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The title hydrocarbons have been examined by the CCSD(T)/cc-pVTZ (singlets) and
UMP2/cc-pVTZ (triplets) methods. They were confirmed to represent local minima on the
singlet potential energy surface, while 1,3-biradical, 1,4-biradical, or carbene structures were
found on the triplet surface, including an intermediate for the triplet energy transfer from
one to the other double bond of 1,4-pentadiene. Bonding is discussed in terms of
Weinhold’s NBO theory and the absence of a simple correlation between bond strength and
bond length in these highly strained systems is pointed out. Predictions of NMR, IR, and
Raman spectra are provided.

Keywords: Ab initio calculations; Polycyclopentanes; Single-reference and multireference
coupled clusters; NBO analysis; Predicted NMR spectra; Predicted IR and Raman spectra.

This study deals with bicyclo[1.1.1]pentane (1) and a set of fused cyclo-
propanes shown in Scheme 1, derived by successive replacement of pairs of
hydrogen atoms with additional C-C single bonds: 2 ([1.1.1]propellane), 3
(tricyclo[2.1.0.0%%]pentane), 4 (tetracyclo[2.1.0.0%4.0%5]pentane), 5 (pyra-
midane), 6 (pentacyclo[2.1.0.012.0%°.0%5]pentane), and the carbon cluster 7
(hexacyclo[2.1.0.0183.0%4.025.0%5]pentane).

Highly strained small-ring compounds have fascinated chemists for a
long time. Prior to the first synthesis of cyclopropane! it was not at all clear
that it would be stable, and nearly a hundred years later, few chemists ex-
pected [1.1.1]propellane (2)? to be isolable. Other currently improbable
looking structures may turn out to have significant stability, too.
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1526 Veis, Carsky, Pittner, Michl:

All seven compounds 1-7 have attracted much attention?°, but only 13,
22, and 34 have been prepared. An initial attempt to compare the members
of this group of seven structures was performed at a level of theory that is
considered low nowadays (MP2/6-31G*), and is easy to criticize for having
ignored the potentially multireference nature of some of the ground states.
We have now re-evaluated the whole series 1-7 at the uniform level of the
more reliable coupled cluster theory, and for comparison obtained some re-
sults for the more stable linear carbon cluster C; (7a) as well.
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SCHEME 1
Compounds 1-7

N .

Perhaps surprisingly, the main result has survived intact: all of these hy-
drocarbon skeletons represent minima on the potential energy surface. Like
1-3, 4-7 are thus expected to be stable to unimolecular rearrangements.
Whether this means stability under the low-temperature conditions of ar-
gon matrix isolation or stability at room temperature cannot yet be stated,
but the present results represent a starting point for the evaluation of barri-
ers to unimolecular transformations. Previously, a high activation energy
was calculated by multireference methods'>® for the Woodward-Hoffman
forbidden disrotatory isomerization of 3 to 1,3-cyclopentadiene (8) through
a biradicaloid transition state (Scheme 2), in agreement with its room-
temperature stability. We have now recalculated the transition structure. A
similar high value of activation energy has been measured and calculated
for unimolecular rearragement of 211, which is also unimolecularly stable
at room temperature. Prior calculations suggest that unimolecular stability
should be considerable even for 5, predicted to have quite interesting and
unusual properties®10.12,

We have also computed the lowest triplet energies of 1-7, which provide
an additional measure of the stability of these unusual hydrocarbons.
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Intermolecular processes such as dimerization are a matter that requires fu-
ture consideration, as they may prevent the isolation of 4-7 in bulk.

In addition to calculating ground state energies and geometries, we have
computed spectroscopic properties that are likely to be important for the
initial characterization of 4-7 if they are made in the laboratory. With a
few remarkable exceptions, the computed NMR and vibrational spectra of
the known hydrocarbons 1-3 agree very well with those observed.

f

SCHEME 2
Thermal isomerization of tricyclo[2.1.0.0%%]pentane (3) to 1,3-cyclopentadiene (8) through a
biradical transition state (TS)

COMPUTATIONAL METHODS

All calculations were performed with the cc-pVTZ basis set?, except for
those of indirect spin-spin coupling constants, which used the IGLO-III
basis set?! (sometimes also denoted as HIII??). This basis is specifically
designed for calculations of NMR spin-spin coupling constants®3, as it in-
cludes a larger number of tight functions (particularly of s symmetry) than
standard basis sets. It is more flexible in the neighborhood of the nucleus,
which is important for the correct description of spin-spin coupling con-
stants?2.

