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/—\ To minimize allylic 1,3-strain (a) and
Y\ H syn-pentane-like interactions (b),

2,6-disubstituted aryl groups

induce the geminal and vicinal

X hydrogens to adopt an antiperiplanar

) orientation (X =F, CI, Br, Me, Et)

Multiple X-ray crystallographic andH NMR spectroscopic studies demonstrate that 2,6-disubstituted
aryl groups exert a strong effect on acyclic conformation, inducing the geminal and vicinal hydrogens on
the adjacent sp-sp® C—C bond to adopt an antiperiplanar orientation. Twenty-one examples comprising
nitrile, ketone, and dithiane aldols are provided. A search of the Cambridge Structural Database uncovered
an additional 11 examples of this effect. This preference causes some unanticipated remote effects on
acyclic conformations: imnti-nitrile aldols, this effect causes 2,6-disubstituted aryls to generally prefer

a gauche, rather than antiperiplanar, relationship to the largest vicinal groups. X-ray crystallography,
IH—'H NOESY spectroscopy, and computation demonstrate that minimization of allylic 1,3-strain and
synpentane-like interactions work together in establishing this conformational preference.

Introduction These compounds attracted our attention because in the solid
state they adopt a conformation that places the large 2,6-
disubstituted aryl ring in a gauche relationship to the largest
vicinal group (aryl). Furthermore, this conformation is retained
in solution: the large vicinal coupling constants (10.3, 9.3 Hz)
establish an antiperiplanar orientation of H2 and M3 hus,

the gauche orientation of the aryl rings observed in the solid
state is not the result of crystal packing. Recently, Toru and
co-workers reported the synthesis of dithiane-derived aldols
anti-3 andsyn3.211 Although these compounds have not been

Control of conformational equilibria is critical in asymmetric
synthesis,2lead compound optimizatioi and supramolecular
chemistry? Conformational control of acyclic molecules is
especially challengingand development of new strategies to
achieve this goal would be welcome. During the course of our
previous studies on the stereochemistry of the aldol reaction of
arylacetonitriles, we characterizadti-17 andanti-28 by X-ray
crystallography (Figure 1).
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FIGURE 1. Solid state (X-ray) and solutiotff NMR, CDCLk) and
evidence for an antiperiplanar orientation of H2 and H3 in previously
published aldol$-° Solid-state dihedral angle® (H2C2C3H3) cor-
respond to the depicted enantiomer; where two dihedral angles are
given, two molecules were present in the asymmetric unit.

X NHo+HCI
NH+HCI L i
s A 2 "COzH Sidechain
4 2 "CO.H 4 dihedral x4
defined by
NC2C3C4
X
OH (25,3S5)4 X (2S53R)-4
H (2535)-5 (25,3R)-5
%1~ -60° X1~ 180°

FIGURE 2. Preferred side-chain dihedrasof 2,6-dimethylg-methyl-
tyrosines4213and phenylalanines.#

characterized by X-ray crystallography, similar conformational
energetics appear to be operative. Based oAHHeMR vicinal
coupling constants of 10.0 and 10.4 Hz, it is clear that in
solution, H2 and H3 ofanti- and syn3 are again in an
antiperiplanar relationship. That the 2,6-disubstituted aryl ring
is somehow responsible for the conformational preference of
1-3is suggested by Hruby’s studies of 2,6-dimetfiytnethyl-
tyrosines41213and phenylalanine§* (Figure 2).

With (2S5 39)-stereochemistry, it was noted that a side-chain
dihedraly; of ~ —60° is preferred; with (8 3R)-stereochem-
istry, they: side-chain dihedral of 180 is preferred-314This
focus on the divergent; side-chain dihedrals is useful for
peptide design, but potentially obscures a common feature of
the stereoisomers: both adopt an antiperiplanar orientation of
H2 and H3 in their preferred conformations. In this paper, we
examine the generality of the effect of 2,6-disubstituted aryl
groups on acyclic conformation, and its energetic origin.

Results and Discussion

To determine the generality of the conformational preference
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FIGURE 3. Solid-state dihedral angle®s (H2C2C3H3) and vicinal
coupling constants (CDg)l of new nitrile and ketone aldols of 2,6-
disubstituted benzaldehydes.

mesitaldehyde, 2,6-diethylbenzaldehyde, 2,6-difluorobenzalde-
hyde, 2,6-dichlorobenzaldehyde, and 2,6-dibromobenzaldehyde.
All of the compounds examined gave evidence of similar
conformational behavior in solution. Following separation of
the diastereomeric aldols, eight gave crystals suitable for X-ray
crystallography (Figure 3).

Aldols anti-6 and 7 are close analogues ainti-1; as the
size of the 2-aryl group increases from 4-Mefgto 2-naphthyl
to mesityl, the preference for the 2- and 3-aryl groups to adopt
a gauche orientation remains unchanged. Similarly, 2,6-dichlo-
robenzaldehyde aldchnti-8 and mesitaldehyde aldainti-6
feature identical 2-naphthyl substituents at C2 and have nearly
identical conformations in the solid state and solution. Examina-
tion of syn8 and syn9 indicates that they also exhibit an
antiperiplanar relationship of H2 and H3 in solution and the
solid state; note that for thesgyndiastereomers, a gauche
interaction between the C2- and C3-aryl groups is avoided.
Although synl, syn2, and syn6 were not characterized by
X-ray crystallography, their vicinal coupling constants (9.3,

observed for the aldols in Figure 1, we used standard methods8-8 and 9.6 respectively) indicate that they also adopt an

to prepare a number of nitrile and ketone aldols derived from

(12) Qian, X.; Russell, K. C.; Boteju, L. W.; Hruby, V. Jetrahedron
1995 51, 1033-1054.

(13) Qian, X.; Shenderovich, M. D.; KgreK. E.; Davis, P.; HorVeh,
R.; Zalewska, T.; Yamamura, H. |.; Porreca, F.; Hruby, \d.JAm. Chem.
Soc.1996 118 7280-7290.

(14) Hruby, V. J.; Li, G.; Haskell-Luevano, C.; Shenderovich, M. D.
Biopolymers (Pept. Sci)997, 43, 219-266.
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antiperiplanar orientation of H2 and H3.

