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Helicenes represent a fascinating class of compounds that
exhibit exceptional properties.[1±4] Since the first synthesis of
[6]helicene by Newman and Lednicer,[5] this area has devel-
oped rapidly, with the parent systems at the center of interest.
The number of substituted [6]helicenes described in the
literature remains relatively small, and bridged [6]helicenes
are almost unknown.[3, 6±8] We have now synthesized [6]heli-
cenes whose terminal benzene rings are linked by polyme-
thylenedioxy chains so that the influence of the cyclophane
structure on the racemization can be studied.

We first prepared the dialdehydes 3 a ± c from salicylalde-
hyde (1) and a,w-dibromoalkanes (2 a ± c) and then reduced
them to the diols 4 a ± c (Scheme 1). The transformation to the
bisphosphonium salts 5 a ± c and the subsequent twofold
Wittig olefination, carried out in highly diluted solution with
2,7-naphthalenedicarbaldehyde (6), generated the macrocy-
cles 7 a ± c.[9] The compounds 7 a ± c were obtained as mixtures
of E,E and E,Z isomers; however, the configuration does not
play a role in the subsequent oxidative photocyclization. (The
E,Z ratio from the cyclization process 5� 6!7 decreases with
decreasing chain length from 33 % for 7 a, to 20 % for 7 b, and
almost 0 % for 7 c). The twofold photocyclization in the
presence of methyloxirane with iodine as an oxidating
agent[10] yielded the bridged [6]helicenes 8 a and 8 b.[11] In 7 c
the short polymethylenedioxy chain did not permit the
formation of the corresponding helicene.

Even in high dilution photodimerization of 7 c dominated
completely and a totally different type of cyclophane 9 c was
formed (Scheme 2). To enable a better investigation of the
latter reaction, we improved the solubility of the cyclophane
by the introduction of two dodecyloxy groups and optimized
the reaction conditions for the photodimerization. Cyclo-
phane 9 d[12] was then obtained from 7 d in high yields. The
dimerization reaction was also observed in competition to the
photocyclization of 7 b, but to a smaller extent, while the
dimerization of 7 a did not occur.

It was possible to enrich the enantiomers of 8 a and 8 b by
chromatography on silica gel doped with the Newman reagent
(R)-(ÿ)-2-(2,4,5,7-tetranitro-9-fluorenylidenaminoxy)pro-
pionic acid ((R)-(ÿ)-TAPA).[13] The (M)-(ÿ)-configuration
forms weaker complexes with (R)-(ÿ)-TAPA and was eluted
first. The first-order kinetics for the racemization were
determined by the measurement of the optical rotation [a]D

in 1,2,4-trichlorobenzene. Linear regression led to determi-
nation of the rate constant krac and the half-life t1/2� krac
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Scheme 1. Synthesis of the hexahelicenophanes 8a and 8b.

Scheme 2. Photodimerization of 7 c and 7d.

ln2. The rate constants for the racemization reactions were
determined at constant temperatures of 200, 180, 160, 150,
140, 130, and 120 8C, and by application of the Arrhenius
equation, lnkrac� f(1/T), the activation energy Ea could be
calculated. In an analogous manner, application of the Eyring

equation gave the DG= values. Table 1
summarizes these parameters together
with the results for DH= and DS=. For
comparison the data for the racemiza-
tion of the unsubstituted [6]helicene
8 d were determined under the same
conditions.

Figure 1 demonstrates impressively
the influence of the bridges on the rate

Figure 1. Rate of racemization of the helicenophanes 8 a and 8b in 1,2,3-
trichlorobenzene at 200 8C relative to that of [6]helicene 8d.

of racemization; krac increases drastically with chain length.
However, this effect is not representative for alkoxy-substi-
tuted [6]helicenes; compound 8 e has a half-life t1/2 which is
more than twice as long as that of the unsubstituted 8 d under
the conditions mentioned above.[16] Normally, alkoxy sub-
stituents decelerate the racemization, and the acceleration for
8 a and 8 b is therefore a result of the cyclophane structure!

To interpret this unexpected effect, we performed an X-ray
analysis of 8 a and 8 b (Figure 2). The helical structure of the
compounds 8 becomes apparent from the increasing twist

Figure 2. Molecular structure of (M)-(ÿ)-8 b in the solid state. The angles
between neighboring planes of the benzene rings A ± F (values for
[6]helicene[18] are given in parentheses) are: AB: 12.98 (9.8); BC: 11.48
(15.28); CD: 16.28 (14.48); DE: 17.78 (15.28); EF: 14.68 (11.58).

