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Calculations

Bis(tetramethylcyclopropylidene)methane (5) was prepared by
treating 1-(dichloroethenylidene)-2,2,3,3-tetramethylcyclopro-
pane (3) with tert-butyllithium in the presence of 2,3-dimethyl-
2-butene. The parent allene 6 was obtained along a new route
from bis(1-bromocyclopropyl) ketone (11) with low-valent ti-
tanium. Both 5 and 6 show unusually intense allene stretching
bands in the IR spectra, and the signals of their central carbon

atoms appear at remarkably high field in the !*C-NMR spectra,
The unique structural features of 5 and 6, as evidenced by an
X-ray crystal structural analysis of § and 'J.c values, agree
remarkably well with theoretical predictions made by semi-
empirical (MNDO) and ab initio (4-31G) calculations and on
the basis of the simple picture offered by the hybridization
model using the iterative maximum overlap (IMO) approach.

Small cyclic and polycyclic compounds attract continous
attention of theoretically, physically as well as synthetically
oriented organic chemists in view of their peculiar electronic
properties, their inherent angular strain and enhanced reac-
tivity . Systems containing double bonds emanating from
small rings are particularly interesting since multiply bound
centers in small rings increase the strain incorporated. The-
oretical considerations have shown that carbon atoms at
junctions between double bonds and small rings undergo
substantial rehybridization with a shift of s character from
the ring bonds towards the semicyclic double bond yielding
changes of its properties relative to those of a normal double
bond as in ethylene?. For example, semicyclic double bonds
linked to small rings are shortened, whereas their bond en-
ergies and stretching force constants are increased?,

Here we present the synthesis of bis(tetramethylcyclopro-
pylidene)methane (5) and its parent compound 6 as well as
the crystal structure of 5 and the results of *C-NMR as well
as photoelectron spectroscopic measurements. Experimental
data are discussed and interpreted in terms of theoretical
calculations obtained at the semiempirical and ab initio SCF
level.

Synthesis of Title Compounds
Two routes are conceivable from readily available mate-
rials to (tetramethylcyclopropylidene)ethenylidene (2), the

*+) New address: Institut fiir Organische Chemie der Universitit
Gottingen, TammannstraBBe 2, W-3400 Géttingen, FRG.

carbene precursor to a whole series of bis(cyclopropylide-
ne)methane derivatives. Treatment of 1-chloro-1-ethyl-
2,2,3,3-tetramethylcyclopropane, which is easily prepared
from the adduct of ring-opened tetrachlorocyclopropene
onto 2,3-dimethyl-2-butene?, with a strong base under
aprotic conditions should lead to 2 and — in the presence
of alkenes — its trapping products. An alternative route
starts from 1-(dichloroethenylidene)-2,2,3,3-tetramethylcy-
clopropane (3), which is readily obtained from 1,1,3,3- or
1,2,3,3-tetrachloropropene and 2,3-dimethyl-2-butene”.
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In fact, when 3 is treated with tert-butyllithium in n-hex-
ane in the presence of 2,3-dimethyl-2-butene in diethyl ether,
the unusual allene §, a trapping product of (tetramethylcy-
clopropylidene)ethenylidene (2) or a corresponding carben-
oid, can be isolated as the sole low molecular mass product
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in 40% yield. The highly symmetrical structure of 5 is evi-
dent from its NMR spectra. The 'H spectrum exhibits a
single line at 8 = 1.33 corresponding to all 24 methyl pro-
tons, while the *C spectrum shows four signals (see Table
1). The one at & = 168.9, which corresponds to the central
carbon in 5, occurs at an unusually high field for such carbon
atoms in allenes. Pasto and Borchardt® have observed a
similar effect — albeit less pronounced — for the central
carbon atoms in substituted ethenylidenecyclopropanes
such as 7, 8, and 9 and have attributed it to the spatial
overlap between the cyclopropyl Walsh-type” e, orbital and
the m orbital of the terminal allenic double bond. This kind
of interaction occurs twofold in § and its unsubstituted par-
ent compound 6'2'? (see Figure 1), and consequently the
signal of the central carbon in 5 and 6 is shifted upfield with
respect to that in tetramethylallene (10) twice as much as in
7 and 9 (see Table 1).

