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Ab&rae-An earlier described force-field has been extended to include alkynes. The structures and heats of 
formation of simple alkynes were calculated to approximately within experimental error for those for which data are 
available, and predictions are made for others. Rotational barriers and conformational quilibria were also 
adequately dealt with. Some macrocyclic alkynes were also examined. 

Applications of the method of molecular mechanics to the 
determination of the structures and energies of organic 
compounds have become quite extensive during the last 
few years.’ Our own studies along these lines have been 
directed at tinding a force field which would be of 
predictive value for structures and energies, and would be 
capable of handling all of the common elements and 
functional groups met with in organic chemistry. Some 
preliminary studies showed that the method was gen- 
erally applicable to compounds of a great many different 
classes,) although there were some problems. Our 1973 
force field has been previously described, and applied to a 
sizable number of alkanes,’ cycloalkanes’ and alkenes.’ It 
has also been applied to carbonyl compounds’ (aldehydes 
and ketones) and to silanes.’ Since the results with the 
latter two classes of compounds are not very different 
from preliminary results reported earlier,’ these calcula- 
tions need not be further discussed. The method has also 
been extended to conjugated systems? and to thiols and 
sullides.’ The present paper is concerned with the 
extension of this same force field to cover acetylenes. 
This is a class of compounds which does not appear to 
have been previously studied in any systematic molecular 
mechanics calculations. 

The structural and energy data available on alkynes is 
rather limited. Structures have been determined by 
electron d&action or microwave methods for acetylene 
itself, and for propyne, bbutyne, I-pentyne, 3-methyl-l- 
butyne, 3,3-dimethyl-1-butyoe. as well as for 
cyclooctyne. Values of stretching and bending force 
constants are available in the literature.” These data 
enable one to choose the necessary structural parameters, 
which are assembled in Table 1. Parameters concerning 
the saturated part of the molecule are carried over from 
the 1973 force field without change. The van der Waals 
characteristics of the acetylenic carbon are taken to be 
identical with those of the vinylic carbon. The C,,-C:,~ 
bond is assigned a dipole moment of O-75 D, with a 
negative end toward the sp carbon, and the H-C bond 
moment is taken to be 0. This MS roughly the dipole 
moments of simple acetylenes, and provides for the 
calculation (admittedly crude) of the electrostatic intemc- 
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tions which contribute to the energies of polar molecules. 
In particular, the computed enthalpy of an acetylene 
containing two or more C,-C,,l bonds (e.g. 2-butyne) 
includes an electrostatic term, computed by Jeans 
formula” with d = 1. 

Table 1. Force field parameters needed for alkynes (van der Waals 
parameters for Hill quation’) 
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e I.65 0.0x) 
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CEC I.212 15.6 0 
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In order to fit the heats of formation of the alkynes, we this is the case. We calculate the enthalpy to be 
must detine bond energy parameters for three bonds, O-24 kcal/mole greater for the gauche conformation, 
C,,-H. CID-C,,,3, C,” = C,,. There are only three possible which predicts an equilibrium mixture at 25” containing 
bonding arrangements about C - C in an alkyne, so one of 57% gauche and 43% trans. 
the three parameters is redundant. We therefore arbitrar- An interesting feature of 3-methyl-1-butyne is the 
ily picked the C-H value to have the same numerical unusually long C-C bond reported’* between the secon- 
constant (-5.054 kcal mole-‘) as was used for a hydrogen dary sp3 carbon and the sp carbon (1.495 + O*Oll A); an 
attached to either an alkane or alkene carbon. The analogous lengthening has been reported for 3,3- 
remaining two parameters were chosen by a least squares dimethyl-l-butyne.” We calculate a value (1474 A) 
fitting to the heats of formation at 25” of six simple longer than usually found for primary ethynyl derivatives 
alkynes. Results for these six, and for other acetylenes, (1466-1467), but not as long as the experimental value. 
are shown in Table 2. An interesting test of the parameters deduced from the 

Table 2. Heat of formation data for alkynes (kcal mole-‘) 
- 

4 El?W 

b. 
12 

4 
CUIC. ‘$j- Shill 

A~~tyhO 54.34~0.19 54.20 -0.14 0. 

PmpP.a u.39eo.21 43.98 -0.11 0. 

