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The reaction of 1a, 2a, and trimethylsilylacetylene (3d)
under the influence of [{Ir(cod)Cl},] afforded an adduct,
butyl(1-propyl-3-trimethylsily-2-propynyl)amine [7; Eq. (3)].

la + 2a + =—SiMes3
3d SiMes
Il (©)
cat. [{Ir(cod)Cl},]
60 °C nPr” N7 nPr
H
7

Here the the alkyne 3d has added to the double bond of the
imine Sa initially formed, in contrast to the reaction of the
aliphatic alkyne 3a. It is probable that the reaction proceeds
through the oxidative addition of the Ir' complex to the
terminal C—H bond of alkyne 3d, followed by insertion of the
imine to the resulting Ir—H complex. Recently, Miyaura et al.
reported that the iridium-catalyzed dimerization of terminal
alkynes involves the oxidative addition of a low-valent Ir
complex to alkyne, followed by insertion of an alternative
alkyne to give dimers."]

In summary, we have developed a new reaction of
aldehydes, amines, and alkynes catalyzed by an Ir complex
to produce three-component coupling products. These prod-
ucts are difficult to obtain by conventional organic synthetic
methods.

Experimental Section

Representative procedure: The aldehyde (0.5 mmol), amine (0.25 mmol),
and alkyne (0.5 mmol) were added under Ar to a solution of [{Ir(cod)Cl},]
(0.025 mmol) in THF (2.0 mL). Then the reaction mixture was stirred at
60°C for 15 h. The reaction was quenched with wet Et,0O, and the products
were isolated by column chromatography (230-400 mesh Al,O;, hexane)
and purified by distillation under reduced presure. After the reaction, GC
and GC-MS analyses were performed. The yields of the products were
estimated from the peak areas based on the internal standard technique
using GC.

4a: "H NMR: 6 =759 (t, J=4.9 Hz, 1H), 491 (s, 1 H), 476 (d, J=13 Hz,
1H), 341 (t, J=6.9 Hz, 1H), 225 (dt, /=53, 73 Hz, 2H), 2.04 (t, /=
73 Hz,2H), 1.65—1.09 (m, 14H), 0.95 (t,J = 7.6 Hz, 3H), 0.88 (t,/ = 4.6 Hz,
6H); °C NMR: 6 =163.8, 151.7, 108.9, 76.0, 37.6, 36.7, 32.5, 31.7, 29.1, 277,
22.5,19.6,14.0,13.8, 13.7; IR (neat) 2957, 1667, 1462, 897 cm™'; MS (70 ev)
miz (%): 237 (0.3) [M*], 194 (100), 180 (5), 166 (16).

7: 'H NMR: 6=335 (dd, /=77, 59 Hz, 1H), 2.84 (ddd, J=6.6, 8.4,
11.4 Hz, 1H), 2.56 (ddd, J=5.9, 8.0, 11.4 Hz, 1 H), 1.61 - 1.33 (m, 8H), 0.94
(t, J=73Hz, 3H), 091 (t, /=73 Hz, 3H), 0.16 (s, 9H); *C NMR: 6 =
100.2, 87.3, 50.6, 47.0, 38.0, 32.1, 20.4, 19.2, 13.9, 13.8, 0.1; IR (neat) 3299,
2959, 2159, 1458, 1243, 842 cm'; MS (70 ev) m/z (%): 182 (100), 109 (4), 73
(12).
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Unprecedented Detection of Distinct Barriers
Involving Formally Enantiotopic Substituents:
Phenyl Rotation in Solid Diphenyl Sulfoxide**
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It has been pointed out that “the vast majority of molecules
are chiral, not achiral; to realize it, one only needs a
sufficiently fine spatial or temporal resolution of measure-
ment”. To illustrate this point herein, we refer to the recent
observation that dimesityl sulfoxide (Mes,S=O; Mes =2.4,6-
trimethylphenyl), which by convention is an achiral molecule

[*] Prof. D. Casarini
Dipartimento di Chimica, Universita della Basilicata
Via N. Sauro, 85, Potenza, 85100 (Italy)
Fax: (+39)0971202223
E-mail: casarini@unibas.it

