Introduction

Chirality has become of increased interest because of the
realization that the two enantiomers of a given drug may often
have different physiological effectsAs a result, there have been
major efforts to develop enantioselective synthetic methaad
to relate the configuration of a given enantiomer to that of the
receptor site of an enzyme or other biologically active substrate.
This requires knowledge of the absolute configuration and,
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Specific rotations with X = F,CI,CN,CCH

The effect of substituents on the specific rotation of substituted cyclic oxides EXCI, CN, and HCC)

and related compounds was studied via geometry optimization at the B3LYP48=311evel followed

by calculations of the specific rotation with B3LYP/aug-cc-pVDZ and, when practical, also with B3LYP/
aug-cc-pVTZ. In some cases chiral samples were prepared so that the calculated specific rotations could
be compared with experimental data. With most compounds there was only a minor effect of the basis
set on the specific rotations. With the oxiranes and oxetanes, the chloro derivative gave a different behavior
than the other substituents, but all substituents behaved in the same fashidrangtB-methyl-1-X-
cyclopropanes. Therefore the unusual behavior of chlorooxirane probably results from an interaction
between oxygen and chlorine rather than being due to the presence of a three-membered ring. Chlorine
is also an unusual substituent for the tetrahydrofurans. The effect of conformation on the calculated
specific rotations was examined with the axial and equatorial 2-substituted tetrahydropyrans, where the
anomeric effect is operative with the axial substituent, and also the 3-substituted tetrahydropyrans that
would not be subject to the anomeric effect. The unusual effect of chlorine was seen only when it is
antiperiplanar with respect to the oxygen.

to directly obtain the configuration of a given enantiorpéris

depend on X-ra§or NMR’ studies of a diastereomer formed
with a compound having a known configuration are generally

the ability to directly calculate the sign and magnitude of the
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has provided another toblespecially when the calculated and
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although specialized X-ray crystallographic tools can be used
is not a routine solution. Rather experimental methods that
more useful, but their application requires complexing agents
that bond selectively to the molecule of interest. More recently,
specific rotation of a given enantiomer with reasonable accuracy

experimental values are compared over a range of wavelehgths.
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FIGURE 1. Interaction between electric (linear) and magnetic (circular)
transition dipoles leading to a helix that can interact distinctly with the o

two circularly polarized components comprising plane polarized light.

There are medium effects on the optical rotatfand they can
be studied by Cavity Ring-Down Polarimetry (CRDP), which
allows us to measure the intrinsic optical activity exhibited by
a vapor-phase samplé.

The optical activity of a compound, usually expressed as the
specific rotation ¢, is, in a fashion similar to NMR chemical
shifts, derived from quantities that are directed along three FIGURE 2. Standard configurations of the molecules giving negative
orthogonal axes. For optical rotation, these terms are designatedc—0—C—X, C—C(Me)—C—X, and O-C—C—X torsion angles.
asf and are derived from the followintf:

excited states in the above summation and we have done so for

2 un several compounds, including the substituted oxiranes discussed
P=——) Im—— (2) below!# It was found, for most molecules, that the summation
h &= wn2 — w? converges slowly and often requires the inclusion of over 1000

excited states. This and related observations indicate that the
whereus, is the electric transition moment on going from the peripheral electron density is primarily responsible for the
ground state to a given excited state,along thex direction observed specific rotatiol. It should not be surprising since
and is directly related to the intensity of an electronic transition. for a nonresonant interaction the incident light wave should have
The second termT, is the corresponding magnetic transition its principle interaction with the outer electrons of the molecule.
moment that is directly related to the paramagnetic chemical ~Previously, we have examined substituent effects for 2-sub-
shift found in NMR experiment& The termsw andw,, are the stituted butané8 and 3-substituted-1-buted€svhere X= F,
frequency of the light used in observing the rotation and the Cl, CN, and HCC. These substituents were chosen since they
frequency of the transition to the excited stateThe sum is have a range of electrical effects and do not contribute any
taken over all of the exited states and the three Cartesianconformational flexibility. Here, we found that the effect of
directions. The specific rotation is calculated by averaging over conformation on the specific rotation was very large, and that

all orientations as follows it was mainly determined by the-€C—C—C torsion angle,
whereas the substituent had a smaller effect.
o Bxx T Byy T B2 We have also examined 2-methyloxirane in some detail and
[a] = cw - 3 in the gas phase the specific rotation was found to change sign

on going from 633 to 355 nrif. This observation of a zero

wherec is a constant. crossing led to high-level theoretical calculations that first found

The magnetic dipole transition momemy is an inherently no change in sigh’ However, more comprehensive studies have
circular term and can have either a clockwise or a counter- suggested that vibrational effects associated with the methyl
clockwise nature. The product @, which is a linear term, group are responsible for the sign chaAgAs a result, we are
with my, which is circular, gives a helical interaction term preparing some substituted oxiranes that have less conforma-
(Figure 1) with either a clockwise or a counterclockwise sense. tional flexibility so that we can determine their specific rotations
This effectively helical transition moment can interact with the at different wavelengths. At the same time, we have carried
two circularly polarized components of the incident light in a out calculations of the expected specific rotations for these and
distinct fashion. Achiral molecules in their minimum energy other related heterocyclic compounds shown in Figure 2. The
conformation will give a zero value for all of the terms in the results of the calculations are given below. In all cases, the
above summation. structures were calculated at the B3LYP/6-33** level, and