A CCSD(T) geometry optimization for 1-7 was followed by a CCSD(T)
harmonic frequency calculation to confirm the optimized structures as true
minima. CASSCF calculations were then performed at the optimized geom-
etries to check whether a correct description of the electronic structure re-
quires the use of a multireference method. Significant multireference
character was found for 2, 4 and 7, using CAS(6,5), CAS(4,4) and CAS(8,8)
active spaces, respectively. The CI coefficients of the second most impor-
tant configuration, obtained from the dominant ground configuration by
a double excitation from the highest occupied (HOMO) to the lowest un-
occupied (LUMO) molecular orbital, were 0.19, 0.24 and 0.32, respectively.
For these three structures single-point energy calculations were then per-
formed at the CCSD(T) geometries with the recently developed and
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implemented multireference Brillouin-Wigner coupled cluster method
MR BWCCSD(T)?4, using the two most important configurations as refer-
ence. Energies were corrected with the a posteriori size-extensivity correc-
tion?® in all multireference Brillouin-Wigner coupled cluster calculations in
this report.

Heats of formation at 0 and 298 K were obtained from the calculated
energies, harmonic frequencies and experimental heats of formation of
atoms taken from the literature?®. MR BWCCSD(T) heats of formation were
calculated from MR BWCCSD(T) energies but with CCSD( T) harmonic fre-
quencies, because only single point calculations were performed with the
multireference method. Bonding in 1-7 was examined using the natural
bond orbital (NBO) analysis of the CCSD electron density at the CCSD(T)
optimized geometry. IR [CCSD(T)] and Raman (MP2) intensities were also
calculated.

CCSD(T) GIAO NMR chemical shielding values were calculated at the op-
timized geometries. Methane was used as a reference compound for conver-
sion of NMR chemical shielding values to chemical shifts. The measured
chemical shifts of methane (0.23 ppm 27 for 'TH NMR, -2.3 ppm 28 for
13C NMR) were used to convert the results to the usual tetramethylsilane
(TMS) reference.

Indirect NMR spin-spin coupling constants were calculated as unrelaxed
second derivatives of the CCSD energy using the unrestricted Hartree—Fock
(UHF) reference. The CCSD(T) method is not recommended?® for the cal-
culation of indirect spin-spin coupling constants as it requires proper
inclusion of orbital relaxation. The coupling constants contain four contri-
butions: the Fermi contact term (FC), which usually dominates, the spin-
dipole term (SD), and the paramagnetic (PSO) and the diamagnetic (DSO)
spin-orbit terms.

Vertical excitation energies to the lowest triplet state were calculated at
the CCSD(T) level of theory, using the restricted open-shell Hartree-Fock
(ROHF) reference, at the CCSD(T) optimized geometries of the ground sin-
glet states. The triplet geometries were then optimized using the UMP2(FC)
(FC denotes frozen core) method and used to calculate the adiabatic excita-
tion energies to the lowest triplet state.

The thermal isomerization of 3 to 8 was examined using a combination
of single-reference and multireference methods. The geometries of 3 and 8
were optimized using the single-reference CCSD and CCSD(T) methods,
and the geometry of the transition structure (TS) by the CASPT2(4,4)
method. These methods were also used for the harmonic vibrational analy-
sis of 3, 8, and TS. The TS exhibited a single imaginary frequency. The
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search for TS started from an initial guess obtained at the CASSCF(8,8)
level, which was also used to follow the intrinsic reaction coordinate in
both directions to verify the connection between the reactant and product.
The energies at the optimized geometries were obtained at the multi-
reference MR BWCCSD %%-32 and MR BWCCSD(T) levels for 3, 8, and TS. In
the case of 3, the same result was obtained at the single-reference CC level
because the ground state wave function of this structure does not exhibit
a multireference character. The multireference calculations used the active
space defined by the HOMO and LUMO.

The enthalpies of 3, 8, and TS were obtained from their potential ener-
gies, zero-point energies (ZPEs), and thermal corrections, and were used
to evaluate reaction and activation enthalpies. The vertical singlet-triplet
separation at the TS geometry was obtained by means of the CASPT2(4,4),
MR BWCCSD, and MR BWCCSD(T) methods.

All CCSD(T) calculations were carried out using the Aces Il program33,
The NMR chemical shielding calculations were performed with the
Austin-Mainz-Budapest version?® of this program and the multireference
Brillouin-Wigner coupled cluster calculations were done with a version of
this program developed in our laboratory. The CCSD calculations of
indirect spin-spin coupling constants were also performed with the Austin—
Mainz-Budapest version of the Aces Il program. The CASSCF and CASPT2
calculations were carried out using the MOLPRO program3*-36 and the cal-
culations of Raman intensities and UMP2(FC) triplet optimizations were
performed with the Gaussian 03 program?®’. NBO analysis was performed
with the NBO 3.1 38 program connected to Gaussian 03.

RESULTS

Figure 1 shows the CCSD(T) optimized geometries of 1-7 and Table | com-
pares them with those obtained in previous SCF, MP2 and DFT calcula-
tions®1° and with those available from experiments. It also gives their total
energies and provides results for the linear carbon cluster C; (7a) for com-
parison. Table Il lists the lowest harmonic frequencies; complete frequency
tables from outputs of calculations are given in the Supporting Informa-
tion. The calculated dipole moments are presented in Table IlI.