Figure 1. Orbital interactions in bis(cyclopropylidene)methane (6)

Table 1. Selected '*C-NMR chemical shifts (8ys) and *C,"’C coup-

ling constants (\J¢c in Hz) for bis(cyclopropylidene)methanes 5/6,

ethenylidenecyclopropanes 7—9 and tetramethylallene 10 (desig-
nation of carbon atoms according to Scheme 2)

C-Atom 5 6 7 8 9 10

C(A) 101.0 80.9 98.0 87.8 77.2 92.6
Yee 142.2 151.8 -2 142.0 a) 2

C(B) 169.8 1776 184.5 1857 183.8 200.2
YUcc 142.2 151.8 -8 109.0 8 2

C(©) (101.0) (80.9) 97.4 98.0 97.9 92.6)
Jee 23.0 24.6 - 45.0 A -2)

CcD) 21.8 28.2 22,6 21.5 B 20.2

@) Cheglical shifts from ref.%, 'Jcc not reported. — ® Not reported
in ref..

As predicted by semiempirical and ab initio MO calcu-
lations (see below), electron densities of the allenic double
bonds are increased in 6 with respect to tetramethylallene
(10), leading to a partial triple bond character, Therefore,
the high-field shift of the signals of the central carbons in 5
and 6 corresponds to the typical diamagnetic shift of acet-
ylenic carbon atoms.

The parent bis(cyclopropylidene)methane (6) has previ-
ously been reported without experimental details by Conia
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et al.'”? and a more convenient preparation of 6 has been
described by Hanack et al.”® Incidentally, we have discov-
ered an even simpler route to 6 from easily accessible bis(1-
bromocyclopropyl) ketone (11)'%. When 11 is treated with
titanium trichloride and zinc-copper couple'?, the only low
molecular mass product is the allene 6, isolated in 43% yield.
Like its octamethyl derivative 5, the parent 6 shows a drastic
upfield shift for the signal of its central carbon atom in the
3C-NMR spectrum. Both compounds also show a remark-
ably strong absorption at 2010 and 2060 cm ~!, respectively,
in the IR spectrum; the unusual intensity of this C=C=C
stretching vibration band may be due to an increased po-
larizability arising from the 7 to e, orbital overlap.

o
TiCly, Zn/Cu D]
& &  DME55°C, 12h
1 43% 6

Structural Properties

The geometry of 5 features several interesting structural
parameters. Firstly, substantial shortening of the double
bonds as predicted by IMO' (Iterative Maximum Overlap),
MNDO ' and 4-31G'® methods for its unsubstituted ana-
log 6>% are born out by the present X-ray diffraction crystal
structure analysis (Figure 2 and Tables 2, 4). Furthermore,
adjacent and distal C — C bonds in the three-membered rings
are shortened and expanded, respectively, relative to the
standard value in cyclopropane itself*. This may be de-
scribed in terms of a considerable rehybridization of all three
carbon atoms in the allene unit (vide infra). The three-mem-
bered ring is deformed by the double bond attachment, and
this is reflected in its bond angles. IMO, MNDO, and 4-
31G calculations all predict a C2’—C1’—C3’ angle greater
than 60°, calculated values being 62, 61.7, and 62.3°, re-
spectively. In fact, the experimental angle [60.6(9)°] is
slightly greater than 60°. Concomitantly, C1’—C2’'—C3’/
C1"—C3' —C2’ angles are smaller than 60° assuming the
values 59.0, 59.1, and 58.8° [experimental value 59.0(2)°],
when defining them as the angles between straight lines pass-
ing through the carbon nuclei rather than through the exo-
cyclic points of highest electron density'”.