MUI& 39.49*0.21 39.45 -0.04 0.75 

2-Butync 34.69% 0.24 34.57 -0.12 0.81C 

i-Pentyab 34.50 34.32 -0.18 0.90 

3-Mamyl-lau*nsa 32.60 33.26 0.60 1.Y) 

Ethynylyslohaanb 28.45 2.47 

1,3_0I+nylcycldmtan 

cirb 87.10 4.01 

tlUU 67.34 4.26 

3-hwhylslhyl7lcyclohaxan 

ckb 21.28 2.20 

hmrb 21.90 2.82 

Cyclohaptym 59.31 31 .M 

Cyclaxtyne 43.43 20.76 

Cyclaxnym 33.45 16.37 

Cyclcdecym 21.39 9.m 

1,~Cyclohtrezle&iym 59.73 5.62 

a Exp. b&m aed in fitting 

b Calc. value wlphtsd ovw vorlow conf- 
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J, 

total. 
“x’ 

Iflhhson- 
fribion wra ig l-butyna would be shuinlar by ths prsrent fasa old. 

RESULTS 

The experimental and calculated structures for simple 
alkynes are summarized in Table 3. There was no 
difficulty in fitting the available structures to within 
experimental error. 

The rotational barrier in I-butyne was calculated to 
have the value 2.84 kcaljmole (fully relaxed geometries). 
An experimental value for this barrier does not appear to 
have been reported, but a value of 346 (relaxed 
geometries) or 3.76 (standard geometries) kcal/mole has 
been calculated by ab inifio methods?’ For t-butyne, the 
most recent evaluation of the rotational barrier gave an 
upper limit of 0.011 kcal/mole.p The calculated value we 
obtain is 0.0 kcal/mole. 

I-Pentyne occurs as a mixture of tram and gauche 
conformers. It has been concluded that the gauche form is 
of “slightly greater stability”, with an energy Merence 
being estimated as 0.077 5 0.103 k&/mole.” However, 
the gauche conformer is a a? mixture, while the trans is 
not, so the gauche may be higher in energy, but 
predominate at equilibrium. The calculations suggest that 

simple acyclic molecules was to apply the calculations to 
ethynylcyclohexane. It seems safe to assume the ring is in 
the chair form. Low temperature NMR measurements 
indicate” that the axial form is less stable than the 
equatorial by 0*41+ 0.05 kcal/mole. Our calculated value 
favors the equatorial conformation by 0.50 kcal/mole, in 
good agreement with experiment. No experimental 
geometry is available for this compound. 

As has been mentioned several times? the force field 
of Schleyer gives results which for alkanes are, generally 
speaking, indistinguishable from those obtained by our 
force field. The main differences between Schleyer’s force 
field and ours seems to be that he uses a larger carbon 
atom, and we use a larger H atom. In trying to devise 
experimental tests that can be used to aid us in improving 
our respective force fields, ethynylcyclohexane and 
related compounds come to mind. In particular, we can 
make predictions regarding syn-diaxid groups, in which 
the pairs involved are methyl-methyl, methylethynyl, and 
ethynylethynyl. According to our force field, since the 
H-H interactions are big, and the C-C interactions are 
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Table 3. Calculated and experimental molecular geometries 
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Table3(C&d) 

L*ng+h Q anpI* bled. c%Smeda hhlhod Raf. 

H& lo9.3 

tic% 104.7 

n&i 

108.0 + 0.5 

02.2 

CS I.214 

s-c I.471 

c-c I.54bI.546 

cccf 169.7, 109.7, 113.6 

I15.2, 117.7, 116.0, 

114.5, 110.2 

ccca 2.3, 21.5, 33.4, 

81.5, 134.8, 123.2, 

n.4. 42.6, 20.2 

CyClOhCyJ 

CZC I.214 

FCC-C 1.472 

C-C 1.53sl.54l 

ccc f 1.71.6, 110.3, 116.0, 

118.1, I15.4 

ccc@ 3.3, 25.6, 69.0, 

53.2, 60.6. 169.9 

l,txyslok~iyn 

cs I .213 

KC-C I.472 

C-C I.535 (all) 

cccf 178.3, 111.8, 

113.2, 113.9 

ccc@ l2,22,64,173 

a Culculahd bond Ian&t hould b qppmrlmately 0.006 A lapa tlmn eqwimentol MW vol~n!~ 

l lha caqwhr bbvwuqy ccfifanmtlal II qmbnetrlc. 

f Stwtllp rlth mgl* CZCC md pmaodtng aumd. 

a Shrtllp with dhdml arpla CCPCC erd lwxudlrp oowd. 

h*Mp,~+-w cc&lmatial is of c, ‘ymmwly. 

’ ally tha hmn-chalr, choir aonfomlotim wm mtanlnd. bun-Dralin syTmll.hy is conraved 
In bands, a.d pmctlcally Y) In dlhedml mgla. - 

small, we would expect to find that the syn-diaxial 
dimethyl interaction was very large, while the correspond- 
ing ethynyl-ethynyl interaction was quite small. We would 
also expect to find that Schleyer’s force field would show 
the two interactions much more nearly energetically 
equivalent. While no experimental values are available at 
this time, appropriate experiments are easily visual&d. 
The predictions of our force field are therefore given for 
these compounds. 