Table IV collects the energies for structures of a multireference character.
The effect of inclusion of the second reference on the heats of formation is
shown in Table V. Table VI presents strain energies. They were estimated
from the calculated enthalpies of structures 1-7, ethane, and propane by
means of the folowing isodesmic reactions.
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CoHg (1) + 8 CoHg — 7 CgHg
CoHg (2 Or 3) + 11 C,Hg — 9 C3Hg
CsH, (4 or 5) + 14 C,Hg — 11 C4Hg

CsH, (6) + 17 C,Hg — 13 C4Hg

Cs (7) + 20 C,Hg — 15 CaHy

Strain energies per C-C bond (strain energy divided by the number of C-C
bonds shown in Fig. 1) are also presented. Heats of hydrogenation are
shown in Table VII. Table VIII summarizes the results of NBO analysis of
bonding in 1-7.

In Figs 5-7, we present the calculated NMR, infrared, and Raman spectra.
The vibrational spectra are unscaled. The scale for the Raman intensities
of 1 and 2, whose absolute values have not been determined, was set to fit

Fic. 1
Structures optimized at the CCSD(T)/cc-pVTZ level of theory
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TaBLE |
Geometry optimization results and total energies (in a.u.)?

1 Dap r[C(1)-C(2)] 1.546  1.549°  1.557 1.544 1.545°, 1.557"
E=-195.00854  r[C(1)-C(3)] 1.870  1.873% 1881 1.866 1.845°, 1.874'
r[C(2)-C(4)] 2132  2.137¢ 2.149 2.130 2.147°, 2.151°
r[C(1)-H] 1.082 1.079 1.110°%, 1.109'
r[C(2)-H] 1.085 1.084 1.110°, 1.109'
OHC)H 111.0 112.4 103.9%, 111.7'
2 Dan r[C(1)-C(2)] 1.503  1.514 1.518 1.508 1.512-1.555¢
E=-193.76209  r[C(1)-C(3)] 1.544  1.592 1.580 1.572 1.593-1.605¢
r[C(2)-C(4)] 2233 2230 2.245 2.229 2.231-2.295"
r[C(2)-H] 1.076  1.088 1.076
OHC()H 118.7  114.9 115.96
3 Cyy r[C(1)-C(2)] 1.509  1.517 1.524 1.513
E=-193.74668  r[C(1)-C(3)] 1.940  1.945 1.955 1.942
r[C(1)-C(5)] 1534  1.535 1.543 1.529
r[C(2)-C(4)] 1.435  1.453 1.453 1.451
r[C(1)-H] 1.075  1.086 1.071
r[C(2)-H] 1.068  1.078 1.064
r[C(5)-H] 1.086  1.097 1.085
OHC(5)H 1107 111.0 111.7
OHC(1)C(5) 132.4 1329 126.5
OHC(2)C(4) 1376 136.7 136.7
OC(G)C(L)CE)C@)" 1416  141.4 141.6 141.3
4 Cyy rlc(1)-C(2)] 1.455  1.476 1.476 1.469
E=-192.45990  r[C(1)-C(3)] 1.628  1.688 1.669 1.664
r[C(1)-C(5)] 1.508  1.516 1.520 1.508
r[C(2)-C(4)] 1.492  1.506 1.509 1.504
r[C(2)-H] 1.065  1.076 1.061
r[C(5)-H] 1.077  1.090 1.078
OHC(2)C(4) 144.9 1438 144.3
OHC(5)H 114.8  114.6 115.5
OC(G)C(1)CE)CR)" 1418 1415 141.7 141.6
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TaBLE |
(Continued)

HF® MP2° B3LYP! ccsD(T)

Compd.  Sym.  Geom. 6-31G* 6-31G*  631G*  cc-pVIZ

Exp.

5 Cay r[C(1)-C(2)] 1.434  1.445 1.448 1.442
E=-192.48200  r[C(1)-C(3)] 2028  2.044 2.048 2.039
r[C(1)-C(5)] 1.620  1.645 1.659 1.639
r[C(1)-H] 1.068  1.080 1.066
OHC(1)C(5) 1213 119.4 120.7
6 Dan r[C(1)-C(2)] 1.464  1.473 1.482 1.475
E=-191.16941  r[C(1)-C(3)] 1.806  1.781 1.824 1.805
r[C(2)-C(4)] 2056  2.109 2.084 2.086
r[C(2)-H] 1.066  1.077 1.063
7 Dan r[C(1)-C(2)] 1.487'  1.489 1.497 1.492
E=-189.81180  r[C(1)-C(3)] 1.710'  1.909 2.029 1.988
r[C(2)-C(4)] 2107 2.002 1.865 1.908
78 Dony r[C(1)-C(2)] 1.288
E=-189.93197  r[C(2)-C(3)] 1.276

& Calculated at the CCSD(T) level for 1, 3, 5 and 6, and at the MR BWCCSD(T) level for 2, 4
and 7; ° lengths in A, angles in °, for numbering of atoms, see Fig. 1; ¢ ref.%; ¢ ref.1%; € ref.*7;
f ref.*8; 9 see ref.’ for further details and references to original papers; " dihedral angle; i at
the HF level the Dy, structure is not stable; J linear C4 isomer.