MNDO bicentric energy terms obtained by the customary
energy partitioning technique® show that in the cyclopro-

Figure 2. ORTEP plot of the crystal structure of bis(tetramethyl-
cyclopropylidene)methane (5) (for structure parameters see Tables
2 and 4)
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pyl fragments of 6 the C—C bonds adjacent to the allenic
double bonds are indeed stronger than the distal one (Table
2). In addition, the C=C bond two-center term (—26.2 eV)
is substantially lower than the corresponding value in
1,1,3,3-tetramethylallene (—25.0 eV)?. Therefore, shorter
bonds contribute more to the molecular stability as usual.
The overall pattern is easily interpreted in terms of rehy-
bridization relative to the parent compounds cyclopropane
and 1,1,3,3-tetramethylallene. This is most pronounced for
the doubly bound carbon atoms in the rings. The s character
in the exocyclic orbitals must be considerably increased as
the p character of endocyclic bond orbitals of small rings is
higher than for sp® orbitals (Table 2). The corresponding
shortening of the C=C bond and its enhanced strength are
reflected in its high stretching force constant of 10.4 mdyn -
A1 as predicted by the IMO method?. Despite the s char-
acter transfer, the hybrids placed at C1’ and directed toward
apical C2’/3’ atoms possess more s character than those in
cyclopropane. Hence, C1'— C2’/3’ adjacent interatomic dis-
tances are shorter. On the other hand, d(C2"—C3’) is larger
as a consequence of the rehybridization at C1’ and a con-
comitant opening of the C2'—C1’—C3’ angle (vide supra).
The increase in C2'—C1’—C3’ angles is plausible because
it diminishes bond bending and angular strain at C1’. Ad-
ditional lengthening of the C2'—C3’ bond is caused by a
slight rehybridization at C2" and C3’ as evidenced by the
IMO s characters of the %, (20.8%) and Y%, (22.1%) hy-
brides (Table 2).

Table 2. Comparison of selected bond distances in 6 as estimated
by IMO, MNDO, and 4-31G procedures with experimental data
for the octamethyl derivative 5 (for further parameters see Table 4).
In addition, hybridization parameters as obtained by IMO and
MNDO are correlated with MNDO two-center bond energy terms

Eas
Bond
Method C1-CI'(l") Cra")-C2/32"n3" c2'@2"-c3'@3") C2/3'(2"/3"-CHs
Bond distances [pm]®
MO 128.6 147.6 152.1
MNDO 128.8 149.5 153.4
4-31G 127.8 147.3 152.5
Exp. for 5 129.3(4) 148.2(3) 152.6(5) 152.6(3)
Hybridization and bond indices®
MO 50.0-44.2 27.9-22.1 20.8-20.8
MNDO 49.6-45.6 28.0-19.7 19.6-19.6
Ear -26.2 -134 -12.5

¥ Calculated values refer to the parent compound 6.

This is compatible with a general rule stating that hybrids
forming a bond tend to be as similar as possible?). Hence,
the %, hybrid tends to match the ;- hybrid as close as
possible. It is interesting to note that the MNDO procedure
fails to reproduce these subtle changes. Two points are note-
worthy: (a) structural parameters obtained by the ab initio
split-valence 4-31G basis set are very close to the simple
picture offered by the hybridization model and (b) the hy-
bridization extracted * from the MNDO first order density
matrix is similar to the results of the localized IMO ap-
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proach (Table 2). Consequently, widely different theoretical
approaches yield consistent structural data and a bonding
pattern which is dominated by rehybridization.

The carbon-carbon coupling constants 'Jcc across the
allenic double bonds in bis(cyclopropylidene)methanes 5
and 6 also reveal the consequences of rehybridization and
concomitant bond shortening. The values of 'Joucm are
considerably larger for 5 and 6 (see Table 1 and Scheme 2)
than the corresponding one across the double bonds in te-
tramethylallene. There is yet an influence by the methyl sub-
stitution, causing a decrease of 9.6 Hz (151.8 versus 142.2)
on going from 6 to its octamethyl derivative 5. The corres-
ponding value for 1-(dimethylethenylidene)-2,2-dimethylcy-
clopropane (8) is, however, identical to that for 5.

