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Bicyclic and related strained olefins were studied by the ab initio/GHXTSD(T) method. Structures and

3C NMR chemical shifts of the olefins were calculated using ab initio/GIATCSD(T) method. Thé*3C

of the olefinic carbons of the yet unknown bicyclo[1.1.0]but-1,3-éna@nd bicyclo[2.1.0]pent-1(4)-en2

were computed to be 69.4 and 212.4, respectively, at the GIBOSD(T)/qzp/tzp//IMP2/cc-pVTZ level.

The 613C of the olefinic carbons of the intriguing (larger and also yet unknown) tricyclo[3 3]h@n-3(7)-

ene6 and cuben€&’ were calculated to be 172.5 and 187.4, respectively, at the GIRCSD(T)/tzp/dz//
MP2/cc-pVTZ level. In a related study, the relative energies of the various conformers of ethylene were
computed and were found to correlate extremely well with'#eNMR chemical shifts, reflecting the linear
dependence of thEC NMR chemical shifts on the internal strain of the molecules.

Introduction SCHEME 1

The simplest and most strairffezymmetrical bicyclic olefins 3 s 4 5 4 5 45 o
(among olefins with collinearr orbital angle vectofy are
bicyclo[1.1.0]but-1,3-ené, bicyclo[2.1.0]pent-1(4)-eng, bicyclo- 2<]> 4 DI> 5 Ej 3<:|D .
[2.2.0]hex-1(4)-en8, and bicyclo[3.2.0]hept-1(5)-ere(Scheme 1 2 1 2 4 6 5 1
1). The olefinsl and2 themselves have not yet been prepared, 1 2 3 4

and only their substituted derivatives were characterized by

trapping experiments Casanova and Rogérand Wiberg et shifts. IGLO is not a correlated method. GIAO-MP2 is a widely
al# prepared the olefir3 and studied its reactivity. Casanova used correlated method included in several widely used quantum
and co-workersalso succeeded in isolating the pure olefin and chemistry programs includingaussian 03 Correlated3C
obtained its’H and 3C NMR, IR, and Raman spectra. NMR chemical shift calculations can also be carried out by the
Theoretical ab initio calculations of Wagner, Schleyer, ¢gal. GIAO—CCSD(T) and other coupled cluster methods. The
and Wiberg and co-worketpredict that3 should existin the  GIAO—CCSD(T) method is currently available through the
planarDan conformation. ACES Il programt® The GIAO—CCSD(T) method of calculat-

In fact, the**C NMR chemical shifts of strained hydrocarbons  jng the accuraté3C NMR chemical shifts of carbocations and
are indicative of the relative hybridization state of carbons. As other organic molecules have been demonstrated in several
the internal strain of the molecules increase, the strained olefinic recent studied! 15 Since strained olefins resemble the carboca-
carbons become increasingly deshielded. This effect wastions in their ground-state geometry, the GIAGCSD(T)
explained as due to the torsionally induced rehybridizatfon.  calculations for these olefins would be expected to closely
The olefinico'3C absorptions for dimethylcyclobutehbjcyclo- compare with the experimental data.

[4.2.0]oct-1(6)-ené&,4,> and 3% are 136.6, 141.7, 150.2, and

163.5, respectively, reflecting a gradual increase in ring strain -5iculations

in this series. The corresponding chemical shifts for the strained

pyramidalized olefins 2 and 1 would be expected to be even Geometry optimizations and frequency calculations were
more deshielded. However, because of extreme reactivity, thecarried out with theGaussian 03program? The geometry
synthesis and NMR characterization of these olefins remain optimizations were performed at the MP2/6-311G* level.
elusive. Vibrational frequencies at the MP2/6-311G*//MP2/6-311G*

Vazquez has reporté®FT/GIAO-DFT calculated®C NMR level were used to characterize stationary points as minima
chemical shifts of several highly pyramidalized olefins including (number of imaginary frequency (NIMAG¥F 0). The MP2/6-

