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Low-temperature and NOE NMR spectra of four of the title compounds indicate that they adopt a synclinal
(sc) conformation, in agreement with the prediction of ab initio computations. In the case of the most-
hindered derivative (compourd), the conformation is syn-periplanar (sp), as is also shown by X-ray
diffraction. Such stereolabile sp- or sc-atropisomers exist as two conformational enantiomers: the
corresponding enantiomerization barriers, covering the range 6.6 to 9.7 kcdl emild be measured

for all the examined compounds. In two cases (compouhdsd 5), the minor antiperiplanar (ap)
atropisomer has been also observed, and the sc to ap interconversion barrier measured (11.7 and 11.9
kcal mol?, respectively). In addition, restricted rotation of the isopropyl terttbutyl substituents has

been detected, and the corresponding barriers have been determined.

Introduction

It has been reported that carbinols of the type-&(OH)R,
exhibit significant restricted rotation about thé-spp® bond?-1°
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=Et, 2
=iPr, 3 5
=1Bu, 4

which originates stereolabile atropisomers when the aryl moiety
does not possess a local 2-fold symmetry 8xi$:101f the OH
moiety is replaced by the bulkierOMe group, the increased
dimension is expected to affect significantly the conformational
behavior, so that dynamic features, not observable in the
corresponding carbinols, should be detectable. We thus inves-
tigated here the methylbenzyl ethdrs5, bearing substituents

of different bulkiness (Chart 1). In all the examined compounds
an isopropyl group has been introduced to have a NMR probe
suitable to detect the molecular asymmetry ati@efrequency.
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/\/\ FIGURE 2. Ab initio computed structures of the sc- (left) and ap-
atropisomer (right) ofl (the relative computed energies are in kcal

mol~?). The observed NOE effects are also indicated in the case of the
sc-atropisomer (see text).

M
Me CH Me € Me TABLE 1. Experimental Barriers (AG* in kcal mol~t) Measured
in Compounds 1-5
-151 0 scto ap tert-butyl

compd interconversion enantiomerization isopropyl rotation rotation

32 30 28 26 24 1 6.6

FIGURE 1. Left: 24 to 32 ppm region of th€C NMR spectrum of 2 9.7 :

1(150.8 MHz in CHECI/CHE?:IZ) sh%wing the splitting o?the methyl 3 119 o1 Zlé:g f??.fﬁ{é’&?&?ﬁg))

signals at—151 °C. The two unlabeled signals at 24.4 and 24.6 ppm 4 8.4 9.4

are those of the isopropyl methyl groups that are diastereotopit %t 5 11.7 8.8 7.8 (ap-atropisomer)

°C as a result of the conformation being chiral at this temperature.

Right: simulation of the two lines of the methyl groups bonded to the

C—-OMe moiety. An additional proof that the asymmetric atropisomer has the
sc type of structure is offered by NOE experiments, that were

Results and Discussion carried out at—20 °C to maximize the effects of the enhance-

e . ment. As indicated in Figure 2 (left), irradiation of the CH and
When th spectrum ofl is recorded at temperatures lower signals of the isopropyl group enhances the OMe singlet

than —100 °C, the isopropyl methyl signals, and th‘_"‘t of the and vice versa. Also, irradiation of the H-6 multiplet of the
methyl bonded to the €OMe moiety, broaden considerably 5.5 matic ring gives an almost negligible effect on the OMe

and e_ventually split into pairs of equally inten_se Iines_—a151 .__singlet but a quite large effect on the signal of the methyl groups
°C (Figure 1), whereas all the other carbons display single lines bonded to the EOMe moiety.

at any temperature. This indi(_:ates that thg rotation about the Line shape simulation yields the rate constants, hence, the

Ar—C bond has been frozen in the NMR time S(_:ale and that free energy of activationAG* = 6.6 kcal mot, as in Table 1)

t_he ”?0.'90“'9 has adopted an asymmetric, thus chiral, conforma-for the dynamic process responsible for the exchange of the

tion (itis for thls reason that the isopropyl methyl groups become methyl signald2 This process corresponds to the interconversion

dlastereottoplc at th,'S, t.emperatur.e). ) ) of the atropisomett-sc into its enantiomeric form-sc. There
According to ab initio calculations (Experimental Section), are two possible routes for achieving such interconversion:

two energy minima, corresponding to two possible conformers gjiher the OMe group crosses over the isopropyl group or crosses

(stereolabile atropisomers), are available to compdlirithe over the hydrogen in position 6 of the benzene fhgccording
more stable E = 0) conformer is that having a synclinal (sc)