Photoelectron Spectra

The low-energy region of the PE spectrum of 5 is char-
acterized by the presence of three distinct pairs of bands
(Figure 3). The first of them exhibits the typical shape as-
sociated with a Jahn-Teller distortion?. The magnitude of
the Jahn-Teller splitting is of the same order as that en-
countered in the PE spectra of allene® (0.57 V) and 1,1,3,3-
tetramethylallene? (0.49 eV). On the basis of band inten-
sities we attribute two ionizations each to the first and sec-
ond pair of bands, while four ionization events must be
assigned to the third pair of bands. This is also in line with
the sequence of highest occupied MO’s predicted by cal-
culations (Table 3).
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Figure 3. He(I) PE spectrum of bis(tetramethylcyclopropylidene)-
methane (5)

Assignment of the individual bands as presented in Table
3 is based on a comparison of the measured vertical ion-
ization (1,;) energies with calculated orbital energies assum-
ing the validity of Koopmans’ approximation®. A scrutiny
of the experimental data shows that theory suggests the
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assignment of the first two bands to ionizations out of Walsh
type eax MO’s of the cyclopropane rings and nonadjacent
allenic double bond = orbitals. An additional evidence for
such an assignment is offered by a comparison of the ob-
served I,;’s with the PE data of 1-(dimethylethenylidene)-
2,2,3,3-tetramethylcyclopropane (7) (Figure 4) previously re-
ported by Pasto et al.””. For symmetry reasons, the two
allenic =-MO’s belonging to the 2-e irreducible representa-
tion are not degenerate in 7 giving rise to two cleanly sep-
arated bands at 7.9 and 8.7 €V.

Table 3. Comparison of the first vertical ionization energies (7,;) of
5 and 6 with calculated orbital energies (g;) based on MNDO and
4-31G procedures

Compd. Band  L,;(eV) Assign. -€(eV)
MNDO? 4-31G?
@ 8.52
9.57 9.5
0) } o0 ®
. ©) 1100  4b, 1173 1213
L==<] @ 1150 4, 1212 1248
6 ®.® 1207 3 1280  13.40
@, ® 1299 1a,1b; 1314 1389
@ 7.70
9.57
©) } g0 0
__.:{ ® 920 b, 1076
g 5 ® 960 Ta, 11.00
5 2 (®.® w01 % 12.25
@D.® 1110 4ay,4b; 1227
@ Calculations performed on parent compound 6.
ae 4b, 4a, 38  1a, 1b ]

L T T

Ll
11.0 12.0 130 L, (V)

Figure 4. Comparison between the first bands in the PE spectra of
bis(cyclopropylidene)methanes 5, 6 and 1-(dimethylethenylidene)-
2,2,3,3-tetramethylcyclopropane (7)

They are related to an ionization process out of €,-Tiey-.co
and mcy.c;r MO, respectively. In reference to Figure 4 we
note that the position of the first band in the PE spectrum
of 7 coincides with the center of gravity of the first ionization
event comprising bands @ and @ in 5.

Furthermore, the second pair of bands in the PE spectrum
of § appears at about the same energy as the third band in
7, which is related to symmetric Walsh-type (es) cyclopropyl
MO. Accordingly, we assign these two bands to the ion-
ization from 7b, and 7a; MO’s in 5. The rather large energy
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splitting between 7,5 and I, (&~ 04 eV) indicates that in §
e; MO’s of the cyclopropane subunits interact to a signifi-
cant extent by lower lying o orbitals of the allenic bridge.
An analysis of the calculated wave functions of 5 shows that
there is indeed a significant admixture of the 3b, allenic o-
MO orbital into the 7b, MO, while the 7a; MO is influenced
by the 4a; allenic 6-MO.