In contrast, aldols derived from benzaldehyde and arylaceto-
nitriles lacking 2,6-disubstitution (e.g., A= Ph, 4-MeGHya,
2-naphthyl) do not have a single preferred conformation along

(15) Note thasyn7 was not available for comparison, because the aldol
reaction of mesitylacetonitrile and mesitaldehyde was completaly
selective.
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o
(H3c3c1'c2!, ©)

R4 Ro X Y

anti-1  4-MeCgHs; CN Me Me 6.8,-4.2
anti-6  2-Naph CN Me Me 18.5
anti-8 2-Naph CN Cl H 9.3
syn-8 CN 2-Naph Cl H 121
syn-9 CN 2-Naph F H 9.1
anti-10 Me C(O)tBu Me Me 11.9
anti-11 Me C(O)tBu ClI H 9.3
syn-11 C(O)tBu Me Cl H 10.3

[ T
X (H3C3C1'C2, °) (H2Cc2C1"C2", °)
anti-2 H 40.0 14.3
anti-7 Me 16.2 7.5

FIGURE 4. Orientation of 2,6-disubstituted aryl rings at C3 and C2
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(2.93 A)

H2:63.777
H3: 5 5.390

FIGURE 5. Thermal ellipsoid plot (50% probability) o&nti-10,
superimposed with select NOESY correlations-&3.4°C (CDCL).
Average H-H distances (X-ray) are given in parentheses.

disubstituted aryl ring to nearly eclipse its geminal hydrogen
derives from minimization of allylic 1,3-strain and is consistent
with the conformational preference of similaPssp® bonds!®
such as that in 4)-4-methyl-2-penterf@ and in constrained

relative to their geminal hydrogens, as indicated by the dihedral angles @Mino acidst and5.1314Note that a near eclipsing interaction

@ andt (X-ray).

the C2-C3 axis, as indicated by vicinal coupling constants that
typically range from 5 to 6 Hz for thanti-diastereomer, and
6—7 Hz for the syndiastereomef.Thus, the conformational
preference exhibited by the nitrile aldols in Figures 1 and 3
appears to be due to the 2,6-disubstituted aryl moiety. An

antiperiplanar relationship between H2 and H3 is also seen in

anti-10, anti-11, andsyn11, which aretert-butyl ethyl ketone

aldols of mesitaldehyde and 2,6-dichlorobenzaldehyde, respec
tively (Figure 3). Thus, as was also demonstrated by dithiane

aldols anti- and syn3, the preference for an antiperiplanar

orientation of H2 and H3 does not depend on the presence of

a cyano or aryl group at C2. Finally, it is worth noting that, in

each case, X-ray crystallography reveals intermolecular, not

intramolecular, hydrogen bonding of the OH protons to basic
nitrile, ketone, and hydroxyl moieties. Intramolecular hydrogen
bonding inS-hydroxynitriles is known to be weak;'” and we
have earlier proposed that it does not play a major role in
conformational energetics gd-hydroxynitriles’ In contrast,
intramolecular hydrogen bonding in solution is commonly
observed for ketone aldol8; however, in the solid-state
structures ofanti-10,11 and syn11, intermolecular hydrogen
bonds are apparently preferred.

To determine how 2,6-disubstituted aryl rings at C3 and C2
might play a role in enforcing dihedral angles near 180we
examined their solid-state orientations relative to H3 and H2
(Figure 4).

is not seen for the unsubstituted phenyl ring at Camt-2 (¢
= 40.0).

Inspection of Figure 4 leads to the insight that small
dihedral angles place the C6X group near H2. To provide
evidence of this close contact in solution, we performed
additional™ NMR spectroscopic studies @mti-10, because
it showed nonequivalence of the mesigytho-methyl groups
near room temperature (Figure 5).

The C2 and C6 methyl groups ofanti-10 coalesce at 21.5
°C, and the C3and C5 protons coalesce at1.3°C, indicating
barriers to rotation about the CiC3 bond of 14.2 and 13.7
kcal/mol at these temperatures, respectivéfH—1H NOESY
NMR correlations at-33.4°C revealed that, as predicted, H2
is near one of the mesityl methyl groups (@6e) and that H3
is near the other (C2Vie). Thus, the close proximity of H2
and H3 to the Cband C2 substituents seen in the solid-state
structure ofanti-10 is maintained in solution. In addition,
inspection of the X-ray structure @ti-10 indicates that the
2-methyl group lies within the shielding cone of the 2,6-
disubstituted aryl group at C3. Consequently, an upfield shield
(0.5 ppm) is observed bYH NMR for the 2-methyl groups in
anti-10 and anti-11 relative to theirsynisomers. A similar
upfield 13C NMR shift (1.2-5.5 ppm) is seen for the cyano
carbons in nitrile aldolsyn6—8 relative to theiranti-isomers.

The tendency of 2,6-disubstituted aryl rings to nearly eclipse
their geminal hydrogens should have important consequences
on the energies of conformations along the-C2 bond (Figure

For the eight structured compounds bearing a 2,6-disubstituted6)-

aryl ring only at C3, dihedral angleg (H3C3C1C2) are
generally within 18; the average dihedral for all eight com-
pounds is 10.2 Aldol anti-7 bears 2,6-disubstituted aryl rings
at C2 and C3; the dihedral of the C3 ring to its geminal hydrogen
(p) is 16.2. Aldols anti-2 andanti-7 bear 2,6-disubstituted aryl
rings at C2, and corresponding dihedralso the geminal H
(H2C2C1“C2") are 14.3and 7.5. This tendency of the 2,6-

(16) Allerhand, A.; Schleyer, P. v. R. Am. Chem. Sod963 85, 866—
870.

(17) Canceill, J.; Jacques, Bull. Chim. Soc. Fr197Q 2180-2187.

(18) Heathcock, C. H. IlAsymmetric SynthesiMorrison, J. D., Ed.;
Academic Press: Orlando, 1984; Vol. 3, pp $13.8.

As can be seen, conformations 2 and 3 incur destabilizing
steric interactions of the C6X group with the C2 substituent
(R1 and R2, respectively): these interactions are somewhat

(19) Eliel, E. L.; Wilen, S. H.Stereochemistry of Organic Molecujes
John Wiley & Sons: New York, 1994; pp 1150153.

(20) Broeker, J. L.; Hoffmann, R. W.; Houk, K. N. Am. Chem. Soc.
1991, 113 5006-5017.

