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Abstract: The structure of [1.1.1]propellane (bond lengths and angles) was determined from an analysis of the rotational
components of the infrared bands of the parent compound and of its dg derivative, and it was found to be in good agreement
with the structure calculated including electron correlation. The central C~C bond length was 1.60 £ 0.02 A which is ~0.09
A longer than that in cyclopropane. The infrared and Raman spectra were obtained and are in good agreement with the calculated
spectrum. A constrained adjustment of the calculated force field gave a set of “best” force constants. The stretching force
constant for the central C-C bond was found to be about the same as that for the symmetric combination of the other C-C
bonds. The intensities of the infrared bands were determined and were converted to dipole moment derivatives. The relationship
of the derivatives to the charge distribution is discussed. The enthalpy of formation of the propellane was estimated from
its enthalpy of reaction with acetic acid and was found to be in good agreement with that predicted via ab initio calculations.

The unique structure and remarkable stability of [1.1.1]pro-
pellane (1)! has prompted our interest in its geometrical param-
eters (bond lengths and angles), the strengths of its bonds, its
charge distribution, and its energy. The study of 1 also provides
a valuable test of theory since its structure, energy, and reactivity
were predicted on the basis of ab initio molecular orbital theory
before the compound was prepared. Information about the force
constants and dipole moment derivatives may be related to the
quantities mentioned above. We now present the results of a
detailed investigation of its vibrational spectrum, as well as an
experimental estimate of its enthalpy of formation.

1

Assuming that the six hydrogens will be in a plane, the pro-
pellane will have D5, symmetry. One would then expect 4A,’,
2A,, 6E’, 1A, 2A,”, and 3E” modes. Only the E’ and A,”
modes should be infrared active, whereas the A/, E’, and E” modes
should be Raman active. It is now possible to calculate the
frequencies of the vibrational modes with reasonable accuracy,>?
and such a calculation can be of considerable help in assigning
observed spectra. The calculation was carried out at the SCF level
with use of the 6-31G* basis set. A flexible basis of this type is
needed in order to accommodate the bonding in 1.* The calculated
equilibrium geometry was used as the starting point, and each
of the symmetrically distinct atoms was moved in turn by 0.01
bohr in the x and then y and z directions. In each case, the
gradient of the energy with respect to the coordinates was cal-
culated analytically,? and the second derivatives (force constants)
were obtained numerically. The vibrational problem was solved
in cartesian coordinates,® giving the frequencies listed in Table
L.

The calculated frequencies are somewhat larger than the ob-
served frequencies for two reasons. First, they are harmonic
whereas the latter are anharmonic. Second, correction for electron
correlation tends to decrease force constants. We have found that
the SCF C-H stretching frequencies calculated by using the
6-31G* basis set should be scaled with the factor 0.91 £ 0.01,
whereas the other modes should be scaled with 0.88 = 0.02.6 The
scaled frequencies are given in the second column of Table I. The
ab initio calculation also gives the polar tensors’ from which the
infrared band intensities may be evaluated. The infrared spectrum

*Yale University.
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is predicted to have two strong A,” modes, two strong E’ modes,
and four weak E’ modes.

The infrared spectrum of 1 is shown in Figure 1, and the band
positions are given in Table II. The bands at 612 and 1096 cm™
are clearly parallel bands (Figure 2) and therefore must be A,”.
Their frequencies agree well with the predicted values. The two
strong C—H stretching modes must be E’, and their frequencies
and intensities also agree well with the prediction. Perpendicular
band types were found at 1186 and 1459 cm™ (Figure 3) and again
must be E’. In addition, weak bands were found at 1083 cm™
in a matrix at 15 K and at 529 cm™ in the gas phase which agree
with the predicted frequencies and intensities.

In order to have more information for a normal coordinate
analysis, we have prepared 1-d as shown in Scheme 1.5 The
infrared spectrum is shown in Figure 1. The A,” bands were
readily located at 575 and 918 cm™. The E’ CH stretching
fundamentals were at 2328 and 2204 cm™, and the other E’ bands
were located at 1211, 1033, 913, and 430 cm™L.