3. Very good agreement between calculated and experimental311G* geometries were further optimized at the higher MP2/
values was found. We have previously repoftied calculated cc-pVTZ and MP2/cc-pVQZ levels. NMR chemical shifts were
13C NMR chemical shifts of the bicyclic olefink—4 using the calculated by the GIAO (Gauge Invariant Atomic Orbitals)
ab initio/IGLO method. The computed values compare with the method® using MP2/cc-pVTZ geometries. GIAGCCSD(T),
experimental data reasonably, but show a systematic drift with GIAO—MP2, and GIAG-SCF calculations using tzp/dz (tzp
increasing strain. Thé!3C values of the olefinic carbons df is used for carbon and dz is used for hydrogen) and qzp/tzp
and?2 were computed to be extremely deshielded at 455.5 and (qzp is used for carbon and tzp is used for hydrogen) basis
284.58 However, recent studies indicate that electron correlation setd’8have been performed with the ACES Il progréhThe
contributions are necessary to calculate the accurate chemical®C NMR chemical shifts were computed using tetramethylsilane
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TABLE 1: Calculated? and Experimental 13C NMR Chemical Shifts
GIAO—SCFltzpldz/i  GIAO-MP2/tzp/dz/l ~ GIAO—CCSD(T)ltzp/  GIAO—CCSD(T)/qzp/

no atom MP2/cc-pVTZ MP2/cc-pVTZ dz//IMP2/cc-pVTZ tzp//IMP2/cc-pVTZ exptl
cyclopropene  C(H) 120.8 107.9 107.4 108.7 108.9
C(H2) -0.2 2.7 2.0 2.6 2.3
cyclobutené C(H) 147.0 137.4 135.5 136.9 137.2
C(H2) 28.4 32.0 31.8 334 314
cyclopenteng C(H) 140.4 133.2 129.9 132.0 130.2
C(H2y 24.2 35.3 33.2 345 32.3
C(H2) 29.6 28.0 26.4 28.0 22.7
1 C1 69.2 142.8 d 69.4
c2 57.8 64.9 48.5
2 C1 325.9 143.5 207.7 212.4
c2 30.3 315 30.2 31.8
C5 7.7 38.9 50.4 51.6
3k C1 182.6 163.7 162.9 164.7 163.5
C2 40.4 47.4 44.4 46.1 43.7
4 C1 165.7 152.8 150.7 150.2
C2 28.9 35.0 32.7 32.1
C3 27.2 31.0 29.4 28.5
C6 26.1 30.3 28.8 27.3
59 C1 157.9 150.9 147.4 146.0
c2 27.8 33.0 30.9 29.2
C3 28.4 334 314 28.4
6 C1 205.4 177.1 172.5
C2 49.5 58.1 53.9
C3 67.3 80.7 73.0
C4 34.2 40.9 38.7
7 C1l 227.2 173.3 187.4
C2 73.6 85.7 77.9
C3 325 47.3 435

a 13C NMR chemical shifts were referenced to TMS; for numbering scheme, please see Scheme 1 and Fgxpé ¢alues of cyclopropene,
cyclobutene, and cyclopenetene were taken from ref R&thylene carbons adjacent to the double bétdid not converge at this level of
GIAO—CCSD(T) calculations® Exptl values taken from ref 3 Exptl values taken from ref 3.Exptl values taken from ref 23.