Prof. L. Lunazzi, Dr. A. Mazzanti

Dipartamento di Chimica Organica “A. Mangini”
Universita di Bologna

Risorgimento, 4, Bologna, 40136 (Italy)

Fax: (+39)051-209-3654

E-mail: lunazzi@ms.fci.unibo.it

[**] Conformational Studies by Dynamic NMR. Part 82. For Part 80 see
ref. [1a], for Part 81 see ref. [1b]. We thank J. E. Anderson (University
College, London, UK), S.E. Biali (Hebrew University, Jerusalem,
Israel), R. K. Harris (University of Durham, UK), W. B. Jennings
(University College, Cork, Ireland), A. Rassat (Ecole Normale
Superieure, Paris, France) for critical reading of the manuscript, and
1.Co.C.E.A., CNR, Bologna for access to the 400-MHz and solid-state
NMR spectroscopy facilities. Financial support was received from
MURST (national project “Stereoselection in Organic Synthesis”)
and from the University of Bologna (Funds for selected research
topics 1999-2001).

0044-8249/01/11313-2604 $ 17.50+.50/0 Angew. Chem. 2001, 113, Nr. 13



ZUSCHRIFTEN

(C, point group by virtue of the symmetry plane created by the
fast Mes—SO rotation), appears chiral in the crystalline
state.l'4 This is a consequence of the two mesityl rings
adopting a propellerlike conformation, which deprives the
molecule of its symmetry plane: the “static” molecule thus
belongs to the C, point group. For this reason the solid-state
13C cross-polarization magic-angle-spinning (CP-MAS) NMR
spectrum at ambient temperature displays anisochronous
lines for the methyl substituents:['?l the two rings, in fact, are
not symmetry related and are therefore diastereotopic. The
same situation is observed in solution,'”l as shown by the
NMR spectra taken at a temperature (—177°C) low enough
to “freeze” the Mes—SO rotation that makes the molecule
apparently achiral.

Like dimesityl sulfoxide, diphenyl sulfoxide is achiral under
conditions of fast rotation about the Ph—SO bond but,
contrary to dimesityl sulfoxide, is achiral also in its ground
state conformation, since the plane of symmetry is maintained
even when the Ph—SO rotation is blocked. Molecular
mechanics calculations® show (Figure 1) that both the Ph—SO

[28°]  [28°

Calculated (MMX)

f 1179 |11.4°)

Experimental (X-ray)

Figure 1. Computed structure (MMX force field®!) of diphenyl sulfoxide
(top). Underneath is reported the structure obtained by X-ray diffraction.

dihedral angles have equal absolute values (28°), thus leading
to a symmetric butterflylike shape (C, point group), at
variance with the propellerlike conformation (C; point group)
of dimesityl sulfoxide.! Diphenyl sulfoxide also adopts a
butterflylike conformation in the crystalline state, as shown by
X-ray diffraction studies (see Experimental Section) of a
single crystal in which the two Ph—SO dihedral angles appear
to coincide (11.7° and 11.4°)P) within experimental error
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(Figure 1); the difference with respect to the calculated values
are a result of the flattening effect of the lattice. (Computa-
tionl® and X-ray diffraction!” studies indicate that benzophe-
none, in which the SO has been replaced by a CO group,
maintains the same propellerlike structure as its more
hindered analogue, dimesityl ketone, at variance with the
behavior of diphenyl sulfoxide with respect to dimesityl
sulfoxide.)

The crystal space group P2,/n of diphenyl sulfoxide has a
center but does not have a plane of symmetry, whereas the
molecule has a plane but not a center of symmetry (site
symmetry different from molecular symmetry), so that the
two phenyl rings reside in two different spatial environments
and are therefore diastereotopic. Accordingly, the solid-state
BC CP-MAS NMR spectrum at —30°C displays anisochro-
nous signals for the carbon atoms of one ring with respect to
those of the other.