The Raman spectrum of 1 was determined both in the gas phase
and in the liquid phase and is shown in Figure 4. The band
positions are given in Table III. The A, bands are easily rec-
ognized because of their strong Q branches in the gas-phase spectra
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Table I. Calculated Vibrational Spectrum of [1.1.1]Propellane (¢cm™)

Wiberg et al.

dg ds
mode caled scaled obsd int? caled scaled obsd int?
AY I 3319.7 3020.9 3029.1 2418.7 2201.0 2209.8
v, 1696.5 1492.9 1501.7 1369.0 1228.5 1239.0
V3 1249.2 1099.3 1123.7 1146.2 1008.7 1022.1
V4 998.1 878.3 907.6 925.8 814.7 844.5
Ay ’s 3391.6 3086.4 2526.5 2299.1
Ve 1059.0 931.9 812.1 714.6
E’ vy 3396.8 3091.0 3079.9 34.0 2537.6 2309.2 23284 15.6
vy 3311.8 3013.7 3019.6 64.2 2410.1 2193.2 2204.3 3194
g 1652.2 14539 1458.9 0.6 1369.8 1205.4 1216 1.0
Vio 1356.0 1193.3 1186 2.8 1159.6 1020.4 1033 1.0
v 1202.5 1058.2 1083% 2.8 1008.0 887.0 913.4 32
Vs 584.0 513.9 529 1.0 472.9 416.2 430 0.6
NG Y5 1003.7 883.3 710.0 624.8
Ay’ V4 1251.4 1101.2 1096.4 13.8 979.6 859.4 917.9 1.5
Vs 625.6 550.5 611.7 190.0 590.7 519.8 574.9 172.0
E” Vie 1275.2 1122.2 1145.8 1081.9 952.1 955.0
V7 1202.0 1057.8 1064.3 931.8 820.0
Vig 784.2 690.1 713.9 661.1 581.8 607¢

4Calculated from ab initio force constants and polar tensors. Units: km/mol. The intensities for the E’ modes is the sum of the calculated values
for the two components. ®Band observed in a matrix at 15 K. ¢Band observed in the liquid-phase Raman spectrum.

Table II. Infrared Bands

1-d, 1-d;
freq, cm™ rel int band type assign freq, cm™! rel int band type assign
307%.9 S 1L vy 2328.4 m L vq
3019.6 S 1 vg 2204.3 m L vy
2980.7 w
2949.0 w
2924.0 w
1458.9 m 1 Vg 1216. vw € vy
1186. w 1 V1o 1033 w 1 208
1096.4 m I Via 918 W I Vis
10834 vw i)
611.7 vs I vis 574.9 vs I s
529 w L 1293 430 vw L 2P
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Figure 2. High-resolution infrared spectra of »;4 and »,5 of [1.1.1]pro-
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Figure 1. Infrared spectra of [1.1.1]propellane (upper) and {1.1.1]pro-
pellane-dg.

and their polarization which was determined for the liquid-phase
spectra. Bands which met these criteria were found at 3029, 1502,
1124, and 908 cm™! (gas phase) and are in good agreement with
the predicted spectrum. In addition to bands which were coin-
cident with the E’ frequencies given above, depolarized bands were

Wavenumber
Figure 3. High-resolution spectrum of »;, of [1.1.1]propellane.

found at 714, 1063, and 1146 cm™' and must be assigned as E”.

The Raman spectrum of 1-dg also was determined and is shown
in Figure 4. The A’ bands were easily located at 2210, 1239,
1022, and 845 cm™!. In addition to the bands which were coin-
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Table III. Raman Bands?
gas phase liquid phase rel int band type polariz ratio assign

l'do
3083.0 3075.2 m E 0.61 vy
3029.1 3017.6 Vs A 0.04 vy
2988.6 2974.8 s A 0.07 2v,
2983.6 ~2974 A
2940.2 2919.9 m 0.02 v, + vy
2910.4 2898.0 w
2865.8 w
1528.0 1528.0 vw E 0.10
1501.7 1496.6 w A 0.08 vy
1448.0 VW
1435.0 1421.8 VW E 0.60 vy + vy
1222.5 1204.0 vw 0.02 P
11824 1178 VW E 20
1145.8 1167 VW E 20
1129.8
1123.7 1123.6 Vs A 0.05 V3
1116.7
1084.7 1078 vw E 0.51 2%
1064.3 1045 vw E Vg
507.6 904.4 s A 0.15 vy
713.9 710.6 w E Vg
529.4 w E 0.55 vys
464.8 vw
1-d;
2330.0 23245 m E 0.61 vy
2262.0 2260.0 vw vy + vy
2209.8 2200.5 Vs A 0.11 vy
2180.8 2173.0 vw
1284.0 vw E vy + vyg
1239.0 1236.5 Vs A 0.05 vy
1211.1 1209.5 w A 0.14 2v1g
1142.3 1124.0 vw A 0.15 2v5
1022.1 1021.5 vs A 0.12 v3
955.0 949.5 w E 0.62 vig
~918 913.5 w E 0.59 2
857.6 854.5 w A 0.1 2uy
844.5 841.5 Vs A 0.08 vy
606.5 VW g
~432 426.5 w E 0.60 2%

