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A full account of the synthesis of the 12 hexacyclic tetrahydrofuran isomers represented by the nearby
formulas is first provided. The key steps involved in further elaboration of the spiro etBets, 28,

and45 include controlled ozonolysis, 1,2-addition of the Normant reagent, and heterocyclization. Eight
of the end products proved to be sufficiently crystalline to enable X-ray analysis and determination of
their solid-state conformational features. The alkali metal ion selectivities of the 12 hexamers were
evaluated by a picrate extraction method and by electrospray ionization mass spectrometry (ESI-MS)
which indicated that small, but significant, selectivity differences exist within the groups of diastereomers.
These results revealed that each hexamer demonstrated a preference for lithium ion complexation relative
to sodium or potassium ion complexation. Stereoisomeric classification of the hexamers was based on
the competition between two dissociation routes promoted by collision-induced dissociation. The preference
for each of the two dissociation pathways, both of which involved cleavage at the midpoint of the hexamer,
correlated with the stereochemical configurations (syn versus anti) of the THF groups near the termini.

Introduction mational energetics involving more than one substituent can be
problematical. For groups positioned in a 1,4-relationship, the
effects are expectedly close to additd“eSome breakdown of
this phenomenon is already seen for groups oriented 1,3 to each
other, and summation effects are totally lost in most vicinal
1,2-disubstitution examplésDespite the existence of this

The capability of the cyclohexane ring to function as a
serviceable probe of substituent effects is well appreciafe.
monosubstituted systems, the operation of chelirair inter-
conversion allows for competing occupancy of either an axial
or equatorial site. The resulting preference is readily amenable

to quantification in the form ofA values!? However, confor- (3) (a) Eliel, E. L.: Kandasamy, Dl. Org. Chem1976 41, 3899. (b)
Manoharan, M.; Eliel, E. L.; Carroll, F. Tetrahedron Lett1983 24, 1855.
T The Ohio State University. (4) Wiberg, K. B.J. Org. Chem1999 64, 6387.
*The University of Texas at Austin. (5) (a) Stolow, R. DJ. Am. Chem. S0&964 86, 2170. (b) Mursakulov,
(1) (a) Eliel, E. L.; Wilen, S. H.; Mander, L. NStereochemistry of I. G.; Ramazonov, E. A.; Guseinov, M. M; Zefirov, N. S.; Samoshin, V.

Organic CompoundsJohn Wiley and Sons: New York, 1994; pp 686 V.; Eliel, E. L. Tetrahedron198Q 36, 1885. (c) Chernov, P. P.; Basylchik,
726. (b) Juaristi, E., EdConformational Behaior of Six-Membered Rings V. V.; Samitov, Yu. Yu.Zh. Org. Khim.1982 18, 1222. (d) Hodgson, D.

VCH Publishers: New York, 1995. J.; Rychlewska, U.; Eliel, E. L.; Manoharan, M.; Knox, D. E.; Olefirowiz,
(2) (a) Jensen, F. R.; Bushweller, C. KMdv. Alicyclic Chem.1971, 3, E. M. J. Org. Chem1985 50, 4838. (e) Rockwell, G. D.; Grindley, T. B.
139-194. (b) Eliel, E. L.Angew. Chem., Int. Ed. Endgl965 4, 761. Austr. J. Chem1996 49, 379.
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direction?¢ The six gauche stabilizing interactions that mate-
rialize when the €O bonds are projected equatorially are
partially responsible. However, these contributions can account
for only a portion of the>20 kcal/mol energy imbalance
separating the two conformatiof’sAlso contributing to the
elevated energy cost is the electrostatic repulsion that would
arise were the €0 bonds all projected axially on the
cyclohexane scaffold. These interactions are estimated to be
about 2 kcal/mol larger between each pair of alkoxy substituents
than between alkyl groups.