As shown in Figure 2 ¢ two lines each are observed for the
quaternary as well for the para carbon atoms, and three lines
(1:1:2) were assigned to four ortho carbon atoms.[®! The four
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Figure 2. a) ®C NMR (100.6 MHz) spectrum of diphenyl sulfoxide in a
solution of CDCI,; at ambient temperature: the quaternary, para, meta, and
ortho carbon atoms are labeled as q, p, m, and o, respectively. b) The same
spectrum (100.6 MHz) taken at ambient temperature in a chiral environ-
ment:['% the splitting of the lines cover the range 0.8 Hz (ortho carbon
atoms)—2.7 Hz (meta carbon atoms). c) Static 3*C NMR (75.45 MHz) CP-
MAS spectrum of solid diphenyl sulfoxide at —30°C.

meta carbon atoms yield a single signal, owing to a fortuitous
coincidence of the corresponding lines. The line-shape
simulation (Figure 3, bottom right) indicates that the ortho
line with double intensity actually comprises two different
peaks with a separation (15 Hz) smaller than the line width
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Figure 3. Dynamic solid-state *C NMR spectrum (75.45 MHz) of the
ortho carbon atoms of diphenyl sulfoxide as a function of temperature
(left). On the right is displayed the computer simulation obtained with the
pairs of rate constants (k, and k, in s™!) reported.

(27 Hz), thus explaining why its height is less than twice the
height of the other two signals. There are therefore four
anisochronous signals (two for each phenyl group) related to
the four ortho carbon atoms of the static molecule,! as
expected on the basis of a blocked rotation about the Ph—SO
bonds!'”! coexisting with different site and molecular symme-
tries.

The anisochronous signals observed at —30°C in the
3C NMR spectrum of crystalline diphenyl sulfoxide are a
consequence of the sulfur atom being a prochiral tetrahedral
center'l with two enantiotopic ligands in the isolated
molecule.''* For this reason the situation encountered in
the crystal is similar (although not identical) to that occurring
in a fluid chiral medium in that “enantiotopic groups exhibit
their distinctiveness only in a chiral extramolecular environ-
ment”.["?l Actually, the four *C NMR spectral lines (which
correspond to four heterotopic ring carbon atoms) observed
in an achiral solution (Figure 2a), split into pairs" (Fig-
ure 2b) when the spectrum is taken in a chiral environment:['°!
here the two phenyl groups become diastereotopic and
consequently give rise to anisochronous signals. The differ-
ence between the situation in the crystal and that in solution is
because of the fact that to convert two enantiotopic into
diastereotopic ligands, it is not strictly necessary to have a
chiral extramolecular environment: a more general require-
ment should actually state that it is sufficient to have the

2606 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

element of symmetry of the external environment not
coincident with that of the molecule. For instance the P2,/n
space group, which has a center of symmetry, is not chiral (as
is the Pirkle alcohol®l employed to obtain the spectrum of
Figure 2b), yet the solid-state spectral lines are anisochronous
because, when such a situation occurs, the arrangement of the
molecules embedded in the crystal packing gives rise, in
practice, to a chiral object, thus rendering diastereotopic the
ligands that are enantiotopic when the molecule is considered
isolated from its environment. In the situation encountered
here the two phenyl groups of diphenyl sulfoxide should thus
display differences in all their observable features, and such a
distinctiveness should include not only the static but also the
dynamic properties. However, the chances of the latter
differences becoming experimentally detectable are likely to
be very low. This explains why, to the best of our knowledge,
distinct dynamic effects have not been reported for any
molecule that should have exhibited such features, that is, one
with a structure and symmetry analogous to that of an achiral
sulfoxide. A rare event, however, can occasionally be
discovered in a serendipitous way and indeed it was by sheer
chance that we found such evidence in the present case.

On raising the temperature of the diphenyl sulfoxide solid-
state spectrum above —30°C, the lines for the ortho carbon
atoms broaden significantly and subsequently coalesce, ulti-
mately displaying a single signal above ambient temperature
(Figure 3). This feature is a result of the Ph—SO rotation
process exchanging the ortho positions!!”] (the occurrence of
dynamic NMR spectroscopy effects in the crystalline state is
well documented™). On the contrary, the signals of the
quaternary and para carbon atoms remain sharp, because they
lie in the local rotation axis and do not experience the effects
of the exchange process.l'”) Likewise, the signal for the meta
carbon atoms remains sharp, owing to the coincidental
overlap of the corresponding lines.