9 An A-type band is characterized by a strong Q branch whereas the
E-type bands have weak Q branches.

Table IV. Product Rule Ratios

species caled obsd
A 1.960 1.963
E’ 3.822 3.626
A 1.357 1.270

cident with the E’ infrared bands, depolarized bands were found
at 955 and 607 cm™! which agreed with the predicted frequencies
for the E” modes. The final vibrational assignments are given
in Table I where the values were derived from gas-phase spectra
except where noted.

The product rule was well satisfied by the A’ frequencies (Table
1V). It was reasonably well satisfied by the E’ frequencies, but
there was a significant deviation for the A,” frequencies. However,
the latter appear to be especially well established because of their
unique band shapes. The deviation is not surprising since the
calculated value is based on the observed (anharmonic) frequencies
whereas the rule applies to the harmonic frequencies. The product
rule ratio could not be calculated for the E” frequencies because
vy; for 1-dg has not been located. The product rule suggests that
it should be at ~825 cm™.

A further analysis of the vibrational spectrum requires that we
have the structure parameters for 1 so that the appropriate G
matrix may be constructed. These parameters are interesting in
themselves so that one might compare them with the theoretically
calculated structure.

The high symmetry of 1 makes it practical to obtain structural
parameters from the vibrational spectrum. The structure of 1 may
be completely defined by using only four parameters: the distance
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Figure 4. Raman spectra of [1.1.1]propellane (A, gas phase; B, liquid
phase) and [1.1.1]propellane-dg (C, gas phase; D, liquid phase). In B
and D the dashed line gives the spectrum observed with a crossed po-
larizer.

from the center of mass to a bridgehead carbon (r,/2); the distance
from the center of mass to a methylene carbon (r,); the C-H bond
length (ry); and the HCH bond angle (8). It will not readily be
possible to obtain four experimental parameters and so some
assumptions must be made.

It is known that extended basis set SCF geometry optimizations
reproduce bond angles quite well and that electron correlation
does not significantly affect the calculated angles.® The HCH
angle in 1 was predicted to be 114.52° and was taken as one of
the assumed parameters. In the case of cyclopropane, the angle
was calculated to be 114.0°,'° which agrees with the observed
values.!! Thus, little error should be associated with the above
angle.

The equilibrium CH bond lengths for cyclopropane and for 1
are calculated to be the same.*$ Assuming that equality also holds

(9) DeFrees, D. J.; Levi, B. A.; Pollack, S. K.; Hehre, W. J.; Binkley, J.
S.; Pople, J. A. J. Am. Chem. Soc. 1979, 101, 4085. DeFrees, D. J.; Ra-
ghavachari, K.; Schlegel, H. B.; Pople, J. A. Ibid. 1982, 104, 5576.

(10) Wiberg, K. B.; Wendoloski, J. J. J. Am. Chem. Soc. 1982, 104, 5679.

(11) Butcher, R. J.; Jones, W. J. J. Mol. Spectrosc. 1964, 47, 64. Jones,
W. J.; Stoicheff, B. P. Can. J. Phys. 1964, 42, 2259.
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Table V. Rovibrational Transitions for A,” Bands of [1.1.1]Propellane (cm™)

Wiberg et al.