Table 1. Kinetic parameters for the racemization of the [6]helicenes 8a,
8b, and 8d in 1,2,4 trichlorobenzene.[a]

Compd Ea

[kJ molÿ1]
lnA DG=

[kJ molÿ1]
DH=

[kJmolÿ1]
DS=

[J Kÿ1molÿ1]
t1/2

[min]

8d[14, 15] 148.1 27.9 156.3 144.2 ÿ 25.6 106
8a 143.7 29.0 147.7 139.8 ÿ 16.7 12
8b 116.7 24.7 137.3 112.8 ÿ 51.8 0.8

[a] The values for DG=, DH=, DS=, and t1/2 refer to the reaction at 200 8C.
The relative error in the determination of the parameters is � 6%, but for
DS= it can be somewhat higher.
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angles along the (averaged) ring planes. The polymethylene-
dioxy chains clip the terminal benzene rings A and F together
in such a way that the centers of the bridges lie on the (formal)
C2 axis. Due to crystal effects there are considerable devia-
tions from C2 symmetry. This statement is also valid for 8 a,
whose crystal structure analysis gave very similar data.[16]

The symmetry of the helicenes changes during the race-
mization from C2 in the ground state to Cs in the transition
state. This mechanism is in agreement with recent semi-
empirical and ab initio quantum-mechanical calculations. The
experimental DH= values of [6]helicenes are reproduced best
by the AM1 method.[19, 20] Figure 2 shows the strong steric
interference of the polymethylenedioxy chains with the
terminal rings A and F, especially in the range of the carbon
atoms C-3 and C-14. This effect increases the energy of the C2

ground states and is more pronounced for the shorter chain in
8 b than for the longer chain in 8 a. Figure 3 shows schemati-
cally that the bridge can turn aside into the Cs transition
state,[21] thus decreasing the energy of the steric interaction.

Figure 3. Schematic representation of the bridges between the terminal
rings A and F in the C2-symmetric ground state (left) and the Cs-symmetric
transition state (right) of the racemization of 8a and 8 b.

The drastic lowering of the racemization barrier in going from
8 d to 8 a to 8 b is due to the differences between the steric
energies (included in the enthalpy term) of the ground and
transition states of the cyclophanes. Moreover, the high
negative activation entropy DS= of 8 b should be noted. The
shorter bridge is less flexible and has a lower probability for
the turn.
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Nonclassical Metal Carbonyls: Appropriate
Definitions with a Theoretical Justification**
Anthony J. Lupinetti, Gernot Frenking,* and
Steven H. Strauss*

There is a growing class of metal carbonyl compounds with
unusually high nÄ(CO) values.[1±5] Examples are (average
values for nÄ(CO) in parentheses; for free CO: nÄ(CO)�
2143 cmÿ1) [Cu(CO)2][AsF6] (2171 cmÿ1),[6] [Ag(CO)2]-
[Nb(OTeF5)6] (2208 cmÿ1),[7] [Au(CO)2][Sb2F11] (2236 cmÿ1),[8]

[Hg(CO)2][Sb2F11]2 (2280 cmÿ1),[9] and [Ir(CO)6][Sb2F11]3

(2268 cmÿ1).[10] There is a concensus that these and other high
nÄ(CO) values are due to greatly diminished p backbonding for
late transition metal [M(CO)n]m� species.[2-5, 11±20] For the vast
majority of metal carbonyl complexes (i.e., classical metal
carbonyl complexes), the effect of p backbonding to lower
nÄ(CO) below 2143 cmÿ1 more than compensates for the
factors that tend to raise nÄ(CO) above 2143 cmÿ1, such as s

bonding and/or the positive charge on the metal center.[2±5]

Nevertheless, a nÄ(CO) value greater than 2143 cmÿ1 can occur
for two distinguishable situations: 1) negligible or relatively
minor M!CO p backbonding (i.e., nonclassical behavior) or
2) p backbonding that is significant (i.e. , classical behavior)
but insufficient to lower nÄ(CO) below 2143 cmÿ1.[2] The two
situations are illustrated in Figure 1,[2] which was adapted
from theoretical results in the literature.[19, 20]