_Confqr_mat'onlvl where the dihedral angh@between' the Planes (13) As is often observed in the conformational process AGé value
identified by Ct-C—OMe and by the benzene ring (i.e., the was found independent of temperature within the experimental uncertainty
C2—C1-C—OMe dihedral angle) is equal to #ZFigure 2), of the NMR measurements. See: Hoogosian, S.; Bushweller, C. H.;

1 i i Anderson, W. G.; Kigsley, GJ. Phys. Cheml976 80, 643. Lunazzi, L.;
whereas the less stable = 3.4 kcal mol) is that exhibiting — cerioni“G.; Ingold, K. U.J. Am. Chem. Sod.976 98, 7484. Forlani, L -
an antiperiplanar (ap) situation, where the mentioned dihedral _unazzi L.; Medici, A. Tetrahedron Lett1977 18, 4525. Bernardi, F.;
angle v is about 180. Whereas the sc-atropisomer does not Lunazzi, L.; Zanirato, P.; Cerioni, Getrahedronl977 33, 1337. Lunazzi,

_ i i L.; Magagnoli, C.; Guerra, M.; Macciantelli, Dletrahedron Lett1979
have any element of symmetry, the ap-atropisomer displays a3031. Cremonini, M. A.; Lunazzi, L.; Placucci, G.; Okazaki, R.; Yamamoto,

plane of symmetry and, for this reason, cannot account for the g "3 "am. Chem. Sod99q 112 2915. Anderson, J. E.; Tocher, D. A.:
NMR spectrum observed at151 °C. The absence of signals Casarini, D.; Lunazzi, LJ. Org. Chem1991, 56, 1731. Borghi, R.; Lunazzi,

corresponding to a second form implies that the population of L.; Placucci, G.; Cerioni, G.; Foresti, E.; Plumitallo, A.0rg. Chem1997
62, 4924. Garcia, M. B.; Grilli, S.; Lunazzi, L.; Mazzanti, A.; Orelli, L. R.

the symmetric qp-atrop|somer is negligible (in agreement W'th, J. Org. Chem.2001, 66, 6679. Garcia, M. B.; Grilli, S.; Lunazzi, L.;
the computed high-energy value), so that the sc-atropisomer iSmazzanti, A.; Orelli, L. R.Eur. J. Org. Chem2002 4018. Casarini, D.;
essentially the only populated form of compouh&? Rosini, C.; Grilli, S.; Lunazzi, L.; Mazzanti, AJ. Org. Chem2003 68,
1815. Casarini, D.; Grilli, S.; Lunazzi, L.; Mazzanti, A.Org. Chem2004
69, 345. Bartoli, G.; Lunazzi, L.; Massacesi, M.; Mazzanti JAOrg. Chem.

(11) Eliel, L. E; Wilen, S. H.Stereochemistry of Organic Compounds 2004 69, 821. Casarini, D.; Coluccini, C.; Lunazzi, L.; Mazzanti, A,;
John Wiley and Sons: New York, 1994; p 21. Rompietti, R.J. Org. Chem2004 69, 5746.

(12) This result is at variance with the finding observed in the analogous  (14) In the course of the latter pathway, the mentioned ap-atropisomer
carbinol derivativé? where the minor ap-atropisomer was sufficiently — would be visited, but as predicted by calculations, its population is too low
populated (about 23%) to be experimentally observed. to be experimentally detectable.
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FIGURE 3. 3C NMR signals (150.8 MHz) of the OMe group 8fin
tolueneds at two different temperatures. 61 5
to ab initio calculations, the energies of the transition states due V4
to these two processes are, respectively, 5.3 and 9.8 kcal mol 8 i o }* 0
higher than the energy of the ground state. As a consequence,

the enantiomerization is expected to follow a pathway where 40 36 32
the OMe crosses over the isopropyl group, because this process

. : . FIGURE 4. Left: temperature dependence of #€ NMR signals
hlas a I(t)wtehr tranS|t|(_)n enterlgy "lind’ 5aI§0, hgsBakthelcirﬁetllcal barrlerj(:150.8 MHz in tolueneds) of the methine carbon signals of the two
closer to the experimental value (5.3 vs 6.6 kcal Tp geminal isopropyl substituents 8f In the trace at-78 °C the triangle

Itis worth outlining that in the analogous carbinol derivatfve  jndicates the major conformer (87%), the diamond indicates the 4%
such an enantiomerization process was too fast in the NMR conformer, and the two stars indicates the two lines of the 9%
time scale to be experimentally detected, evenr B50°C: in conformer. Right: line-shape simulations obtained with the rate
the case ofl, the presence of the OMe group, bulkier than OH, constants indicated.
makes the enantiomerization barrier sufficiently high to be

determined by NMR. signals of the two geminal isopropyl groups yield additional
An analogous behavior is observed for compo@n(R = information concerning the symmetry of these conformers. As