dy dg
J R() P(J) R(J) P(J) R()) P(J)
6 615.747 1100.409
7 616.319 607.699 1100.986 571.626
8 616.891 607.125 1101.563 1091.772 597.116 571.147
9 617.465 606.546 1102.150 1091.202 579.583 570.665
10 605.960 1102.728 1090.632 580.040 570.186
11 618.606 605.381 1103.306 1090.059 580.508 569.705
12 619.177 604.805 1103.891 1089.490 580.968 569.226
13 619.747 604.228 1104.472 1088.920 581.423 568.750
14 620.315 603.637 1105.051 1088.349 581.882 568.274
15 620.877 603.059 1105.638 1087.778 582.344 567.799
16 621.444 602.480 1106.222 1087.209 582.803
17 622.012 601.887 1106.804 1086.639 583.260 566.837
18 622.581 601.307 1107.388 1086.073 583.713 566.354
19 623.144 600.726 1107.971 1085.507 584.167 565.870
20 623.703 600.141 1108.559 1084.944 584.620 565.388
21 624.271 599.559 1109.144 1084.376 585.072 564.904
22 624.841 598.967 1109.732 1083.813 585.523 564.419
23 625.407 598.387 1110.319 1083.249 585.975 563.928
24 625.963 597.802 1110.910 1082.691 586.427 563.439
25 626.530 597.213 1111.496 1082.124 586.878 562.953
26 627.094 596.631 1112.089 1081.566 587.329 562.468
27 627.651 596.040 1112.669 1081.001 587.778 561.977
28 628.217 595.461 1113.256 1080.442 588.219 561.482
29 628.777 594.871 1113.844 1079.881 588.663 560.992
30 629.336 594,288 1114.438 1079.319 589.109 560.504
31 629.900 593.703 1115.022 1078.763 589.556 560.005
32 630.461 593.114 1115.613 1078.201 589.990 559.515
33 631.020 592.533 1116.199 1077.645 590.435 559.015
34 631.584 591.941 1116.791 1077.084 590.870 558.520
35 632.137 591.360 1117.377 1076.528 591.310 558.015
36 632.701 590.766 1117.963 1075.968 591.750 557.523
37 633.255 590.184 1118.552 1075.410 592.185 557.021
38 633.818 589.591 1119.149 1074.851 592.625 556.531
39 634.371 589.008 1119.726 1074.289 593.058 556.028
40 634.934 588.414 1120.319 1073.731 593.492 555.537
41 635.484 587.830 1120.900 1073.170 593.929 555.034
42 636.048 587.237 1121.493 1072.617 594.355 554.527
43 636.597 586.647 1122.074 1072.058 594.786 554.023
44 637.159 586.060 1071.505 595.221
45 637.709 585.466 1070.940 595.646
46 638.262 584.881
47 638.818 584.285
48 639.366 583.697
49 639.918 583.106
50 640.474 582.508
51 581.916
Table VI. Inertial Constants for [1.1.1]Propellane 60
(a) 1 J
Vis V1a
origin 611.73 1096.37 o 40
B (em™) 0.28708 £ 0.00004 0.28719 £ 0.00004 X
B’ (cm™) 0.28687 = 0.00004 0.28741 £ 0.00005 ‘;m i
av B’ = 0.28714 % 0.00006 cm™! o
(b) 1-dg & 209
origin v5 574.93
B’ (em™) 0.23426 £ 0.0004
B” (cm™) 0.23466 £ 0.0004
% & & | o
for the zero-point CH bond lengths (ry), we simply employed the 2J+3

observed cyclopropane value (ry = 1.083 A) for 1.

The A,” bands (Figure 2) provide an opportunity to determine
I, or I, (which are equal). The analysis may be carried out in
the same fashion as for a diatomic molecule. The transitions were
assigned, and a plot of vg(J) — vp(J + 2) against (2J + 3) gave
a good linear relationship with a slope of 2B” (Figure 5).!?

(12) Herzberg, G. “Molecular Spectra and Molecular Structure. II. In-
frared and Raman Spectra of Polyatomic Molecules”; Van Nostrand:
Princeton, NJ, 1945,

Figure 5. Plot of spacings of rotational components of v, against 2/ +
3 to give B”.

Similarly, a plot of vz(J) — vp(J) against (2J + 1) gave 2B”. The
values obtained from the two bands are summarized in Table VI.
The two independent values of B” are in good agreement, giving
an average value of 0.28714 % 0.00006 cm™ or 58.739 amu Az,

(13) Duncan, J. L.; McKean, D. C.; Bruce, A. J. J. Mol. Spectrosc. 1979,
74, 361
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The E, band at 1186 cm™ is well enough resolved (Figure 3)
so that its structure could be analyzed. The band consists of a
series of Q branches arising from transitions between different
K sublevels. After the K sublevels were assigned, a plot of RQ,.,
- POy, against K gave a straight line with a slope of 4(C” - {C’
— B”) =-0.84799 £ 0.00092. In order to obtain C”it is necessary
to have both C’and {. A reasonable assumption would be to set
C’equal to C”, while { could be obtained from a normal coordinate
analysis. However, the accuracy of this method of obtaining ¢
is not sufficient for the present purpose.