Modern programs for calculating specific rotations have the specific rotations were calculated at the B3LYP/aug-cc-
become capable of predicting the sign and magnitude of the pVDZ level and where practical also at B3LYP/aug-cc-pVTZ
specific rotation in most casésiere, linear response theory is level. The latter basis set is over twice as large as the former
usually used to bypass the calculation of excited states. It alsoand requires much more computer time. These levels of theory
is possible to calculate the individual terms with respect to the commonly have been used in calculating specific rotatiéns,

(9) Georgio, E.; Viglione, R. G.; Zanasi, R.; Rosini, £.Am. Chem. (14) Wiberg, K. B.; Wang, Y.-g.; Wilson, S. M.; Vaccaro, P. H;
Soc 2004 126, 12968. Cheeseman, J. R. Phys. Chem. 2006 110, 13995.
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Vaccaro, P. HJ. Phys. Chem. 2005 109, 11752. Chem. A2005 109 3405
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Frisch, M. J J. Phys. Chem. £00Q 104, 5959. (17) Tam, M. C.; Russ, N. T.; Crawford, T. 0. Chem. Phys2004
(12) Crawford, T. D.Theor. Chem. Ac2006 115, 227. 121, 3550. Kongsted, J.; Pedersen, T. B.; Strange, M.; Osted, A.; Hansen,
(13) Saika, A.; Slichter, C. Rl. Chem. Physl954 22, 26. Wiberg, K. A. E.; Mikkelsen, K. V.; Pawlowski, F.; Jorgensen, P.; Hattig,Ghem.
B.; Hammer, J. D.; Keith, T. A.; Zilm, KJ. Phys. Chem. A999 103 21. Phys. Lett2005 401, 385.
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TABLE 1. Calculated B3LYP/aug-cc-pVTZ Specific Rotations for epoxide calc rotations
Substituted Oxiranes 800
,! !
X=F(@© X=CI(§ X=CN{R X=CCHE® : ;
—8—F,7Z
633 nm 11.2 —74.4 80.4 114.3 77
589 nm 13.3 —87.1 95.7 136.6 600 [X- -®—CN,TZ
578 nm 14.0 —90.8 100.2 143.2 X -=%--HCCH,TZ
546 nm 16.1 —103.0 115.4 165.7 .
436 nm 29.6 —172.5 210.2 309.2 400 e
365 nm 50.9 —266.9 360.4 548.8 “a Ry
355 nm 55.8 —286.7 394.0 606.1 ST
250 nm 235.9 —80.5 1726.1 3447.3 SO e
7,2deg —-110.3 —-113.3 -111.2 —-112.0 5 200 = T
r(C—X) 1.370 1.789 1.448 1.440 il S _:::"--xx. _____
, D 2,511 2.435 3.895 2.003 T ee-_}§
G~e-________a__ i
aC—0O—C—X torsion angle. 0 e S
a T e - H
and their accuracy has been estimated to be around5* 200 . BT
(9/mL)~! by Stephens and co-workéfsin many cases they R -
have been found to fairly well reproduce the observed gas-phase
specific rotationg? -400
It may seem strange that one basis set is used for geometry 350 400 450 500 550 600 650
optimizations and another is used for specific rotation calcula- nm

tions. We have found that 6-3+G** gives more satisfactory
calculated structures than aug-cc-pVBAut that the latter is
more satisfactory than the former for specific rotation calcula-

tions because it includes diffuse p-functions at hydrogens thatlow for this type of reaction. However, other methods that were
sometimes have a marked effect on the calculated values.  tried, such as reactions with chiral amines, were less successful.

The calculations were carried out for the wavelengths that When corrected to 100% ee we obtained the following for the

can be observed by using our liquid-phase polarimeter (589, Neat liquid @ = 1.067 g/mL): 589 nm, 9% 4; 578 nm, 104
578, 546, 436, and 365 nm) and also for 633 and 355 nm that 4; 546 nm, 119t 4; 436 nm, 214+ 8; and 365 nm, 35%

FIGURE 3. Effect of wavelength on the calculated specific rotations
of substituted oxiranes.

are available with our gas-phase polarimétekittle experi- 13. These values are in very good agreement with the calcula-
mental data are available for the rotations of the compounds in tions. Jacobsen et &.reported the preparation oR)-1-(tert-
this report, and we have obtained additional information. butyldimethylsilyl)-3,4-epoxy-1-butyne with ee of 99.4% via a

