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however, that the factors determining solution conformation
are completely overridden by binding constraints placed on
the nicotines as they approach the active site resulting in
different conformations for 2, 3, and 4 at the active site. Future
studies such as this on more complex model systems or directly
on nicotines interacting with nicotinic receptors will un-
doubtedly shed more light on the fascinating picture of the
mechanisms of cholinergic activity.
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Conformation of Dihydropyran Rings.
Structures of Two 3,4-Dihydro-2H,5 H-pyrano[3,2-c][1]benzopyran-5-ones
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The crystal structures of cis-2-hydroxy- and trans-2-methoxy-2,4-dimethyl-3,4-dihvdro-2H ,5H -pyranol3,2-¢|-
{1]benzopyran-5-one have been determined. The half-chairs of the dihydropyran rings are distorted toward the e.f
and d,e diplanar (sofa) forms, respectively. The long endocyclic C-O bonds (cis, 1.475, 1.473 A; trans, 1.459 &) result
from conjugation of the dihydropyran ring unsaturation with the coumarin carbonyl group. In each compound, the
axial anomer is found. In solution, the hydroxy compound exists as a mixture of diastereomeric hemiketal and the
open-chain keto forms. The cis-methyl ketal interconverts between alternate half-chair conformations, while the
trans-methyl ketal has a preferred conformation similar to that found in the crystal.

For dihydropyran rings, a natural point of reference is
cyclohexene, with a half-chair (symmetry C;) ground state
conformation! and a rather flat pseudorotation potential
amounting to only 1-2 kcal/mol to reach the 1,2-diplanar
(sofa) form,? in consequence in part of a remarkably slight
initial dependence of the 1,3-diaxial contact distances on
distortion of the half-chair.2-4 Dihydropyrans lack the cy-
clohexene symmetry and one of the diaxial contacts, but still
retain conformations close to the half-chair.5-7 The 1,2-di-
planar form is found in other ring systems most commonly

* Address correspondence to author, Department of Chemistry, University
of North Carolina, Chapel Hill, N.C. 27514. t While on sabbatical leave from
the Department of Chemistry, University of Washington.

in which the unsaturation conjugates with an adjacent endo-
cyclic atom.8-10 Such a conformation could be approached in
nonrigid dihydropyrans to which steric and anomeric effects
simultaneously contribute. These features are evident in the
Michael addition products of certain «,3-unsaturated ketones
with 4-hydroxycoumarin, which may exist as hemiketals.!!

Warfarin (trans -4- phenyl -3,4- dihydro -2- hydroxy -2-
HO R
OH
0
+ RCCH=CHR' — = R’
070 0" o
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Figure 1. Bond lengths (in A): upper entries for 1a; lower entry for
1h. Esd’s ~0.003 A.

methyl-2H ,5H -pyrano|3,2-c][1]benzopyran-5-one; R = CHj,
R’ = CgHs), derived from benzalacetone and 4-hydroxycou-
marin, is an important anticoagulant drug.1? In the crystal,
racemic,!? and enantiomeric! warfarin are hemiketals with
hydroxy trans to phenyl, while in solution mixtures of the
diastereomeric hemiketals and the open side-chain forms are
found.!518 The dihydropyran rings of warfarin and its cis-
methyl ketal in the solid state are half-chairs, and the hydroxyl
or alkoxyl group is axial, a preference suggesting an anomeric
effect similar to that found in carbohydrate chemistry.