Another way in which to obtain additional information is by
examining an isotopically labeled derivative of 1. The parallel
band of 1-d; at 575 cm™ was examined and gave the rotational
constants summarized in Table VI. The parallel band at 917 cm™
could not be analyzed in the same fashion because the P branch
was distorted by interaction with another transition. The R branch
was, however, well reproduced by using the parameters in Table
VI

The I, = I, moments of inertia are given by eq 1, and a similar
expression may be written for 1-dg replacing my by mp and ry
by rp. The difference between the moments for 1 and 1-d, is then
given by eq 2. Here, ® = 60-8/2, 6 =120~ 8/2, and rp, =

I, =1, = 2mc(r,/2)? + 2me(r, sin 60)% +
2my(ry sin 8/2)? + 2my(r, sin 60 + ry sin (60 - 8/2))* +
2my(r, sin 60 + ryy sin (8/2 - 30)) (1)

I(H) - 1(D) = 4(sin 60)*(mp - my)(r;)> +
4(sin 60)(mprp sin © + mprp sin @ — myry sin © —
myry sin @)r; + 2mprp? sin? @ + 2mprp? sin? o -
2myry? sin? © - 2myry? sin? @ + 2(mprp? — myry?) sin? §/2

(2

ryg — 0.002.13 After substituting the assumed H-C-H angle (8)
and C-H bond length (), the equation may be solved for r,. It
was found to be 1.290 A. 1In order to see how the assumed
methylene group parameters would affect r,, the bond length was
varied by 0.02 A and the angle was varied by 2°. This led to a
variation in r, of 0.01 A. The bridgehead-bridgehead distance
may now be calculated from eq 1 and is 1.60 = 0.02 A. The
bridgehead—methylene C—C distance may be obtained from the
above and was found to be 1.522 £ 0.002 A. The structure has
recently been examined by electron diffraction using our moment
of inertia as a constraint,'* and here the two C-C bond lengths
were found to be 1.596 % 0.005 and 1.525 % 0.002 A, respectively.
It can be seen that the two structural determinations are in very
good agreement.

Using the CC bond length of cyclopropane (1.514 A)!! as a
reference value, we find that the side bonds in 1 are normal,
whereas the bridgehead-bridgehead separation (r,) reflects ap-
preciable elongation. Previously reported SCF calculations* with
the 6-31G* basis accounted for only about half of this elongation
(defined relative to the cyclopropane value).

Accordingly, we have carried out a series of calculations for
1, in which successively greater degrees of electron correlation
are included in the wave function: namely, a 1-pair GVB!?
calculation in which the highest occupied SCF MO ((a%)?) is
correlated with the corresponding antibonding molecular orbital
((a1)* = (a,")?), and calculations based on second- and third-order
Moller-Plesset theory (MP2 and MP3).!1¢ MP2 and MP3 cal-
culations also were carried out for cyclopropane. In each case,
the CC bond lengths were optimized, using the CH bond lengths
and angles obtained at the SCF level.*® To provide further
comparisons with 1 we also carried out UHF, MP2, and MP3
calculations (with geometry optimization at the UHF level only)

_ (14) Hedberg, L.; Hedberg, K. J. 4m. Chem. Soc., following paper in this
issue.

(15) Hay, P. J; Hunt, W. J.; Goddard, W. A., III J. 4m. Chem. Soc. 1972,
94, 8293.

(16) (a) Moller, C.; Plesset, M. S. Phys. Rev. 1934, 46, 618. (b) Binkley,
J. S.; Pople, J. A. Int. J. Quantum Chem. 1975, 9, 229. (c) Pople, J. A.;
Binkley, J. S.; Seeger, R. Ibid. 1976, 108, 1.
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Table VII. Perpendicular Band of [1.1.1]Propellane

K 0k Ok

0 1181.424

1 1181.046 1181.916
2 1180.626 1182.341
3 1180.209 1182.764
4 1179.773 1183.186
5 1179.352 1183.617
6 1178.916 1184.042
7 1178.487 1184.468
8 1178.064 1184.894
9 1177.637 1185.312
10 1177.198 1185.731
11 1176.778 1186.144
12 1176.341 1186.555
13 1175.898 1186.964
14 1175.479 1187.397
15 1175.041 1187.820
16 1174.598 1188.237

for the triplet state corresponding to the bridgehead-bridgehead
diradical (*A,”). The bond length results are given in Table VIII
(all calculations employed the 6-31G* basis!” and maintained D;,
symmetry).