kinetic resolution. The TBS protecting group could be removed
by treatment with tetrabutylammonium fluoride in THF, but
because of the similarity in properties between 3,4-epoxy-1-
Oxiranes and OxetanesWe have continued our study of butene and THF, it has not as yet been possible to prepare a
chiral oxiranes by examining compounds having F, GENG pure sample of the epoxide. We do not expect to be able to
and G=CH as substituents. These groups are convenient in thatprepare a chiral sample of chlorooxirane, but fluorooxirane has
they will not lead to additional conformations, but they also been prepared in quite low yield via a procedure that could lead
have quite different electrical characteristics. The results of the to a chiral samplé* Efforts to increase the scale of this
calculations are given in Table 1 that includes the bond lengths preparation have not as yet been successful. An attempt at
to the substituents, the-€0—C—X torsion angles, and the preparing these chiral epoxides continues.
dipole moments. The effect of wavelength on the specific  The notable feature of Figure 3 is that whereas decreasing
rotation is shown in Figure 3. The arrangement of the molecule wavelengths leads to increased specific rotations with most
is shown in Figure 2 and leads to negative values of the indicatedsubstituents, the chlorine leads to the opposite change. In view
torsion angle. With X= F and ClI, this corresponds to ti& of the different behavior of 2-chlorooxirane, the specific
conformation, whereas with X CN or CCH, it corresponds  rotations were calculated for two wavelengths by using the
to the R conformation. The aug-cc-pVDZ calculated rotations length gauge at the CCSD/aug-cc-pVDZ level for each of the
were essentially the same as those using the larger bagk set. four compounds. The CCSD level of theory usually is quite
To see if the calculated specific rotations agree with successful in reproducing experimental redéltand it is
experimental measuremer){—)-cyanooxiranre was prepared  practical to carry out a set of these calculations in the present
by a kinetic resolution with use of Jacobsen’s chiral (salen)- case because of the small size of the compounds. The results
Co'' complex2® The percent ee was 546 0.2, which is quite are given in Table 2. The difference between Cl and CN or
CCH as the substituent found at the B3LYP level is confirmed
(18) Stephens, P. J.; McCann, D. M.; Cheeseman, J. R.; Frisch, M. J. by these calculations. The B3LYP and CCSD results are in quite

Results and Discussion

Chi%iti’,vz.loﬁ 137 ' 35-2W'b B Ch LRV oy, 90od agreement for 2-chlorooxirane, but the agreement becomes
Phgls.)cmle?ﬁ.n)gobs 'i09| le:{?,sz.. »Lneeseman, . vacearo, BLF- - ess satisfactory with X= CN or CCH. With 2-fluorooxirane,
(20) Wiberg, K. B.J. Comput. Chen2004 25, 1343. B3LYP and CCSD predict small rotations with opposite signs.

(21) Wiberg, K. B.; Wang, Y.-g.; Vaccaro, P. H.; Cheeseman, J. R.; The difference is probably within the intrinsic uncertainty of
Trucks, G.; Frisch, M. JJ. Phys. Chem. 2004 108 32. the calculations

(22) These data are available in the Supporting Information. ’

(23) Schaus, S. E.; Brandes, B. D.; Larrow, J. F.; Tokunaga, M.; Hansen,
K. B.; Gould, A. E.; Furrow, M. E.; Jacobsen, E. Bl. Am. Chem. Soc (24) Hollenstein, H.; Lucjhaus, D.; Pocheret, J.; Quack, M.; Seyfang,
2002 124, 1307. G. Angew, Chemlnt. Ed. Engl.1997, 36, 140.
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TABLE 2. CCSD/aug-cc-pVDZ Calculated Specific Rotations

X=F X=ClI X=CN X=CCH
589 nm —11.3 —94.2 67.3 93.3
365 nm —24.6 —279.2 243.8 351.2

TABLE 3. Calculated B3LYP/aug-cc-pVTZ Specific Rotations for
Substituted trans-2-Methylcyclopropanes

X=F@© X=CI(§ X=CN((@E X=CCH(®O
633 nm 33.0 69.8 118.6 136.8
589 nm 38.4 80.9 138.5 159.3
578 nm 39.9 84.1 144.3 165.8
546 nm 45.1 94.6 163.3 187.1
436 nm 72.9 157.0 270.0 302.9
365 nm 107.0 212.3 408.3 439.3
355 nm 113.6 223.2 436.9 463.9
250 nm 182.6 106.3 981.6 —137.9
7,2deg —107.8 —-109.4 —108.6 —109.2
r(C—X) 1.386 1.789 1.441 1.436
u, D 2.086 2.239 4.658 1.070
aC—0O—C—X torsion angle.
t-2Me-1-Xcyclopropanes
500
3
o X --%--HCC,TZ
A -—CN,TZ
400 R =1z
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FIGURE 4. Effect of wavelength on the specific rotations of
substituted cyclopropanes.

Is the effect of chlorine due to being attached to a three-
membered ring, or is it associated with the oxygen in the ring?
The first part of this question can be answered by examining
the correspondingrans-1-methyl-2-X-cyclopropanes. Table 3

JOC Article

TABLE 4. Calculated B3LYP/aug-cc-pVTZ Specific Rotations for
Substituted Oxetanes

X=F( X=CI(§ X=CN{® X=CCHER
633 nm 27.1 —-54.1 139.9 192.9
589 nm 326 -63.0 167.0 231.4
578 nm 34.2 —65.5 175.1 242.9
546 nm 39.9 ~735 202.3 282.1
436 nm 76.7 ~116.0 375.1 537.6
365 nm 139.1 —164.6 659.5 982.7
355 nm 154.0 -1735 726.8 1092.0
250 nm 778.4 —232.6 3816.3 7522.3
2 deg -112.1 —109.6 -119.6 -125.9
r(C-X)  1.393 1.843 1.466 1.454
1, D 3.125 3.300 4.635 2.217

aC—0O—C—X torsion angle.

effect2® where an electron-withdrawing substituent antiperipla-
nar to an atom with a lone pair leads to energetic stabilization
and the bond to the substituent is found to have an increased
length. This results from the donation of electron density from
the electron-rich lone pair to the* orbital of the C-X bond.

The C-CI bond lengths in the larger ring cyclic ethers (see
below) are considerably larger than a normat@ bond and
they show a similar change in rotation compared to other
substituents.

We have tried to identify the source of the difference between
chlorine and the other substituents using a sum-over-states
approach (eq 1). No single or small group of excited states was
primarily responsible for the differenéé.The origin of the
chlorine effect continues to be studied.

