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Abstract: The barriers for conformational exchange processes in pentaethylbenzenes C4EtsR (R = H, Br,
COCH;, OCO(,H} and OCOPh) were determined by NMR lineshape analysis; for the latter three substances

he stepwise rotation of the ethyl

ps and the 180° reorientation of the

bv molecular mechanics (MM3).
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he\(aethylbenzcnc (R = Et) and some of its metal complexes. © 1999 Elsevier Science Lid. All rights reserved.
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Introduction

In a paper published a few vyears ago, Iverson et al. discussed the structure of
hexaethylbenzene (1) [1]. Using X-ray crystallography, these authors showed that this compound
has tne SIX DeIlzyll(/ LdIf)OIlb 1Il me plaﬁe 01 [nc dIOmatlL Hﬂg, Wfllle [[lC HlEU'IYI groups altemate
in an up/down fashion. The high symmetry of the molecule, however, does not allow an
experimental observation of the expected rotation of the ethyl groups around the CH,-Ar bonds.
Instead, information was obtained by molecular mechanics calculations. Thus, the authors
energy of activation thereof is 11.8 kcal mol™. This result was supported by an analysis of the
low-temperature NMR lineshapes of the tricarbonylchromium and tricarbonylmolybdenum
complexes of 1. Since the metal atom is located on one side of the arene ring, the symmetry is

broken, and barriers for the site-exchange processes in these complexes are found to be 11.5 and
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dynamic process in the complexes with ethyl group rotation is, however, far from unambiguous,
and several papers followed in which these conclusions were vigorously debated [2-5].
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In order to avoid these complicating issues, we decided to study the rotation of the ethyl

-~

groups by preparing pentacthylated benzenes 2-6. In the absence of rotational processes, the
methylene hydrogens on both the ortho and meta ethyl groups of these molecules (e.g. H, and H,

in Scheme 1) are diastercotopic and will give rise to an AB quartet (further split into quartets by
the three methyl hydrogens). If ethyl rotation is fast on the NMR timescale, these hydrogens are

enantiotopic and they will appear as a simple quartet. Inbetween, the lineshape will provide the

rate constant for topomerisation.
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Results and Discussion

NMR studies

The NMR data for compounds 2-6 is presented in Table 1. For the simpler 2 and 3, the
methylene hydrogens of the ortho- and meta- ethyl groups were found to be diastereotopic in the



a programme derived from the lineshape equations developed by Alexander [6] for the AB— A,
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pentacthylbromobenzene (3) as a function of temperature). The rate constants and free energies
of acuivation for the these and other NMR-derived conformational processes (vide infra) are
shown in Table 2.

Ketone 4 and esters 5 and 6 give 'H NMR spectra which are qualitatively similar, but the
processes that iead to isochronicity of the methylene protons have a much higher free energy of
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ipso-C 137.82 126.55 126.73 141.60 146.46 146,57
ortho-C 137.82 139.45 139.37 133.81 131.62 131.84
meta-C 137.82 137.55 139.37 138.63 138.93 138.98

para-C 137.82 139.76 13783 140.91 138.04 138.08
0-CH, 22.19 25.74 27.11 23.63 20.73 20.77
m-CH, 22.19 21.77 23.13 21.58 22.18 22.20
p-CH; 22.19 22.09 22.19 22.06 2222 2224
o-CH; 15.76 15.64 14.17 16.34 14.61 14.92
m-CH; 15.76 15.64 15.72 15.81 15.78 15.82
p-CHs 15.76 1597 15.72 15.81 1583 15.89
Hg
o-CH, 2.63 2.59 2.85 2.46 2.42 2.46
m-CH, 2.63 2.63 2.65 2.65 264 2.60
p-CH, 2.63 2.66 2.63 2.67 2.64 261
0-CH;s 1.19 1.20 1.16 1.15 1.13 1.13
m-CHj; 1.19 113 L.15 1.19 1.16 1.06
p-CH; 1.19 115 1.15 1.19 1.17 1.08

a. At 297+2K. b. Ring 'H: 6.84 ppm. c¢. Side-chain “C: 209.46(CO), 33.39%(CH:), 'H: 2.53 ppm.
Ortho-methylene protons give rise to a very broad, featurless signal at RT. d. Side-chain *C: 169.92(CO),
20.83(CHs); 'H: 2.33 ppm. Ortho-methylene protons give rise to two broad signals at RT, centred at 2.42 ppm.
e Side-chain “C: 165.38(C0O), 129.23(i), 130.0(v), 128.59(m), 133.33(p); ‘H' 8.25(0), 7.51(m), 7.63(p)