Et), where the isopropyl methyl carbons and the carbons of the shown in Figure 4 (trace at78 °C), the major (87%) and minor

ethyl groups (both Ckand CH,) become diastereotopic atl20 (4%) conformers display a single line each for the two geminal

°C. Again, only the asymmetric atropisomer, to which the sc isopropyl CH carbons (33.9 and 34.7 ppm, respectively),
type of structure was assigned, is observed at low temperature Whereas the conformer with a 9% population displays a pair of
Computations in fact indicate that this conformer (where the CH lines of equal intensity at 39.1 and 33.5 ppm.
mentioned C2C1—C—O dihedral angle is 45) is more stable Ab initio computations predict the existence of three energy
by 1.4 kcal mot?! than the symmetric ap-atropisomer, where Mminima corresponding to three atropisomers. That with the
the® angle is 180. As in the previous case, the NOE experiment lowest energy has a sc-type of structtfeyith the dihedral
confirms the sc type of structure, because irradiation of the Me angle between the €0—Me plane and the aryl ring (i.e.,
and CH signals of the isopropyl substituent enhances the OMe C2—C1—C—0OMe) equal to 38 Thus, the single line observed
singlet as well as the CHsignal of the ethyl group, and for the two geminal isopropyl methine carbons-&t8 °C must
irradiation of the H-6 signal of the aromatic ring shows NOE be a consequence of the rapid interconversion, at this temper-
effect on the CH multiplet but not on the OMe singlet. ature, between theésc and the-sc enantiomers (Chart 2). This
Line-shape simulation indicates that the enantiomerization motion creates in fact a dynamic plane of symmetry that renders
process for interconverting thésc into the—sc enantiomer  the CH carbons equivalent (enantiotopic): this symmetry is also
has a barrier of 9.7 kcal mot (Table 1): this value is larger @ consequence of the fast-GPr bond rotation at this
than that measured fdras a result of the greater dimension of temperature. Such an interpretation will be supported by
the ethyl with respect to the methyl groups bonded to th€dC additional experiments described in the following paragraphs.
moiety. The other two energy minima predicted by calculations
A quite different conformational behavior is observed in the correspond to two different atropisomers, both with an ap!ype
case of3 (R = i-Pr) as a result of the rather severe hindrance of structure, where the MeO—C and the aryl planes are nearly
generated by the two geminal isopropyl groups bonded to the coplanar, with the computed dihedral anglebeing 164 in
C—0 carbon. The'3C single line of the OMe group, in fact, —one atropisomer and 176n the other.
broadens on cooling and splits into three lines-80 °C: the The ap-atropisomer with the second highest relative eAgrgy
corresponding shifts being 53.7, 50.7, and 54.0 ppm, with (E = 2.6 kcal mof?, as in Chart 2) should correspond to the
relative intensities of 87:9:4, respectively (Figure 3). second populated (9%) conformer detected in the NMR experi-
Contrary to the previous cases, therefore, three different ment of Figure 4. Calculations indicate that in this ap-
conformers appear to be populated in compo@ndhe CH atropisomer the two geminal isopropyl groups adopt two

4492 J. Org. Chem.Vol. 71, No. 12, 2006



Atropisomers of Highly Hindered Benzyl Ethers ]OCArticle

CHART 22
M-enantiomer (-sc) P-enantiomer (+sc) OMe

. T(C) k(s™)
\", E N 0 3
H -67 1300
A b _ —
3 sc atropisomer (E = 0.0)
experimental 87% 0
, , -78 220
_J
\ (5 / \ €
0
50

different positions with respect to theOMe substituent. If the -147 * 0
C—i-Pr bond rotation is frozen at80 °C, the two geminal CH I S
carbons will be diastereotopic, in agreement with the two lines 40 36 32

ﬁ:(pe”mema"y ?bserved' Ti:ﬁ falf/lt tg%,Pcotr)Itra(;y tot t?.e Ca.lse of FIGURE 5. Left: temperature dependence of € NMR signals

€ major sc-atropisomer, the MeLLr bond rotalion 1S (150.8 MHz in CHRCI/ICHFCE) of the methine carbons of the two
locked in this case at-80 °C, is a consequence of the much  geminal isopropyl substituents 8f(the lines are identified by the same
higher steric hindrance experienced by the two geminal iso- symbols as in Figure 4). Right: line-shape simulations obtained with
propyl groups in the ap-atropisomer with respect to the the rate constants indicated.
sc-atropisomer.

