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DF-studies on a ‘stop and go’ rotor: steric and elecironic factors
determining the regio- and stereochemical positica of a 5-Cr{ CO),
metal fragment on a helically distorted biaryl ligand '
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Abstract

Ground state structures and relative energies of the regioisomers of 1.3-dialkyl-benzof »Inaphtho{1,2-d Jpyranone chromiumtricarbonyl
complexes 2 and 4 (R = Me and 7Bu) have been caleulated by means of DF methods. The thermodynamically most stable regioisomers
catculated agree with those found experimentally. Additionally, two atropisomeric minimum structures with different rotating positions of
the CH{CO), rotor were found per regioisomer. The rotor positions governed by electronic and steric factors are compared with
experimental results and theoretical predictions. From the periodically increasing steric interactions during the helimerization process., a
*stop-and-go® dynamic of the Cr(CO), rotor, depending from the conformation at the biaryl axis. is suggested. © 1997 Elsevier Science

S.A.
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i, Introduction

The awropisomer-selective ring opening of helicene-
like twisted, rapidly interconverting lactone-bridged
biaryls like la = 1b constitutes a both preparatively
efficient and mechanistically interesting concept for the
stereoselective synthesis of natural and unnatural biaryls
[2--5). This useful principle was recently extended to the
cleavage of transition metal activated biaryl lactones,
e.g. in the form of the sterically labile chromiumtricar-
bonyl complex 2a = 2b, which, influenced by the addi-
tional element of planar chirality, can be opened highly
atropo-diastereoselectively, to yield the (stereochem-
ically stable) product 3b [6].

Besides being useful intermediates for the directed
synthesis of stereochemically homogeneous biaryls, such
chromiumtricarbonyl biaryl lactone complexes are also
interesting with respect to the general topic of the regio-
and stercoselectivity of the formation of 7°-CHCO),

" Corresponding author.
' *Novel coneepts in dirccted biaryl synthesis®, pat 59: for part 58,
see Ref, [1].
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coordinated complexes of polycyclic aromatic ring sys-
tems, which are intensively discussed in the literature
[7-18). The key question is whether the regioselectivity,
perhaps even the stereoselectivity of their formation can
be predicted by theoretical methods or empirical rules,
Fig. | presents (and defines) the possible chromiumtri-
carbonyl complexes of 2a and of the related sterically
more hindered complex 4a. with respect to complexa-
tion site (1-1V) and helicity (a, b).

For the lactone complex 2b (type 1) we have recently
shown that the DF-approach @ constitutes a very good
method for the theoretical prediction of the structures of
such benzo[ hlnaphtho[1.2-d]pyranone chromiumtricar-
bonyl systems, as demonstrated by comparison of the
calculated structure with X-ray crystallographic data
{191

Exemplarily for 2 (R = Me) and for the as yet un-

- Acronyms used in this paper: BLYP: Becke Lee Yung Parr: BP:
Becke Perdew: DF: density functional: DZVP: double zeta valence
split and polarization function: EH: Extended Huckel: HF: Hartree
Fock: LDA: local density approximation: NL: non Jocal; VWN:
Vosko. Wilk, Nusair.
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known sterically more hindered representative 4 (R =
tBu), we have now calculated the relative energies of
the imaginable regioisomers 1-1V. including the stereo-
chemical aspects of the helicity of the polycyclic ring
system and the rotor position and their mutual interac-
tion, correctly predicting the experimentally most stable
regioisomers for 2 aml 4, as well as the existence of two
energetically similar helimeric forms for 2 and only one
atropisomer for 4.

2. Compaitational details

For the investigations, DF methods were chosen,
because of their moderate demand of CPU time (scaling
factor N**-* with N basis functions) and—as shown
e.g. in literature [19.20]—because of their capability to
describe complexes of chromiumtricarbony! in good
agreement with experimental data. DF calculations were
performed on a CRAY YMP /8-128 computer by means
of DGauss 3.0 [21.22). The DF theory is based on the
theorem of Hohenberg and Kohn [23] that the ground
state energy E p] of a system is an exact functional of
the electron density p:

E[p] =T[p] +U[p] +E.[p]. (1

where T is the kinetic energy of non-interacting elec-
trons. U the Coulomb potential, and E,, the exchange
correlation energy. The ground state structures of the
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Scherme 1. Dynamic behavior and atropisomer-selective cleavage of
chromiumtricarbonyl activated biaryt lactones 2a/b.
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Fig. 1. Possible regioisomeric and helimeric forms of the complexes
2 (R=Me) and 4 (R =1Bu) only one of the two enantiomeric
series, with the metal fragmemt “above’ the ring system, is shown:
additional conformers result from the different rotor positions of the
CRCO), Trugment; the helimerization provess is blocked for $u < 4b
(see below),

benzo & Jnaphthol1,2-dIpyranone  chromiumtricarbonyl
complexes were determined by means of the standurd
optimization algorithm [24] using the LDA approach
[25]. For the calculation of the exchange correlation
energy.