(TMS) (calculated absolute shift, i.es(C), tzp/dz= 1939 ~ TABLE2: (%af)“'ated and Experimental? C—C Bond
(GIAO—SCF), 199.6 (GIAG-MP2), 197.9 (GIAG-CCSD(T),

ando(C), qzp/tzp= 196.1 (GIAO-CCSD(T)) as reference. r(C-—C) MP2/cc-pVTZ MP2/cc-pvQZ  exptl
cyclopropene C%C3 1.299 1.295 1.293(1)
Results and Discussion C1-c2 1.508 1.505 1.505(1)
cyclobutene  C%C4 1.345 1.342 1.342(4)
The structures of the studied olefins were calculated at the Cl-C2 1.513 1.510 1.517(3)
ab initio MP2/cc-pVTZ level13C NMR chemical shift calcula- Cl-C2 1.565 1.562 1.566(3)
tions were carried out by the GIAGCCSD(T) method (Table ~ Cyclopentene C(Egg 1'282 %'ggi ig;‘é%gg
1). To check reliability of the method, the structures ara Co—C3 1540 1537 1.544(35)
NMR chemical shifts of the parent cyclopropene, cyclobutene, 1 Cc1-C3 1.406 1.400
and cyclopentene were also calculated. Computed structures of C1l-Cc2 1.489 1.486
cyclopropené? cyclobutené? and cyclopenterfé agree ex- 2 Cl-C4 1.384 1.380
tremely well with the experimental structures (Table 2). The C1-C2 1.541 1.538
. C2-C3 1.536 1.533
MP2/cc-pVTZ calculated €C distances of cyclopropene, C1-C5 1.499 1.496
cyclobutene, and cyclopentene are 1.299, 1.345, and 1.338 A3 Cl1-C4 1.326 1.323
respectively. They are only 0.006, 0.003, and 0.003 A deviated Ccl1-C2 1.528 1.526
from those of the experimental values of 1.293, 1.342, and 1.341 C2-C3 1.597 1.594
A, respectively. The calculated other-C bond distances are 2 Exptl data were taken from the following: cyclopropene, ref 19;

also very close to those of experimental values (Table 2). cyclobutene, ref 20; cyclopenetene, ref 21.

However, we would like to emphasize that the close agreement

between calculated and experimental values is somewhatand cyclopentene of 107.4, 135.5, and 129.9, respectively, are
fortuitous especially in the case of the geometry of cyclopentene, slightly deviated from the experimental valésf 108.9, 137.2,
which has an uncorrecteglgeometry from electron diffraction ~ and 130.2 ppm. The GIAGCCSD(T)/qzp/tzp calculated!3C

and is almost certainly too long. of cyclopropene and cyclobutene (108.7, 136.9, and 132.0) also
13C NMR chemical shifts of cyclopropene, cyclobutene, and agree very well with the experimental values (Table 1).
cyclopentene were calculated by the GlAGbupled cluster MP2/cc-pVTZ geometries of smaller olefins were further

method at the GIAG CCSD(T)/tzp/dz level using MP2/cc-  optimized at the higher MP2/cc-pVQZ level. However, opti-
pVTZ geometries (Table 1). Chemical shifts were also computed mizations of the structures at the MP2/cc-pVQZ level changed
at the higher GIAG-CCSD(T)/qzp/tzp level using the same the geometries very little (Table 2), For instance, calculated C
MP2/cc-pVTZ geometries. The calculat&C NMR chemical C distances of cyclopropene, cyclobutene, and cyclopentene are
shifts of the olefins agree extremely well with the available 1.295, 1.342, and 1.336 A, respectively. These are only 0.004,
experimental values. Thus, the GIAQCSD(T)/tzp/dz calcu- 0.003, and 0.002 A shorter than those of the MP2/cc-pVTZ
latedd13C of the olefinic carbons of cyclopropene, cyclobutene, values of 1.299, 1.345, and 1.338 A. Furthermore, to check the
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TABLE 3: Calculated? and ExperimentalP 33C NMR Chemical Shifts