The third computed energy minimuri & 4.4 kcal mot?, . . -
as in Chart 2% should correspond to the least populated (4%) 3cannot be measulred gxpenmentally, and pnly its lower limit
atropisomer experimentally observed. The ap-type structure (i.e., 11.9 kcal mot, as in Table 1? can be indicated.
computed for the latter indicates that the two geminal isopropyl ~ When a solvent capable of reaching much lower ten:pe_ratures
groups are symmetrically placed with respect to th@Me is used (i.e., CHFEI/CHFCL ), the spectrum o8 at —67°C is
substituents. Thus, even if the Me©GPr bond rotation is  Similar to that observed in toluene &8 °C, whereas at 78
frozen at—78 °C, as in the case of its equally hindered ap °C. the major atropisomer (87%) displays two broad lines of
companion, the two geminal CH carbons will be equivalent €dual intensity for the two geminal CH carbdiiss shown in
(enantiotopic). This agrees with the experimental observation Figure 5. The presence of these two lines proves that-the
of a single CH line for the minor (4%) conformer. to —sc enantiomerization process mentioned above has become

A line-shape simulation of the three OMe signals (Figure 3) slow in the NMR time scale. A line-shape simulation provides
yields the rate constants, hence, the interconversion bak@ (@ barrier of 9.1 kcal mott for this interconversion. This value
= 11.9 kcal mot?, as in Table 1), for the exchange of the is larger than the barrier for the analogous process measured in
atropisomers. The same value is obtained from the simulation 1 (Where it W"’l‘s 6.6 kcal mot) but somewhat lower than that
of the exchanging lines of the two geminal CH carbons (Figure (9-8 kcal mot) found in compouna. Although the isopropyl
4). This barrier, therefore, corresponds to the rotation processiS Pulkier than the methyl and ethyl groups, the fact that the
about the A-COMe bond, which is responsible for the barrier of3 is not larger than the analogous barrie2atan be
interconversion of the three atropisomers. This barrier must be exPlained by considering that the isopropyl group is bulk enough
equal to or lower than that involving the rotation about the @S to destabilize the ground state of the sc-atropisome of
MeOC—i-Pr bond in the ap-atropisomer (Table 1). In fact, when More than its transition state: the energy difference between
the distinguishable lines of the geminal isopropyl CH carbons the ground and the transition state thus becomes low&nwiith
are observed at 78 °C for the three atropisomers, the one with respect t®. The occasional lowering of the rotation barrier on
the 9% population already displays diastereotopic CH carbons. Increasing the bulkiness of the substituent has been docu-
Because of this occurrence, the Me©IcPr rotation barrier of ~ mented:

OMe OMe -89
3ap (E=2.6) Jap(E=44) v v
experimental 9% experimental 4%

aEnergies E) are in kcal mot™.

-

(15) On a qualitative point of view, the trend of the computed energies (16) The fact that the two geminal CH carbons yield a single broad line
(i.e., 0, 2.6, and 4.4 kcal mol) parallels that of the experimental intensities  at —78°C in toluene but display a pair of equally intense broad lines at the
for the corresponding conformers (i.e., 87, 9, and 4%). However, the same temperature in CHEI/CHFCL is a consequence of the greater shift
computed energy differences are higher than required to quantitatively separation in this solvent with respect to toluene.
account for the observed populations. This depends on the computing (17) Casarini, D.; Rosini, C.; Grilli, S.; Lunazzi, L.; Mazzanti, A.Org.
approximations and on the fact that calculations refer to the case of an Chem 2003 68, 1815. Lunazzi, L.; Macciantelli, D.; Spunta, G.; Ticca, A.
isolated molecule rather than to a molecule in solution. J. Chem. Soc. Perkin Trans.1®76 1791.
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CHART 32
OMe k,(s™)
T(°C) CH ky(s)
Me k(™)

Memy,,,

220
>10*
25 >10°

Pr

E=0 E=3.0 0
700
aEnergies E) are in kcal mot. -18 9000

On further cooling the sample below78 °C, another

0
exchange process is observed: whereas the upfield CH line at 84 égg
32.7 keeps sharpening as expected, that at lower field (34.2 ppm)

broadens further and only at147 °C becomes as sharp as its

upfield companion (at-147°C the least stable atropisomer has

reduced its population to the point of rendering almost invisible

the corresponding line, indicated by the diamond). The feature (5)
experienced by the 34.2 ppm line is typical of an exchange -110 100

process between two biased conformers, when one of them is

too small to be detectéd:1°In the present case, this motion is

due to the restricted rotation about the-iGPr bonds of the

two diasterotopic geminal isopropyl substituents of the major 0
sc-atropisomer. Calculations predict indeed that there are two 146 8
possible rotational conformers in the sc-atropisome3, afith

one being much more stable than the other, as indicated in Chart 38 34 30
3.