TasLE 1l
Lowest vibrational frequencies (in cm‘l)

Compd. sym. HF? Mp2° CCSD(T) Exp.
6-31G* 6-31G* cc-pVvVTZ results
1 e 591 562 547 540°
2 e 577 552 536 5294
3 b, 512 479 464
4 b, 475 450 443
5 e 414 327 472
6 e 653 417 507
7 e - 508 541

2 Ref.%; P ref.19; © ref.%9; 9 ref.%0; ¢ at the HF level the structure is not stable.
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TasLE 11
CCSD(T)/cc-pVTZ dipole moments (in D)?

Compd. 1 2 3 4 5 6
u 0.0 0.0 0.46 0.18 1.84 0.0 0.0

2 The positive end of the dipole is located at the bottom of the structure 3 and 5, and at the
top of structure 4, as drawn in Fig. 1

TABLE IV
Total energies (excluding ZPE) for structures with significant multireference character (in a.u.)

Compd HF? MP2° CCsD(T) MR BWCCSD(T)
pd. 6-31G* 6-31G* cc-pVTZ cc-pVTZ
-192.69107 -193.37471 -193.75928 -193.76209
-191.42314 -192.10369 -192.45645 ~192.45990
-188.83663 -189.51932 -189.80672 -189.81180
a Ref.%
TABLE V

CCSD(T)/cc-pVTZ and MR BWCCSD(T)/cc-pVTZ heats of formation and ZPE (in kcal/mol)

HF/6-31G** CCSD(T)/cc-pVTZ MR BWCCSD(T)/cc-pVTZ
Compd. ZPE
AHC(298 K) AHC(0K)  AH(298 K) AHO(0 K) £H(298 K)

1 50.4 51.3 45.1 74.3
2 88.5 89.6 85.4 87.9 83.6 59.2
3 96.0 96.4 92.2 58.1
4 164.0 160.4 158.1 158.3 155.9 43.0
5 143.0 144.1 141.9 42.7
6 222.6 221.6 221.3 27.1
7 = 329.4 331.1 326.2 327.9 10.3

2 Ref.%; P at the HF level the structure is not stable.
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the most intense calculated peak. Tables IX and X collect the NMR indirect

spin-spin coupling constants.

Vertical and adiabatic excitation energies to the lowest triplet state of 1-7
are listed in Table XI. Optimization of the geometry of the triplet state,
starting at the optimal singlet geometry, yielded the structures shown in
Fig. 2, which also summarizes the most important geometrical parameters
of the triplet structures. In the case of 1, triplet optimization within the D5,
point group led to a saddle point with two imaginary frequencies. Follow-

TaBLE VI

Strain energies from calculated? isodesmic reaction enthalpies (in kcal/mol)

Compd. AHC (0 K) AHC (298 K) AHP (298 K)/C-CP
1 62.0 63.1 10.5 (63.1/6)

2 90.8 93.4 13.3 (93.4/7)

3 99.4 102.0 14.6 (102.0/7)

4 153.5 157.4 19.7 (157.4/8)

5 139.3 143.4 17.9 (143.4/8)

6 209.3 214.6 23.8 (214.6/9)

7 306.0 312.7 31.3 (312.7/10)

8 CCSD(T)/cc-pVTZ for 1, 3, 5 and 6, and MR BWCCSD(T)/cc-pVTZ for 2, 4 and 7; b Strain

energies divided by the number of formal C-C bonds shown in Fig. 1

TABLE VII

Heats of hydrogenation from calculated enthalpies® (in kcal/mol)

Reaction AHC (0 K) AHC (298 K)
2+H, -1 -37.66 -37.67
3+H, -1 -46.25 -46.30
4+H, -2 -71.52 -71.46
4+H, - 3 -62.93 -62.83
5+H, - 3 -48.74 -48.79
6+H, - 5 -78.77 -78.56
6+H, - 4 -64.58 -64.53
7+H, - 6 -105.56 -105.59

& CCSD(T)/cc-pVTZ for 1, 3, 5 and 6, and MR BWCCSD(T)/cc-pVTZ for 2, 4 and 7.
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TasLE VIII