GIAO—CCSD(T)/tzp/ GIAO—CCSD(T)/qzp/
no atom dz/IMP2/cc-pvVQZ tzp//IMP2/cc-pVQZ exptl
cyclopropene C(H) 107.2 108.3 108.9
C(H2) 1.9 24 2.3
cyclobutene C(H) 135.3 136.6 137.2
C(H2) 31.7 33.1 314
cyclopentene C(H) 129.8 131.9 130.2
C(H2y 33.2 34.4 32.3
C(H2) 26.3 27.9 22.7
2 C1 206.3 210.8
Cc2 30.7 32.2
C2 50.1 51.2
3 C1 162.7 164.3 1639%5
Cc2 44.2 45.7 439

a 13C NMR chemical shifts were referenced to TMS (calculated absolute shiftg{®), tzp/dz= 198.2 and qzp/tzg= 196.3).? Exptl values
were taken from ref 22 Methylene carbons adjacent to the double bdrikptl value was taken from ref 3.

reliability of the calculated geometry, tHéC NMR chemical
shifts of the olefins were also calculated at the GIACCSD-
(T)/tzp/dz and GIAG-CCSD(T)/qzp/tzp levels using the MP2/
cc-pVQZ geometries, and the data are listed in Table 3.
However, changes in th®C NMR chemical shifts are very
little (Table 3).

Experimental3C NMR chemical shifts of the bicyclic olefins
3,2 4,5 and bicyclo[3.3.0]octa-1(5)-en&2 are known. The
structures of these bicyclic olefins were also calculated at the C4Hy 1Cay CsHg 2 Cs
MP2/cc-pVTZ level and are given in Figure 1. The=C
distances of3, 4, and 5 are 1.326, 1.337, and 1.341 A,
respectively, reflecting a gradual decrease in ring strain in this
series¥C NMR chemical shifts were computed at the GIAO
CCSD(T)/tzp/dz level. Calculated!3C of the olefinic carbons
of 3, 4, and5, are 162.9, 150.7, and 147.4, respectively, are
also very close to the experimental values of 163.5, 150.2, and
146.0 ppm. Decreasing order of both calculated and experi-
mental’*C NMR chemical shifts are also reflecting a gradual
decrease in ring strain in this series. As seen from Table 1, the
GIAO—MP2/tzp/dz calculated values are little more deshielded CeHg 3 Doy, C7Hig 4 Cs
than those of the corresponding GIA@CSD(T)/tzp/dz values.
The GIAO-SCF/tzp/dz calculated values are, however, sig-
nificantly more deshielded than those of the GIAOCSD(T)/
tzp/dz values. These results again show that electron correlation
contributions are important to obtain reliaBf& NMR chemical
shifts of these types of olefins. The good agreement between
GIAO—SCF/tzp/dz and GIA©CCSD(T)/tzp/dz calculated . .
values of 1 appears to be fortuitous. Excellent correlation i
between GIAG-CCSD(T) calculatedH NMR chemical shifts
and the available experimental data was also found (Table 4). CgHpz 5 Cay

Highly strained pyramidalized olefirfs 2, tricyclo[3.3.1.6:7-
non-3(7)-ene6, and cubene7 are not yet characterized
experimentally. The MP2/cc-pVTZ computed structures are
shown in Figure 1. The puckering angles (the angle between
the two rings) ofl and2 were found to be 137°8and 129.2.

The pyramidalization anglé¢®) of 6 and7 were found to be

54.3 and 86.2, respectively. The €C distances ofl, 2, 6,

and 7 are 1.406, 1.384, 1.374, and 1.419 A, respectively.

Vibrational frequencies of the experimentally unknown olefins

1 and 2 were calculated at the MP2/6-311G*//MP2/6-311G* CgHg 7 Cay

level and are given in Table %3C NMR chemical shifts were Figure 1. MP2/cc-pVTZ structures of—7.