An interesting feature was however observed: when the
inner pair of lines corresponding to the ortho carbon atoms
begin to broaden, the outer lines remain sharp, and when the
inner lines coalesce, the outer lines are broadened but still
separated. Likewise when the outer lines reach their coales-
cence temperature, the inner lines have already merged into a
single peak. These observations suggest that one of the two
rings rotates faster than the other, which means that there are
two free energies of activation for two distinguishable rotation
processes.

This was proven in a quantitative way by the line-shape
simulation®” displayed in Figure 3, which allowed the values
of the two rate constants to be determined at various
temperatures.?!l Even if the absolute temperatures are in
error of a few degrees, this does not affect the difference in the
k values, since each pair of these rate constants was
determined at exactly the same temperature. Thus, for
example, at 0°C (Figure 3) one ring makes 200 + 40 rotations
per second, whereas the other is essentially static, as it has a
negligible rotation rate. The two free energies of activation
(AG¥) derived from the two sets of rate constants?? differ by
1.0 £ 0.2 kcalmol~!, and their absolute values are 14.0 and
13.0 kcalmol~!. The temperatures where different rate con-
stants (k; and k, values) could be identified encompass,
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approximately, the —10° to +35°C
range. At even higher temperatures,
the two rotation rates are still ex-
pected to be different, but such a
difference cannot be measured any-
more by the NMR spectroscopy
technique: for instance, the spec-
trum at +80°C in Figure 3 could be
simulated with two essentially equal
rate constants.

To give an approximate image of
the effect illustrated here, the phe-
nyl rings were drawn (Scheme 1a)
as hexagons to indicate the static
situation at low temperature. At the
temperature when the rotation of
one ring is slow and that of the other
is fast in the NMR time-scale (about
0°C), the rotating ring was drawn as a cylinder (Scheme 1b)
where the ortho positions 2' and 6’ interchange rapidly,
whereas the motionless ring is still drawn as a hexagon.
Finally, both phenyl groups were drawn (Scheme 1lc) as
cylinders (where both the pairs 2,6 and 2',6" are scrambled) to
symbolize their fast rotation at higher temperatures.

In conclusion, distinctive stereodynamic processes that
involve the two enantiotopic substituents of a formally achiral
molecule (e.g. diphenyl sulfoxide) can be observed only in
situations where the anisotropic environment (in this case the
crystal packing) renders the two groups symmetry nonequi-
valent, thus making the whole supramolecular system chiral;
on the contrary this effect cannot be detected in achiral
isotropic media, unless the formally achiral molecule adopts a
chiral conformation.?’

Scheme 1. Pictorial re-
presentation of the time
averaged shape of cry-
stalline Ph,SO as func-
tion of the two distinct
rotation rates about the
Ph—SO bonds.

Experimental Section

X-ray diffraction—Crystal Data of Diphenyl sulfoxide: C,,H,,0S (202.26),
monoclinic, space group P2,/n, Z=4, a=28.3490(3), b =14.0970(5), c=
89170(3) A, B=101.1150(10), V=1029.81(6) A3, D.=1.305gcm™>,
F(000) =424, uM,=0.275 cm~!, T=293 K. Data were collected using a
graphite monochromated Mo, X-radiation (4 =0.71073 A) range 2.74° <
0<35.00°. Of 18196 reflections measured, 4533 were found to be
independent (R, =0.0324), 2696 of which were considered as observed
[>20(I)], and were used in the refinement of 103 parameters leading to a
final R, of 0.0496 and a R, of 0.0764. The structure was solved by direct
methods and refined by full-matrix least squares on F2, using SHELXTL 97
program packages. In refinements were used weights according to the
Scheme w =[0*(F2) + (0.1007 P)*> + 0.0000 P]~!, where P=(F2) + 2 F2)/3.
The phenyl rings were assumed to be regular hexagons, the hydrogen atoms
were located by geometrical calculations and refined by using a “riding”
method; wR, =0.1727. The goodness-of-fit parameter S was 1.023. Largest
difference between peak and hole was 0.283 and —0.283 e A=, Crystallo-
graphic data (excluding structure factors) for the structures reported in this
paper have been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication no. CCDC-156961. Copies of the data
can be obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB21EZ, UK (fax: (+44)1223-336-033; e-mail: deposit@ccdc.
cam.ac.uk).

