V. This
estimate is made on the basis of a comparison
between the exo-exo (Xb) and endo-endo (XIb)
hydrocarbons with their corresponding alcohols
Xa and XIa. It is clear irom Table II that much
larger ;. — 7v_ values would be expected if the
actual 7. and vy. values were equal to the listed 7y
and v, figures. Obviously, these 7. — - differ-
ences have been reduced by the changes in » and
v in the actual equilibrium molecules.

Although at the present time we do not know the
“equilibrium structure,”’ if the potential function
used is adequate, with the aid of Table IT we can
put some limits on 7. and v.. We note that if 7.
is 1.3 A., or even 1.4 A., the shift Av_ to low fre-
quency of the asymmetric-asymnetric line is
very large. An analysis of Table I indicates that
such a shift probably is not more than 10 cm.—3;
according to Table II this requires an 7. distance
greater than 1.45 A. for the three inolecules dis-
cussed in the preceding paragraph and in Table III.
Furthermore, since the equilibrium value of ~y,
e, is larger than the value v, obtained from
Dreiding models, we can with the aid of Table II
and the v, values given in Table III obtain upper
limits for 7e; these are approximately 1.45, 1.50
and 1.58 A. for the half-cage exo-exo hydrocarbon
(Xb) and endo-endo hydrocarbon (XIb), respec-
tively. When r. distances are obtained experi-
mentally these limits can be checked, and the
comparison used to improve the potential function.

Estimation of Structure.—The calculations in
this section are offered only as a means of estimat-
ing the applicability of the above calculations and
should not reflect upon the results in the previous
sections which will be tested more critically when
structures are known more accurately. However,
these calculations should temporarily help to knit
together the preceding theory.

It is virtually impossible to calculate the equi-
librium structure because the torsional force con-
stants are not known. However, one may obtain
some idea of the structural adjustment resulting
from the presence of the non-bonding interactions
by assuming that all angles but the H-C;-C,
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angle ¢; and its C—-Cy,-H counterpart ¢, are un-
changed (¢f. Fig. 1). The rigid molecules under
consideration are subject to strain which will resist
the torsional distortion of the carbon skeleton;
this suggests that the C-C-C angles can be held
fixed in a first approximation. This is a rather
poor approximation but it will yield an upper limit
to the value of ¥ assuming that the potential func-
tion is correct. Also, the H;—H, distance r does
not depend as critically upon 6; and 6, (¢f. Fig. 1)
as upon ¢ and ¢, and this implies that the distor-
tion of ¢; should be much greater than that of 6;.
The dependence of the energy upon ¢; and ¢; in
the hypothetical structures given by the Dreiding
models is assumied to be of the form given in
eq. 10.

Ule) = fller = @) + (2 — ¢2°)/2 (10)
where f is a torsional force constant and ¢° is the
equilibrium value of ¢ in the absence of non-bond-
ing forces. Of course, eq. 10 is valid only for
small variations of angle, but we shall assume that
it holds for large changes. In molecules for which
6, = 6, = w/2 (¢f. Fig. 1), ¢1isequal toy. Adding
¢(r) to U(y) and miniinizing with respect to ¢
and ¢, we arrive at eq. 11 for 4., the equilibrium

value of .22
sin e 117!

Yo — Yo = oy ¢(re)/re (11)

With the aid of eq. 11, 7. and . values may be
estimated for the half-cage, exo-exo (Xb) and endo-
endo (XIb) hydrocarbons, and these are listed in
TableIII. These r. and v. figures are substantially
larger than the 7y and v, values from the Dreiding
scale models and considerably more reasonable,
especially for the endo-endo hydrocarbon XIb.
Reference to Tables IT and III shows that the 7.
and e values come much closer to accounting for
the 7. — v_ frequency shifts and the lackof 5- — 7
shifts than do the 7y, and <y, counterparts. In
Table III a comparison is shown between the ve
values and those angles v.* compatible with the
calculated 7. and observed 7. — - differences on
the basis of Table II. In all cases the value ob-
tained for 7. is larger than the value v.*; this indi-
cates that the carbon skeleton alters and takes up
much of the strain imposed by the non-bonding
potential. At this point it is not worthwhile
to carry out elaborate calculations on the structural
changes but rather to try to obtain good structural
data experimentally. While the spectral shifts
are not fitted quantitatively, they are sufficiently
well accounted for that one can have reasonable
confidence in the over-all description presented.
In spite of the many approximations implicit in the
whole treatment, it is certainly helpful in under-
standing the high C-H stretching frequencies
encountered with the unique molecules described.

It should be pointed out that although 7y = 0.2
A. for the endo-endo molecule we do not require
that ¢(») give a description for such small 7’s
since O0¢/0r in eq. 11 is evaluated at r.. However,
it is also true that 7. appears to be considerably
less than the 2.35 A. equilibrium distance selected
for the potentialin eq. 9.

(22) fr1-2 cau be takeu as 0.46 X 10° dynes cni 71, the value for
angle bending in methane and 71 is ca. 1.1 A.; see ref. 16, p. 182.
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Experimental Part

Materials.—Most of the compounds employed for the
spectral measurements were either described elsewhere#$7:¢
or else available from other investigations in progress.’®
We are indebted to Dr. S. B. Soloway of the Shell Develop-
ment Co. for the exo-exo fused alcohol® X and to Dr. J.
Abell of the California Research Corp. for a sample of
cyclododecanol. Also, we are grateful to Professor Prelog
of the E.T.H., Zurich, Switzerland, who kindly made a
sample of cyclodecanol available to us through Dr. Richard
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Heck, and to Professor Robert L. Scott for some useful
comments concerning the theory.