computed at the GIA©OCCSD(T)/tzp/dz level. Calculate#t3C

of the olefinic carbons a2, 6, and7 are 212.4, 172.5, and 187.4, olefins. The high deshielding of the olefinic carbons in these
respectively. GIAG-CCSD(T)/tzp/dz calculated values of 172.5 strained olefins can be rationalized by the HOMOJMO

pucker angle = 137.8 pucker angle = 129.2

C3C2C1C8 =131

and 187.4 fol and7 are remarkably close to the GIAFT energy gap. In fact, the olefinic carbon become increasingly
calculated (at the MPW1PW91/6-31G* level) values of 178.2 deshielded with the decrease of the HOMIOJMO gap’
and 189.6, respectively. This indicates that the GIATFT It was not possible to compute th%& NMR chemical shifts

method is certainly reliable and affordable for much larger of 1 at the GIAG-CCSD(T)/tzp/dz level (did not converge at
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TABLE 4: Calculated2 and ExperimentalP H NMR
Chemical Shifts

GIAO—CCSD(T)/ GIAO—CCSD(T)/

tzp/dz//IMP2/ qzp/tzp//MP2/

no atom cc-pVvVTZ cc-pVTZ exptl
cyclopropene H(CH) 6.60 7.00 7.06
H(CH2) 0.94 0.94 0.93
cyclobutene H(CH) 5.79 6.00 6.03
H(CH2) 2.48 2.59 2.57
cyclopentene H(CH) 5.58 5.72 5.60
H(CH2y 2.12 2.10 2.28

H(CH2) 1.70 1.62
3 H(CH2) 3.22 3.40 3.24

a 13C NMR chemical shifts were referenced to TMS (calculated
absolute shift, i.e g(H), tzp/dz= 31.92 and qzp/tzp= 32.08)." Exptl
values were taken from ref 22Methylene carbons adjacent to the
double bond¢ Exptl value was taken from ref 3.

TABLE 5: MP2/6-311G* Calculated Frequencie$ and IR
Intensities of 1 and 2

no frequencies in cmt (IR intensities in km/mol)

1 353 (4), 594 (133), 806 (0), 906 (13), 1022 (7), 1094 (1), 1119 (0),
1133 (4), 1147 (1), 1189 (0), 1313 (4), 1371 (22), 1549 (4),

1577 (1), 3089 (59), 3092 (54), 3243 (1), 3244 (8)

208 (0), 326 (1), 471 (66), 710 (5), 738 (4), 859 (14), 895 (1),

946 (2), 1014 (0), 1069 (6), 1088(4), 1137 (1), 1175 (2), 1197 (1),
1223 (2), 1246 (1), 1247 (3), 1430 (6), 1487 (5), 1504 (1), 1527 (3),
3104 (35), 3105 (20), 3110 (27), 3175 (1), 3188 (20), 3245 (4)

aNot scaled.

TABLE 6: Calculated C=C Length, Relative Energies? and
013CP with Respect to Pyramidalization Angle @) of

Ethylene
_____ < :
-'l7 _— X
$ 1
N
H/ A
® in deg r(C=C)inA energy in kcal/mol oC
0 1.330 0.0 121.2
18 1.335 4.4 124.9
36 1.352 17.3 136.7
54 1.385 38.3 157.7
72 1.446 66.8 188.7
90 1.545 99.2 222.1

aAt the MP2/cc-pVQZ/IMP2/cc-pVQZ leveb At the GIAO—
CCSD(T)/qzpltzp//IMP2/cc-pVQZ levet.Exptl value is 123.3.

this level). However, it was possible to calculate them at the
GIAO—CCSD(T)/qzpl/tzp level. The computed!3C of the
olefinic carbon ofl is 69.4. Interestingly, thé13C of 69.4 is

not that of a very deshielded peak as predit{d85.6) by IGLO
calculations. This again indicates the importance of electron
correlation to obtain reliabléC NMR chemical shifts in this
kind of an unusual system. The shielding of the olefinic carbon
of 1 compared to that a2 can be rationalized by the length of
the C=C (1.406 A) and hybridization (high p-character due to
Walsh orbitals).