The observations for the oxiranes led to the question of
whether or not the effect of substituents would be the same in
larger rings. Oxetane is essentially pladfand the structural
calculations find the substituted oxetanes to also be essentially
planar. Table 4 shows the results of the calculations and they
are also shown in Figure 5.

The changes in specific rotations with wavelength are similar
to those found with the oxiranes, with fluorine giving a small
increase with decreasing wavelengths, chlorine giving a de-
crease, and CN and CCH giving relatively large increases with
decreasing wavelength. It seems clear that the difference
between chlorine and the other substituents in this case is a
result of an interaction with the oxygen. The increase in the
C—ClI bond length is in accord with this conclusion. Unfortu-
nately, the above oxetanes have not been obtained in chiral form
and so we cannot compare experimental and computational data
for these compounds.

Tetrahydrofurans. The oxetanes are essentially planar, and
so the orientation of the substituents with respect to the ring is
essentially the same as that for the oxiranes. The tetrahydrofuran

and Figure 4 show the results of the calculations and here, allring is more flexible, and may lead to pseudoaxial and
of the substituents give the same type of change in specific pseudoequatorial positions for the substituents. The four sub-

rotation with decreasing wavelengths. It might be noted that
the maximum rotation of §-(+)-trans-2-methylcyclopropyl
cyanide has been found to h&f 150+ 4,25 and the calculated

value is in good agreement with this experimental observation.

stituents that were examined adopted the pseudoaxial conforma-
tions. The results of the calculations for these compounds are
recorded in Table 5 and Figure 6.

Here, again, fluorine and chlorine have opposite effects on

It is reasonable to conclude from these data that the effect of the specific rotation. However, unlike the oxiranes and oxetanes,

chlorine on the specific rotation of chlorooxirane is not due to

the cyano and ethynyl substituents also lead to a decrease in

the three-membered ring, but rather is probably associated withSpecific rotation with decreasing wavelength. It is worth noting

an interaction between the oxygen and the chlorine. Such
interactions are well-known and are referred to as anomeric

(25) Baldwin, J. E.; Carter, C. G). Am. Chem. Sod 982 104, 1362.

(26) Juaristi, EThe Anomeric EffecCRC Press: Boca Raton, FL, 1995.
Kirby, A. J. Anomeric Effect and Related Stereoelectronic Effects at Oxygen
Springer-Verlag: Berlin, Germany, 1983.

(27) Creswell, R. A.; Mills, I. M.J. Mol. Spectrsacl974 52, 392.
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oxetane OR tetrahydrofurans
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1000 [-%- =0z T S
s -6 — CN,DZ  —e——ssel 4
' --X--HCCH,DZ 0
800 e
° A =*-..--ﬂ-!’-"'"""'*
\0 \‘ -y =‘9ﬂ=-“n
N s .__:'—""'ﬂd e --H
600 N 5 _ & _a
—_ " = - 8 -500 e -
E) N .. -~
400 gy - 3 at
~ T
S~ L ‘X-H_x.* g —e—F,DZ
200 ~ L Ve -B— CI,DZ
e R B -1000 v -=CNDZ |
--%--HCCH,DZ
H‘_-—-G-_‘_‘_-_'__‘—'—-—g-—.&g__ K
—
0 |t
o g—wal—4a
- ~-—E-t 7
-200 HE -1500
350 400 450 500 550 600 650 350 400 450 500 550 600 650

nm
nm

FIGURE 6. Effect of wavelength on the specific rotations of

FIGURE 5. Effect of wavelength on the specific rotations of substituted tetrahydrofurans.

substituted oxetanes.

TABLE 5. Calculated B3LYP/aug-cc-pVDZ Specific Rotations for THF-CN

Substituted Tetrahydrofurans
X=F( X=CI(§ X=CN{®R X=CCHR)

633 nm 93.5 —296.4 -108.6 -115.7 ]
589 nm 109.1 —348.6 -126.8 —-134.9 ]
578 nm 113.7 —363.9 -132.1 —-140.4 _ |
546 nm 128.7 —-414.9 ~-149.6 —158.7 £ |
436 nm 212.9 -714.3 —247.9 —260.0 T 1
365 nm 3245 -1145.3 -378.4 -388.7 = |
355 nm 3475 —-1239.1 —405.4 —414.2 =) i
250 nm 903.3 -4151.4 -1087.4 -772.3 o |
7.2deg —-87.6 —90.4 -975 -975 - |
r(C—X) 1.418 1.890 1.481 1.471 = |
u, D 2.969 3.356 4.491 2.071 i |

aC—0O—C—X torsion angle.

that the C-O—C—X torsion angles for the tetrahydrofurans are
considerably larger than those for the smaller rings and it is
known from other studies that small changes in the torsion angle
can lead to large changes in specific rotatidtf

The specific rotation ofR)-(—)-2-cyanotetrahydrofuran has FIGURE 7. Effect of the G-O—C—CN torsion angle on the relative

been repor@e@ to be—28.7 (corrected to 100% ee), whichis  gnergy for 2-cyanotetrahydrofuran. The closed circles give the B3LYP/
markedly different than the calculated value. There are several-3111-G** data, and the open circles give the corresponding data

possible explanations for the difference: (1) the calculations corrected for the solvent effect calculated by using the IPCM model
are markedly in error, (2) the reported rotation is in error, or and a dielectric constant of 4.9.
(3) there is another structure that must be considered.