Steric factors arising from nonbonded interactions around the
periphery of the chair can also be conformationally defining.
Thus, in contrast tescylloinositol which exists in the all-
FIGURE 1. ORTEP plot of the final X-ray model d8with hydrogens equatorial form'? the stable arrangement for the natural product
omitted for clarity® muellitol (5) is that in which its six hydroxyls are disposed in

synaxial fashion as a consequence of the three added prenyl
leveling effectt more extreme degrees of substitution have substituentd® On the other hand, the acid-catalyzed cyclization
revealed that directed orientation can make a return and provideproduct of5 known as isomuellitol ) exhibits a reversal in
important structural insight. Several classical examples have nowconformational bias.
been reported. The excessive steric strain on the periphery of
hydrocarbonl is best accommodated by adoption of the all-
axial conformation, with directed orientation of the isopropyl
methane hydrogens toward the cyclohexane édmnecontrast,
both the alltrans hexaethyl 2a)” and hexamethoxy 2p)
derivative§ assume the all-equatorial arrangement depicted in
the structural formulas. The preference of multiple@sigma
bonds for maximum equatorial occupancy is general, barring
overriding steric effects, as reflected in the preferred conforma-
tion adopted by® and most especially tHes+-symmetric hexa-
(spirotetrahydrofuranyl)cyclohexarme'©

In the light of this information, the timeliness of an investiga-
tion into the interplay of electronic and steric influencesjen-
chain ethers was deemed appropriate. The adoption by 1,2-
dimethoxyethan® and polyoxyethylene, (OC4CH,),,16 of a
gauche rather than a perfectly staggered spatial arrangement has

(H3C),CH ) :
e HC(CHz), long been recognizetdMore recently, computational assessment
(HaC)hGH XCHs .
HHéf)D(X XCHs has been made of the preferred conformations adopted by the
8 HyCX XCHs polycyclic bis- and tris-tetrahydrofuran systems11.%7
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The significant conformational bias exhibited By and 4
has been attributed to two factors operating in the same

(11) (a) Zefirov, N. STetrahedron1977, 33, 3193. (b) Zefirov, N. S.;

(6) (a) Eliel, E. L.; Enanoza, R. Ml. Am. Chem. S0d.972 94, 8072. Samoshin, V. V.; Subbotin, O. A.; Baranenkov, V. I.; Wolfe,Teétrahedron
(b) Allinger, N. L.; Liang, C. D.J. Org. Chem1968 33, 3319. (c) Uebel, 1978 34, 2953.
J. J.; Goodwin, H. WJ. Org. Chem1968 33, 3317. (d) Allinger, N. L.; (12) (a) Anderson, R. C; Wallis, E. 3. Am. Chem. S04948 70, 2931.
Miller, M. A.; Van-Catledge, F. A.; Hirsch, J. Al. Am. Chem. S0d967, (b) Angyal, S. J.; Hickman, R. Aust. J. Chem1975 28, 1279.
89, 4345. (13) (a) Fazideen, H.; Hegarty, M. P.; Lahey, F.Mhytochemistry1978
(7) (@) Goren, Z.; Biali, S. EJ. Am. Chem. Sod99Q 112 893. (b) 17, 1609. (b) Fazideen, HAust. J. Chem1982 35, 2589.
Golan, O.; Goren, Z.; Biali, S. E1. Am. Chem. S0d.99Q 112 9300. (14) (a) Angyal, S. J.; Greeves, D.; Littlemore,Aust. J. Chem1985
(8) (@) Anderson, J. E]. Chem. Soc¢Perkins Trans. 21993 441. (b) 38, 1561. (b) Angyal, S. J.; Greeves, D.; Pickles, V.@arbohydr. Res.
Anderson, J. E.; Angyal, S. J.; Craig, D. Carbohydr. Res1995 272, 1974 35165 and refs therein. (c) Angyal, S. J.; McHugh,JDChem. Ind.
141. (Londor) 1956 1147.

(9) (a) Paquette, L. A,; Tae, J.; Hickey, E. R.; Trego, W. E.; Rogers, R. (15) Matsuura, H.; Miyauchi, N.; Murata, H.; Sakakihara, Bull. Soc.
D. J. Org. Chem200qQ 65, 9160. (b) Paquette, L. A.; Stepanian, M.; Branan, Chem. Jpn1977, 52, 344.