Results of NBO analysis

NHO 1 NHO 2
Compd.? NBO”  Occ.®
Cent. Coef.d  Char. Dev. Cent. Coef. Char. Dev.
1 BD1  1.93 c@) 0.71 sp¥®  20° c(2) 0.70 sp3.34 18°
97.9% BD2 1.96 c@) 0.78 sp>¥’ H 0.63 s
BD3 1.96 c) 0.77 sp> ™ H 0.64 s
2 BD1  1.92 c(1) 072  sp*®  33° c(2) 070  sp*®t  23°
97.7% BD2  1.80 c(1) 0.71 sp?®%  o° c(3) 0.71 sp?  0°
BD3  1.96 c@) 0.78 sp>>3 H 0.63 s
3 BD1 1.91 c@) 0.70 sptit 28 c) 0.71 sp¥2 30°
97.7% BD2 1.94 c@) 0.71 sp>®®  16° c(5) 0.70 sp*t’ 16°
BD3  1.91 c@) 0.71 spt® 31 c(4) 0.71 spt 31
BD4  1.96 c(1) 0.78  sp>® H 0.62 s
BD5 1.96 c) 0.79 spt™? H 0.61 s
BD6  1.95 c(5) 0.77 sp> & H 0.64 s
4 BD1  1.91 c() 0.70 sp2%? 34° c(2) 0.71 sp>t 27°
96.9% BD2 1.77 c@) 0.71 sp88 40 c@) 0.71 sp88 g0
BD3  1.91 c@) 0.73 sptt 32° c(5) 0.69 sp*®t 19°
BD4  1.90 c@) 0.71 spt®  33° c(4) 0.71 sp*®  33°
BD5  1.96 c(2) 079  spt®° H 0.61 s
BD6  1.95 c5) 0.78 sp>%8 H 0.63 s
5 BD1 159 c@) 075  sp'®7? 21° C(5) 0.66 sp®%  22°
95.0% BD2  1.59 c@d) 0.75 spt>? 21 c(5) 0.66 sp®%  22°
BD3  1.60 c©) 0.75 spt™? 21 c(5) 0.67 sp2 38
BD4  1.93 c(5) 1 sp244
BD5 1.94 c(1) 071 sp?*® 24 c(2) 0.71 sp?4® 24
BD6 1.94 c(1) 071 sp>*® 24 C(4) 0.71 sp?’®  29°
BD7  1.96 C(4) 079  spt® H 0.61 s
BD8  1.96 c) 0.79 spt¥t H 0.61 s
BD9  1.96 c(@) 0.79 spt&t H 0.61 s
6 BD1 1.86 c@) 0.71 sptt® 32 c2) 0.71 sp 21
93.7% BD2 1.64 c@) 0.71 sp?*7®  19° c@d) 0.71 sp?*70  19°
BD3  1.96 c(2) 0.80  sp>%® H 060 s
7 BD1 1.77 c@) 0.65 sp>% 14 c() 0.76 sp??®  31°
92.0% LP2 1.75 c() 1 sp%*°
BD3  1.72 c(2) 071 sp¥®™ o0° C(4) 0.71 sp¥ 0°

8 pPer cent weight of the dominant Lewis structure; b type of a natural bond orbital (NBO),
BD denotes 2-center bond, LP denotes lone pair; ¢ occupation of NBO; d coefficient of a nat-
ural hybrid orbital (NHO) in NBO; ¢ angle between orbital axis and internuclear line.
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ing one of them produced the biradical structure 1 presented in Fig. 2. The
second one led to the structure 1a (Fig. 3), which is 31.1 kcal/mol higher in
energy. Further search on the triplet surface identified the minima 1b and
1c shown in Fig. 3. In the case of 4, geometry optimization of the triplet
state yielded the structure 4' shown in Fig. 2. Further search produced the
minimum 4", more stable by 24.3 kcal/mol. Similar situation was found
also in the case of 6. Geometry optimization yielded the structure 6’ and
further search discovered the minimum 6", more stable by 11.9 kcal/mol.

Finally, we have investigated the thermal isomerization of 3 to 8
(Scheme 2), and the results are summarized in Tables XII and XIlII. Table XII
compares the activation and reaction enthalpies calculated at different
levels of theory, and Table XIII gives the vertical singlet-triplet gaps (AE =
Etriplet — Esingler)- OUr calculations agreed that at the geometry of the TS
(Fig. 4), the singlet-triplet gap is negative!®, with the triplet state below the
singlet. Selected interatomic distances of the optimized geometries of the
singlet transition state at the CASPT2(4,4) and CASSCF(8,8) levels are com-
pared in Fig. 4.

TasLE XI
Vertical (vert.) and adiabatic (adiab.) excitation energies (in eV) to the lowest triplet state

(U)MP2(FC)/cc-pVTZ ROHF-CCSD(T)/cc-pVTZ
Compd.
AEg_r(vert.) AEg_(adiab.) AEg_1(vert.)
1 9.115 2.5482 10.098
2 5.267 4.597 4.934
3 8.302 2.920 7.909
4 4.449 3.318 4.947
4" 4.449 2.266 4.947
6.946 3.5372 7.579
6' 4.223 2.3252 3.908
6" 4.223 1.808% 3.908
7 2.994 1.4432 3.768

8 Ssymmetries of the singlet and triplet states are different (Fig. 2).
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TasLe XII
Activation and reaction enthalpies for thermal isomerization of 3 to 8 (in kcal/mol)

ATHO(298 K) AH°(298 K)
CASSCF(4,4)/6-31G(d)? 33.8 -79.0
CASSCF(8,8)/6-31G(d)? 39.0 -79.5
CASSCF(8,8)-MP2/6-31G(d)®P 40.5 -66.9
CR-CCSD(T)/6-31G(d)®® 48.3 -63.7
CASPT2(4,4)/cc-pVTZ 43.0 -62.0
MR BWCCSD/cc-pVTZ 47.8¢ -58.2°
MR BWCCSD(T)/cc-pVTZ 43.5¢ -58.7°

2 Ref.!; P calculated at the CASSCF(8,8) optimized geometries with CASSCF(8,8) ZPEs and
thermal corrections; © calculated at the (U)B3LYP optimized geometries with (U)B3LYP ZPEs
and thermal corrections; ¢ TS calculated at the CASPT2(4,4) optimized geometries with
CASPT2(4,4) ZPEs and thermal corrections; ¢ 8 calculated at the single-reference coupled
cluster (SR-CC) optimized geometries with SR-CC ZPEs and thermal corrections.