(21) Comparable barriers have been observed previously forsgp
bond rotations involving mesityl groups: (a) Chandross, E. A.; Sheley, J.;
Curtis F.J. Am. Chem. S0d.968 90, 4345-4354. (b) Jiao, D.; Russell,

K. C.; Hruby, V. J.Tetrahedron1993 49, 3511-3520. (c) Medina, E.;
Moyano, A.; Perica, M. A.; Riera, A.Hely. Chim. Acta200Q 83, 972—
988.
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conformation 1 conformation 2 conformation 3

dihedral 8:  ~180 ~+60 ~ -60
HO H HO H
&)\/ s e
A AT
v My 12 v N 2

destabilized by
C6-XX Ry

destabilized by
C6-X ¥ Rp

FIGURE 6. Steric effects in conformations along the -©32 axis;
note the Synpentane”-like interactions in conformations 2 and 3.

remiscent of a §ynpentane” interactio?23 Conformation 1

is unique in placing a small H substituent proximal to the-©6
group; thus it is lowest in energy. A similar analysis can be
performed to show how a 2,6-disubstituted aryl group at C2
will also lead to dihedral® near 180.

To assess the magnitude of the destabilizations suffered by

conformations 2 and 3, we performed systematic conformational
searches using the MMFF94 molecular mechanics métiand
the conformer distribution module of Spartan '04 for Winddws.

Although molecular mechanics-based procedures are strictly

approximate, MMFF94 is particularly well parametrized to
model acyclic conformatior®, and the speed of the method
allows sampling of the entire conformational spéatén this
analysis, we also included aldols derived from 2,6-dibromoben-
zaldehyde and 2,6-diethylbenzaldehyti2 4nd13, respectively)
that evidenced antiperiplanar orientations of H2 and H3Hby
NMR spectroscopy but have not yet yielded to X-ray crystal-
lography.

XHO H

AN
N Ry
X R4 Ro
ant-12 Br 2-Naph CN
syn-12  Br CN 2-Naph
anti-13 Et 2-Naph CN
syn-13  Et CN 2-Naph

All conformers were examined and classified as conformation
1, conformation 2, or conformation 3, according to the dihedral
0. MMFF94 relative energies of the conformers were then used
to calculate the summed Boltzmann weightings at 298 K for
these conformations (Table 1).

In 18 of the 19 cases, Boltzmann weightings for conformation
1 are in the range 7299%, consistent with théH NMR
observation that conformation 1 dominates in solution. We

(22) Smith, P. W.; Still, W. CJ. Am. Chem. Sod 988 110, 7917
7919.

(23) Hoffmann, R. W.; Stahl, M.; Schopfer, U.; Frenking, Ghem.-
Eur. J.1998 4, 559-566.

(24) Halgren, T. AJ. Comput. Cheml996 17, 490-519.

(25) Spartan '04, Wavefunction, Inc., Irvine, CA. Except for molecular

Carlier et al.

attribute the sole failure (entry 15) of molecular mechanics to
approximate the solution conformation of these compounds to
an overestimation of the intramolecular H-bonding stabilization
of conformation 3 insyn11.28

The excellent performance of the admittedly approximate
molecular mechanics method to model the solution conformation
of the aldols1, 2, and 6—13 suggests a significant energetic
preference for an antiperiplanar arrangement of H2 and H3. We
have previously noted that, in this conformation, nitrile aldols
anti-1, anti-6, anti-7, andanti-8 place the C2-aryl group and
the 2,6-disubstituted aryl group at C3 in a gauche relationship.
Similarly, in anti-2, the mesityl group at C2 occupies a gauche
relationship to the phenyl ring at C3, andanti-7, the mesityl
group at C2 occupies a gauche relationship to another mesityl
ring at C3. If the C3 substituent Bmti-7 were to further increase
in size, its gauche interaction with C2-mesityl group would
become increasingly penalizing, and conformation 1 would no
longer be favored. This threshold is reached in companid
14, which features gert-butyl substituent at C3. X-ray crystal-
lography reveals that, in the solid stageti-14 adopts confor-
mation 3 ¢ = —78.3), which places the largtert-butyl and
mesityl substituents in a nearly antiperiplanar orientation (Figure
7).

Examination of the X-ray crystal structures of previously
published tert-butyl bearing aldolsanti-15 and anti-16 also
demonstrates adoption of conformation 3. In solution, the vicinal
coupling constants foanti-14—16 (<1—3.9 Hz) indicate a
synclinal orientation of H2 and H3, also consistent with
conformation 3. Preferential placementteft-butyl antiperipla-
nar to the largest group is well kno#hand has been termed
the “tert-butyl effect”?3 By comparison ofinti-14 with anti-2
andanti-7, it can be seen that the 2,6-disubstituted aryl-induced
preference for a 180orientation of H2 and H3 does not
overwhelm the tert-butyl effect”2° Nevertheless, in all of the
other examples presented thus far, the presence of a 2,6-
disubstituted aryl ring renders the adjacenf-sgp® bond
“monoconformational”, wherein the geminal and vicinal hy-
drogens adopt an antiperiplanar orientation.

To further test the generality of these findings, a search was
conducted of the Cambridge Structural Database (CSD) using
the queryA (Figure 8).

Excluding compounds in which the ethane unit was embedded
in a ring, 13 additional structures were retrieved, providing 15
independent measurements of the dihedral aAgl®f these
13 structures, 11 displayed antiperiplanar arrangements of the
geminal and vicinal hydrogen$! ranged from—153 to +157,
with an unsigned mean of 17813 angles, see structur&g—

27 in the Supporting Informatior®?~4° The two CSD entries

(28) Intramolecular hydrogen bonding is possible in conformation 3, due
to the gauche arrangement of the CGfB) and OH groups; in conformer
1, intramolecular hydrogen bonding is precluded, because these groups are
antiperiplanar. Note that the MMFF94 method correctly predicts that

mechanics and semiempirical models, the calculation methods used inconformation 1 is preferred fayn10, which is the mesityl analogue of

Spartan '04 have been documented in: Kong, J.; White, C. A.; Krylov, A.
I.; Sherrill, C. D.; Adamson, R. D.; Furlani, T. R.; Lee, M. S.; Lee, A. M.;
Gwaltney, S. R.; Adams, T. R.; Ochsenfeld, C.; Gilbert, A. T. B.; Kedziora,
G. S.; Rassolov, V. A.; Maurice, D. R.; Nair, N.; Shao, Y.; Besley, N. A.;
Maslen, P. E.; Dombrowski, J. P.; Daschel, H.; Zhang, W.; Korambath, P.
P.; Baker, J.; Byrd, E. F. C.; Voorhis, T. V.; Oumi, M.; Hirata, S.; Hsu,
C.-P.; Ishikawa, N.; Florian, J.; Warshel, A.; Johnson, B. G.; Gill, P. M.
W.; Head-Gordon, M.; Pople, J. A. Comput. Chen00Q 21, 1532.