As mentioned above, the rotation about the Me@®r bond FIGURE 6. Left: temperature dependence of tH€ NMR signals
is quite hindered in the ap-atropisomers, but it is much more (150.8 MHz in CHRCI/CHFCL) of the methine carbons of the geminal

facile in the | ded tropi B i f isopropyl substituents &. Right: line-shape simulations obtained with
acile In the less-Crowaed sc-atropisomer. By making Use Ol ,a rate constants indicatekl for the sc to ap interconversioky for

the appropriate relationship yielding the rate constant i€,  the enantiomerization, arig for the isopropy! rotation in the minor
aAw?9) at the temperature where the maximum broadening ap-atropisomer).

(Aw) is observed for the 34.2 ppm line, an estimate of Al@&

value involving the MeOEi-Pr bond rotation (6.2 0.4 kcal both spectra are distinguishable. Irradiation of the two closely
mol~1) could be reached also for the sc-atropisomes @fable spaced MeO single lines, in fact, enhances the major signal of
1). the methyl in the position 2 of the phenyl ring, whereas the

To confirm the interpretation of the processes occurring in analogous minor signal does not experience any enhancement.
3, compound5 was also investigated. The latter bears two A line-shape simulation of the two MeO lines provideA@*
geminal isopropyl groups bonded to the MeOC moiety, as in value of 11.7 kcal mat! for the sc to ap interconversion barrier
the case ob, but it is less-hindered in that it has a methyl, (Table 1). When the rate constank;)( for the sc to ap
rather than an isopropyl group, in the position 2 of the benzene interconversion becomes negligible on lowering the temperature
ring. below—50°C, additional processes are exhibited by the methine

Below —40 °C, the3C NMR line of the OMe group ob lines of the geminal isopropyl substituents. Both these lines,
splits into two lines, as a result of the two atropisomers in a due to the major sc- and the minor ap-atropisomer, split into
74:26 ratio (Figure S1, Supporting Information). They cor- 1:1 pairs, thus, eventually displaying four lines-at46°C, as
respond to the sc- and ap-atropisomers: the assignment of theshown in Figure 6.
sc-type structure to the major atropisomer was obtained by a In the case of the major sc-atropisomer, this process is due
NOE experiment carried out at a temperatur&% °C)?* where to the slow exchange between the enantiomiess and—sc.

The line shape simulatiork{in Figure 6) yields aAG* value

(18) (a) Anet, F. A. L,; Yavari, |.; Ferguson, |.; Katritzky, A. R.; Moreno-  of 8.8 kcal mot™? for the corresponding barrier (Table 1). The

Mafias, M.; Robinson, M. I. TChem. Commur976 399. Cerioni, G gpjitting of the CH lines observed for the minor ap-atropisomer

Piras, P.; Marongiu, G.; Macciantelli, D.; Lunazzi,L.Chem. Soc., Perkin ) L . .
Trans. 2 1981 1449. Lunazzi, L.. Placucci, G.. Chatgilialoglu, C.; Must have a different origin, because the OMe moiety here is

Macciantelli, D.J. Chem. Soc., Perkin Trans.1®84 819. Casarini, D.; essentially coplanar with the benzene ring. Thus, the diastero-
tﬂﬂg;i: t “Fi'laal%ﬂggite'(g,_D'\;I’ég:fi‘:n“tﬁe-”isoé-ré ﬁgﬂgg;g&%?ﬁ? éggg- topicity of these CH carbons derives from the restricted rotation
Lunazzi: L Mazzanti', A Casarini, D.;Y Dé Lucchi, O.; Fabris,:JFOrg.. of the_'_SOprc_)pyl substituents: one isopropyl is in f_aCt locked in
Chem200Q 65, 883. Grilli, S.; Lunazzi, L.; Mazzanti, AJ. Org. Chem a position different from that of the other, as confirmed by the
200Q 65, 3563. ab initio computation of the ground state of the ap-atropisomer

(19) The fact that the upfield line at 32.7 ppm does not show the same
feature as its lowfield companion is because the line of the corresponding
invisible conformer has a shift very close to that of the major line.

of 5 (Scheme S1, Supporting Information). The barrier for this

(20) Anet, F. A. L.; Basus, V. J. Magn. Resorll978 32, 339. Okazawa, (21) A temperature lower than the minimum required to observe separate
N.; Sorensen, T. SCan. J. Chem1978 56, 2737. Sandstm, J.Dynamic spectra was employed to avoid saturation transfer effects in the NOE
NMR SepctroscopyAcademic Press: New York, 1982; p 94. experiment.