In the hemiketals, increasing the bulk of R’ enhances its
interaction with the coumarin carbonyl group and eventually
this may favor pseudoaxial rather than pseudoequatorial
dispositions for R’.}7 In warfarin analogues with R’ = CHjy, a
more bulky substituent in effect than R’ = C¢H;, R’ may go
axial. If it does, the dihydropyran ring conformation could be
further modified because of the consequent diaxial repulsions.

fpa 0 fo
ISR O &
d ¢ d

half-chair d.e diplanar e, f diplanar

There are two possible 1,2-diplanar (sofa) conformations for
3,4-dihydro-2H -pyrans: the d,e and the e,f diplanar forms, so
named for the two adjacent ring bonds with small endocyclic
torsional angles, and it seems difficult to decide which should
be preferred. In this paper, we describe the solution and solid
state structures of cis-2-hydroxy-2,4-dimethyl-3,4-dihydro-
2H,5H -pyrano[3,2-c][1]benzopyran-5-one, la, and its
trans-methyl ketal, 1b.

R“O_ R
0
R
0" 3o

la. R”=H; R =R’=CH,
b. R”=CH, R=R’=CH,

Experimental Section

2-Hydroxy-2,4-dimethyl-3,4-dihydro-2H,5 H-pyrano[3,2-c]-
[1]benzopyran-5-one (la). The Michael addition of 3-penten-2-one
to 4-hydroxycoumarin was done in boiling water with a trace of tri-
ethylamine. Clusters of colorless crystals of the title compound, mp
141 °C,!! were grown from acetone-water mixtures. An individual of
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Figure 2. Interatomic angles (in degrees): upper entries for 1a; lower
entry for 1b. Esd’s ~0.3°.

dimensions 0.4 X 0.3 X 0.2 mm so produced was separated and
mounted along the long crystal axis. Photographic examination sug-
gested no symmetry greater than 1, but two molecules in the asym-
metric unit. Lacking evidence for spontaneous resolution, we assigned
the conventional triclinic cell in space group P1. Cell constants were
obtained by careful observation of 29 reflections on a GE Datex
XRD-5 diffractometer with Cu Ka radiation: @ = 11.026 (1) &, b =
13.181 (1) A, ¢ =9.212 (1) A, o = 104.10 (1)°, 8 = 99.53 (1)°, v = 106.29
(1)°. Data were collected in ten concentric shells extending to 20 =
155°, over a scan (20) range corrected at high angle for the a;—ay
separation. Three standards were observed periodically; initial in-
stability required the recollection of portions of several of the inner
shells. No deterioration was observed, and reflections observed more
than once were averaged, with those suspected of error due to the
instability being given lower weight. The 5115 unique observations
were corrected for coincidence losses, but not for absorption. The
distribution of intensities supported the choice of the centric space
group, and MULTAN® was used to discover the structure. The strong
292, second highest E, corresponds to the expected 3.4-A inter-cou-
marin ring distance, and it was assigned phase = (suggested by Dr. R.
E. Marsh) to allow the coumarin rings to pack around the centers of
symmetry. The program then developed a starting set of phases that
revealed 34 of the 36 carbon and oxygen atoms among the highest 43
features of an E map. The remaining atoms were placed at calculated
positions. Four cycles of full-matrix least-squares minimizing the F2
differences by varying the positions and isotropic Gaussian ampli-
tudes of the C and O atoms led to R = 0.15 with 3750 reflections of
lowest 8.4 The H atoms were placed at calculated positions, and the
C and O atoms were refined with anisotropic U's in two full-matrix
cycles with all of the data. The H atoms and their isotropic amplitudes
were then included with the other atoms in two final cycles of re-
finement, concluding at R = 0.047, GOF = 4.6.42 A difference map
calculated at this point revealed bonding electron density but no
unusual features. The bond lengths and interatomic angles are pre-
sented in Figures 1 and 2. Beginning with the final atom parameters,
the 2000 data of highest  were used in a separate refinement of the
C and O atoms, with the H atoms making a fixed contribution. Three
full-matrix least-squares cycles on these data gave R (on F) = 0.057,
GOF = 1.5. The average and maximum differences in bond lengths
and bond angles between the two models are 0.007 and 0.017 A and
0.43 and 0.7°. The values for the restricted data set are better, in our
view, because the differences, both average and maximal, between
the two independent molecules are smaller (0.006, 0.012 A and 0.54,
1.05° vs. 0.004, 0.008 A and 0.45, 0.9°) and because the case can be
made or implied that the lower order data and their interpretation
are more seriously subject to systematic error (extinction, absorption,
deviations from the assumed spherical atom model, failure to treat
the H atoms correctly, etc.). The bond lengths and angles for the two
independent 1a molecules following the restricted data set refinement
are presented in Figures 3 and 4. In the Discussion, the results of the
complete data set refinement will be used. The associated (least-
squares) error estimates are surely too small.