(26) Halgren, T. A.; Nachbar, R. B. Comput. Chenl996 17, 587—
615.

(27) Young, D.Computational ChemistryWiley-Interscience: New
York, 2001; pp 179-192.
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synll

(29) Cauwberghs, S.; De Clercq, P. J.; Tinant, B.; De Clercq, J. P.
Tetrahedron Lett1988 29, 2493-1496.

(30) Eichin, K.-H.; Beckhaus, H.-D.; Hellmann, S.; Fritz, H.; Peters, E.-
M.; Peters, K.; von Schnering, H.-G.;'Bardt, C.Chem. Ber1983 116,
1787-1821.

(31) Postma, H. J.; van Bolhuis, Ecta Crystallogr., Sect. B975 31,
1792.

(32) Korenaga, T.; Tanaka, H.; Ema, T.; Sakai,JT Fluorine Chem.
2003 122, 201—205.

(33) Liu, X.; Zhao, J.; Jin, G.; Zhao, G.; Zhu, S.; Wang,T8trahedron
2005 61, 3841-3851.
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TABLE 1. MMFF94 Summed Boltzman Weightings of Conformations 1, 2, and 3 at 298 K
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summed Boltzmann weightings

(number of conformerd] dihedral range)

entry compound conformation 1 conformation 2 conformation 3
1 anti-1 74.3% (9, 170—-177) 2.4% (8, 67—79) 23.3% (15,-68° to —82°)
2 synl 82.0% (8, 165—177°) 1.5% (6, 68—73°) 16.5% (12,~71° to —75°)
3 anti-2 71.6% (6, 166—174°) 12.9% (4, 69—70°) 15.5% (4,—68° to —86°)
4 syn2 82.4% (8, 174—-175, —173 to —177) 14.4% (4, 72—77°) 3.2% (6,—60° to —68°)
5 anti-6 73.5% (9, 170-177) 5.4% (8, 67—79°) 21.0% (12,-68° to —82°)
6 syn6 75.4% (9, 164—177) 1.0% (5, 68—73) 23.6% (12,-72° to —76°)
7 anti-7° 92.3% (8, 144—14%, —167 to —169F) 4.4% (3, 60—72°) 3.3% (4,—57° to —60°)
8 anti-8 96.9% (4, 158—-162) 1.4% (2, 63—66°) 1.7% (7,—66° to —77°)
9 syn8 88.8% (6, 162—171°) 0.3% (6, 67—71°) 11.0% (4,—64° to —71°)

10 anti-9¢ 76.7% (7, 163to0 —166°) 20.2% (6, 62—77°) 3.1% (9,—66° to —73°)
11 syn9 72.2% (6, 168—176°) 2.5% (8, 66—68°) 25.3% (5,—58° to —66°)
12 anti-10 99.8% (8, 160—179, —164° to —168) 0% (0) 0.2% (4-59° to —72°)
13 synl1(d 96.7% (9,—161° to —172) 0% (2, 57) 3.3% (6,—73° to —86°)
14 anti-11 97.9% (7, 159-17F, —173) 0.1% (2, 63—64°) 2.1% (2,—68° to —69°)
15 synll 9.4% (4, 177, —150° to —175°) 0.4% (2, 64—65°) 90.3% (4,—54° to —89°)
16 anti-12¢ 96.9% (4, 160—165) 1.7% (4, 65—71°) 1.4% (4,—66° to —77°)
17 synl12 87.1% (4, 161-172) 0.2% (5, 69—73°) 12.8% (6,—68° to —73°)
18 anti-13 77.8% (36, 162—-18C°, —180° to —168) 10.5% (14, 70—86°) 11.7% (16,68 to —83°)
19 synl3 80.6% (32, 157-179) 3.1% (10, 66—71°) 16.3% (29,-69° to —75°)

aDihedral angles reflect those of the depicted enantiofi€hree members of an eclipsed conformer family were also foundrfti7; these were false
minima that reverted to members of conformatiors8lupon B3LYP/6-31G* optimization and were thus excluded from the MMFF94 Boltzmann weightings.
Calculations forsyn7 are not included because this diastereomer was not syntheSkzedreference, the vicinal coupling constant &mti-9 (CDCls) is

8.8 Hz.4 For reference, the vicinal coupling constant yn10 (CDCly) is 9.2

Hz.® Vicinal coupling constants foanti- andsyn12 are 10.0 and 9.2 Hz,

respectivelyf Vicinal coupling constants foanti- andsyn13 are 9.6 Hz (both).

OH r
> v CN: 4 where Z = H
H Q z7z
Z
Query A
anti-7 anti-14
0 =-169.9° 0 =-78.3° FIGURE 8. QueryA used in a search of the Cambridge Structural
8upg =9.9 Hz 8upg =3.9 Hz Database (Allen, F. HActa Crystallogr.2002 B58 380-388); see
the Supporting Information for retrieved structures.
OH OAc To conclude, we have shown that 2,6-disubstituted aryl rings
g CN HoN CN exert steric effects on both the directly attached and the adjacent
H 7 H “1-Naph sp*-carbons. Minimization of allylic 1,3-strain causes the 2,6-
MeO@ disubstituted ring to nearly eclipse the hydrogen on the directly
attached carbon. To avoislynpentane-like interactions that
anti-15 anti-16 might consequently emerge, the adjacent carbon rotates to place
6=-835, -89.4° =708 its hydrogen roughly within the plane of the 2,6-disubstituted
Jog <1 Hz Jog = 2.0 Hz

FIGURE 7. The effect oftert-butyl-substitution at C3 on nitrile aldol
conformation along the C3C2 axis in the solid staté#] and solution
(3329).

retrieved in the search that do not follow this pattern are
unusually crowded ethanesRIRSS-1,2-ditert-butyl-1,2-di-
mesitylethan® and 1,2,2-trimesitylethanti(see structure28
and29 in the Supporting Information).