B. M.; Edmondson, S. E.; Bauer, C. B.; Rogers, RJDAm. Chem. Soc. (16) (a) Ohsaku, M.; Imamura, AMacromoleculesl978 11, 70. (b)

1996 118 4504. Abe, A.; Mark, J. E.J. Am. Chem. Sod.976 98, 6468. (c) Eliel, E. L.
(10) (a) Paquette, L. A.; Tae, J. S.; Branan, B. M.; Eisenberg, S. W. E.; Acc. Chem. Red97Q 3, 1.

Hofferberth, J. EAngew. Chem., Int. EA.999 38, 1412. (b) Paquette, L. (17) (a) Adaligil, E.; Davis, B. D.; Hilmey, D. G.; Shen, Y.; Spruell, J.

A.; Tae, J.; Branan, B. M.; Bolin, D. G.; Eisenberg, S. WJEOrg. Chem. M.; Brodbelt, J. S.; Houk, K. N.; Paquette, L. A. Org. Chem2007, 72,

200Q 65, 9172. (c) Rablen, P. R.; Paquette, L. A.; Borden, WJTOrg. 6215. (b) Paquette, L. A.; Hilmey, D. G.; Gallucci, J. Grg. Lett.2006

Chem.200Q 65, 9180. 8, 2635.
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SCHEME 1. Ring Cleavage and Capping of 12 and 15
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As enticing as these structurally novel oligomeric assemblies position of the oxygen atoms i3 and 16 was seen to induce
are, their ladder-like arrays can be regarded as too abbrev-a rather different reactivity pattern toward the Normant re&fent
iated to provide a sufficiently detailed profile of the global at 0°C.
energetic factors involved. These considerations have led us to Following the acquisition of tetrdl4, it was an easy matter
synthesize a comprehensive selection of stereoisomeric hex1o tosylate its two pr.in)ary hydroxyl groups selectively
amers more directly related &and4, and to ascertain by X-ray ~ and to “cap” the termini of the chain via intramolecular
crystallographic analysis the specific conformation populated cyclization?! The generation 018 in this manner provided a
in the solid state in many examples. In addition, the capacity Substance whose high crystallinity made possible the def-
of these molecules to enter into complexation with alkali inition of its three-dimensional features by X-ray diffraction

metal ions in both solution phase and gas phase has beernethods (Figure 1). This open-chain polyether lacks the
evaluated. conformational constraint provided by a central ring (asin

and4) and is now free to rotate along its carbon backbone to
elieve intramolecular strain. As seen from the compilation of
—C—C—O0 torsion angles in Table 1, the oxygen atoms in

The present report deals with 12 stereoisomers. There
are six chiral centers and hence 64 stereochemical perturbation

of these centers. Many of these are, of course, identical or . . )
. . . 18 are predominantly in gauche arrangements. Proper discus-
chiral pairs. The symmetry properties of the poly-THF mol- _.
sion of these and other relevant elements of structural organ-

ecules prepared herein are the same as those of the Fischer

aldaric acids, and the structural permutations can be derived inlzation are deferred to a later section of this paper where
’  pern suitable comparison with other hexacyclic diasteroisomers is
the same way. In short, for six chiral centers, there are 20

. LT . ossible.
compounds potentially distinguishable by achiral methods and P
36 distinguishable by chiral methods. H
0
Background Developments © o
o)

The adoption of a universal strategy for the elaboration of o o
the targeted hexacyclic structural units was based in large part ”
on adventitious use of the appreciable stereocontrol levels 18
attainable with cyclohexane rings as scaffdiths!® In a
preliminary study, we demonstrated that bdtB and 15, Execution of the Synthetic Plan

available on the basis of this chemistry, were amenable to

cleavage of their endocyclic double bonds with formation of ~ Optimization of the syntheses d#and17 gave a 71% yield
the dialdehyded.3 and 16, respectively (Scheme 19.Differ- of 13 a_nd showed_ that larger scfale allowed the capping of all
ences in the chemical reactivity of these diastereomeric subsetdhree diasteromeric tetrols resulting from 2-fold addition of the
were already surfacing at this point. Thus, comparative experi- Normant reagent td3 (Scheme 2). At this level, chromatog-
ments revealed the hindered double bondlihto respond raphy on silica ggl enables thelr. separation and identification.
satisfactorily to ozonolysis conditions, which was not the case 1 N€ major constituent was unmistakably the predescritid
with 15. However, the latter underwent smooth conversion to T_he_ remaining pair of ISomers prove_d to be spectrosco_plcally
16 via OsQ-promoted dihydroxylation followed by exposure distinguishable, sinc20 is a symmetrical molecule arb is

to lead tetraacetate. Beyond this, the different stereodis- not.