Finally, assignment of the ionization events at 10.7 and
11.1 €V is less straightforward. A comparison of the 7,;s for
5 with those of 7 suggests that the band at 10.7 ¢V corres-
ponds to the bonding counterparts of the HOMO’s and the
one at 11.1 €V to an ionization from the symmetry-allowed
linear combinations of the pseudo n orbitals of C(CHj),
fragments located at the peripheral positions of the three-
membered rings. The same ordering is predicted by the
MNDO procedure, but their energy difference appears to
be heavily underestimated.

The PE spectrum of unsubstituted bis(cyclopropylide-
ne)methane (6) helps to clarify this point. The measured
ionization energies and MO energies calculated by MNDO
and 4-31G procedures are listed together with the relevant
data for 5 in Table 3. In passing from 5 to 6 (see Figure 4)
a strong shift of all bands toward higher energy is observed.
This shift found for the first and the third ionization event
is smaller than for the second and fourth pair of bands. This
indicates that the bands within the second and fourth ion-
ization features are related to MO’s with large coefficients
at the 2,2°,3,3'-cyclopropane carbon atoms, namely to the
4b, and 4a, (bands @ and @) and 1la, and 1b, (bands @
and ®) MO’s, respectively. A comparison of the I, s for 6
with the calculated &(MO)’s listed in Table 3 reveals that
both theoretical procedures in fact underestimate the energy
differences between the third (bands ® and ®) and fourth
(bands @ and ®) ionization features, with MNDO values
being less accurate.

Hence, we tend to assign the ordering of levels ® —
in 5§ as indicated in Table 3 and Figure 4.

This work was supported by the Deutsche Forschungsgemein-
schaft and the Fonds der Chemischen Industrie. The collaboration
was made possible within the framework of the agreement for sci-
entific cooperation between the universities of Hamburg and
Zagreb. We are indebted to A. Flatow and Prof. R. Gleiter, Hei-
delberg, for recording the PE spectrum of 6.

Experimental

'H NMR: Bruker AW 250 (250 MHz) and WH 270 (270 MHz),
& = 0 for tetramethylsilane, 7.15 for [Ds]benzene, 7.26 for chlo-
roform, — *C NMR: Bruker WP 80 (20.17 MHz), WH 270 (67.93
MHz), and Varian XL 200 (50.3 MHz), 8§ = 0 for tetramethylsilane,
71.0 for CDCl;, 128.0 for C,Ds. Assignments were supported by
DEPT spectra with a puls angle of 135°, — TR: Perkin-Elmer 399
and 1720 FT-IR. — MS: Varian MAT CH 7, MAT 112 with Varian
Aerograph 1400 (GC-MS) with 25-m capillary Oribond SE 54. —
Preparative GC: Varian Aerograph 920 (3/8” teflon tubing with
chromosorb W-AW DMCS 60— 80 mesh, carrier gas hydrogen). —
Melting points: Melting point apparatus Wagner & Munz, m.p.’s
are uncorrected. — Microanalyses were performed by the Micro-
analytical Laboratory of the Institut fiir Organische Chemie, Uni-
versitit Hamburg. — He(I) PE spectra of 5 and 6 were recorded
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on a Vacuum Generators UV-G3 and Perkin-Elmer Ltd. Model
P18 (Beaconsfield, England) instrument, respectively, and calibrated
with Xe and Ar. A resolution of 20 meV at ?P;,Ar line was achieved.