Although with X = F or Cl the anomeric effect can lead to  4.9. The effect of this solvent on the relative energies was
a strong preference for a pseudoaxial conformation, it is possible estimated by using the IPCM solvation madeind these values
with X = CN or CCH that there is a pseudoequatorial conformer are shown in the figure as open circles. It is also possible that
with the opposite sign of rotation and a low enough energy to MP2 may lead to a somewhat different change in energy on
be significantly populated. This possibility was examined for rotating about the €0—C—CN torsion angle. This was
the cyano derivative by scanning the torsional angle profile from explored at the MP2/6-311G** level and there is little
175 to 8C° in 5° intervals, optimizing all of the other structural ~ difference between the B3LYP and MP2 relative energies.
variables for each step. The calculated relative energies are Although there is a small shoulder afl6C°, there is clearly
shown in Figure 7. The observed specific rotation was obtained no minimum corresponding to a pseudoequatorial form. There
by using chloroform as the solvent with a dielectric constant of is a significant decrease in dipole moment with decreasing

80 100 120 140 160 180
C-O-C-CN torsion angle

(28) Mendenez, E.; Brieva, R.; Rebolledo, F.; GotorQfiem. Commun (29) Foresman, J. R.; Keith, T. A.; Wiberg, K. B.; Snoonian, J.; Frisch,
1995 989. M. J.J. Phys. Chem1996 100, 16098.

6210 J. Org. Chem.Vol. 72, No. 16, 2007



Optical Rotations of Cyclic Oxides

JOC Article

TABLE 6. Calculated B3LYP/aug-cc-pVDZ Specific Rotations for ax-2-X-tetrahydropyrans

2-Substituted Tetrahydropyrans o
oad o ---x
X=F(@© X=CI(§ X=CN{R X=CCHE® | x—f-] - el
(a) axial 200 x-)C': B _:_‘_;!,.—_'_;___—-‘-"
633 nm ~76.3 —299.1 -72.1 —37.5 gg,/
589 nm —89.3 —352.3 —84.0 —44.4 ot -—H
578 nm —-93.0 —368.0 —87.4 —46.6 -400 "
546 nm —105.5 —430.1 —98.7 —-53.5 "
436 nm —176.1 —729.5 —161.3 —-96.7 A4
365 nm —271.6 —1183.5 —241.2 —165.8 600 e
355 nm —291.6 —1283.6 —257.5 —908.9 — -
250nm  —817.9 —4611. —607.4 —908.9 3 I'd
7,2deg —68.0 -72.2 —68.4 —68.5 -800 P
r(C—X) 1.420 1.891 1.484 1.473 /
u, D 2.423 2.984 3.868 1.687 y, = Efé_
(b) equatorial -1000 “ -®—CNDZ
633nm  15.0 12.8 38.4 375 / - -X--HOCH.CZ
589 nm 17.9 15.0 43.4 44.5 !
578 nm 18.7 15.7 47.4 46.6 -1200 —ﬂ
546 nm 21.6 18.0 54.3 535 (=t
436 nm 39.4 31.4 96.3 96.7
365 nm 68.3 51.4 160.6 165.8 -1400
355 nm 75.0 55.9 175.2 182.0 350 400 450 500 550 €00 650
250 nm 365.8 192.7 725.4 908.9 m
7,2deg 178.8 176.2 176.3 175.7
r(C—X) 1.382 1.812 1.468 1.461 2X-tetrahvd
4D 3.554 3.661 5.418 2.038 200 eq-2-Xdetrahydropyrans
aC—0—C—X torsion angle.
x
LR
torsion angle, and when corrected for the solvent, the results \i .E_BEE;Z;
indicate that the calculated specific rotation must take into 150 “i VIR
account the low-energy species that will have a different specific L .
rotation than the lowest energy 9onformer. Att = 150, Y
the calculated specific rotation at 589 nm is44.2, not \\
sufficiently different to explain the difference between experi- 37 100 %
ment and theory. T
A chiral sample of R)-(—)-2-cyanotetrahydrofuran was S
obtained by using a different set of reactions than previously ‘“‘»‘.ﬁ_
reported (see the Experimental Section), and its specific rotation 50 [Pxt . S =
determined in chloroform and corrected for the percent ee was he g pE
found to be §]p —37.4. This is somewhat larger than previously - 3}::
reported, but still much smaller than the calculated specific = =5
rotation. It was possible to measure the rotation in the gas phase, 0 |
finding —25.7 + 10.1 at 633 nm and-131.0+ 15.2 at 355 350 400 450 500 550 600 650
nm. nm

The B3LYP/aug-cc-pVDZ calculations could lead to an 3 _
incorrect value of the specific rotation. Therefore, it was also FIGURE 8. Effect of wavelength on the calculated specific rotations
calculated at the CCSD/aug-cc-pVDZ level to firdg —101.9. of 2-subst|tut_ed tetrahydropyrans (upper plot, axial substituents; lower
This is smaller than the B3LYP value, but still larger than the plot, equatorial).
experimental rotation. Figure 7 makes it clear that we must take TABLE 7. Properties of Axial and Equatorial Conformers of
the slightly higher energy conformers into account, since at  Substituted Tetrahydropyrans Calculated at the B3LYP/6-311#G**
= 130 the relative energy has only increased by 0.5 kcal/mol Level

in the gas phase, and only 0.3 kcal/mol in chloroform solution. F cl CN HCC

It is not clear how this might best be done and we are working Ee m = m = m E. m

on the problem. It mlght be noted that for 2-cyanotetrahydro- 2 000 2423 000 20984 213 3868 184 1687
pyran (see below), which has two well-defined conformers, the eq-2 296 3557 373 3661 282 5416 191 2.038
calculated specific rotation is in good agreement with the ax3 757 2965 4.98 3141 1.18 4921 170 1.885
experimentally determined value. eg-3 12.88 2103 3.34 2265 0.00 3946 0.00 1.456