E. = [p(r)al® p(r)]dr (2)

where and &% is the exchunge correlation energy per
particle in an homogeneous electron gas, the VWN
potential [26] was used. The non-local DF energy values
were determined by single-point caleulations using the
BP functional [27.28] on LDA geometries. For all calcu-
lations. the DZVP [29.30] basis set with the basis
functions H 41k C. O (621/41/1) and Cr
(63321 /531 /41) was used. The electronic density and
the exchange-correlation potential were fittled by a
triple-zeta Al [29.30] set. Molecular orbitals 8, 9. and
10 of the benzonaphthopyranones were calculated with
FM}B. implemented in the VAMP 5.5 program package
31}
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3. Results and discussion

3.1. Calculation of the complexation site and the pre-
Jerred helimeric form

According to the DF calculations, global minimum *
structures for 2 (R = Me) are the two helimeric forms
I-2a and E-2b, while for 4 (R = tBu) only one helimer
(IV-4b) was found (see Fig. 2).*

This result is in full agreement with previous experi-
mental work {6]. which shows that compound 2 exists
as the regioisomer I-2 exclusively, occurring as the two
diastereomeric helimers I-2a and I-2b (s. Scheme | and
Fig. 2), which rapidly interconvert at room temperature.
The stability of the regioisomer I-2 is chemically plausi-
blz, due to the electron-rich character of the oxygen-
and alkyl-substituted aromatic ring. The calculations
likewise predict the diastereomeric minimum structures
to be energetically nearly identical. whereby the I-2a
helimer was calculated to be more stable than 1-2b by
0.5 kJ/mol (LDA) and 1.7 kJ/mol (NL-BP). For an
isolated molecule—as described by the calculations—-
this is plausible, since for I-2a, steric interactions be-
tween the C(CO), group and the hydrogen at C-10 are
minimized (for the atomic numbering of the molecule,
see Table 1).

That still only the slightly less stable atropisomer
I-2b is found in the crystal, may have to do with the
preference of this more symmetric. ellipsoid-shaped he-
limer in the crystal lattice and the rapid interconversion
of the two helimeric forms in the mother liquor, so that
ultimately the entire material is converted into crys-
talline B-2b.

While for compound 2, the regioisomer B is the most
stable one (followed by isomers IV and 1L see Table
1), it is the vegivisomer IV in its helimeric form 1V-4b,
which is by far (by a difference of 20 kJ /mol) the most
stable species for compound 4. This may be explained
by the steric demand of the rBu group and the resulting
steric blocking of the E-position.

For 4. the calculations suggest that at room tempera-
ture no rotation at the biaryl axis can take place,
because of the steric demand of the rBu group. Like-
wise. due to this steric hindrance, only one of the two
imaginable helimers, viz. only IV-4b, is calculated to be
thermodynamically stable. This predicted entirely dif-
ferent behavior of 4 compared with 2 warranted the

" In this context. the term “global minimum’ is referred to one of
the four possible regioisomers I=1V,

" For regioisomers 11-2 and k4. no thermodynamically stable
minimum structures were found. For compound 4, only the data of
structures 11-db and 1Vdb are presented in Table 1, because of the
high energy and chemically not meaningfully distorted structures of
the other regivisomers. For IV.da, it was impossible to locate a
stationary point starting from various geometries.

Fig. 2. DF calculated minimum structures 1-2a, 1-2b. and 1V-4b.

experimental investigation for this as yet unknown com-
pound 4, which was, thus, synthesized from the free
parent lactone and naphthalene chromiumiricarbonyl. *
It was indeed found 10 exist ay the regioisomeric species,
IV-4, moreover, only in the predicted atropo-di-
astereomeric form. IV-4b, thus, clearly confirming the
results of the caleulations presented above.