Ortho-methylene protons appear at RT as an ABq of q, with Jg.n, = 14 Hz, AS = 0.14 ppm, centred at 2.46 ppm.
2 3 ~
f In CDCL. g. 2 and 3 in CD,Cl,, others in CDCls; “Jyn = 7.5 Hz for all ethyl groups.
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mechanics calculations (vide infra), it is unlikely that ethyl group rotation is responsible for these
higher-energy processes. Closer inspection of these molecules reveals that for each, the ethyl
side-chains force the plane of the carbonyl into an onentation virtually perpendicular to the
aromatic ring, as illustrated in Scheme 2 for 4. It is then no longer sufficient to rotate the ethyl
groups to obtain fuil topomerisation (“a” in Scheme 2); it is aiso necessary to flip the CH;CO (4)
or R°’COO (5, 6) moieties by 180° (“b”). Probably, “b” is the rate-determining step,
corresponding to a higher energy of activation.
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This being the case, these molecules may adopt two energetically distinct conformations (e.g.
c

4' and 4" in Scheme 2), with different relative orientations of R and the ethyl side-chains. Sin

these confo
we may expect to detect, at low temperature, two sets of NMR lines, not necessarily of the same
intensity, which coalesce at the rate of the lower-barrier ethyl rotation (“b”” in Scheme 2). Indeed,
the low-temperature >’C NMR spectra of 5 and 6 (the '"H NMR spectra were too complex),

showed splitting of all the carbon signals. Lineshape analyses [7] yielded AG" values which are
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similar 10 thos¢ observed I1or 2 and 5 (ca. 7 Kcal mol |, s€€ l1able 2£). Uniortunately, no line
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Fig. 1. Experimental (left) and calculated (right) '"H NMR spectra for the CHz protons of
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interactions among the alkyl substituents in the two rings. The analysis of its static and dynamic

.’3“

We also prepared perethylated bipheny 1s compound is more complex because of

stereochemistry has been published elsewhere [9].

Table 2
Dynamic NMR-derived rates of conformational processes for 2 - 6 (see text)

T/K* k/sec” AG"/kcal mol™
2b-¢
167.0 1.0 9.6+0.5
177.0 8.0 94402
187.0 75 9.2+0.1
196.5 230 9.240.1
206.0 700 92401
2158 2000 9.240.1
3b,e
185.0 1.0 10.640.4
1952 18 10.210.1
205.5 80 10.1+0.1
216.2 220 102401
2270 750 10.240.1
237.0 2200 10.1£0.1
—
234.8 1.0 136405
248.6 3.0 13.9+0.2
263.0 25 13.740.1
2832 175 13.610.1
290.8 260 13.840.2
296.1 450 137402
306.0 750 13.940.2
316.0 1500 13.940.2
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Molecular mechanics calculations

Ethyl group rotation

4009

In order to gain a more quantitative understanding of the conformational processes described

in the previous section, we decided to use molecular mechanics calculations to estimate their

activation bamers. The calculations were performed using the MM3 force field (1994 version)
[10], in which the dihedral angle driver option was extensively employed to determine the
Tahla ? feant )
1Laviv < kl.;\.]lll.’

T/K* k/sec AG'"/kcal mol’! K
5 (high temperature process)™®
256.4 2.1 14.6+0.2
2705 8.5 14.6+0.1
234.0 35 14.640.1
298.2 120 14.640.1
3122 360 14.7+0.1
3249 950 14.740.1
5 (low temperature process)” "
1829 15 9.540.1 2.7
1929 140 9.310.1 2.0
2029 300 9.410.1 1.58
6 (high temperature process)d‘ ¢
2949 15 17.040.3
318.0 27 16.6+0.2
341.6 150 16.7+0.1
360.0 550 16.710.1
381.0 2000 16.740.2
4004 8000 16 5403
6 (low temperature process)™ '
182.9 50 9.1+0.1 2.7
187.9 70 9.210.1 24
1929 160 9.3+0.1 228
a. Temperatures believed to be accurate to £0.5K. b. InCD,Cl. ¢ In CDCL. d. In CDsBr. e. Coalescence

of AB quartets in the 'H spectrum (see text). f Coalescence of *C NMR lines of uncqual intensity (see text).

¢. Extrapolated through the calculation of values for the two lowest temperatures.
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energies of transition states. Unfortunately, we could only consider derivatives 2-4, since our
version of the programme is not parametrised for aryl esters.