(34) Sakai, T.; Kubo, K.; Kashino, S.; Uneyama, Ketrahedron:
Asymmetryl996 7, 1883-1886.

(35) Schindler, W.; Knoch, F.; Kisch, HChem. Ber1996 129, 925-
932.

(36) Siriwardane, U.; Crenshaw, L.; Khanapure, S. P.; Biehl, Adta
Crystallogr., Sect. C1989 45, 1463-1465.

(37) Clive, D. L. J.; Yu, M.; Sannigrahi, MJ. Org. Chem2004 69,
4116-4125.

(38) Liao, S.; Han, Y.; Qiu, W.; Bruck, M.; Hruby, V. Jetrahedron
Lett. 1996 37, 7917-7920.

(39) Han, Y.; Liao, S.; Qiu, W.; Cai, C.; Hruby, V. Jetrahedron Lett.
1997 38, 5135-5138.

(40) Ishi-i, T.; Sawada, T.; Mataka, S.; Tashiro, MChem. Soc., Perkin
Trans. 11996 1887-1891.

aryl ring. When these geminal and vicinal carbons bear a single
hydrogen each, an antiperiplanar orientation of the hydrogens is
thus established. Mesityl, 2,6-diethylphenyl, 2,6-bromophenyl,
2,6-dichlorophenyl, 2,6-difluorophenyl, and pentafluorophenyl
groups exert this effect: in total, X-ray crystallography &Hd
NMR spectroscopy provide 32 independent examples. The three
exceptions found are limited to unusually crowded ethanes or
cases in which thetéert-butyl effect” proves dominant. We be-
lieve that the findings reported here will prove useful for deduc-
ing the conformational preference of related acyclic molecules,
and for conformational design of new hydrocarbon backbé&hes.

Experimental Section

General characterization and NMR spectroscopy protocols are
described in the Supporting Information.

Computational Studies. Conformational searches were per-
formed using the MMFF94 molecular mechanics methadd the
conformer distribution module of Spartan '04 for Windo%s.

(41) Biali, S. E.; Rappoport, ZJ. Am. Chem. Sod.985 107, 1007
1015.
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Conformers were examined and classified as conformation 1, 2, or 1.8:1. Theanti-diastereomer (0.223 g, 32.5%) was isolated from a

3 according to the dihedral angte Boltzmann weightings were
calculated at 298 K. All conformers were included in the analysis,
except foranti- andsyn13, where their number exceeded 100; in
this case, only conformers within 5.0 kcal/mol of the global minima

mixture of anti- and synaldols by column chromatography with
ethyl acetate/hexane (1:3). The crystals were obtained from CH
Cly/hexane!H NMR (CDCly): 3.44 (d,J = 9.2 Hz, 1H), 4.95 (d,
J=10.0 Hz, 1H), 5.90 (dd) = 9.2, 10.0 Hz, 1H), 7.027.74 (m,

were included. Energies and dihedral angles for these conformers,10H).13C NMR (CDCk): 43.5, 73.7, 119.8, 125.4, 126.68, 126.77,
and Cartesian coordinates of the global minima, are reported in 127.75, 127.91, 128.00, 128.7, 129.6, 130.3, 132.9, 133.0. HRMS

the Supporting Information.

General Procedure for Synthesis of Nitrile Aldols.An oven-
dried 50 mL round-bottom flask equipped with stirring bar and
septum was charged with nitrile (1 mmol) and fresh THF (10 mL),
and cooled to-78°C. The LDA (1.5 M, 0.7 mL, 1.05 mmol) was
added via syringe, and the mixture was stirred-a8 °C for 30
min. Aldehyde (1 mmol) was added into the mixture. If mesital-

(FAB): 342.04525 calcd for £gH;4°CIbNO, [M + H]*, found
342.04266 7.5 ppm,—2.6 mmu). Mp: 154.6155.2°C. X-ray
structure obtained; thermal ellipsoid plot is in the Supporting
Information.
(2RS3SR-3-(2,6-Dichlorophenyl)-3-hydroxy-2-(2-naphthyl)-
propanenitrile (syn8). The syndiastereomer (0.1572 g, 23.0%)
was isolated from a mixture adnti- and synaldols by column

dehyde was used, borontrifluoride etherate (1 mmol) was added tochromatography with ethyl acetate/hexane (1:3). The crystals were

activate the aldehyde. After 30 min at78 °C, the reaction was
guenched by addition of saturated aqueous,GlFand allowed to
warm to room temperature. The 5 mEDbN HCI was poured into
the reaction mixture and extracted with,@t(3 x 15 mL). The
combined organic extracts were dried ¢S8&,) and concentrated
in vacuo to give the crude product.
(2RS3R9-3-Hydroxy-3-(2,4,6-trimethylphenyl)-2-(2-naphth-
yl)propanenitrile (anti-6). Reaction of 2-naphthylacetonitrile (0.166
g, 1 mmol), mesitaldehyde (0.145 mL, 1 mmol), and boron
trifluoride etherate (0.124 mL, 1 mmol) was performed as above.
The initial ratio ofanti- andsyndiastereomers was 2.3:1. Thsti-
diastereomer (0.115 g, 36.6%) was isolated from a mixtuantf
andsynaldols by column chromatography with ethyl acetate/hexane
(1:5). The crystals ofnti-6 were obtained from ChCl,/hexane.
IH NMR (CDCly): 2.13 (br, 6H), 2.20 (s, 3H), 2.83 (d,= 3.5
Hz, 1H), 4.58 (dJ = 9.6 Hz, 1H), 5.25 (ddJ = 3.5, 9.6 Hz, 1H),
6.695-7.79 (m, 9H).13C NMR (CDCk): 20.7, 20.9, 44.4, 73.5,

obtained from CHCl,/hexane!H NMR (CDCly): 2.82 (d,J = 8
Hz, 1H), 4.85 (dJ = 9.6 Hz, 1H), 5.87 (ddJ = 8.0, 9.6 Hz, 1H),
7.02-7.94 (m, 10H)13C NMR (CDCh): 42.4,73.7,114.3, 125.7,
127.0,127.9, 128.1, 128.41, 129.43, 130.2, 130.6, 133.39, 133.67,
135.4, 137.3. HRMS (FAB): 342.04525 calcd forg8.4°CI,NO,
[M + H]*, found 342.04349-5.1 ppm,—1.8 mmu). Anal. Calcd
for CigH1sCILNO: C, 66.68; H, 3.83; N, 4.09. Found: C, 66.58;
H, 3.84; N, 4.06. Mp: 173.2175.6°C. X-ray structure obtained;
thermal ellipsoid plot is in the Supporting Information.
(2RS3SR)-3-(2,6-Difluorophenyl)-3-hydroxy-2-(2-naphthyl)-
propanenitrile (syn9). Reaction of 2-naphthylacetonitrile (0.334
g, 2 mmol) and 2,6-difluorobenzaldehyde (0.256 mL, 2 mmol) was
performed as above. The initial ratio afti:syndiastereomers was
1.1:1. Thesyndiastereomer (0.167 g, 29.9%) was isolated from a
mixture of anti- and synaldols by column chromatography with
ethyl acetate/hexane (1:3). The crystals were obtained from CH
Cly/hexane!H NMR (CDCly): 2.71 (d,J = 7.1 Hz, 1H), 4.53 (d,