Substituted Tetrahydropyrans. In the above examples, the
substituents in the equilibrium conformation adopted a pseudo-
axial position. The tetrahydropyrans have a sufficiently large e pegin by examining 2-substituted tetrahydropyrans with
ring inversion barrie¥’ so that axial and equatorial forms gy pgtituents in both the axial and equatorial positions. The
have separate existence, although rapidly interconverting. Here'axial substituents may lead to an anomeric effect, but this is
not possible with the equatorial substituents. The calculated
specific rotations, along with the-©C—C—X torsion angles,

(30) Lambert, J. B.; Mixan, C. E.; Johnson, D. H.Am. Chem. Soc
1973 95, 4634.
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TABLE 8. Calculated B3LYP/aug-cc-pVDZ Specific Rotations for ax-3-X-tetrahydropyrans
3-Substituted Tetrahydropyrans 0
[N & o -8 —a
X=F(@© X=CI(§ X=CN{R X=CCHE®
(a) axial -50
633 nm —6.8 —73.4 —-73.2 —98.6 =
589 nm -7.7 —86.6 —85.7 —115.7 100 = s
578nm  —7.9 —90.4 —89.3 -120.7 i i IS e
546 nm —-8.6 —103.3 —101.3 —137.3 _ =7 e
436 nm -115 —180.5 ~169.4 —-233.8 150 | < =
365 nm -11.7 —297.1 —261.3 —369.9 e 4T
355 nm -11.2 —323.5 —280.4 —399.2 //3' -
250nm 620 —1428. —740.4 -1313.1 E R
7,2deg —69.9 -71.6 —69.2 —69.6 ¥ 1
r(C—X) 1.412 1.837 1.466 1.463 250 - Rl
uD 2.965 3.141 4.921 1.885 »/ |7 —e—FDz
(b) equatorial e |/ 2_anz
-8— CN,0Z
633nm  —83 —21.1 9.8 15.5 -300 —Fﬁ 7 --%--HCCH, 02
589 nm -9.6 —25.2 11.6 18.5 L
578 nm -9.9 —26.4 12.2 19.5 -350 -
546 nm -11.1 —-30.5 14.0 225 N
436 nm —-16.8 —-57.0 25.0 43.0 K
365 nm -21.3 —100.6 425 78.9 -400 b
355 nm —21.6 —-110.9 46.6 87.8 350 400 450 500 550 600 650
250 nm 112.2 —546.6 2475 668.2 nm
7,2deg 177.6 180.0 179.4 179.3
r(C—X) 1.410 1.828 1.461 1.459 eq-3-X-tetrahydropyrans
u, D 2.108 2.265 3.946 1.456
100
aC—0—C—X torsion angle. xx-
bond lengths to the substituents, and the dipole moments are 50 [Fe = ="y
given in Table 6, and the specific rotations are also shown in i U et o SO o
Figure 8. _ . L“‘“‘*—-or'::i':'_'g
The difference in X bond lengths between the axial and 0
equatorial conformers is quite large with chlorine (0.079 A), H_.—ﬁ——’—j’_““‘__ ;
somewhat smaller with fluorine (0.039 A), and much smaller 2 _—g— FE
with CN and CCH (0.016 and 0.012 A, respectively). This is 0 —
just what is expected from the operation of the anomeric effect. _/ﬂ"
However, in contrast to the oxiranes and oxetanes, all of the A
axial substituents give specific rotations with negative signs. / —a—F, 07
The equatorial substituents, on the other hand, give uniformly -100 R Boar
positive specific rotations. The chlorine substituent again has --%--HOCH,DZ
the largest effect on the specific rotation when in the axial | |
position. -150
The specific rotation ofRf)-(—)-2-cyanotetrahydropyran has 350 400 450 500 550 600 650
been reported to be-36.2. However, this cannot be directly nm

compared with the calculated rotations in Table 5 because the - )
two conformers can be populated. In addition, the specific FIGURE 9 Effect of wavelength on the calculayec.i specific rotations

. - . ! . of 3-substituted tetrahydropyrans (upper plot, axial; lower plot, equato-
rotation was measured in chloroform with a dielectric constant ).
of 4.9. Since there is a difference in dipole moment between ] ) o ] ]
the axial and equatorial conformers, there will be a solvent effect the net difference in energy for the liquid phase is estimated to
that preferentially stabilizes the equatorial form. The gas-phaseP€ about 0.46 kcal/mol, leading to 68% axial and 32%
relative energies of the axial and equatorial conformers are given€duatorial. This gives an estimated]$ of —43, which is in
in Table 7. Unlike the compounds with % F or Cl, the satisfactory agreement with the experimental value considering
difference in energy of the conformers is only about 0.7 kcal/ the uncertainties in the relative energies. This compound will
mol indicating that both conformers will be significantly —receive further experimental study including a redetermination
populated. To obtain a good estimate of the relative free of the maximum _spe_<:|f|c rotation, as well as measurement of
energies, G3 calculatiofiswere carried out, and the axial form  the specific rotation in the gas phase and in several solvents.
had the lower free energy (1.02 kcal/mol). The solvent effect ~3-Substituted Tetrahydropyrans. To further examine the
on the relative free energies in the neat liquid phase was results of the anomeric effect in the tetrahydropyrans, it is
estimated by using a reaction field model. Assuming the Necessary to havg information on a related series in Whlch the
dielectric constant of the compound will be on the order of 10, @homeric effect is absent. Therefore, we have studied the
an SCIPCM® calculation suggested a solvent stabilization of 3-Substituted tetrahydropyrans. The calculated specific rotations,