For I-methyL3ethynycyclohexane, cis and truns 
isomers are possible. The energies have been calculated 
for each conformation of each isomer. The energies of the 
two groups are almost additive, as long as no more 
than one group is axial. Thus relative energies for the 
isomers and conformations are as follows: equatorial- 
equatorial 040 kcallmole; equatorial-methyl, axial- 
ethynyl, 0.50 kcal/mole; axial-methyl, equatorial ethynyl, 
1.57 kcal/mole; axial-methyl, axial-ethnyl, 2.75 kcal/ 
mole. The corresponding diaxialdimethyl value is 
5.17 kcal/mole for reference. 

Next, looking at lJdiethynylcyclohexane, the follow- 

ing relative calculated energies are obtained: quatorial- 
equatorial 040 kcal/mole, equatorial-axial 0.37 k&mole; 
and axial-axial, 1.22 kcallmole. Thus we tind that, as we 
had originally supposed, the syndiaxial methyl interaction 
is quite big, the syndiaxial ethynyl interaction is quite a 
bit smaller, while that for the syn-axial-methyl, ethynyl 
interaction is intermediate. 

When the alkyne linkage is placed into a medium or 
large ring, one can expect that more or less strain is likely 
to be introduced. In cycloheptyne, for example, since the 
acetylene portion of the molecule tends to have four 
carbons in a line, and the remaining atoms are too few to 
permit this and give otherwise reasonable bond angles and 
bond lengths, serious strain is inevitable. As the ring 
grows larger (cyclcoctyne, cyclononyne, cyclodecyne), 
the problem of angular distortion in the cycloalkyne 
becomes less acute. The strain does not necessarily 
become less acute, however, because this depends on 
other interactions as well. The calculated strain energies 
obtained are shown in Table 2. 

The significance of the strain energies mentioned for 
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the cycloalkynes is perhaps not immediately clear. 
Perhaps better reference points are the heats of hydro- 
genation of these alkynes to the corresponding cyclo- 
alkanes. Of course, the cycloalkanes themselves are 
strained to a significant degree. The heat of hydrogenation 
reflects the difference in s&in between the cycloalkyne 
and the cycloalkane. The calculated heats of hydrogen- 
ation for the 7, 8, 9 and 10 membered acetylenes are 
87.3, 72.3, 65.4 and 58.8 kcal mole-‘; the last three of 
these heats have been measured in solution and are 
respectively,B >69, 61.9, and 56.6 kcallmole. It is ex- 
pected that solvation of the alkynes will lower their heats 
of hydrogenation in solution, relative to the gas phase. 

The lowest-energy conformation for cyclohe 
calculated to be chair-like, with C’ and c” 0.3 R 

tyne is 
below, 

and C’ 0.3 A above plane C’C’C’C’. Almost of equal 
energy is a conformation in which ah atoms, except C’, he 
in one plane. Another potential minimum corresponds to a 
twist boat, but this exceeds by 7.4 kcal mole-’ the energy 
of the other two. The cited experimental numbers refer to 
a complex, C,H&(PPh&. The seven-membered ring is 
chair-like, although flatter than the structure we calculate. 
However, the effect of complexation renders the compari- 
son questionable. 

Another piece of information with which our results 
may be compared is the structure of cyclooctyne, as 
determined by the electron d&action method.m With 
such a large molecule, it is difficult, perhaps impossible, to 
uniquely specify the structure by this method. When our 
calculated structure is compared with the experimental 
one, there are some similarities, and some differences. For 
the similarities, we note that the bond lengths and angles 
involving the acetylene carbons and the two attached 
carbons. For the differences, we note that while our 
calculated structure tends to open bond angles in the 
ahphatic part of the chain in order to reach around from 
carbon 3 to carbon 8, the experimental structure has more 
nearly normal bond angles, but the bond lengths have 
stretched out considerably. Because of the known ease 
with which molecules open bond angles, compared to the 
difficulty of stretching bonds, we feel that our calculated 
structure is, in this respect, superior to the experimental 
one. It seems likely to us that a calculated structure based 
on bond angle opening, rather than on bond stretching, 
could be determined from the experimental radial 
distribution curve, and would give an equally good or 
better fit to the data. The problem here is likely to be 
simply that the data do not permit a distinction between 
the two structures, and the interpretation previously put 
upon the data was not the better of the two possible 
interpretations. 

Cyclononyne is calculated to have a plane of symmetry, 
and cyclodecyne is calculated to have a Ct axis of 
symmetry. Both have moderately well staggered arrange- 
ments for the saturated portion of the molecule, and the 

transannular repulsions are less severe than those found 
in the corresponding cycloalkanes. The structural data are 
summarized in Table 3, but no experimental data are 
available for comparison. 
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