Spectral Measurements.—Measurements in the C-H
stretching region were carried out on 10% solutions in car-
bon tetrachloride with a Beckman IR-4 spectrophotometer
equipped with lithium fluoride optics. Observed frequen-
cies were corrected by means of a calibration of the instru-
inent with a polystyrene film.?3

(23) E. K. Plyler, L. R. Blaine and M. Nowak, J. Recearch Nat. Bur.
Standards, 58, 195 (1957).
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Tetrasubstituted Cyclodctatetraenes: Catalytic Cyclotetramerization of Propiolic
Acid Esters With Tetrakis-(phosphorus trihalide)-Nickel(0) Complexes’

By JosepH R. LETO aND MaRILYN F. LETO
REeCEIVED FEBRUARY 10, 1961

Cyclotetramerization of methyl or ethyl propiolate to form positional isomers of tetracarbomethoxy- or tetracarbethoxy-

cyclodctatetraene is catalyzed in hydrocarbon solvents by tetrakis-(phosphorus trihalide~nickel(0) complexes.

1,2,4,6-

and 1,3,5,7-substitution on the cyclodctatetraene ring was established mainly from proton magnetic resonance spectra.
Partial hydrogenation of the 1,2,4,6-isomers yields the cyclodct-7-enes, whereas total hydrogenation of the 1,2,4,6- and 1,3,5,-

7-isomers yields the cyclodctanes.
the corresponding acids.

route to a rare class of compounds.

Introduction

The carbonyls of iron, cobalt and nickel, as well
as many of their organic and inorganic derivatives,
have proved to be quite active as polymerization
catalysts for acetylenic compounds. However,
the catalytic activity of a particular metal carbonyl
derivative for polymerizing a given monomer is
sometiines remarkably specific. This report de-
scribes a further example of such specific catalytic
activity and the novel products obtained.

Reppe? has discussed the cyclotrimerization of
monosubstituted acetylenes in the presence of
zero valent nickel-carbonyl-phosphine catalysts
to give trisubstituted aromatic products. With
the catalyst Ni(CO),[P(CsHs)s)s, for example,
propargyl alcohol was cyclized to a mixture of 1,2,4-
and 1,3,5 - trimethylolbenzene. Similarly, the
highly reactive ethyl ester of propiolic acid under-
goes aromatization® to give a mixture of 1,2,4-

R R
R
IRC=CH Ni(CO)o(P(CgHs)g)2 + = ]
N
R R R

and  1,3,5-tricarbethoxybenzene. In iost cases
the unsymmetrical isomer is favored. The nature
of these cyclizations with nickel-carbonyl-phosphine
catalysts las been under investigation in this
Laboratory. It has been found® ‘" that catalyst
activation in these trimerizations most probably

(1) Presented in part at the 138th Meeting of the American Chemical
Society, New York, N. V., September, 1960.

(2) J. W. Reppe and W, J. Schweckendiek, Ann., 660, 104 (1948).

3) 1., 8. Meriwether, E. C. Colthup, G. W. Kennerly and R. N\.
Keusch, J. Org. Chem., in press.

(4) (a) L. 8. Meriwether und M. i.. lticne, J. Am., Chem. Snc., 81,
1200 (1959); () L. 8. Meriwether, E. C. Colthup, M. L. Fiene, G. W,
Kennerly and R. N. Reuscli, Abstracts of Papers, 138th Meeting, Ameri-
can Cliemical Society, New York, N. Y., September, 1860, p. 67-P.

Saponification of cyclodctatetraene-, cyclodctene- and cyclodctane-carboxyesters yields
This type of catalysis has been attempted using a wide variety of other unsaturated monomers and
other zero valent complexes, but has been found to be extremely limited in scope.

The reaction provides, however, a useful

proceeds by way of a tricodrdinated nickel(0)
species, and that the dissociation of carbon mon-
oxide followed by coodrdination of an acetylene
molecule is responsible for catalytic activity.
Whether or not this activity requires the presence

Ni{CO)(PR;) == [Ni(CO¥PRs):l 4+ CO

of CO ligand(s) in the original nickel complex is
uncertain.

The CO-free tetrakis-(phosphorus trihalide)-
nickel(0} complexes, Ni(PX;), (X = F, Cl, Br),
have now been investigated as catalytic initiators
for acetylene cyclizations. Preliminary P?® nuclear
magnetic resonance (n.m.r.) studies of phosphine
exchange in these complexes in solution indicate
that one or more of the phosphine ligands is subject
to a reversible dissociation producing a ligand-

Ni(PXs)s & [Ni(PXa)al + (4-1)PXs

deficient nickel(0) species containing only phos-
phines. The ability of these tetrakis complexes
to catalyze the formation of novel cyclic products
has been demonstrated in this work.

Results and Discussion

Cyclization Reactions.—We have found that in
the presence of each of the three different tetrakis-
(phosphorus trihalide)-nickel(0) compounds men-
tioned above, as well as the tetrakis-(phenyldi-
chlorophosphine) analog, cyclization of ethyl
propiolate proceeds in a fashion different from the
trimerization reactious, forining a mixture of stable
tetramers in addition to the aromatic trimers.
These tetramers have been identified as 1,2,4,6-
and 1,3,5,7-tetracarbethoxycyclodctatetraene (I and
1I). The reaction is carried out at room tempera-
ture under a blanket of nitrogen by adding Ni-
(PCly)s in cyclohexane or benzene to HC=CCOO-
C.H; in the saimme solvent. Under these conditions
the tewmperature rises 50-60°, and 739, of tlic