T Ra 90001020200 1 3-dictert-butyl-6H-

benzof b Inaphthof 1.2 Ipyranon-6-one) tricarbony! chromium (4), A
degassed solution of 720 mg (2.00 mmol) of [.3-di-rer-butyl-6H-
benzo] b]naphthof 1.2 Jpyranon-6 one [32) and 550 mg (2,08 mmol)
(n"-chromiunnricarbonyDnaphthalene in 4 ¢m® of dry diethyl ether
and 4 drops of dry THF was sealed in an ampulla and heated o 70°
for 68 h. After cooling. the solvent was evaporated. the residue was
chromatographed on silica gel (petrolenm cther /diethyl ether 10:1).
and then crystallized from petroleum ether. Yield 5.0 mg (0.5% ) of 4
as durk brown crystals, nLp. 150° (decomp.). IR (CCILY v = 300
cm' (m), 2950, 2000, 2850 (m), 1960, 1900, 1880 (s). 1730 (m).
1590 (m), '"H NMR ([ 9, Jbenzened =094 and 1.19 (25, I8H,
2C(CH ,),). 449 and 4.60 (br . J = 6.3 Hz 2H, 1011 and 11H),
5.12(d, J = 6.3 Hz. 1TH, 9H), 591 (d. J = 6.7 Hz, 1H, 9H). 6.84 (d.
)= 8.9 He, 1H, 8H). 7.21 and 7.54 (2br s, 2H, 2H and 4H). 7.89 (.
J = 8.9 Hz, TH, THY. MS (70 eV m /2 (%) 494 Q0 [M" ], 438 (8)
[M* =C,H,]). 410 (67) [358 + Cr). 382 (87), 358 (89) [M" ~XCO.
302 (66) [358 -C,Hy) 57 (100 [C,H, ] HRMS: CpH,,CrO,
Cale. 494.1185, Found 494.1182: CsHo CrO, Cale, 410.1338,
Found 410.1350: C,,H,,Cr0 Cale. 382.1389. Found 3821382
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Table 1

Ground states of the chromiumtricarbony] arene complexes 2 and 4; relative energy values (kI /mol), distances d (A), angles ¢ (dgg)..dihedfal
angles a-£ (deg). and overall distortion of the *inner spiral loop’ (2,5, ) & is defined as dihedral angle L ,,~Cr—F¢,~C,; {Pc,: projection point

of Cr on the aromatic ring (C,,-C P

Lyg=Lpg = Loy =CO

Compound 12 -2 V-2 -4 V-4
Helimeric form a b a b a b b b
Eipa.vws 0.00 0.50 37.27 33.39 36.76 1343 20.12 0.00
Exiae 0.00 1.72 46.14 30.60 43.2 10.2 19.51 0.00
dy, coee 1.81 1.81 1.80 1.82 1.80 1.80 1.82 1.83
L CrC 1.81 1.80 1.80 1.81 1.82 L8 1.82 1.81
b a1 € 1.83 1.81 1.82 1.81 1.82 1.82 1.82 1.81
AP 1.17 117 117 1.17 17 117 L7 1.17
b€ 0 1.17 1.17 117 1.17 1.17 117 117 117
h e -0 117 1.17 1.17 1.17 117 117 1.17 117
de .0, 121 1.21 1.21 1.21 1.22 1.22 1.21 .21
o0, 1.38 1.38 1.37 1.37 1.37 1.37 1.37 1.38
€100 0 1794 176.7 176.0 176.3 174.7 178.3 178.1 178.3
@ o0 176,4 179.3 177.5 1770 1789 178.5 177.3 177.1
€1 ec o0 177.5 177.0 178.9 177.7 176.7 178.3 176.6 176.2
Qe at), b 10.3 13.3 13.0 13.0 16,5 180 a1 3.2
€€ N7 21 39 356 136 30.7 9.7 5.0
Yoo ch ch v 133 129 7.6 13.5 1.3 1.6 9.7 129
Sy 57.3 8.3 6.8 02,1 614 60,3 RO.S 8Ll
T M2 hER 38 244 28 232 3.2 259
e ) =79.6 =141 = 39,6 = 70,4 =474 - M7 o =230

3.2, The rotational position of the CHCO), fragment

Encouraged by this good agreement between theoret-
ical predictions und experimental results, we emburked
on the investigation of the CHCO), group of the mini-
mum structures with respect to its properties as a metal
fragment rotor, The rotational positions and barriers of
the CHCO), fragments relative to the condensed poly-
cyclic aromatic system are frequently discussed in the
literature, based on numerous X-ray, DNMR, and theo-
retical investigations * [8-18), Predominantly from EH
calculations, the rotational position of the Cr(CO), frag-
ment, us found in crystal structures, has been interpreted
by orbital interactions and u rationale for the prediction
of the rotor position has been given [12.13). The heli-
cally twisted und potentially regioisomeric species 2
constitute an extremely interesting and versatile system
for the investigation of the rotor position of the CHCO),
fragment relative to the aromatic system,