According to this model, two different complexes with
different bonding characteristics can have the same unusually
high nÄ(CO) value. A related distinction between classical and
nonclassical behavior, based on new theoretical results, will be
discussed below. Nevertheless, it is often convenient to use a
definition based on a simple experimental observable, so that
the experimentalist can decide in ªreal timeº whether to
further modify a new metal complex for a particular
application. Therefore, some workers have referred to all

Figure 1. Separation of classical and nonclassical metal carbonyls based on
their position relative to the nÄ(CO) vs. M ± C curve maximum. The circles
represent equilibrium geometries for a hypothetical classical metal
carbonyl (left circle, q(nÄ(CO))/q((M ± C)> 0) and for a hypothetical
nonclassical metal carbonyl (right circle, q(nÄ(CO))/q((M ± C)< 0). Note
that both complexes have the same nÄ(CO) value, which is greater than
2143 cmÿ1. The difference in M ± C values for the two complexes is not to
scale.

metal carbonyl complexes with nÄ(CO)av> 2143 cmÿ1 as non-
classical, a definition that can be simply applied once vibra-
tional spectra of a new compound are recorded (nÄ(CO)av is the
average over all C ± O stretching normal modes, weighted
according to their degeneracies).

Aubke, Willner, and co-workers have recently argued that
ªas smooth correlations between the formal charge on the
metal and the bonding characteristics in the CO ligands
emerge, it becomes increasingly obvious that any arbitrary
subdivision using vague terms like ºclassicalª and ºnonclass-
ical (s-only)ª carbonyl complexes as proposed sometime ago
for the thermally unstable [Ag(CO)n]� (n� 1, 2) species is
incorrect, inappropriate, and unnecessary. The first metal
carbonyl derivative [Pt(CO)2Cl2] reported in 1868 with an
average nÄCO value of 2175 cmÿ1 [well above that (2143 cmÿ1)
for free CO] would be assigned ºnonclassical,ª which is in our
view absurd.º[10] It is historically ironic, but hardly absurd, that
the very first carbonyl complex has an average nÄ(CO) value
higher than that of free CO, while more than 95 % of the metal
carbonyls which were subsequently studied have average
nÄ(CO) values less than 2143 cmÿ1. Since the ordering of metal
carbonyls as classical or nonclassical is not a historical
classification, it is irrelevant if the first carbonyl complex
ever synthesized belongs to one or the other category.

Herein we present computational evidence that the metal ±
carbon bonds in the d10 D1h dicarbonyl species [Rh(CO)2]ÿ ,
[Pd(CO)2], [Cu(CO)2]� , and [Au(CO)2]� are fundamentally
different than the metal ± carbon bonds in the isoelectronic,
isoleptic, and isostructural species [Ag(CO)2]� , [Zn(CO)2]2�,
[Cd(CO)2]2�, and [Hg(CO)2]2�. Based on this fundamental
difference, two categories of metal carbonyls are clearly
warranted (no matter what they are called). It is our hope that
the distinction we now report will cause chemists to think in
new ways and, most importantly, to discover new chemistry.
Note that there is spectroscopic and/or structural data
for four of the eight D1h dicarbonyl species we have
studied: [Cu(CO)2]� ,[6] [Ag(CO)2]� ,[7] [Au(CO)2]� ,[8] and
[Hg(CO)2]2�.[9]

Le Bas, A. Navaza, C. de Rango, Bull. Soc. Chim. Belg. 1979, 88, 863 ±
870.

[19] S. Grimme, S. D. Peyerimhoff, Chem. Phys. 1996, 204, 411 ± 417.
[20] R. H. Janke, G. Haufe, E.-U. Würthwein, J. H. Borkent, J. Am. Chem.

Soc. 1996, 118, 6031 ± 6035.
[21] Force field calculations (PC Model 4.0, Serena Software)[16] are in

accordance with models.

[*] Prof. Dr. G. Frenking
Fachbereich Chemie der Universität
Hans-Meerwein-Strasse, D-35032 Marburg (Germany)
Fax: (�49) 6421-282-189
E-mail : Frenking@ps1515.chemie.uni-marburg.de

Prof. S. H. Strauss, A. J. Lupinetti
Department of Chemistry, Colorado State University
Fort Collins, CO 80523 (USA)
Fax: (�1) 970-491-1801
E-mail : Strauss@chem.colostate.edu

[**] This work was supported by the U.S. NSF (CHE-9628769), the
Deutsche Forschungsgemeinschaft, and the Fonds der Chemischen
Industrie. We acknowledge the excellent service and generous
allotment of computer time of the HRZ Marburg.