The 'H and 3C magnetic resonance spectra of la (Varian CFT-20,
T-60, and HA-100 spectrometers) in CDClj are similar to those for
warfarinl® in that a mixture of two diastereomeric cyclic forms and
the open side-chain form is present: TH NMR 6 (reference (CHj3)4Si)
7.4-8.1 (m, 4 H, aromatic H), 2.1-3.8 (multiplets for open and cyclic
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Figure 3, Bond lengths (in A) for 1a molecules following the restricted
refinement (see Experimental Section).

Figure 4. Interatomic angles (in degrees) for 1a molecules following
restricted refinement (see Experimental Section).

forms, 3 H, H-CHo), 2.30 (s, open CHjg, 30%), 1.87, 1.81 (singlets, cyclic
CHs, 35% each), 1.57 (d, open CH3CH), 1.51 (d, cyclic CH3CH). 13C
NMR (reference (CH3)4Si) (upfield portion): C15, 19.0, 18.5,17.7; C11,
25.0, 24.8, 23.5; C14, 29.6, 28.3, 28.2; C12, 49.0, 41.4, 38.7; C13, 99.1,
100.2 (open C=0, 206.0); C3, 105.9, 106.2, 109.9.

2-Methoxy-2,4-dimethyl-3,4-dihydro-2H,5 H-pyrano[3,2-¢c]-
[1]benzopyran-5-one (1b). Treating la with methanol, boiling in
the presence of protonated ion-exchange resin, and refluxing through
3A molecular sieves gave a mixture of diastereomeric methyl ketals.
On crystallization from 95% ethanol, thin colorless blocks of the trans
diastereomer 1b, mp 121.1-121.4 °C,'! were obtained, leaving the
other as a slowly solidifying oil. A crystal of 1b measuring 0.06 X 0.4
X 0.15 mm was mounted along the long crystal axis. Photographs
revealed monoclinic symmetry, space group P2;/c (systematically
absent reflections for h0l, [ odd; 0k0, k odd), and Z = 4. Cell constants
were obtained by averaging those calculated from 30 carefully cen-
tered reflections on the diffractometer (Co K«) and 20 reflections from
an h0! precision Weissenberg photograph (CuKe): a = 14.697 (1) A,
b=58682(4) A, ¢ =16.585 (1) A, 8 = 112.345 (3)°. Intensity data were
collected as described above. Standard reflections indicated a 2%
intensity decrease during data collection, and the 1788 reflections were
scaled appropriately; no corrections were made for coincidence or
absorption losses. Program MULTAN!8 solved the structure, locating
all 19 C and O atoms in the top 23 E map peaks. Refinement was
carried out essentially as above, except on F, and the H atoms were
added to the model after two cycles of refinement on the C and O
positions and anisotropic amplitudes were completed. When R
reached 0.040, and GOF = 2.0, several further cycles of refinement
on the F2 differences led to a model not significantly different; the
final R was 0.044, GOF = 1.6, for 1719 reflections greater than 1¢(F).
The final bond lengths and angles are given in Figures 1 and 2. Pro-
grams used in the above calculations were parts of the XRAY-76,19
CRYRM, and ORTEP.20

The 60-MHz YHMR spectrum of 1b in CDCl3 showed an overlapped
but partially simplified ABX pattern for which A6(H,Hg) was 41 Hz
and Jger, was 13 Hz. The unanalyzed spectrum: 6 (reference (CHjs),Si)
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Figure 6. Ellipsoid plot and numbering scheme for one of the la
molecules.