TasLe XIII
Vertical singlet-triplet separation energies of transition state (in kcal/mol)

AEg 7
UB3LYP/6-31G(d)? 2.7
CASSCF(4,4)/6-31G(d)? -1.5
CASSCF(8,8)/6-31G(d)? -2.3
CASSCF(8,8)-MP2/6-31G(d)*" -3.0
CASPT2(4,4)/cc-pVTZ 2.4
MR BWCCSD/cc-pVTZ -15
MR BWCCSD(T)/cc-pVTZ -2.2

a Ref.15; P calculated at the CASSCF(8,8) optimized singlet geometry; © calculated at the
CASPT2(4,4) optimized singlet geometry.
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DISCUSSION

Perhaps the most striking result of the present study is the similarity of the
conclusions to those obtained earlier® with the MP2/6-31G* method.

Bonding in 1-7

The differences in the bond lengths and valence angles calculated with the
different methods are small (Table I). The experimental results available for
1 and 2 agree with the calculations quite well but their uncertainty is too
large to permit a convincing claim of higher accuracy for the CCSD(T) re-
sults. In the case of 7, the CCSD(T) result agrees with MP2 and DFT in pre-

2(Dy,)
(12) = 1.498 7 (12) = 1.553 )
r(12) = 1. ILa) =l =
(23) = 1.563 r(13) = 1.806 ;ﬁg; - 123?
(13)=2.113 3 1(24)=2.188 «(13) = 1918
r(24) =2.193 r(24) = 2.080
r(35) = 1.476 3 £(25) = 2.091

4, " 1(15) = 1.503
(gzv) 4(C,) r25)=1436
1(12) = 1.499 B ; rasy=2.183 2(C)
r(15) = 1.576 1(12) = 1.496 12)=1573 5
£(13) = 2.050 A5~ 1538 r(13) —1.995
1(24)= 1608 | 113 =1030 :((14)) 1517
o5 o 249 =2.183
5 1(25) = 2.206

1(12) = 1.534
1(25) = 1.472
1(24) = 2.080
w(13)=1423  J/\q
1(15) = 2.044

1 3

FiG. 2

Triplet state structures of 1-7 optimized at the UMP2(FC)/cc-pVTZ level together with selected

interatomic distances in A

r(12) = 1.481
r(25) = 1.548
1(24) =2.086
r(13)=2.103
(15) = 1.560

1(12) = 1.508
1(25) = 1.531

1(24) =
(13) = 1.638
«(15) = 1.746

2:299
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dicting the Dg, structure to be a local minimum on the potential energy
surface, and the HF result seems to be unreliable.

As expected for small-ring compounds, C-C bonds have an increased p
character and C-H bonds an increased s character relative to sp®. In 1,
whose bonding is fairly unexceptional, the bridge carbon uses an sp33* hy-
brid for C-C bonds and sp27° hybrid for C-H bonds, and for the bridgehead
carbon, these hybrids are sp328 and sp?37, respectively.

54
9
1a 1b 1c

31.1 kcal/mol -1.9 kcal/mol -2.4 kcal/mol

r(12) = 1.417 r(12) = 1.453 r(12) = 1.454

r(23) = 1.502 r(23) = 1.498 r(23) = 1.501

1(34) = 1.502 r(34) = 1.507 1(34) = 1.507
r(45)=1.417 r(45)=1.322 r(45) =1.330
d(6127) =23.0 d(6127) =-95.9 d(6127) =-95.3
d(9548) =23.0 d(9548) =0.0 d(9548) =-0.1

Fic. 3

Additional triplet state structures derived from 1, optimized at the UMP2(FC)/cc-pVTZ level,
and their energies relative to triplet 1 (Fig. 2); d denotes dihedral angle

1(34) = 1.462 (1.457) A
1(42) = 1.462 (1.497) A
1(32) = 1.604 (1.608) A
1(35) = 1.532 (1.529) A
r(21) = 1.498 (1.531) A
r(15) = 1.506 (1.514) A
r(14) = 2.376 (2.446) A

TS
(&)

FiG. 4
Selected interatomic distances in the transition state (TS) of the thermal isomerization of

tricycl0[2.1.0.02'5]pentane (3) to 1,3-cyclopentadiene (8) from CASPT2(4,4)/cc-pVTZ and
CASSCF(8,8)/cc-pVTZ (in parentheses) optimization
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Fic. 5