A full computation of the ethyi rotation process would require, as a start, the calculation of the
10 energetically distinct conformers of a pentaethylbenzene derivative. The possible pathways
which would lead to the full topomerisation shown in Scheme 1 have to involve five individual

entg ﬂt;r\c hyv 1R0°- a clo

rotation steps, in which each of the ethyl substituents flips by 180°

otation steps, in wh ch thyl
counterclockwise flip give the same result but are not necessarily isoenergetic. Since dozens of
different pathways would have to be considered for each molecule, we decided to focus on the
most likely low-energy route: the consecutive rotation of neighbouring ethyl groups, starting
from the 2-Et, followed by the 3 Et, etc. This pathway leads to intermediates which have only
one syn In ps per molecule (some alternative pathways we
examined confirmed that conformers with more syn interactions lead to higher-energy transition

states). The results are shown in Table 3.

Table 3
Calculated and experimental ethyl rotation barriers in kcal mol™

Calculated energy barriers Experimental
2-Et 3-Et 4-Et overall
R tow.1 tow. 3 | tow.2 tow.4 | tow.3 tow.S
2 H 274 8.39 9.05 999 | 1021 10.21 | 1021 9.240.1
3 Br 935 988 | 1046 1094 | 1086 1086 | 10.86 10.240.1
4 COCH; 7.22 911 | 1040 10.61 | 1077 1094 | 10.77
5 OCOCH; 9.410.1
6 OCOPh 9.2+0.1

Let us consider initially 2 and 3, for which rotation of the R substituent 1s irrelevant. For the
first two steps, the molecule will follow the lowest-energy of the clockwise and anticlockwise
rotations; the two directions are 1soenergetic for the 4-Et. The rate-determining step will then be

o
-
.

steps, since they are equivalent to the first two by symmetry. For ketone 4 (and esters 5 and 6)
the degeneracy of the two directions for the 4-Et is lost, as 1s the one between the 2- and 6-, or 3-
and 5-Et rotations. We do not show in Table 3 the barriers for the 5- and 6-Et rotations for 4.
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The results in Table 3 indicate that in every case examined, the rotation of the 4-Et is the
rata_Adatarminin tam and that avealiiAding tha ratatinm ~AF thha D Tt ¢tnsrnrdes tha D hotedrimmd  ¢lho
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effects. It is also clear that the calculations overestimate the ethyl rotation barrier by 0.7-1.0
kcal mol™'. This may be due to inaccuracies in the parametrisation of transition states, but could
also result from a small positive entropy of activation.,

Side-chain rotation
We can also simulate the rotation of the acetyl group in 4, starting from conformation 4’
(Scheme 2). The calculated barrier (15.5 kcal mol 3 is again higher than the experimentally

< T TR ToTTTT T

reaching conjugation between the ketone carbonyl and the aromatic ring is clearly more than
offset by the two close contacts between the acetyl methyl and oxygen moieties and the adjacent
C-Et positions. The MM3 force field predicts 4" to be 0.53 kcal/mol less stable than 4'; since we
do not see peaks due to the former in the low-temperature *C NMR spectrum of 4, we estimate

oaat 11 vy, 1)

at least 0.8 kcal mol”. We know that 4" is not the

the ex'penmemcu energy difference to

be
dominant conformer, since in a NOESY experiment, performed at 275 K, we do not see a strong
of

interaction between the methyl groups of the acetyl and the ortho-Et moieties. It may be worth
adding that that in the X-ray determined structure of 4.Cr(CO);, ported by Downtown et al.
TAT1 4lhin ~raanin ligand tabac annfamandi e AY
l"’J, LLHIC Ulgdlllb ugauu LAKCD CUHETULTHALIVLL =+

While we cannot calculate the barriers for the rotation of the R group in esters 5 and 6 (vide
supra), we know experimentally that they are even higher than for ketone 4. Inspection of the
structures obtained by rotation of the substituent around the C(1)-O bond suggests that in the
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resulting loss of resonance stabilization may account for the high AG' values for these
derivatives.

Hexaethylbenzene

hexaethylbenzene (1), as had been done by Iverson et al. [1], but using the MM3 force field. We
hese authors derived, 1a—>
casi

ot the hrst) is rate-determining, similarly to the other compounds examined in the present work.
[t is interesting to note that this pathway also involves the consecutive rotation of neighbouring

ethyl groups (vide supra).
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The possibility that the ethyl group rotation is a correlated, rather than a stepwise process, was
ruled out by considering the following two results:

 The calculated barrier (using a double dihedral angle driver) for the simultaneous rotation of
two adjacent ethyl groups, starting from conformer 1a, is 18.5 kcal mol™. The energy investment

is thus approximately double that of the rotation of one ethyl group, and no synergism is
observed.

» The energy of a structure in which all six CH3;-CH,-C-C dihedral angles were kept fixed at 0° is
57.1 keal mol” above that of the ground state. While this is only a rough approximation of the
transition state for the fully correlated process, it is clear that the latter is highly unfavourable.