4494 J. Org. Chem.Vol. 71, No. 12, 2006
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Experimental

Computed

FIGURE 7. Experimental X-ray diffraction (left) and ab initio
computed (right) structures df(R = tert-butyl). The hydrogen atoms
are omitted for convenience.

process, as obtained by line-shape simulatlarin Figure 6),
has been found equal to 7.8 kcal mb{Table 1). This value is

JOC Article

Information) thus requires that two rate constants be considered.
The rate constants for the enantiomerization yield the same
barrier as those derived from the two quaternary carbon lines
previously mentioned (i.e., 8.4 kcal mé), and the rate
constants for théert-butyl rotation provide a barrier of 9.4 kcal
mol~! (Table 1) for this second process.

Conclusions

The most populated conformation of the methyl benzyl ethers
investigated herel-5) is of the sc- or sp-type: only in two
cases3 and5) has the minor form (ap-type) also been detected.
Ab initio computations yield a qualitative agreement with the
assignments obtained by NOE experiments and X-ray diffrac-
tion. The dynamics of the enantiomerization processes occurring
in the sc- and sp-atropisomers has been followed by low-
temperature NMR and the corresponding barriers determined,

smaller than that observed in the analogous ap-atropisomer ofwith the least-hindered derivative (R = Me) displaying the
3(=11.9 kcal mot?) as a result of the greater hindrance exerted lowest value (6.6 kcal mol). Compounds, 3, and4 (R = Et,
in the latter compound by the isopropyl with respect to the i-Pr, andt-Bu, respectively), on the other hand, exhibit a trend

methyl group in the position 2 of the phenyl ring.

of the enantiomerization barriers that decreases with the

In the case of compound (R = tert-butyl), only one increasing bulkiness of the substituents. This is a consequence

atropisomer was Observed; its structure, as assigned by meangf the destabilization of the ground State being Iarger than that
of a NOE experiment, indicates that the OMe group is directed of th_e transition state as a result of the steric effects of R groups
toward the isopropyl substituent. In fact, irradiation of the OMe bulkier than methyl.

signal enhances, in addition to the methyl singlet of -

butyl group, also the methine and the methyl multiplets of the Experimental Section

isopropyl group, whereas no effect is observed for the aromatic

signals (Figure S2, Supporting Information). Ab initio computa- (1 g\ 3.1 mL) in hexane was added to a solution of 1-bromo-
tions predict that the C2C1-C—OMe dihedral angle is T9 2-methyl-benzene (5 mmol in 15 mL of dry THF) kept-af8 °C.

in the ground state (see Figure 7), thus indicating that this The soiution was stirred for 60 min and treated with 2,4-dimethyl-
atropisomer is sg? in addition, the ap-atropisomer is predicted pentan-3-one (5 mmol in 15 mL of dry THF). After stirring for 10
by these calculations to be 5 kcal mblless stable than the  min, the mixture was warmed to 2&, treated with HO, extracted
sp-atropisomer, in agreement with the experimental observationwith EtO, dried (NaSQy), and concentrated at reduced pressure.
of a single form. The sp structural assignment was further The crude was purified by a silica gel column (eluent, petroleum

Materials: 3-(2-Methyl-phenyl)-2,4-dimethyl-pentan-3-ol.BuLi

confirmed by single-crystal X-ray diffraction (Figure 7), showing
that the C2-C1—C—OMe dihedral angle o is 16’ in the solid
state??

On lowering the temperature, tR€C spectrum shows that
the quaternary carbon signal of the tvert-butyl moieties
broadens and splits, at120°C, into a pair of 1:1 lines. This
is due to the slow interconversion rate between tsp and
—sp enantiomers o#: line-shape simulation allowed the
measurement of the corresponding barridGt = 8.4 kcal
mol™?, as in Table 1). This enantiomerization barrier is lower
than that measured i8 which, in turn, is lower than that
measured ir2 (Table 1). This trend confirms that, as previously
mentioned, the increasing steric hindrance2n3, and 4
destabilizes the ground state more than the transition state.

The low-temperature spectra of ttet-butyl methyl groups
show that the rotation of thert-butyl group also becomes slow
on cooling, thus, six methyl lines are observed—t20 °C.

ether/E$O, 9/1) to give the resulting alcohol (1.9 mmol, overall
yield 38%);H NMR (CDCl, 400 MHz, 25°C) ¢ 0.80 (6H, d,J

= 6.5 Hz), 0.91 (6H, dJ = 6.5 Hz), 1.21 (6H, dJ = 6.8 Hz),
1.51 (1H, s, OH), 2.36 (2H, broad), 2.60 (3H, br s;Afe), 7.06-
7.24 (4H, m);13C NMR (CDCk, 100.6 MHz, 25°C) 6 16.7 (2CH),
18.0 (2CH), 24.4 (CH), 35.5 (CH), 84.2 (G, broad), 124.6 (CH),
126.1 (CH), 128.0 (CH), 133.0 (CH), 137.64®road), 140.4 (&
broad). Anal. Calcd for gH»;0: C, 81.50; H, 10.75. Found: C,
81.58; H, 10.67.