0.56 kcal/mol for the equatorial form relative to axial. Therefore, forsion angles, bond lengths, and dipole moments are given in
Table 8, and the specific rotations are shown in Figure 9. As

(31) Curtiss, L. A.; Raghavachari, K.; Redfern, P. C.; Rassolov, V.; Pople, eXpeCte_dv the d_ifferen(_:e in bond lengths between aXif'f‘l and
J. A.J. Chem. Phys1998 109, 7764. equatorial substituents is much smaller than that found with the
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TABLE 9. Calculated B3LYP/aug-cc-pVTZ Specific Rotations for MeQCH2CI
Substituted Thiiranes 8 1.87
X=FR X=CI(9 X=CNR®R X=CCHR g
633nm  —445 —41.7 —48.9 —69.2 7 ™\ - 1.86
589 nm -51.8 —45.1 —55.3 -77.6 B s
578 nm —53.9 —45.8 —-57.0 —-79.8 Ve “u
546nm  —60.8 —47.2 -62.2 —-86.0 6 - - 1.85
436nm  —98.2 -187 ~70.5 -79.7 5 F \
365 nm —144.1 198.1 326 178.7 E 5 - Y\ et | 184
355 nm —153.3 288.6 87.2 309.9 S 7 }q I
250nm 2288, ~1794. ~5103. ~12846. = P \
radeg  —1100  —1114 ~111.8 -112.8 Iy 2 183
r(C—X) 1.372 1.786 1.440 1.434 g \
u, D 2.190 2.056 3.812 1.758 ® v 1.82
. 3 . .
5 \ / I
[i5} *
thiiranes =, \ 1.81
400 \ f k
1 ' \1 1.80
300 X = L \/ \\T
i o
--%--HCCH, TZ 0 30 60 90 120 150 180
Y C-0-C-Cl torsion angle
200 —g
R FIGURE 11. Effect of the CG-O—C—X torsional angle on the relative
\\} energies (left scale, red) and-Cl bond lengths (right scale, blue) for
3 100 |5 \‘\ methoxymethyl chloride.
Vo
h [N —a— |
0 \ \f&\ s H—F
NN - -8—CN
RV ~ g > _ --X--CCH
L i == : Me-O-CH2X
I =o==1T___. RPN
-100 "1 s 100
200 0 & :g}
35 400 450 500 550 600 650 ‘F/ LI
r r
FIGURE 10. Calculated specific rotations for substituted thiiranes. - r-/ k»
2-substituted compounds (0.010 A for ClI, less than 0.002 A 200 - el
for the others). g TTRepeX
A comparison of Figure 8 for the axial 2-substituted tetrahy- -300
dropyran with Figure 9 for the axial 3-substituted compound
shows marked differences. Whereas in the former case the 400
change in specific rotation with wavelength was relatively small \
for X = CN or HCC, it becomes large for the latter. The change '\
for X = Cl is large for both compounds, but much larger for -500 /
the 2-substitued compound than for the 3-substituted one. The \a_,

torsional angles are about the same for the two sets of 600
compounds and so the difference can reasonably be attributed 0 30 60 90 120 150 180
to an interaction between the ring oxygen and the substituent C-O-C-X torsion angle
with the 2-substituted series.
A comparison of the corresponding equatorial substituted FIGURE 12. Effect of the G-O—C—X torsion angle on the calculated
compounds finds the CN and HCC substituted compounds specific rotation of methoxymethyl derivatives at 589 nm.
having similar behavior, with the fluorine substituent giving a
relatively small effect. The main difference is found with the Thiirnes. The results presented above clearly indicate an
chlorine substituent where a small increase in specific rotation interaction between a ring oxygen and the substituents that affect
with decreasing wavelength is found with the 2-substituted the calculated specific rotations. It was then of interest to
compound and a decrease with the 3-substituted. However, theexamine the effect of another element, sulfur, that has a lower
changes are quite small in comparison to that of axial of ionization potential, but less of a tendency to give an anomeric
2-chlorotetrahydropyran. effect. The results of calculations for substituted thiiranes are
It may be a coincidence, but Figure 9 for the equatorial shown in Table 9 and Figure 10. Unlike the oxiranes, there is
substituents resembles Figures 3 and 4 for the oxiranes anda significant difference between the rotations calculated with
oxetanes. However, the range of specific rotations is consider-aug-cc-pVDZ and aug-cc-pVTZ. Further, whereas the oxiranes
ably smaller in Figure 9 than for the other figures. had positive specific rotations, except for=XCl, the thiiranes
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have negative specific rotations from 633 to 436 nm for all of

Wiberg et al.

(5.0 g) was added to the catalyst along with 3.5 mL of isopropyl

the substituents. At shorter wavelengths, there is often a changealcohol. The solution was cooled to°C, 850uL of water (0.65
in sign of rotation, as might be expected since thiirane has its €quiv) was added, and the reaction was allowed to proceed for 5

electronic transitior#d at considerably lower energy than that
for oxiranes.