120.4, 125.8, 126.64, 126.68, 127.71, 127.74, 128.0, 128.4, 129.6,J = 8.8 Hz, 1H), 5.44 (tJ = 8.0 Hz, 1H), 6.9%+7.90 (m, 10H).

130.4,131.4,132.9, 133.0, 136.8, 138.0. HRMS (FAB): 298.15957
calcd for GoHoN, [M — OHJ*, found 298.158025.3 ppm,—1.6
mmu). Mp: 148.3-150.8 °C. X-ray structure obtained; thermal
ellipsoid plot is in the Supporting Information.
(2RS3SR-3-Hydroxy-3-(2,4,6-trimethylphenyl)-2-(2-naphth-
yl)propanenitrile (syn-6). Data onsyn6 were deduced by inspec-
tion of an anti:syn mixture (6:1) &, obtained during isolation of
anti-6. 'H NMR (CDCly): 1.92 (d,J = 3.2, 1H), 2.26 (s, 3H),
2.52 (br, 6H), 4.49 (dJ = 9.6 Hz, 1H), 5.46 (ddJ = 3.0, 9.4 Hz,
1H), 6.88-7.92 (m, 9H).13C NMR (CDCk): 21.1, 43.6, 73.6,

13C NMR (CDCk): 44.4, 68.8, 112.15, 112.18, 112.32, 112.35,

118.2, 125.6, 127.00, 127.02, 127.89, 128.08, 128.36, 129.35,

129.65, 131.1, 133.3, 160.2, 162.1. HRMS (FAB): 310.10434 calcd

for CigH14FNO, [M + H] T, found 310.10535+3.0 ppm,+0.9).

Mp: 156.7-157.9°C. X-ray structure obtained; thermal ellipsoid

plot is in the Supporting Information.
(2RS3RS)-3-(2,6-Difluorophenyl)-3-hydroxy-2-(2-naphthyl)-

propanenitrile (anti-9). Data onanti-9 were deduced by inspection

of an anti:syn mixture (1:1.8) d, obtained during isolation of

syn9. 'H NMR (CDCly): 3.23 (d,J = 7.8, 1H), 4.50 (d,) = 8.8

119.0, 125.9, 127.06, 127.13, 128.1, 128.20, 128.25, 129.5, 131.2Hz, 1H), 5.49 (tJ = 8.2 Hz, 1H), 6.73-7.90 (m, 10H)X*C NMR

132.2, 133.38, 133.52, 136.9, 138.5. HRMS (FAB): 298.15957
calcd for GoHaoN, [M — OHJ*, found 298.16141+6.1 ppm,+1.8
mmu). Anal. Calcd for @H,;NO: C, 83.78; H, 6.71; N, 4.44.
Found: C, 83.52; H, 6.74; N, 4.51.
(2RS3RY)-3-Hydroxy-2,3-di(2,4,6-trimethylphenyl)propane-
nitrile (anti-7). Reaction of mesitylacetonitrile (0.1601 g, 1 mmol),
mesitaldehyde (0.145 mL, 1 mmol), and borontrifluoride etherate
(0.124 mL, 1 mmol) was performed as above. The initial ratio of
anti:syndiastereomers was over 20:1. Targti-diastereomer (0.110
g, 35.5%) was isolated from a mixture afti- and synaldols by
column chromatography with ethyl acetate/hexane (HNMR
(CDCly): 1.31-2.85 (br, 6H), 1.58 (br, 3H), 2.20 (d, 6H), 2.69
(br, 3H), 4.82 (dJ = 9.9 Hz, 1H), 5.45 (dJ = 9.9 Hz, 1H), 6.6+
6.87 (m, 4H)13C NMR (CDCh): 14.3, 19.7, 20.3, 20.9, 38.0, 69.4,

119.2, 125.7, 129.51, 129.72, 130.18 (br), 130.7, 132.7, 136.0,

137.18, 137.46, 137.90, 138.08. HRMS (FAB): 290.19087 calcd
for CyHaN, [M — OHJ*, found 290.19293 7.0 ppm,+2.0
mmu). Anal. Calcd for @H,sNO: C, 82.04; H, 8.20; N, 4.56.
Found: C, 81.89; H, 8.26; N, 4.47. Mp: 16%368.7°C. X-ray
structure obtained; thermal ellipsoid plot is in the Supporting
Information.
(2RS3RS)-3-(2,6-Dichlorophenyl)-3-hydroxy-2-(2-naphthyl)-
propanenitrile (anti-8). Reaction of 2-naphthylacetonitrile (0.334
g, 2 mmol) and 2,6-dichlorobenzaldehyde (0.417 g, 2 mmol) was
performed as above. The initial ratio afti:syndiastereomers was