7.1-7.8 (m, 4 H, aromatic H), 3.19 (s, 3H, OCHj3), 3.05 (m, 1 H, W =
42 Hz, methine), 2.26 (dd, Jpx = 6.5 Hz, 1 H, CHsHp), 1.64 (s, 3 H,
CHj), 1.58 (dd, Jax = 12.0 Hz, 1 H, CH,Hp), 1.39 (d, J = 6.5 Hz, 8
H, CH3CH). The cis-methyl ketal of la gave a spectrum similar to
that for the minor cyclocumarol isomer,!® a complex ABX pattern
which, on analysis, gave the following: § (reference (CH3)4Si) 7.1-7.8
(m, 4 H, aromatic H), 3.40 (s, 3 H, OCHj), 2.97 (m, 1 H, W = 30 Hz,
methine), 2.08 (eight-peak multiplet, 2 H, CHsHg, As(HAHp) = 7 Hz,
Jgem = 13.8 Hz, Jox = 8.3 Hz, Jpx = 6.5 Hz), 1.70 (s, 3 H, CH3), 1.48
(d, J = 5 Hz, CH3CH).

Results and Discussion

The hemiketal 1a crystallized as the cis isomer, in contrast
to warfarin, with two independent molecules in the asym-
metric unit. The coumarin planes of both molecules are nearly
parallel to the 222 crystal planes while the gross orientations
of the inequivalent molecules are related by a roughly 90°
rotation of one molecule about the normal to the coumarin
plane. Molecules with similar orientation are arranged in pairs
across symmetry centers with the usual interaromatic spacing
of 3.4 A. The hydrogen bonding scheme links the hydroxyl
group of each molecule with the carbonyl group of an inequi-
valent molecule (Figure 5, see Supplementary Material). The
two H bonds both have 03. . .02’ distances of 2.830 (3) A. The
inequivalent molecules are nearly identical (a drawing of one
is given in Figure 6), but they do differ slightly in the amount
of bending of the dihydropyran ring away from the benzo
plane, which is about equal but opposite in direction for the
two, for reasons that are not clear. The conformations of the
dihydropyran rings of the two molecules are modified half-
chairs distorted toward the e,f diplanar (sofa) arrangement.
These descriptions are best appreciated in terms of the tor-
sional angles for the rings, which are given in Table I. The
hydroxyl and C15 methyl are axial and pseudoaxial, respec-
tively, separated by 3.10 A, achieved by rotating O3 away from
C15, which moves C13 more nearly into the coumarin
plane.

The methyl ketal 1b has the trans configuration with the
C15 methyl pseudoequatorial and methoxy group axial (Fig-
ure 7). The dihydropyran ring is a modified half-chair but
distorted toward the d,e diplanar conformation. The C15
methyl is rotated slightly away from the coumarin carbonyl
group, bringing C12 more nearly into the coumarin plane, as
seen by the decreases in the torsional angles ¢ and d (Table
D).
In both la and 1b, the C13-04 bond is long compared to
that found in saturated heterocycles (1.42 A). Bonds between

0
.
/[\ CH,
RO
o



Conformation of Dihydropyran Rings

J. Org. Chem., Vol. 44, No. 5, 1979 801

Table 1. Selected Results for Dihydropyran Derivativesa:®

bond distances, A

bond angles, deg

torsional anglés. deg C4-04- O4-

compd R R’ 02-C2 C2-C3 C3-C4 C4-04 04-C13C13-03 a b ¢ d e f Ci3 C13-03 ref

(SS)-warfarin H CgH; 1.217; 1.439; 1.3513 1.351, 1.483, 1.3853 43 —62 46 —14 —5 —10 1156 108.00 ¢

(£)-warfarin- H Ce¢H; 1.212; 1.439, 1.362y 1.347; 1.474; 1.383; 46 —62 42 —13 -2 —15 116.83 10853 d