NMR spectra of 1-7. Black: CCSD(T)/cc-pVTZ, red:

number of equivalent atoms

experimental

|3,4,54,55

. Intensity reflects the
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Structures 2—6 are derived from 1 by the induction of inter-bridgehead
(IH) and inter-bridge (IB) bonds, which have similar characteristics in all of
the compounds. The IH bonds tend to be longer (1.57 Ain 2, 1.66 A in 4,
and 1.91 A in 7) than IB bonds (1.45 A in 3, 1.50 Ain 4, 1.64 A in 5, and
1.81 A'in 6). In 7 the 1B bonds are only formally present and the real struc-
ture is that of a tricarbene. Surprisingly, although longer, the IH bonds tend
to be stronger. Their hydrogenation energies are —37.7 kcal/mol in 2 and
—62.8 kcal/mol in 4, whereas for the IB bonds the values are -46.3 kcal/mol
in 3, -=71.5 kcal/mol in 4, -48.8 kcal/mol in 5, and -78.6 in 6. Hence, 2 is
9.7 kcal/mol more stable than its isomer 3. Energies needed for adiabatic
conversion into a triplet biradical are 106.0 kcal/mol in 2, 76.5 kcal/mol
in 4 and 33.3 kcal/mol in 7, when breaking an IH bond, and 67.3 kcal/mol
in 3, 52.3 kcal/mol in 4, 81.6 kcal/mol in 5 and 41.7 kcal/mol in 6, when
breaking an IB bond.

The natural hybrid orbitals (NHOs) used by the bridgehead atoms to form
IH bonds are nearly purely p in character, as was recognized earlier®. Their
occupancies are relatively low (1.7-1.8) and those of the corresponding
antibond relatively high (~0.2), indicating partial biradicaloid character.
They delocalize fairly strongly into the neighbouring bonds. The NHOs
used by the bridge atoms to form IB bonds are of only somewhat lower p
character (sp*%° in 3, sp*88 in 4, and nearly pure p in 5 and 6). The axes of
the 1B bonds deviate by 20-30° from the line connecting the nuclei, show-
ing that the IB bonds are strongly bent. The IH bonds are bent very little or
not at all.

The weight of the dominant Lewis structure drops from 98% for 1 to 92%
in 7. The best structure for 7 is a tricarbene, and the lone pairs at three
bridges have 67% s character. There is no IB bonding. A similar result is ob-
tained for 6 at the Hartree—Fock, but not at the correlated level of calcula-
tion. The dipole moments of these hydrocarbons are small with the
remarkable exception of 5, which carries a lone pair on the apical carbon
and can be viewed as a result of interaction of a C>~ dianion with a cyclo-
butadiene dication. This has been pointed out previously® and the chemical
consequences analyzed in great detaill®.

Strain energies are high for all of these compounds but those for 6 and 7
stand out as especially high. Heats of hydrogenation at 0 and 298 K are
nearly the same (Table VII), as the thermal corrections largely cancel. The
heat of hydrogenation which yields 6 from 7 is also very high. There is
probably only very little hope that 7 could be synthesized, since this Dy,
isomer of Cg is 78.6 kcal/mol higher in energy (at the CCSD(T) level) than
the most stable linear isomer3%-42,
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Vibrational Spectra

The trend in the series HF, MP2 and CCSD(T) is as expected (Table I1) and
the latter methods yield better agreement with the frequencies observed
in 1 and 2. The lowest frequencies of the seven compounds do not differ
substantially. They are relatively high and do not indicate unimolecular in-
stability. The agreement of calculated peak positions with the available ex-
perimental spectra of 1-3 is good enough to trust the predictions for 4-7.
The calculated vibrational frequencies are somewhat higher than those
observed, as is usual for harmonic calculations. The calculated intensities
agree less well, especially in the case of Raman.

NMR Spectra

The 'H NMR chemical shifts agree within 0.25 ppm, except for the CH,
protons in 3, which are off by 0.6 ppm. The 13C NMR shifts agree within
3.6 ppm, and in most cases even better.

The agreement between calculated and experimental indirect spin-spin
coupling constants of 1, 2, and 3 is generally quite good. It is worst for
single-bond carbon-hydrogen coupling constants )., which are generally
calculated about 15-20 Hz smaller than they should be, similarly as in pre-
vious reports?34344 We therefore expect the constants calculated for 4-7 to
be underestimated as well. We are puzzled by the very striking disagree-
ment in the case of the Y., coupling constant in 3, where the calculated
value is 100 Hz lower than the reported experimental number.

Carbon-carbon coupling constants agree nicely with experimental results
except the case of 1,3 in 2. This coupling constant was already discussed
in ref.’3, where only the FC contribution to this coupling constant was
calculated at the CCSD level of theory, and it was suggested that the dis-
agreement between experimental and calculated value might be caused by
large solvent or substituent effects. Our result, which includes all four con-
tributions at the CCSD level, is in slightly better agreement with experi-
ment, but the discrepancy with experimental value is still 18 Hz.