8840 J. Org. Chem.Vol. 71, No. 23, 2006

(CDCl): 45.0,69.0,111.87,111.90, 112.03, 112.06, 119.4, 125.1,
126.78, 126.84, 127.78, 128.02, 129.03, 129.12, 130.8, 133.1, 160.1,
162.1. HRMS (FAB): 310.10434 calcd forgl147NO, [M + H]*,
found 310.10434-0.1 ppm,+0.0 mmu).
(2RS;3R9)-3-(2,6-Dibromophenyl)-3-hydroxy-2-(2-naphthyl)-
propanenitrile (anti-12). Reaction of 2-naphthylacetonitrile (0.0671
g, 0.4 mmol) and 2,6-dibromobenzaldeh$Z@.1061 g, 0.4 mmol)
was performed as above. The ratio of anti:syn diastereomers was
4:3. Theanti-diastereomer (0.034 g, 13.6%) was isolated from a
mixture of anti- and synaldols by column chromatography with
ethyl acetate/hexane (1:9). Relative stereochemistrgntif and
syn12 was assigned on the basis of i€ NMR chemical shifts
of the cyano carbons (see Results and Discussidi)NMR
(CDCly): 3.49 (d,J = 8.8 Hz, 1H), 5.10 (dJ = 10.0 Hz, 1H),
5.90 (dd,J = 9.0, 10.0 Hz, 1H), 6.867.75 (m, 10H).23C NMR
(CDCly): 43.3,76.9,119.7, 125.62, 126.65, 126.75, 127.75, 128.01,
128.12, 128.60, 130.1, 130.9, 133.01, 133.04, 133.7 (br), 135.1.
HRMS (FAB): 429.944211 calcd for H14°Br,NO, [M + H]™,
found 429.94525+2.3 ppm,+1.0 mmu).
(2RS;3SR)-3-(2,6-Dibromophenyl)-3-hydroxy-2-(2-naphthyl)-
propanenitrile (syn12). The syndiastereomer (0.0235 g, 9.4%)
was isolated from a mixture ddnti- and synaldols by column
chromatography with ethyl acetate/hexane (1:9H NMR

(42) Lulifiski, S.; Seratowski, JJ. Org. Chem2003 68, 5384-5387.
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(CDCl): 2.85 (d,J = 8.0 Hz, 1H), 4.98 (dJ = 9.2 Hz, 1H), 5.88 ature. The 5 mL b1 N HCI was poured into the reaction mixture
(dd, J = 8.2, 9.8 Hz, 1H), 7.0#7.95 (m, 10H).13C NMR and extracted with EO (3 x 15 mL). The combined organic
(CDCl): 42.1,77.1,118.0, 125.7,127.0, 127.9, 128.1, 128.4, 129.4, extracts were dried (N&0,) and concentrated in vacuo to give
130.3, 131.3, 133.35, 133.39, 133.7, 134.8 (br), 135.9. HRMS the crude product.
(FAB): 429.944211 calcd for gH14°Br,NO, [M + H]*, found (2RS3SR)-5-Hydroxy-2,2,4-trimethyl-5-(2,4,6-trimethylphen-
429.94119 7.0 ppm,—3.0 mmu). yl)pentan-3-one @nti-10). Reaction of 2,2-dimethyl-3-pentan-3-
(2RS,3R9)-3-(2,6-Diethylphenyl)-3-hydroxy-2-(2-naphthyl)- one (0.117 g, 1 mmol), mesitaldehyde (0.145 mL, 1 mmol), and
propanenitrile (anti-13). 2,6-Diethylbenzaldehyde was synthesized borontrifluoride etherate (0.125 mL, 1 mmol) was performed as
from 1-bromo-2,6-diethylbenzaldehyde by lithium/bromine exchange above. The initial ratio ofnti:syndiastereomers was 1:1.25. The
and trapping with DMP2 the material obtained in this way was  anti-diastereomer (26.5 mg, 10.0%) was isolated from a mixture
identical to the literaturé Reaction of 2-naphthylacetonitrile  of anti- andsynaldols by column chromatography with ethyl acetate/
(0.1019 g, 0.6 mmol), 2,6-diethylbenzaldehyde (0.0976 g, 0.6 hexane (1:10). The crystals were obtained from,Cliihexane.
mmol), and borontrifluoride etherate (0.076 mL, 0.6 mmol) was H NMR (CDCly): 0.78 (d,J = 6.9 Hz, 3H), 1.22 (s, 9H), 2.24 (s,
performed as above. The ratio afti:syndiastereomers was 3:1.  3H), 2.29-2.62 (br, 6H), 3.78 (dg) = 10.2, 7.0, 1H), 5.40 (d]
Theanti-diastereomer (0.0451 g, 22.8%) was isolated from a mix- = 10.3 Hz, 1H), 6.83 (s, 2H}*C NMR (CDCk): 15.8, 20.9, 26.4,
ture ofanti- andsynaldols by column chromatography with ethyl ~ 44.5, 45.0, 73.3, 129.4, 132.8, 134.4, 137.1, 220.2. HRMS (FAB):
dichloromethane/hexane (1:1). Relative stereochemisemifand 245.19054 calcd for GHos, [M — OH]*, found 245.189992.2
synl13was assigned on the basis of #3€ NMR chemical shifts ppm,—0.5 mmu). Mp: 106.6-106.8°C. X-ray structure obtained;
of the cyano carbons (see Results and Discussitt)NMR thermal ellipsoid plot is in the Supporting Information.
(CDCly): 1.06 (br, 6H), 2.45 (br, 4H), 2.69 (d,= 3.6 Hz, 1H), (2RS3R9)-5-Hydroxy-2,2,4-trimethyl-5-(2,4,6-trimethylphen-
4.55 (d,J = 9.6 Hz, 1H), 5.42 (ddJ = 3.6, 10.0 Hz, 1H), 6.9% yl)pentan-3-one 6yn+10). Thesyndiastereomer (31.3 mg, 11.6%)
7.73 (m, 10H).13C NMR (CDCk): 16.2 (br), 26.3, 45.7, 73.2,  was isolated from a mixture ddnti- and synaldols by column
120.2, 125.6, 126.63, 126.68, 127.68, 127.77, 127.89, 127.99, 128.4chromatography with ethyl acetate/hexane (1:18). NMR
128.9, 129.5, 132.84, 132.97, 133.20, 143.4. HRMS (FAB): (CDCk): 0.83 (s, 9H), 1.27 (dJ = 6.9 Hz, 3H), 2.20 (s, 3H),
312.175224 calcd for GHxN, [M —OH], found 312.17487+1.1 2.40 (s, 6H), 3.68 (dq) = 8.9, 6.8 Hz, 1H), 5.22 (d) = 9.2 Hz,
ppm, —0.4 mmu). 1H), 6.75 (s, 1H)13C NMR (CDCk): 16.3, 20.81, 20.94, 25.9,
(2RS,3SR)-3-(2,6-Diethylphenyl)-3-hydroxy-2-(2-naphthyl)- 44.78, 44.83, 72.4, 130.3, 135.3, 136.7, 137.0, 218.8. HRMS
propanenitrile (syn-13). The syndiastereomer (0. 0115 g, 5.8%) (FAB): 245.19054 calcd for GHas, [M — OHJ™, found 245.18940
was isolated from a mixture dnti- and synaldols by column (=4.6 ppm,—0.1 mmu). Anal. Calcd for GH»¢O.: C, 77.82; H,
chromatography with ethyl dichloromethane/hexane (BANMR 9.99. Found: C, 77.56; H, 9.98. _
(CDCl3): 1.29 (br, 6H), 2.01 (dJ = 3.2 Hz, 1H), 2.79-3.05 (br, (2RS3SR)-5-(2,6-Dichlorophenyl)-5-hydroxy-2,2,4-trimethyl-
4H), 4.49 (d,J = 9.6 Hz, 1H), 5.50 (ddJ) = 3.2, 10.0 Hz, 1H), pentan-3-one @nti-11). Reaction of 2,2-dimethyl-3-pentan-3-one
7.10-7.94 (m, 10H).13C NMR (CDCk): 16.1, 17.0, 26.2, 27.5, (0.340 g, 2.9 mmol) and 2,6-dichlorobenzaldehyde (0.825 g, 3.6
44.7,73.2, 118.9, 125.6, 126.84, 126.95, 127.02, 127.92, 128.08,mmol) was performed as above. The initial raticeoti:syrrdiaster-
129.13,129.32, 129.42, 131.2, 133.28, 133.41, 133.8, 142.7, 143.9€0mers was 1:5. Thenti-diastereomer (93.2 mg, 10.8%) was iso-
HRMS (FAB): 312.175224 calcd for &H2.N, [M — OHJ*, found lated from a mixture ofnti- and synaldols by column chroma-
312.17490 1.1 ppm,—0.3 mmu). tography with ethyl acetate/hexane (1:8). The crystals were obtained
(2RS3RY-3-Hydroxy-4,4-dimethyl-2-(2,4,6-trimethylphenyl)- from CH,Cly/hexaneH NMR (CDCl): 0.82 (d,J = 7.2, 3H),
pentanenitrile (anti-14). Reaction of mesitylacetonitrile (0.318 g, 1.16 (s, OH), 2'6_7 (d) = 8.4 Hz, 1H), 4.05 (dq) = 10.3, 7-11HZ’
2 mmol) and pivaldehyde (0.175 g, 2 mmol) was performed as 1H). 5.74 (ddJ = 8.0 Hz, 9.6 Hz, 1H), 7.127.36 (m, 3H).”C
above. The ratio ofanti:syndiastereomers was 35:1. Tlati- NMR (CDC|3)'_ 15.6, 26.2, 43.6, 45.0, 76'39’ 129.4, 136.0, 318'3-
diastereomer (0.424 g, 88%) was isolated from the crude product TRMS (FAB): 289.07621 calcd for £Hig 5;:'202‘ M + Ho] '
by recrystallization from CkCl,/hexane!H NMR (CDCl): 1.05 found 289'07760%4.'8 ppm,+l.4 m_mu)._ Mp: ;1.9‘3123'2 C. .
(s, 9H), 2.12 (dJ = 5.9 Hz, 1H), 2.26 (s, 3H), 2.50 (br, 6H), 3.60 ﬁ-fﬁ);ns;:ilé)(;ture obtained; thermal ellipsoid plot is in the Supporting
t, J = 4.6 Hz, 1H), 4.35 (dJ = 3.9 Hz, 1H), 6.88 (s, 2H)*C - . .
NMIR (CDCh): 20?7, 21.3(, 5]6.1, 34.7, 36.4?, 80.0,(119.6), 128.6, _(PRS3SR-5-(2,6-Dichlorophenyl)-5-hydroxy-2,2,4-trimethyl-
131 (br), 137.7. MS (CI(NH2)): 263.21 calcd for GHzN,0, [M pentan-3-one §yn-11). Thesyndiastereomer (0.475 g, 55.1%) was
+ NH,J*, found 263.3. Anal. Calcd for GH2NO: C, 78.32: H, isolated from a mixture ofanti- and synaldols by column
9.45: N, 5.71. Found: C, 78.37; H, 9.51: N, 5.72. Mp: 9799.6 chromatography with ethyl acetate/hexane (1:8). The crystals were