1-( Dichloroethenylidene )-2,2,3,3-tetramethylcyclopropane  (3)®:
To a suspension of 2.40 g (21 mmol) of potassium tert-butoxide in
5.0 g (60 mmol) of 2,3-dimethyl-2-butene and 20 ml of anhydrous
and olefin-free pentane, kept at —20°C under nitrogen, was added
with stirring a solution of 1.53 g (8.5 mmol) of 1,2,3,3-tetrachloro-
1-propene (4) in 5 ml of anhydrous pentane. The mixture was then
stirred at ambient temperature for 1 h, diluted with 80 ml of diethyl
ether and 50 mi of water, and filtered over Celite. The organic layer
was washed with two 50-ml portions of 2 N HCI, two 50-ml portions
of water, one portion of 50 ml of saturated sodium chloride solution
and dried with magnesium sulfate. The solvent was evaporated in
a rotatory evaporator and the residue sublimed at 50°C/1 Torr,
yield 782 mg (48%) of 3, m. p. 68°C (after crystallization from
ethanol). — IR (KBr1): ¥ = 3005—2875 cm™"' (C—H), 1440, 1100,
840 (C—Cl). — '"H NMR (270 MHz, CDCly): 6 = 1.23 (s, CH;). —
BC NMR (20.17 MHz, CDCL): 8 = 20.9 (CH;), 31.5 [C-2(3)], 98.5
(C-1), 113.1 (C-27), 181.1 (C-1"). — MS (70 eV): m/z = 194/192/190
[M*], 179/177/175 [M — CHs], 157/155 [M — Cl].

CH;;,Cl, (191.1) Caled. C 56.57 H 6.33 C1 37.10
Found C 56.52 H 6.23 Cl1 37.10

Bis(tetramethylcyclopropylidene )methane (5): To a solution of
955 mg (5.0 mmol) of 3 and 5.9 g (70 mmol) of 2,3-dimethyl-2-
butene in 20 ml of anhydrous diethyl ether, kept at —10°C under
nitrogen, was added dropwise with stirring 6.0 ml (7.2 mmol) of
1.2 N tert-butyllithium in n-hexane. The mixture was then stirred
for 4 h at 0°C and diluted with 80 ml of diethyl ether and 30 ml
of water. The organic phase was separated and washed with three
30-ml portions of 10% ammonium chloride solution, three 30-ml
portions of water and dried with magnesium sulfate. The solvents
were removed by trap-to-trap distillation at 30°C/100 Torr, and
the residue was filtered over 40 g of alumina (neutral, activity III)
with n-pentane/dichloromethane (9:1). After removal of the sol-
vents, crystalline 5 remained, yield 402 mg (40%), m.p. 175—178°C
(after sublimation and crystallization from diethyl ether). — IR
(KBr): ¥ = 3000—2855 em~! (C—H), 2010 (C=C=C), 1450, 1370,
1100, 1002, 935. — 'H NMR (270 MHz, C¢Dy): 6 = 1.32(s). — C
NMR (50.3 MHz, CsDs, 60°C, undecoupled): § = 21.8 (q, CHs),
282 [Couarr C-2(3,2°,3"), Jcec = 23.0 Hz], 101.0 [Cqua, C-1(17),
'Joc = 1422 and 23.0 Hz], 169.8 (Cguar, 'Joc = 1422 Hz). — MS
(70 V). m/z = 204 [M*], 189 [M — CH3], 161 [M — CH,].

CysHy (204.4) Caled. C 88.16 H 11.84
Found C 88.39 H 11.79

Bis( cyclopropylidene Jmethane (6): 2.32 g (8.0 mmol) of titanium
trichloride — 1,2-dimethoxyethane complex [TiClydme);s]' and
2.20 g (31 mmol) of zinc-copper couple'® were transferred under
argon to a flask containing 60 ml of anhydrous DME, and the
mixture was heated under reflux for 2 h to yield a black suspension.
A solution of 536 mg (2.0 mmol) of bis(1-bromocyclopropyl) ketone
(11" in 6 ml of DME was added dropwise with stirring within
30 min at 0°C, the mixture was then stirred at 24°C for 1 h and at
55°Cfor 12 h. After having been cooled down to 0°C, it was diluted
with 60 ml of pentane and filtered through a pad (2 x 8 cm) of
florisil to remove all salts. The florisil was washed with an additional
60 ml of pentane, and the combined pentane layers were washed
under argon with four 60-ml portions of cold water, then dried with
Na,SO, and concentrated at —15°C. Separation of the residue by
preparative GC (1.5 m 13% silicone DSFS, 50°C) gave 79 mg (43%)
of 6 as a colorless liquid. — IR (film): ¥ = 3055 cm ™", 2974, 2060
(s, C=C=C), 1430, 1413, 1127, 1046, 996, 798. — 'H NMR (250
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MHz, CeDg): § = 135 (s). — 3C NMR (50.3 MHz, C¢D,, 22°C,
undecoupled): § = 7.20 [t, C-2/(3',2",3"), Uec = 24.6 Hz], 80.90
[Cqua C-1(1"), e = 151.8 and 24.6 Hz), 177.56 (Cyua C-1,
e = 151.8 Hz).