® For a permanently high barrier. see Ref. [33),

The calculated minimum structures for the differem
regioisomers I, Il, and IV of 2 as shown in Fig. 3 can
be subdivided into two groups, which will be explained
in detail, below: structures with electronically (*group
e'; structures I1-2a, 1I[-2b, IV-2b) resp. sterically con-
trolled positions of the CH(CO), rotor (*group §°, strue-
tures §-2b, 111-2a, IV-2a).

*Group e': within this group of isomeric structures,
the CACQ), fragment is throughout located in an exo-
type manner, i.e. such that it is anni with respect o
most distant end of the helix. Hence, no steric interac-
tior. between this remote aromatic pant and the metal
fragment has to be expected. so that the Cr{CO), rotor
should adopt its normal. i.e. electronically governed,
rotational position. This is indeed the case. The rotor
positions calculated here correspond to those experi-
mentally found for related systems in the literature.
Thus, the rotational positions of the C(CO), fragments
xoordinated to the outer rings of the minimum conforn:-
ers 1V-2b and I-2a are near-identical to those in naph-
thalene chromiumtricarbonyl and the phenanthrene
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k2b

Me —

Fig. 3. DF calculated minimum structures of 2. Mind the different rotational position of the CCO), fragments (A £) in the respective helimeric
forms a and b.

chromiumtricarbonyl with the outer ring coordinated threne chromiumtricarbonyl with the coordination on
[8-10). Likewise, the position of the Cr{CO), rotor on the central ring [12). In all these cases, both experimen-
ring IEI of the 1[1-2b conformer closely corresponds to tally and from the calculations, the rotor adopts a
the (calculated) stereochemical array of the phenan- staggered conformation telative to the condensed aro-

< o %

LUMO o, (8) LUMO 6, (6) hybrid (1)

HOMO (8) HOMO-1 (9) HOMO-2 (10)

interaction of § with 8 (11) ineraction ol § with 9 (12) internction vi 5 with 10 (13)

Fig. 4. Empty orbitals §. 6, and 7 of the CHCO), fragment [12], the semiempirically caleufated highest nc'cupicd mhi(ah.’. 8. 9. and 10 of the
lactone 1a/b as well as the imponant orbital interactions 11, 12, and 13, which determine the orientation of the CHCO), fragment,



Fig. 5.

matic system [13], such that the three CO groups are
located above those three formal, alternating double
bonds of those non-metallated ligand that show the
lowest averaged bond order.

If one considers the C(CO), fragment as derived
from the octahedral C(CO), by removal of three neigh-
bouring ligands, the tripodal array becomes plausible.
The resulting empty hybrid orbital § can interact with
filled m orbitals of the aromatic system [12]—all the
better the higher the electron density (here correspond-
ing to the bond order) of those three (formally local-
ized) 7 orbitals of the aromatic ring is, above which the
rotor is not positioned.

In analogy to the brilliant reflections by Rogers et al.
and Albright et al. [12,13), the orientations of Cr(CO),
fragments relative to the benzonaphthopyranone ligand
can also be rationalized by interactions of the highest
occupied 7 orbitals—e.g. the HOMO 8 and the cner-
getically lower orbitals 9 and 10-—(cf, Fig. 4) with
empty 2¢, orbitals (5 and 6) of the CrlL., fragmeni, The
2 orbitals § and 6 shown in Fig. 4 are tilted, i.c. they
are not ‘left-right symmetric’ [13]. The 2e, orbital § is
decisive for the orientation of the CHCO), fragment.

The rotor adopts an array such that the overlap of the
(known) empty 2¢, orbitals § with the semiempirically
calculated orbitals 8, 9, and 10 (cf. Fig, 4) becomes a
maximum. According to Ref. [12], the CHCO), rotor is
positioned exo relative to an annulated dnm system
(resp. endo 10 a 4nw+ 2 system). This rationale is
successfully applicable to 2 if its aromatic dipolar reso-
nance structure (with a negative charge on the exocyclic
and a positive on~ on the endocyclic O-atom, see Fig. 5.
right) is ~onsidered, exclusively. Using VB-madel 7
[12] (cf. Fig. 4). also the slight twisting of the Cr{CO),
fragment in the non-hindered, electronically governed
species I-2a and IT1-2b (cf. Fig. 3) may be rationalized.
On anisol, with its high electron-excess in ortho- and
para-positions relative to the methoxy group, for exam-
ple. the rotor adopts an entirely eclipsed position in
order to achieve optimum interaction [15.17}. Analo-
gously, influenced by the adjacent luctone ring in 2-—the
rotor is twisted by 11° (I-2a) resp. 14° (111-2b) out of
the expected electronically governed position, whereas
for IV-2b (no influence by donors or acceptors), the
array perfectly corresponds to the predicted ideal value,