°C. X-ray structure obtained; thermal ellipsoid plot is in the obtained from ChiCl/hexane.!H NMR (CDCL): 0.86 (s, 9H),
Supporti%/g formation psoid p 1.30 (d,J = 6.8, 3H), 2.84 (dJ = 9.2 Hz, 1H), 4.00 (dg) = 9.6,

. 6.8 Hz, 1H), 5.51 (tJ = 9.2 Hz, 1H), 7.06-7.25 (m, 3H).1%C
dimethy|-3-pentanone was sbtaned by the chromic acid oxidation MR (CDCH): 166, 258, 44.56, 44.78, 73.1, 12040, 12952,
of 2 2-()j/ime?h I-pentan-3-ol (2.4 mL 23/7 mmdP An oven-dried 135.1, 136.7, 217.0. HRMS (FAB): 289.07621 calcd fagtGis™

' yI-p (2.4 mL, 17 mmd Cl,0, [M + H]*, found 289.0767+1.7 ppm,+0.5 mmu). Anal.
50 mL round-bottom flask equipped with stirring bar and septum Calcd f H..CLO, C. 5814 H 6.27. Found: C. 58.21° H
was charged with fresh THF (10 mL), and cooled-@8 °C. The aled for GaHwCl0,: C, 58.14; H, 6.27. Found: C, 58.21; H,
! ) ] 6.42. Mp: 64.6-67.0°C. X-ray structure obtained; thermal ellipsoid
LDA (1.5 M, 0.7 mL, 1.05 mmol) was added via syringe, followed lot is in the Supporting Information
by 2,2-dimethyl-3-pentanone (1 mmol). The mixture was stirred at P PP g '

—78°C for 30 min. Aldehyde (1 mmol) was added into the mixture. Acknowledgment. We thank the NSF (CHE-0213535) and
If mesitaldehyde was used, boron trifluoride etherate (1 mmol) was the pDepartment of Chemistry, Virginia Tech, for financial sup-
added. Afte 4 h at—78°C, the reaction was quenched by addition port, and Priscilla C.-K. Lo for the first synthesis afti-14.

of saturated aqueous NEI and allowed to warm to room temper-
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