CH;0H

H C¢Hs 1.208; 1.4505 1.361; 1.345; 1.460; 1.388, 46 —61 44 —-15 —2 -13 117.34 1093, d

(RS, SR)- CH; C¢H; 1.213, 1.432¢ 1.351, 1.350; 1.449; 1.4045 45 —60 42 —11 -3 —14 116.4; 108.05 e
cyclocumarol )

la H CH; 1.221; 1.431, 1.362; 1,3412 1.473, 1.395, 35 =54 43 —17 0 —10 1184; 107.5, f

1.2165 1.437; 1.350, 1.350, 1.475, 1.4043 36 —54 44 -16 —1 -9 118.0; 107.5
1b CH; CH; 1.2123 1.4513 1.3545 1.360; 1.459, 1.402, 48 —60 39 -7 -5 —-17 115.2, 1085, f

a Estimated standard deviations are subscripted. ® Torsional angles refer to a common configuration. ¢ See text ref 14. ¢ See text

ref 13. ¢ See text ref 16. / This work.

O and C longer than about 1.42 A were first identified by
0’Gormann et al.2! for several methyl esters like a in the gas
phase. The terminal methyl to oxygen bond was found to be
about 1.46 A, although there is some uncertainty about this
in subsequent studies.2223 The lengthening can be explained
in essence as follows. The participation of resonance structure
b implies a displacement of positive charge on to the ester
oxygen, which is extended in the extreme case, c, to 4 non-
bonded methyl and lengthens the CH3-O bond. This bond
lengthening has been found in the solid state structures of
esters and lactones, as tabulated and discussed by Merlino,2
and also in carbamate esters,?5 acceptor complexes of esters26
and carbamate esters,?? ester oximes;?8 chromans,2-32 and
conjugated dihydropyrans related to the compounds discussed
here.13.14.16 Resonance similar to that for the carboxylic acid

” R0
R0, rt

*0
|
|
0 (O 0 o~
d e

esters can be envisioned for each of these compound types. In
the present case; the resonance forms d and e tend to lengthen
the C13-04 bond in 1a and 1b. The resonance effects can
clearly be seen in the shortening of C4-04 and C2-C3 and the
lengthening of C3-C4 as well (Table I). In general, as the
double bond character increases at C4-04, the bond angle
C4-04-C13 widens and the sum of the torsional angles around
C3-C4 and C4-04 diminishes, leading toward the e,f diplanar
form. In the methyl ketals (R = CHj), the C13-04 bond is
slightly shorter than in the hemiketals, representing probably
an understandably decreased importance of the resonance
forms. .

The combination of a long C-O bond and attendant bond
length changes reinforced by resonance forms can also be seen
in the chroman structures of bruceol and several similar
compounds.29:30 Of particular ihterest is the exceptional C-O
length (1.49-1.51 &) in those dihydropyran rings constrained
to near twist-boat conformations. Perhaps a combination of
steric and resonant effects further lengthens these C-O bonds.
In the substituted chromans lacking the distant terminal
oxygen conjugated with the dihydropyran, the C-O bonds are

Figure 7. Ellipsoid plot and numbering scheme for 1b.

slightly shorter and the intervening bond lengths are nor-
mal. 3132
Another interesting aspect of the structures of 1a and 1b

‘is the preference for an axial oxygen substituent on C13, re-

lated to the anomeric effect in carbohydrate chemistry. The
structural resemblance between pyranoses/pyranosides and
conjugated 2-hydroxy-/2-methoxy-3,4-dihydro-2H -pyrans
involves the sequence Cp-Op-Ca-0a-R (R = H, CHjy), where
Ca is the anomeric carbon, common to both compounds types.
In the sugars, the endocyclic C~O bonds are nearly equal in
length (1.42-1.44 A).33 The exocyclic Ca—O4 bond is shorter
as a consequence of back-donation of oxygen’s nonbonded
electrons into the o* orbitals on the adjacent bonds, based on
the MO treatment of several small model compounds.34:35 The
corresponding exocyclic bond, C13-03, in the dihydropyrans
(Table I) is shortened analogously, as represented here in
terms of resonance form e.