General Procedure for Compounds 5. A solution of the
appropriate alcohd (1 mmol in 2 mL of THF) was slowly added
to a suspension of KH kept at78 °C (5 mmol in 5 mL of
anhydrous THF). After 20 min at78 °C, a solution of Mel (10
mmol in 2 mL of THF) was added, and the mixture was allowed
to warm to room temperature and stirred for 10 min. Then the
reaction was cautiously quenched with a solution of ;8K
extracted with BO, and dried on MgS® The products were
prepurified by chromatography on silica gel (eluent, petroleum
ether/E3O, 19/1); final purification was obtained by semipreparative

This is because the slow enantiomerization process makes thé1PLC (Kromasil-C18 column,&m, 10 x 250 mm, CHCN/H;O
two tert-butyls diastereotopic, and the slow rotation process 90:10, 5 mL/min). Final yields of the isolated products range from

makes the methyl groups within the twert-butyls diaste-

reotopic. The line-shape simulation (Figure S3, Supporting ©

(22) Because the mentioned dihedral angle is lower thdnc®npound

4 corresponds to an sp-atropisomer, whereas the other compounds inves

tigated here 1I—3 and5) are labeled sc-atropisomers because their C2
C1—-C—OMe dihedral angles are larger than°3daccording to ab initio

calculations. The passage from the sc- to the sp-type structure is a

consequence of the severe hindrance exerted by the two berikiputyl
groups present in compourd

65 (1) to 50% @).
1-Isopropyl-2-(1-methoxy-1-methyl-ethyl)-benzene (1fH NMR
DCl;, 600 MHz, 25°C) 0 1.22 (6H, d,J = 6.9 Hz), 1.62 (6H,
s, 2Me), 3.04 (3H, s, OMe), 4.04 (1H, septdt= 6.9 Hz), 7.15
(1H, dt,J = 7.6 Hz,J = 1.2 Hz), 7.26 (1H, ddJ = 8.0 Hz,J =
1.0 Hz), 7.30 (1H, dtJ = 7.6 Hz,J = 1.0 Hz), 7.41 (1H, ddJ =