(20) Cahiez, G.; Alexakis, A.; Normant, J. Fetrahedron Lett1978
(18) Paquette, L. A.; Stepanian, M.; Mallavadhani, U. V.; Cutarelli, T. 3013.

D.; Lowinger, T. B.; Klemeyer, H. 1. Org. Chem1996 61, 7492. (21) (a) Negri, J. T.; Rogers, R. D.; Paquette, L.JAAmM. Chem. Soc.
(19) Paquette, L. A.; Ohmori, N.; Lowinger, T. B.; Rogers, RJDOrg. 1991 113 5073. (b) Paquette, L. A.; Negri, J. T.; Rogers, R.JDOrg.
Chem.200Q 65, 4303. Chem.1992 57, 3947.

9090 J. Org. Chem.Vol. 72, No. 24, 2007



Properties of Hexatetrahydrofuranylhexane Segments

TABLE 1. O—C—C—O Torsion Angles (deg) for Select
Hexaspirotetrahydrofuranylhexanes

compd atoms angle
18 O(1)-C(1)-C(5)-0(2) 60.1
0(2)-C(5)-C(9)-0(3) 67.3
O(3)-C(9)-C(13)-0(4) 88.5
0(4)-C(13)-C(17)-0(5) 66.7
O(5)—-C(17)-C(21)-0O(6) 54.8
23 O(1)-C(1)-C(5)-0(2) 171.6
0(2)-C(5)-C(9)-0(3) 63.0
O(3)-C(9)-C(13)-0(4) —55.7
0(4)-C(13)-C(17)-0(5) —54.9
O(5)—-C(17)-C(21)-0O(6) —67.5
38 O(1)-C(1)-C(5)-0(2) 65.9
0(2)-C(5)-C(9)-0(3) 57.9
0O(3)-C(9)-C(13)-0(4) 95.3
0O(4)-C(13)-C(17)-0(5) 745
O(5)—-C(17)-C(21)-0O(6) 84.3
39 0O(1)-C(1)-C(5)-0(2) 76.1
0(2)-C(5)-C(9)-0(3) —63.9
0O(3)-C(9)-C(13)-0(4) -97.4
0(4)-C(13)-C(17)-0(5) —~70.4
O(5)—-C(17)-C(21)-0O(6) —75.8
40 0O(1)-C(1)-C(5)-0(2) 75.8
0(2)-C(5)-C(9)-0(3) —-70.4
0O(3)-C(9)-C(13)-0(4) 175.8
O(4)-C(13)-C(17)-0(5) 59.9
O(5)-C(17)-C(21)-0O(6) —-59.5
51 O(1)-C(1)-C(5)-0(2) —58.2
0(2)-C(5)-C(9)-0(3) 179.0
0O(3)-C(9)-C(13)-0(4) 57.8
O(4)—-C(13)-C(17)-0(5) —68.7
0O(5)-C(17)-C(21)-0O(6) —60.6
52 O(1)-C(1)-C(5)-0(2) —-59.9
0(2)-C(5)-C(9)-0(3) —-179.8
0O(3)-C(9)-C(13)-0(4) 54.5
O(4)—-C(13)-C(17)-0(5) -71.5
O(5)-C(17)-C(21)-0(6) 76.4
53 O(1)-C(1)-C(5)-0(2) -75.8
0(2)-C(5)-C(9)-0(3) 65.8
0O(3)-C(9)-C(13)-0(4) 92.8
O(4)—-C(13)-C(17)-0(5) 84.6
O(5)-C(17)-C(21)-0(6) 77.2
SCHEME 2. Acquisition of 18—-20
CHO
1. O3, CH30H, 6 1. Normant,
-78°C o THF, 0°C
2 NaHCO5;, > o 2. TsCl, EGN,
Me,S o DMAP, CH,Cl,
(71%) OHC (58% over 2 steps)
13
H H H
0
o (o]
O O O
O + § + %
O O O
0 O 0 (e} 5 (0]
H H H
18 19 20
(6 : 15 1)