Conformational Effect on the Specific Rotation. The
compounds studied above had-O—C—X torsional angles
either close to-100° or ~18C°. What changes might be found

days at 1°C. The product was distilled, bp 52 °C at 25 Torr.
Analysis with a Chiraldex B-DM f-cyclodextrin) gc column
indicated 5.6+ 0.2% ee. The observed rotation corrected to 100%
eewas{]p99 ( =1,d=1.067). The NMR spectrum was identical
with that of an authentic sample.

2-Cyanotetrahydrofuran. Tetrahydrofurfurylamine was resolved

with other torsion ang|eS'7 As a Slmple model we have chosen by using tartaric acid a previously descriBtand had {X]D —13.9

the methoxymethyl halides. Here, the compound will, of course,
be achiral when planar. But, any deviation from planarity will

(I =1,c=0.044 g/mL, methanol, 99% ee). Oxidation with sodium
tungstate and hydrogen peroxide gave tetrahydrofuran-2-carbox-

lead to chirality, and the changes with changing torsion angle aldehyde oxim# ([o]p 40.1 ( = 1, ¢ = 0.042 g/mL, methanol)),
might be informative. Figure 11 shows the changes in energy and it was dehydrated by using acetic anhydride and sodium

and bond length for methoxymethyl chloride. The other sub-
stituents give similar plots, but with much smaller changes in
bond lengths (0.035 A for F, 0.012 A for CN, and 0.010 A for
HCC). The effect of substituents on the specific rotation was
calculated by using B3LYP/aug-cc-pVTZ and the results for
589 nm are shown in Figure 12.

Again, chlorine is the unique substituent that leads to much
larger changes in specific rotation than found with the other
substituents. The origin of the chlorine effect continues to be
studied.

Summary. A study of a series of cyclic oxides substituted
by F, Cl, CN, and CCH revealed a wide variety of optical

rotatory dispersion effects. Chlorine was the more unusual
substituent and this appeared to result from an anomeric effect

involving the chlorine and the oxygen in the ring. This is most

clearly seen in examining the tetahydropyrans where the
anomeric effect is well established, and where an axial chlorine
leads to a large effect, whereas an equatorial chlorine does not

In an effort to determine the origin of the chlorine effect, a sum-
over-states calculation of the specific rotation was carried out,

acetaté’ To 5.0 g of the oxime was added 0.3 g of anhydrous
sodium acetate @5 g of acetic anhydride. After the initial
exothermic reaction, the solution was heated to reflux for 1 h. The
cooled solution was treated with water and warmed. It was then
saturated with potassium carbonate and extracted with ether. After
the solution was dried over magnesium sulfate, the solvent was
removed and the product was distilled, giyi g of 2-cyanotet-
rahydrofuran, bp 7982° at 19 mm. It hadd]p —30.1 ( = 1, 0.035
g/mL, CHCE). It was found to be 99% pure and to have 86.8%
ee via gc, using a chiral column. The specific rotation of the pure
enantiomer is thend]]p —34.7 (CHC}). Its NMR spectrum was
identical with that of an authentic sample.
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but no single excited state or small group of excited states had  sypporting Information Available: Specific rotations with

a major effect on the rotation.
This survey of substituent effects will be followed by more

different basis sets and calculated geometries of the compounds in
this report. This material is available free of charge via the Internet

detailed examinations including measurements of the specific at http://pubs.acs.org.
rotations in the gas phase and in a series of solvents, along with;5470g163

the preparation of additional chiral compounds.

Calculations. All of the B3LYP calculations were carried
out with Gaussian-G3 and the CCSD calculations were carried
out with PSI334

Experimental Section

2-Cyanooxirane.The racemic compound was prepared by the
reaction of sodium hypochlorite with acrylonitrite. Several

(33) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kundin, K.
N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V,;
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A,
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Adamo, C.; Jaramillo, J.;
Gomperts, R; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.;
Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A;;

methods were explored for its kinetic resolution, such as the reaction Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels,
with a chiral amine. The more successful method was a reactionA- D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D;

with Jacobsen’s chiral (salen)C®complex?® The R,R) catalyst
(653 mg, 0.015 equiv) was dissolved in 20 mL of dichloromethane
in a water-jacketed 35 mL flask. Acetic acid (6B0) was added
and the solution was stirred for 40 min at room temperature. After

Raghavachari, K.; Foresman, J. B.; Ortis, J. V.; Cui, Q.; Baboul, A. G;
Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,
P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.;
Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson,
B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. Baussian-03

a few minutes, the solvent was removed at 20 Torr and remaining Revision B.07; Gaussian, Inc.: Pittsburgh, PA, 2003.

volatile material was removed from the catalyst by using a
mechanical pump with &78 °C cold trap. Racemic cyanooxirane

(32) Gottareili, G.; Samori, B.; Moretti, I.; Torre, G. Chem. SocPerkin
Trans. 21977, 1105.
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(34) Crawford, T D.; Sherrill, C.; Valeev, E. F.; Fermann, J. T.; King,
R. A; Leininger, M. L. M.; Brown, S. T.; Jansen, C. L.; Seidl, G. T.; Kenny,
J. P.; Allen, W. D. JJ. Comp. Chem2007, 28, 1610.

(35) Kopechy, J.; Smejkal, Z. Chem 1984 24, 211.

(36) Belanger, P. C.; Williams, H. W. kZan. J. Chem1983 61, 1383.

(37) Williams, N.Chem. Ber1927 60, 2509.