We see that the inclusion of electron correlation brings the
calculated r| value into essentially quantitative agreement with
the observed value when the experimental uncertainty is taken
into account (the effect of correlation on the side bonds of 1 and
the bonds of cyclopropane is quite small). As might be expected
(e.g., see ref 9), the GVB and MP2 calculations yield a somewhat
larger r| value than that obtained at the more elaborate MP3 level.
Previous studies® have shown MP3 bond lengths to be accurate
to better than 0.01 A for many bonds involving carbon and
generally preferable to the corresponding MP2 values, which are
frequently on the large side of experiment. In the present case,
the MP2 geometry is somewhat closer to the experimental values
than MP3, but both are rather satisfactory. The similar central
C-C bond length reported earlier by Newton and Schulman!®
using the 4-31G basis at the SCF level is evidently the fortuitous
result of omitting both polarization basis functions and electron
correlation.

The considerably longer bridgehead-bridgehead bond length
exhibited by the 3A,” state (1.83 A at the 6-31G* SCF level,
similar to the previous value of 1.80 A obtained with a 4-31G
basis'®) reinforces the conclusion that the bridgehead atoms are
indeed “bonded” in the ground state (*A,’), even though some
characteristics of the 'A,” wavefunctions (negative overlap pop-
ulation,*!¥ outward-directed hybrid atomic orbitals,'® and increase
in magnitude of the one-electron energy for the highest-filled MO
(HFMO) as r, is extended beyond its equilibrium value!®) might
suggest otherwise.® In this connection, it might be noted that
the energy of the HFMO is calculated to be greater in magnitude
than that for bicyclo[1.1.0]butane (-0.36079 and —0.35605 hartree,
respectively), and this is reflected in their observed first ionization
potentials (9.7 eV for 1 and 9.3 eV for bicyclobutane).?!

The earlier finding'® that the *A,” state lies at least ~2 eV
above the ground A’ state, even at the optimal *A,” geometry,
is confirmed by the more elaborate calculations in the present
study: at the *A,” geometry, the A, state lies respectively 1.8,
3.9, and 3.2 eV above the !A,’ state, at the SCF, MP2, and MP3
levels.

Having experimental geometrical parameters, we may now
proceed to a normal coordinate analysis of the observed fre-
quencies, employing the calculated SCF values as the initial guess
for the harmonic force constants. The symmetry coordinates for
1 are given in Table IX. From them, the B matrix was con-

(17) Hariharan, P. C.; Pople, J. A. Theor. Chim. Acta 1973, 28, 213.

(18) Newton, M. D.; Schulman, J. M. J. Am. Chem. Soc. 1972, 94, 773.

(19) Jackson, J. E.; Allen, L. C. J. Am. Chem. Soc. 1984, 106, 591.

(20) See also: Epiotis, N. D. J. Am. Chem. Soc. 1984, 106, 3170.

(21) Honegger, E.; Huber, H.; Heilbronner, E.; Dailey, W. P.; Wiberg, K.
B. J. Am. Chem. Soc., in press.
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Table VIII. Calculated and Observed CC Bond Lengths

Wiberg et al.

bond length (&)

calculated
bond SCF GVB* MP2 MP3 observed
(a) [1.1.1]propellane
bridgehead-bridgehead 1.543¢ 1.596 1.594 1.572 1.60 % 0.02, 1.596 + 0.005"
(1.823)4
bridgehead—methylene 1.502¢ 1.509 1.515 1.514 1.522 £ 0.002¢¢, 1.525 £ 0.002*
(1.547)¢
(b) cyclopropane 1.498/ 1.504 1.506 1.514 £ 0.002¢

2The a’, and a”, MO’s involved in the GVB pair are dominated by the bridgehead atoms. ?Reference 4. ¢Present work. 43A”, state (UHF). ¢In
terms of », and r,, the bridgehead—methylene bond length is given by ((r,/2)? + r,2)!/? /Reference 6. #Reference 9. *Reference 14.

structed and was augmented by the rotational and translational
terms needed to satisfy the Eckart conditions.?? The use of the
inverse of the augmented B matrix allowed the calculated force
constants in Cartesian coordinate to be converted to those with
respect to symmetry coordinates.

The A/’ force constants are of particular interest to us because
this block includes the central C—C bond stretch and the sym-
metrical stretching mode for the other C—C bonds. The calculated
force constants for this block include an unusually large interaction
constant between the two C-C stretching modes: f;, = -2.9
mdyn/A, compared to the diagonal values f; | = 6.5 mdyn/A and
fos =62 mdyn/A.2 Inclusion of electron correlation yields force
constants with similar but somewhat smaller magnitudes: re-
spectively ~2.6, 6.3, and 5.4 (MP2) and -2.7, 6.4, and 5.6 (MP3).