"Group §: distinctly divargent from these electroni-
cally dictated CHCO), arrays are the calculated rotor
positions within this group, which can be expluined by
steric interactions. Thus. the twisting of the Cr{CO),

12 G. Bringmann et al. / Journal of Organometallic Chemistry 544 (1997) 7-13

group out of the electronically favored position for
IV-2a and H1-2a can be rationalized by the destabiliz-
ing interaction of the respective CO group of the metal
fragment with the methyl group at C-22 (cf. Table 1).
Analogously the interaction with the peri-hydrogen at
C-10 of the naphthalene part should be responsible for
the position of the rotor in I-2b (cf. Table i}. This rotor
position calculated for I-2b nearly perfectly (deviation
6°) corresponds 1o the one found experimentally, by an
X-ray structure analysis [19].

As a result of the calculations, the isomerization
process, which interconverts the optimized helimeric
structures a and b (see Fig. 3), is—because of the steric
and electronic constraints—combined with a variation
of the angle of the Cr("20), rotor by Ae= ~47° (I).
- 37° (III) and —52° (IV), respectively. As shown for
several case- in the literature [11,13), barriers for the
Cr(CO); rotor at aromatic, delocalized and sterically
non-hindered systems are small; they may distinctly
increased for sterically crowded arene complexes [32].
Here. by contrast, two drastically different rotational
barriers are found ;< 20 kJ /mol for group e and the
extraordinarily high value of > 130 kJ/mol for group
s. For the dynamics of the system, one may hence
conclude the following: Within the state e, the Cr(CO),
fragment rotates rapidly, with the calculated minimum
structures as the averaged rotor position. In the course
of the beginning helimerization process. the system
moves towards the s-state. whereby gradually the rota-
tional barrier is cnhanced and the rotor movement is
increasingly slowed down by the steric hindrance, After
the system has reached the s-state, the wripodal rotation
is entirely blocked and the rotors adopt the positions of
the calculated s-structures. Subsequently the process is
reversed, whereby the beginning helimerization process
towards the e-state again deblocks the ‘molecular
brake'  and allows th: metal fragment to start rapidly
rotating again.

4. Summary and outiook

This theoretical study shows that DF methods are
capable of reliably predicting correct relative stabilities
of regioisomeric benzo[ bnaphtho[1.2-d]pyranone
chromiumtricarbonyl complexes. Thus, in agreement
with experimentul data, I-2a and §-2b were found to be
global minima for R = Me and 1V-2b for R = tBu. For
cach of the regioisomers 1, [l and IV of 2. wo

The barmiers were estimated by a set of single poimt calculations,
by allowing the CACOJ, fragment to rotate by 5° steps above the
aromatic ning.

* For an inducible molecular brake traggeted by addition of a metal
salt to a conformationally labile bipyridyl system, see Ref. [34].
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atropisomeric minimum structures were found. with dif-
ferent positions of the rotors. These structures can be
subdivided into two groups. one with electronicaily
determined and one with stericaily dictated rotor posi-
tions. The electronically governed rotor arrays can be
rationalized by interactions of calculated orbitals and
correspond to those of analogous non-hindered rotors in
the literature [12]. whereas the sterically hindered ones
show unprecedentedly high rotational barriers. From the
different rotor positions for the helimers and an estima-
tion of their rotational barriers we conclude a correlated
dynamic process that couples the Cr(CO), rotation with
the helimerization process, leading to exceptionally high
rotational barriers for one of the two atropisomers, thus,
giving rise to a “temporary molecular brake' and hence
to a “stop-and-go rotor’. It has, however, to be pointed
out that due to the size of the molecules the calculations
are based on the assumption of a Cr(CO), fragment
with only the possibility of rotating about the (hypo-
thetical) Cr-arene ‘"axis'. The possibility of bending
away the fragment from the sterically demanding peri-
hydrogen at C-10 might lead to greatly decreased rota-
tional barriers. Further caleulations as well as experi-
mental work to investigate this more closely. are in
progress.
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