NMR measurements: The *C NMR solution spectra were obtained at
100.6 MHz (Varian, Mercury) and the C NMR solid-state CP-MAS
spectra at 75.45 MHz (Bruker CXP spectrometer). For the latter measure-
ments, solid diphenyl sulfoxide (the same batch from which the crystal for
X-ray diffraction had been selected) was introduced into a tightly sealed
7-mm zirconia rotor, and spun at the magic angle with a speed of about
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3.5 KHz. The chemical shifts were measured with respect to the lower
frequency signal of the adamantane (0 =29.4 ppm). The assignment of the
CH carbon atoms was obtained by the “nonquaternary suppression” pulse
sequence. The signals for the ortho and meta carbon atoms were assigned
by comparison with those of the solution spectrum. In CDCl;, the two lines
assigned to four carbon atoms at 6 =129.2 and 124.6 correspond to the
single line at 6 =129.4 and to the average position (6 =122.5) of the four
exchanging lines of the solid-state spectrum, respectively. When the *C
solution spectrum is obtained in the undecoupled mode, the line at 6 =
129.2 displays long-range coupling to a single hydrogen atom, and the signal
at 0 = 124.6 shows long-range coupling to two hydrogen atoms. Therefore,
the former is unambiguously assigned to a meta and the latter to an ortho
carbon atom.¥ Cooling was achieved by means of a flow of dry nitrogen,
precooled in a heat exchanger immersed in liquid nitrogen. The temper-
atures of the solid-state spectra were calibrated by using the shift
dependence of the 1*C lines of 2-chlorobutane absorbed on solid decalite,!
assuming a dependence equal to that observed in neat liquid, which had
been previously calibrated by using a Ni/Cu thermocouple.
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Exceptionally Long (>2.9 A) C—C Bonds
between [TCNE] Ions: Two-Electron, Four-
Center v* —n* C—C Bonding in n-[TCNE],> **

Juan J. Novoa,* Pilar Lafuente, Rico E. Del Sesto, and
Joel S. Miller*

Dedicated to the memory of Linus Pauling
on the occasion of the 100th anniversary of his birth

We present here an exceptionally long C—C bonding
interaction that has spectroscopic (IR and UV/Vis), struc-
tural, and magnetic properties expected for a bond and that
complies with Pauling’s definition of a chemical bond.[!]
Strong carbon-carbon bonding is the essence of organic
chemistry. The length of a C—C single bond, that is, 1.54 A
found in the diamond allotrope of carbon, is among the
essential information learned by all organic chemistry stu-
dents. This is the length of a single bond between sp’-
hybridized carbon atoms and is the longest of all common
C—C bonds, although elongated C—C bonds as long as 1.73 A
have been reported.’! These bonds form whenever two
carbon atoms possessing an unpaired electron are close to
each other (e.g., as occurs for two "CH; radicals, which form
ethane). When the carbon atoms are radical anions (or radical
cations), due to their strong coulombic repulsion, bonds do
not form. Thus, many electron transfer salts involving radicals
are stable, and as a consequence exhibit interesting electrical
and optical properties. Herein, however, we show that C—C
interactions having all the properties of a chemical bond are
present between pairs of [TCNE]- ions in some TCNE-based
electron transfer salts, and that this type of bonding is present
for many other reduced strong electron acceptors, for example,
cyanil Pl 77,8 8-tetracyano-p-quinodimethane (TCNQ),* per-
fluoro-7,7,8,8-tetracyano-p-quinodimethane (TCNQF,), and
2,3-dichloro-5,6-dicyanobenzoquinone (DDQ).[!

Strong organic electron acceptors (A) such as TCNE and
TCNQ form stable electron transfer salts that contain [A]"~.
These salts were crucial for the discovery and development of
molecule-based metals,”? which subsequently led to the
discovery of molecule-based superconductors,®] as well as
molecule-based magnets.’]
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