X-Ray Crystal Structure Determination of Bis(tetramethylcyclo-
propylidene )methane (5)*: A crystal with the approximate dimen-
sions of 0.10 x 0.08 x 0.04 mm® was measured on a Nicolet R3m/
V diffractometer with Mo-K, radiation at 200 K. Ccll dimensions,
refined from the diffractometer angles of 25 centered reflections, are
a = T747(2), b = 952.9(3), ¢ = 975.5(3) pm, o = 86.69(2), p =
89.39(2), y = 68.50(2)°, V = 6.689(3) - 10 pm*; Z = 2,d, = 1.015
g-cm~>3 p = 0.05 mm ", space group PT, data collection of 1760
unique intensities (2@, = 45°), 737 observed (F, > 4o(F)), struc-
ture solution with direct methods and refinement with full matrix
least squares (rigid groups for hydrogen atoms; common isotropic
U values and isotropic U values for C atoms), 137 parameters, R =
0.043, R,, = 0.040. The maximum difference electron density, based
on the final model, was 0.14 ¢ - pm~®. Atomic coordinates and Uy
values are listed in Table 5.

Table 4. Bond lengths [pm] and angles [°], averaged according to
the D,,; symmetry of §

Ct-cra”) 129.3(4)
CI'(1") - C2/3(2"/3") 148.2(3)
22" - C3(3") 152.6(5)
C(ring) - C(methyl) 152.6(3)
cr-ct-cr 179.3(4)
CI'(1" - C2/3'@"3" - C3/2(3"/2" 59.0(2)
C2'2" - CI'(1"™ - C3(3" 60.6(9)
C1'A") - Cring) - C(methyl) 118.4(2)
C2/3(2"B" - C3/2'(3"/2") - C(methyl) 118.9(2)

Table 5. Atomic coordinates {x 10*) and equivalent isotropic
displacement factors [pm?]

X y z Ueq
C(1) 2422(5) 4983(4) 7473(4) 288(6)*
cQ") 2946(5) 3844(4) 8368(4) 301(6)*
c(2") 3812(5) 3166(4) 9709(4) 354(6)*
Cc(3") 3140(5) 2267(4) 8748(4) 334(6)*
c(a") 2691(5) 3727(4) 11007(4) 466(6)*
Cc(5") 5883(5) 2770(4) 9914(4) 442(6)*
Cc(6'") 1371(5) 1963(4) 9099(4) 483(6)*
c(7") 4561(5) 1004(4) 7999(4) 457(6)*
c(") 1921(5) 6117(4) 6584(4) 296(6)*
c2") 498(5) 7570(4) 6079(4) 339(6)*
c(3" 2400(5) 6962(4) 5403(4) 349(6)*
c(a™) -1190(5) 7544(4) 5295(4) 447(6)*
Cc(s") 44(5) 8910(4) 6968(4) 434(6)*
c(6™) 2529(5) 6346(4) 3975(3) 417(6)*
c((m™) 3788(5) 77117(4) 5636(4) 465(6)*

* Equivalent isotropic U defined as one third of the trace of the
orthogonalized Uj; tensor.

CAS Registry Numbers

3: 94106-62-4 / 4: 20589-85-9 / §: 132723-92-3 / 6: 50874-22-1 / 11:
60538-60-5 / 2,3-dimethyl-2-butene: 563-79-1
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