(23) Although in principle the rotation barriers might be different for
the two diastereotopitert-butyl moieties, such a difference is, in practice,
too small to be experimentally detected.
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8.0 Hz,J = 1.2 Hz);13C NMR (CDC}, 150.8 MHz, 25°C) 6 24.3
(Me), 28.2 (CH), 28.4 (CH), 50.7 (OCH), 78.6 (G), 125.3 (CH),
127.4 (CH), 127.7 (CH), 127.9 (CH), 141.04C149.6 (G). Anal.
Calcd for GsH200: C, 81.20; H, 10.48. Found: C, 80.88; H, 10.40.
1-(1-Ethyl-1-methoxy-propyl)-2-isopropyl-benzene (2)H NMR
(CDCl;, 600 MHz, 25C) ¢ 0.77 (6H, t,J = 7.5 Hz), 1.20 (6H, d,
J=6.8 Hz), 1.95 (4H, m), 3.01 (3H, s, OMe), 4.08 (1H, seplet,
= 6.8 Hz), 7.15 (1H, ddd) = 7.6 Hz,J = 7.5 Hz,J = 1.2 Hz),
7.19 (1H, dd,J = 8.0 Hz,J = 1.0 Hz), 7.30 (1H, dtJ = 7.5 Hz,
J=1.0), 7.41 (1H, ddJ = 8.0 Hz,J = 1.2); 13C NMR (CDCl,
150.8 MHz, 25°C) 6 7.9 (CH), 24.8 (CH), 26.7 (CH), 28.2 (CH),
50.1 (OCHy), 83.2 (G), 124.8 (CH), 127.2 (CH), 127.5 (CH), 128.3
(CH), 139.2 (@), 149.0 (@). Anal. Calcd for GsH240: C, 81.76;
H, 10.98. Found: C, 81.67; H, 10.93.
1-Isopropyl-2-(1-isopropyl-1-methoxy-2-methyl-propyl)-ben-
zene (3).*H NMR (CDCl;, 600 MHz, 25°C) 6 0.97 (12H, br s),
1.23 (6H, dJ = 6.9 Hz), 2.58 (2H, septed,= 6.8 Hz), 3.35 (3H,
s, OMe), 3.99 (1H, br s), 7.06 (1H, dddi= 8.4 Hz,J = 6.8 Hz,
J = 1.6 Hz), 7.15 (1H, br d), 7.30 (1H, dj,= 6.8 Hz,J = 1.2
Hz), 7.41 (1H, ddJ = 7.9 Hz,J = 1.6 Hz); 3C NMR (CDCl,
150.8 MHz, 25°C) 6 18.6 (2CH, broad), 19.5 (2CkJ, 25.5 (2CH),
29.1 (CH), 34.0 (2CH, broad), 53.1 (O)}H189.0 (G), 123.9 (CH),
126.4 (CH), 127.7 (CH), 129.6 (CH), 138.14C150.2 (G). Anal.
Calcd for G7H200: C, 82.20; H, 11.36. Found: C, 82.33; H, 11.45.
1-(1tert-Butyl-1-methoxy-2,2-dimethyl-propyl)-2-isopropyl-
benzene (4)H NMR (CDCl;, 600 MHz, 25°C) 6 1.23 (18H, s),
1.29 (6H, dJ = 6.5 Hz), 3.43 (3H, s, OMe), 3.89 (1H, septdt=
6.8 Hz), 7.03 (1H, ddd) = 8.4 Hz,J = 7.1 Hz,J = 1.7 Hz), 7.20
(1H, ddd,J =8.0 Hz,J = 7.1 Hz,J = 1.4 Hz), 7.39 (1H, ddJ) =
8.0 Hz,J = 1.7 Hz), 7.41 (1H, ddJ = 8.4 Hz,J = 1.4 Hz);13C
NMR (CDCls, 150.8 MHz, 25°C) ¢ 26.7 (2CH), 28.7 (CH), 31.7
(6CHg), 43.5 (2G), 57.4 (OCH), 94.6 (G), 122.6 (CH), 126.3
(CH), 127.9 (CH), 132.7 (CH), 138.2 ({2 149.7 (G). Anal. Calcd
for C;gH30: C, 82.55; H, 11.67. Found: C, 82.69; H, 11.75.
1-(1-1sopropyl-1-methoxy-2-methyl-propyl)-2-methyl-ben-
zene (5).*H NMR (CDCl;, 600 MHz, 25°C) 6 0.92 (6H, d,J =
6.8 Hz), 0.97 (6H, dJ = 6.8 Hz), 2.545 (1H, septed,= 6.8 Hz),
2.555 (3H, s, Ar-Me), 3.35 (3H, s, OMe), 7.087.22 (4H, m);
13C NMR (CDCk, 150.8 MHz, 25°C) ¢ 17.7 (2CH), 19.7 (2CH),
23.5 (Ar—CHg), 34.0 (CH), 53.5 (OCH), 83.5 (G, broad), 124.3
(CH), 126.0 (CH), 130.4 (CH), 133.0 (CH), 137.14(®road), 139.2
(Cq, broad). Anal. Calcd for ¢H»40: C, 81.76; H, 10.98. Found:
C, 81.67; H, 10.93.
NMR Measurements.NMR spectra were recorded at 600 MHz
for IH and 150.8 MHz fo3C. The assignments of tHéC signals
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using a “rsnob” selective pulse (typically 37.0 ms, to obtain a 50-
Hz-wide pulse), and a mixing time df, s. The samples for the
13C NMR low-temperature measurements were prepared by con-
necting to a vacuum line the NMR tubes containing the compound
and some gD for locking purposes and condensing, therein, the
gaseous CHFEI and CHFC} under cooling with liquid nitrogen.
The tubes were subsequently sealed in vacuo and introduced into
the precooled probe of the spectrometer. The temperatures were
calibrated by substituting the sample with a precision Cu/Ni
thermocouple before the measurements (unless otherwise specified,
the errors on the temperature measurements are believed to affect
the AG* values by+0.15 kcal motf?). A complete fitting of
dynamic NMR line shapes was carried out using a PC version of
the DNMR-6 progrant®

Computational Details. Ab initio computations were carried out
at the B3LYP/6-31G(d) level by means of the Gaussian 03 series
of program® (the standard Berny algoritm in redundant internal
coordinates and default criteria of convergence were employed).
Harmonic vibrational frequencies were calculated to ascertain the
nature of all the stationary points. For each optimized ground state,
the frequency analysis showed the absence of imaginary frequencies,
whereas for each transition state, the frequency analysis showed a
single imaginary frequency. The corresponding optimized structures
are reported in the Supporting Information.
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