In order to obtain the “best” force constants for 1, the calculated
force constants were first scaled in accordance with the scaling
factors applied to the calculated frequencies listed in Table I. The
scaled force constants were used with the G matrix derived from
the experimental geometry to calculate the vibrational frequencies.
The force constant matrix was then adjusted by allowing the
diagonal elements to vary independently and allowing the off-
diagonal elements to vary as a group (i.e., using a single scaling
factor for all). The final calculated frequencies are given in Table
X, and the corresponding force constants are given in Table XI.
The root-mean-square error between the calculated and observed
frequencies was 11 cm™ which is quite satisfactory.

We have found with other molecules that the force constant
scaling factors (sf) for a given type of symmetry coordinate usually
lie in a small range.?* The same is true in the present case. The
average value of the sf for the CH stretching coordinates is 0.83
% 0.01, that for the CC stretching coordinates is 0.84 + 0.04, and
that for the CCH bending coordinates is 0.80 £ 0.02. Thus,
although a total of 16 scaling factors were used, a smaller number
could have been employed without significantly increasing the rms
error.

The relationship between the normal modes of 1 and 1-dg is
of interest with regard to understanding the effect of isotopic
substitution and in understanding the changes in intensities be-
tween the two molecules. We have shown that it is useful to
express the normal coordinates of the isotopically substituted
compound in terms of those of the parent.?* This is easily done
by using the relationship

Op = L'pLyQy

(22) Eckart, C. Phys. Rev. 1935, 47, 552. Sayvetz, A. J. Chem. Phys.
1939, 7, 383.

(23) We were interested in having information on the anharmonicity of the
stretching modes. Therefore the energies of a number of structures which had
been distorted along one or more of the the A,” symmetry coordinates were
calculated. A 27 point fit for S, — S which included anharmonic (cubic)
terms for the stretching modes gave the following:

V = -2.346AS,° + 3.259AS8,% ~ 0.494AS,° + 3.110AS,? — 2.406AS;* +
3.149AS5;% + 0.447AS,% - 2.936A5,AS, + 0.202A5,AS, -
0.406A8,A8, — 0.266AS5,AS; + 0.388A8,A8, + 0.099A8,AS8,

It may be noted that whereas the anharmonicity associated with S is small
(i.e., a small cubic term in the above expression), the calculated anharmonicity
for S| is reasonably large.

(24) Wiberg, K. B.; Dempsey, R. C.; Wendoloski, J. J. J. Phys. Chem.
1984, 88, 5596. Wiberg, K. B.; Walters, V. A. Ibid. 1984, 88, 4723.

Table IX. Symmetry Coordinates for [1.1.1]Propellane?

A/ S;=R +R;,+Ry+ R4+ Rs+ R¢
S, =Ry
Sy=rgtrotrg+r try+rg;
Sy =6+ 8+ 85

7 —
Ay Ss=rg-rgtrg-rytro-rg;
S¢e=ajtay~agy—aytoast+oag—oay—ag+ayg+ag-ap
23}

E/ S;=2R, +2R;-R;-R;—Rs;—Rq
Sg=2ry+2rg—rig=rn—ra- s
So=ro-—ry-ratrg;

Sio= 20 + 205 + 203 + 204 — a5 —ag — a7 — g — g — (g
T Ay

Shp=astas-—ar—og-ag-apt o tap

S =28 =08, — 83+ 284 — 85~ &

A Sy=ai~ay-aytagtas—ag— o+ ag+ oog—ap— o
+ ap,

A" S,u=R ~R,+R,-Ry+ Rs- R
Ss=a—aytay—aytas—ag+ a;—ag+ ag— o+ a)
T ap

E)” Ss=R;-R;-R;+ R¢
S =20, - 20— 203+ 204 —as+ ogt o3 —ag—ag + o+
QT Qg
Sg=as—ag+ar—og—ag+ap—apy tap

E/ Sp=Ri+R-Rs—Rs
Sw =ret - s
Sy ==2ry+ 2rgt ryg -yt - s
Sp=astagtastog—a-—aqe-a;-ap
Syy = =20, — 20y + 2a3 + 204 + as + ag -y~ ag + g + ay
Tapp T A

SZA=62-63+55—56

E,” Sy = 2R, —2R,- Ry + R. - Rs + R,
Spm-astagta;—agtog-—ap-ant o,
Sy =20, - 205+ 203 - 204 - ast ag— oy + ag —ag + ap—
ay oo

4The normalization factors are not given.