The influence of the anomeric effect on the conformational
preferences of the dihydropyrans is determined by electro-
static, steric, and dipole-dipole effects.”-3¢ The more stable
conformation is the gauche-gauche arrangement which
maximizes the attractions O,. . .Cg and R. . .Og, while mini-
mizing nonbonded repulsions. The axial anomer is distin-
guished by fewer steric interactions (because of ring flattening
near the double bond) and the 03. . .C4 (Oa. . .Cp) attraction.
In sugars, increasingly more electrophilic substituents on Cp
enhance the anomeric effect.?” The longer C13-04 bond in the
conjugated dihydropyrans, compared to sugars, allows the
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04-C13-03 angle to drop below the tetrahedral value, in re-
sponse to the 03. . .C4 attraction and for steric reasons. The
comparable value in the axial anomers of pyranoses/pyrano-
sides is usually greater than 111° because of the shorter en-
docyelic C-0 bond and attendant O. . .O repulsions, as well
as 1,3-diaxial interactions. The equatorial disposition of the
bulky C14 methyl in the axial anomers of the conjugated
dihydropyrans lends additional stabilization over the alternate
half-chair. The hydrogen (in 1a) and the methyl (in 1b) on O3
are each trans to C12, the conformation which minimizes
nonbonded interactions and admits a weak electrostatic at-
traction to 04,

In solution (CDCly), the spectrum of 1a shows nearly equal
amounts of the open-chain keto form and each cyclic diaste-
reomeric hemiketal. This represents a shift in the solution
equilibrium toward the open-chain form, relative to warfar-
in,'® and may be a consequence of ring distortion in the cyclic
isomers. It has been suggested that the magnitudes of the
ABX vicinal coupling constants indicate distortion of the
half-chair in the cis-warfarin and cyclocumarol isomers. The
spectrum of la is too overlapped to permit analysis of the
ABX portion, hut the methyl ketals of 1a have almost unob-
scured spectra, and as an approximation, they may exemplify
those of the parent hemiketals. The couplings for the trans-
methyl ketal {1b} are consistent with all-staggered half-chair
preferred confermation, similar to that found in the crystal.
Those for the vis-methyl ketal suggest that the half-chair
similar to the conformation of 1a in the crystal cannot be the

CH, -

oR//

trans

O RN
cis

preferred form in solution. If an average between alternating
half-chairs is considered, the /, ,- and J, . couplings can be
taken as a measure of the equilibrium position using the ex-
treme values 12.5 and 1.15 Hz, respectively, for J, o and J %%
The average coupling in the cis series decreases in proportion
to the preference for the pseudoequatorial R’ group: cyclo-
cumarol (10 Hz, 78%), warfarin hemiketal (9.4 Hz, 73%), and
la methyl ketal (8.2 Hz, 62%). This represents larger R’-
...C==0 repulsion, which accompanies substitution of R’ =
CH; for C¢Hs;, and the preference for diaxial CHg. . .H over
CHj. . .OCHj interactions. The smaller couplings, J, » and
Jae also decrease in the cis series [cyclocumarol (7.3 Hz),
warfarin hemiketal (7.0 Hz), and la methyl ketal (6.5 Hz)],
implying J. .- > J, . and, in the major conformer, J, , > 7.3
Hz. Generally smaller but similarly inequivalent couplings
have been observed in dihydropyran derivatives,”394° and
though larger J .- values may follow from substituent effects,
ring distortion toward the d,e diplanar conformation cannot
be disregarded. The Karplus relationship itself, however, may
not be sensitive enough to establish it. Though a case can be
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made for distortions in a given structure, there remains too
great an uncertainty in distinguishing the modest conforma-
tional differences between half-chair and sofa forms in solu-
tion.
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