To check the structureenergy and the structureehemical
shift relationships of these pyramidalized olefins, we have
calculated thé3C NMR chemical shifts (at the GIAGCCSD-
(T)/gzp/tzp/IMP2/cc-pVQZ level) of the parent olefin (ethylene)
at differentC,, geometries with different pyramidalization angles
(®) from 0° to 9C° (Table 6). At each point, we fully optimized
the geometry at the MP2/cc-pvVQZ level by keeping the
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Figure 2. (a) MP2/cc-pVQZ calculated pyramidalization energies in
ethylene. (b) GIAG-CCSD(T)/qzp/tzp//MP2/cc-pVQZ calculatéiC
NMR chemical shifts of ethylene with respect to pyramidalization. (c)
13C NMR chemical shifts with respect to pyramidalization energies in
ethylene.

ization angles is plotted in Figure 2. As the pyramidalization
angle increased fronQ@o 9C°, the MP2 energies aifldC NMR
chemical shifts of these conformers also systematically increased
almost in a similar fashion. As a result, the relative energies of
these conformers also correlated extremely well with *fi2
NMR chemical shifts, reflecting the linear dependence of the

pyramidalization angle constant. The resulting change in ener-13C NMR chemical shifts with the internal strain of the

gies and*C NMR chemical shifts with respect to pyramidal-

molecules. As expected, with the increase the pyramidalization
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angles, the €&C length of ethylene is increasingly becoming (6) Vazquez, S.; Camps, Fetrahedron2005 61, 5147.
longer. (7) Vazquez, SJ. Chem. Soc., Perkin Trans.2ZD02 2100.
(8) Prakash, G. K. S.; Rasul, G.; Reddy, V. P.; Casanova, Am.
. Chem. Soc1992 114, 6484.
Conclusion (9) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
; ; ; ; ; M. A.,; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.
The3C NMR chemical shifts of bicyclic and related strained "5\t 3 G Millam. 3. M.;glyeng);r, 5 S Tomasi 1. Barone, V.
olefins were calculated using the ab initio/GIAGCSD(T) Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.;

method. The calculateldC NMR chemical shifts of the olefins ~ Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;

; i ; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
agree extremely well with the available experimental values. X.: Knox, J. E.. Hratchian, H. P.: Cross. J. B.: Bakken. V.. Adamo, C..

The 613C of the olefinic carbons of the yet unknown bicyclo-  j5ramilio, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.:
[1.1.0]but-1,3-enel and bicyclo[2.1.0]pent-1(4)-en2 were Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.;

computed to be 69.4 and 212.4, respectively, at the GIAO  Yoth G. A Salvadar, P, Dannenberg, J. J,; Zakizewski, V. G.; Dapprich,
- ., banlels, A. D] rain, M. C.; Farkas, O.; MallCcK, D. K.; Rabuck, A.
CCSD(T)/qzpltzp//IMP2/cc-pVTZ level. TRESC of the olefinic D.. Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.. Baboul, A.

carbon of the intriguing (also yet unknown) cuberewvas G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.;
calculated to be 187.4 at the GIAGCCSD(T)/tzp/dz//IMP2/cc- Piskorz, P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,

; ; ; M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;
pVTZ level. In a systematic study, the relative energies of the Johnson, B Chen. W.: Wong, M. W.. Gonzalez, C. Pople, Lodussian

various conformers of ethylene were found to correlate eX- o3 revision B.04; Gaussian, Inc.: Pittsburgh, PA, 2003.
tremely well with thel3C NMR chemical shifts, reflecting the (10) Stanton, J. F.; Gauss, J.; Watts, P. G.; Szalay, P. G.; Bartlett, R. J.

linear dependence of thH€C NMR chemical shifts with the with contributions from Auer, A. A.; Bernholdt, D. B.; Christiansen, O.;
. - Harding, M. E.; Heckert, M.; Heun, O.; Huber, C.; Jonsson, D.! lluse
internal strain of the molecules. J.; Lauderdale, W. J.; Metzroth, T.; Ruud, K. ACES Il, AustBudapest
) Mainz version. Integral packages included are MOLECULE (Alnlb;
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