The product L7'pLy is shown in Table XII. It can be seen that
mode mixing is rather large in some of the vibrational modes. In
the case of the 1216~ and 1033-cm™ bands of 1-dg, the mode
mixing is so large that they cannot be directly related to single
vibrational modes of the parent molecule. We shall return to the
question of the effect of mode mixing when the intensities are
examined.

Force constants are best discussed by the use of comparisons
among related molecules. We are in the process of reanalyzing
the vibrational spectrum of bicyclo[1.1.0jbutane with the aid of
calculated vibrational frequencies and intensities using the 6-31G*
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Table X. Results of Normal Coordinate Analysis
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d, dg
mode caled obsd type caled obsd type
A/ 1 3031 3029 938, 2207 2209 87S,, 128,
2 1504 1502 548, 225,, 18S, 1231 1239 465, 225,, 195,
3 1131 1124 568, 318, 1021 1022 60S,, 265,
4 902 908 508,, 448, 839 845 458, 418,
A 5 3110 100S; 2316 995,
6 940 84S, 1655 721 74Ss, 26S;
E’ 7 3093 3080 945, 2310 2328 928,
8 3024 3020 91.S% 2199 2204 8855, 105,
9 1461 1459 638, 255, 1210 1216 5755, 155
10 1204 1186 5385, 175, 1032 1033 368, 2455, 195,
11 1074 1083 5185, 178, 904 913 3355, 225, 155,
12 531 529 69S,,, 168, 428 430 64S,,, 228,
A 13 913 100S;; 646 100S
A, 14 1124 1096 815, 195, 883 918 8885, 125,
15 615 612 888, 1255 579 575 7884 22515
E” 16 1141 1146 5185, 418, 968 953 75816 3685,
17 1064 1064 6355, 24514 821 835, 125,
18 710 714 78816, 205, 600 607 60S 14, 328,
rms error = 10.1 rms error = 12.5
Table XI. Force Constants for [1.1.1]Propellane Table XII. Mode Mixing in the Vibrations of [1.1.1]Propellane-dg
(a) Diagonal Constants vibrational modes for [1.1.1]propellane
f caled sf adj dg, em’™ 1 2 3 4
1,1 6.519 0.841 5.483 2209 1.366 -0.044 -0.029 0.023
2.2 6.220 0.821 5.109 1239 0.220 0.981 0.536 -0.057
3.3 6.299 0.826 5204 1022 -0.040 -0.751 0.839 0.359
4,4 0.895 0.800 0.716 839 0.177 -0.540 0.385 ~0.977
5,5 6.112 EO-S‘“}: 5.140 vibrational modes for [1.1.1]propellane
6,6 0.451 0.819 0.370 .
7.7 5.002 0.801 4.007 dg cm ! 8 9 10 I 12
8,8 6.211 0.834 5.179 2328 1.334 -0.042 0.003 -0.028 0.025 -0.007
9,9 6.145 0.829 5.097 2199 0.045 1.368 0.037 -0.027 -0.028 0.003
10,10 1.291 0.817 1.055 1211 -0.062 -0.221 0.783 -0.677 -0.296 -0.006
11,11 0.519 0.819 0.425 1032 0.128 -0.033 0979 0.823 -0.102 0.054
12,12 1.962 0.879 1.726 903 -0.217 0.104 0.505 -0.204 1.098 -0.079
13,13 1.029 [0.800]¢ 0.823 428 0.119 -0.062 -0.077 -0.303 0.340 -0.079
14,14 2.574 0.912 2.347 vibrational modes for
15,15 1.327 0.787 1.044 (1.1.1]propellane
16,16 3.574 0.822 2.939 "
17,17 1.272 0.783 0.996 dg, cm 14 15
18,18 1.200 0.762 0.915 883 1.238 0.162
(b) Off-Diagonal Constants 379 0451 1.033
sf = 0.855 vibrational modes for
A/ > 3 n } [1.1.1]propellane
I -2510 0173 -0.347 25, cm 16 7 18
2 -0.227 0.332 955 1.118 0.011 0.236
3 0.085 (821) -0.097 1.272 0.152
607 -0.597 -0.333 1.099
A 6
5 0.060 . .
and non-totally-symmetric (S5, S4, 14, S19, and S,s) stretching
E 8 9 10 11 12 modes associated with the outer C—C bonds exhibit large force
7 0122 0018  0.135 -0.098 -0.113 constant variations (e.g., 5.47 mdyn/A for S| vs. 2.34 mdyn/A
8 0.008 -0.134 -0.014 -0.011 for S;4). This is in marked contrast to the situation in cyclo-
9 0.010  0.084  0.129 propane, where th