In summary, our calculations support the original conclusion [1] that the overall barrier for

ethyl group rotation in hexaethylbenzene is very close in energy to that of the process measured
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('"H) and 75.5 and 150.9 M1z (*C), respectively. Chemical shifts are reported in ppm downfield
from internal TMS and coupling constants in Hz. Probe temperatures were measured with a

calibrated Eurotherm 840/T digital thermometer and are believed to be accurate to 0.5 K. Unless
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Pentaethylbenzene 2 was prepared by the method of Ogimachi et al. [11]; vacuum distillation
afforded a mixture containing ca. 80% pentaethylbenzene (main impurity: tetraethylbenzenes),
which was purified to an analytical sample by preparative GLC (SE30, 200 °C).

Pentaethylbromobenzene 3 - 760 mg of the mixture (containing ca. 2.8 mmol of
pentaethylbenzene, see previous paragraph), 15 mi water and 0.2 ml Br, (3.9 mmol) were
dissolved in 100 ml acetic acid. The reaction mixture was stirred overnight at RT, then diluted
with 500 ml CH,Cl,, and washed once with a solution of 66 g NaOH in 500 ml water and several

times with 200 ml portions of sat. NaHCOs; until the aqueous layer was no longer acidic. Drying
IN A QM nd ramaual Af tha calvent gnve QI ma nf o prmida A ik vine grihiaitbad 6
\1VdAL)U4} ailg 7enioval 01 uiC SOIveIil AV 740 1lEg VUl a v uae l)lUUuUl WiICIT was Suomitica 1o

h
column chromatography (50 g neutral alumina, elution with hexane) to give 610 mg (73% yield
based on pentaethylbenzene) of white crystalline 3. mp 43-44 °C. HRMS: m/z (%) 298.1119
(M", 298.1119 for CisH,s*'Br, 100); 296.1148 (M", 296.1140 for CisHas *Br, 94); 283.0885
(283.0884 for C;5H,,*'Br, 70); 281.0901 (281.0905 for C,sHa, *Br, 71); 217.1955 (217.1956 for
CigHas, 14).

Pentaethylacetophenone 4 was prepared by the method of Downtown et al. [4].

Pentaethylphenol was prepared by the method of Koptyug and Krysin [12], but € were

unable to obtain it in pure form. The crude material was used to prepare the two following esters.
—<.1 ph g J Py RPN (. D
rcuuetuylputuyl st:ltll,tf - 1 U g Ul Ccrudae pCllldUU y [.)llCllUl wdd UlbbUlVCU lIl a lluxtlllc Ul

1.3 ml dry pynidine and 1.3 ml acetic anhydride, and left for 3 days at RT, under N,. The reaction
mixture was then diluted with 10 ml CH,Cl,, washed with 20 ml dil. HCl and 20 ml sat.

NalCOs, and the residue was purified by column chromatography (alumina, elution with

(_‘I I.r‘]_\\ tn r‘\'1"lﬂ P)A( TYYLY M l' 1/“' ’)10/\ ngo N I\I\‘f\ r1noc f\ll A ‘(Yf I\l’\] nr\mr\ o JNo f\l’\f‘n!v\n
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by preparative TLC (silica plate, elution with benzene) as a white crystalline material, mp 41-43
°C. HRMS: m/z (%) 276.2072 (M, 276.2089 for CisH0,, 14), 235.2020 (235.2061 for
CisHy70, 16), 234.1985 (234.1983 for C;cH260, 100), 233.1914 (233.1904 for C,sH,50, 8),
219.1713 (219.1748 for C;5sH3;0, 74).

Pentaethylphenyl benzoate 6 - The same procedure was followed as for acetate 5, with 1.0 g
pentaethylphenol and 1.5 ml benzoyl chloride. The crude product was purified by column
chromatography (alumina, elution with hexane/CH,Cl; 1:1) to give 230 mg of a white solid

(vield: 15%). An ;mnlv‘ri al sam Ie was obtained by recrysta allisation from hexane, mp 146-147
°C. EL anz‘uy%i%' Found: C, 81. 35 H, 9.17. Calc. fGI’ G, 3“130&}2 >, 81. 611 H 8.93%. HRMS: m/z
(%) 338.2295 (I\/l+ 338.2246 for C,3H;300,, 50), 234.1936 (234.1982 for CicHa0, 16), 233.1896

(233.1904 for CiHys0, 81), 217.1931 (217.1956 for CigHas, 20), 216.1880 (216.1878 for
CigHau, 79), 77.0370 (77.0391 for CgHs, 100).
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