Generally speaking all the spin-spin coupling constants are dominated by
the FC term. For the H-H coupling constants, the large PSO and DSO terms
almost cancel, as is usual. The only relatively large SD contributions are
present in the 1.5 coupling constants in 2 and 4, which confirm the sim-
ilar nature of these bonds. Relatively large SD and PSO contributions are
also present in the YJs;c; coupling constant in 6, and in the 2J5;c; and
Yeoca coupling constants in 7.
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Finally, it has already been pointed out!® that the large change in YJq;cs
from 1 to 2 indicates a very different character of the coupling path in
these molecules and confirms the existence of the IH bond. Here we add
that the same is true also for 3 and 4, as is expected.

Triplet States

A small vertical singlet-triplet separation would be an indication of bi-
radicaloid character and probable chemical instability, but is not observed
even in the most highly strained compounds. Optimization of the triplet
structures led to triplet biradicals, which differ from the starting singlet
ground state by the loss of one C-C bond. Optimization on the triplet sur-
faces of 2, 3, and 4 leads to local minima of the same molecular symmetry
as the starting singlet ground states. The observed*® vertical (4.70 eV) exci-
tation energy of 2 agrees quite nicely with our CCSD(T) result (4.93 eV) but
the observed adiabatic (4.19 eV) excitation energy agrees less well with the
MP2 result (4.60 eV).

When the triplet state geometry optimization of 4 was started at the
geometry of the singlet ground state, it produced a biradical structure,
in which the IH C(1)-C(3) bond was broken (Fig. 2). The structure 4" with
the C(2)-C(4) bond broken is nevertheless 24.3 kcal/mol lower in energy
than the structure 4" with the C(1)-C(3) bond broken. In a similar fashion,
optimization of the triplet of 6, starting at the equilibrium geometry of the
singlet, led to the carbene structure 6', in which two IB bonds have been
lost. Further search identified the more stable 1,3-biradical structure 6",
in which only one IB bond has been broken.

The structure la is a triplet state of 1,4-pentadiene with excitation
equally shared by both double bonds, which are twisted by ~23°. The SCF
atomic spin density is ~0.5 at each carbon atom of each double bond. It
represents an intermediate for triplet energy transfer from one to the other
isolated double bond of 1,4-pentadiene with excitation localized on one of
the double bonds (1b in Fig. 3), which is 33.0 kcal/mol lower than la. In
1b, one double bond is planar and carries no spin density, while the other
is twisted by ~90° and each of its carbons carries a spin density of ~1. The
structure 1c from Fig. 3 is a slightly more stable conformer of 1b. It is possi-
ble that at a higher level of calculation the local minimum la will become
a transition state for the triplet energy transfer.
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Thermal Rearrangement of 3

The hydrocarbon 3 is known to open thermally to 8. Although the mecha-
nism of this “symmetry-forbidden” process is intriguing, no kinetic study
has been performed. It has been shown® at the MCSCF(10,10)/6-31G(d,p)
level that the Woodward-Hoffmann allowed conrotatory process, which
would require an intermediate formation of (E,Z)-1,3-cyclopentadiene, does
not occur, and that (E,Z)-1,3-cyclopentadiene is not a stable structure. The
reaction path that is followed proceeds through a biradicaloid transition
state and single reference methods such as MP2 or CCSD(T) fail to locate
it16. This reaction is thus a good candidate for testing the performance of
various multireference methods.

It has been pointed out®® that the CASSCF method probably overesti-
mates the multireference character of the TS, which results in an excessive
length of one of the breaking bonds (r;, = 2.446 A). Our CASPT2 calcula-
tion, which recovers static as well as dynamic correlation and should pre-
dict a more reliable geometry for the TS, reduces this distance to 2.376 A.
This value is nevertheless still higher than in the final structure, 1,3-cyclo-
pentadiene (2.29 A 45).

The results of the various approximations (Table XII) are consistent and
show a trend indicating that the MR BWCCSD(T) value is the most reliable,
and that the CR-CCSD(T)/(U)B3LYP approach probably overestimates the
activation enthalpy. Our best predictions from MR BWCCSD(T) calcula-
tions are 43.5 kcal/mol for activation enthalpy and -58.7 kcal/mol for reac-
tion enthalpy.

CONCLUSIONS

The previous conclusion that 1-7 represent potential energy surface min-
ima has now been confirmed at a higher level of theory, CCSD(T)/cc-pVTZ,
with explicit consideration of multireference character where required, and
NMR, IR and Raman spectroscopic properties for the presently unknown
members of the series have been predicted. Triplet surfaces of these strained
hydrocarbons have been computed at the UMP2/cc-pVTZ level of theory,
and an interesting intermediate (or possibly, a transition state) for triplet
energy transfer from one to the other double bond of 1,4-pentadiene has
been identified.
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Supporting Information

Optimized geometries of 1-7, TS and 8, complete frequency tables of 1-7,
1H and 3C NMR shielding tensors of 1-7 and methane are available on the
web: http://dx.doi.org/10.1135/cccc20081525.
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