In a related context, lowering of the temperature at which
the Normant addition td6 is performed from OC to =78 °C
was found to deliveRlin the absence df7 (Scheme 3). As a
result, access t@2 and 23 was now conveniently realized.
Although 22 and23 were solids, only where the symmet&é

JOC Article

FIGURE 2. ORTEP plot of the final X-ray model &3with hydrogens
omitted for clarity. The anisotropic ellipsoids have been drawn at the
50% probability level.

SCHEME 3. Arrival at 22 and 23
OH
HO
CHO
(0] Normant, 0o
o THF, -78 °C TsCl, EtzN
—>
0 (99%) o DMAP, CH,Cl
o (71%)
ond ©
OH
HO
16 21
H
o (o)
o o +
o]
"N
22
(3

is concerned did it prove possible to prompt crystallization in
a habit suited to X-ray analysis (Figure 2).

The C,-symmetric cyclohexen@9, available in four steps
from 24,8 was next to be investigated. The heteroatomic
arrangement resident in this isomer proved to be contributory
to a remarkably recalcitrant rate of ozonolytic cleavage of the
associated double bond. Evidently, the facial bias available to
the G; reagent is not conducive to normal reactivity. This
conclusion is reinforced by the fact that aldehydo a8
formed in only 25% vyield, eventually emerged as the sole
characterizable product (Scheme 4). The ozonolytic conversion
of cyclic alkenes to terminally differentiated products under
various circumstances has earlier been repgaéd.

The cleavage to form aldehydo carboxylic acids is likely
achieved via deprotonation of the intermediate ozonide by the
NaHCG;, as inA. This pathway does not result in the bonding
of an oxygen atom to the customary reducing agent,8)ie
thus resulting in the overoxidation of one of the original olefinic
centers.

The inefficiency with which31 was produced prompted us
to abandon this option and to give consideration instead to the

(22) (a) Schreiber, S. L.; Claus, R. E.; Reagan,T@trahedron Lett.
1982 23, 3867. (b) Claus, R. E.; Schreiber, S.@Qrganic Synthese®Viley
& Sons: New York, 1990; Collect. Vol. VII, p 168.

(23) Hon, Y.-S; Lin, S. W.; Chen, Y.-&ynth. Commurl993 23, 1543.
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SCHEME 4. Pathway to 31

Hilmey et al.
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> 1 Normant,
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DMAP, CH,Cl,
(68%)
27 29
1. 03, CH30H,
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o)
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(o]
o (o]
o)
H
o) R @H
Mel, K,COs, 30,R=H H>€10\,H
DMF/THF )
(11% from 30) L— = 31, R=Me A B

preparation 083—41 (Scheme 5). When our attention became
directed aR8%it was immediately evident that this cyclohexene
was more responsive tha?d toward ozone. Moreover, the
conversion to aldehydo este33 could be realized in a
preparatively useful 73% yield. Chemospecific “capping” of this

intermediate proceeded without incident to deliver a chromato-

graphically separable 5.6:1 mixture 84 and 35. Should
chelation control be operative at a modest level during this
homologation as it is in simpler exampiéas well as in the 3

— 18 conversior?® the emergence a5 as the predominant
product would be expected. However, 0i38-41 subsequently

defining the directionality of €C bond formation at the
carboxaldehyde terminus. Solid-state structural analysis, per-
formed on bothbl, 52, and53, in tandem with the realization
that52is also produced in the course of the annulations of both
49 and 50,25 once again allowed the prevailing disposition of
the oxygen atoms to be defined (Table 1, Figure8%

Solid-State Conformational Biases

The hexacyclic etherd8, 23, 38—40, and 51-53 were
subjected to X-ray crystallographic analysis, and the resulting

became available, three of these end-products were subjectegerspective drawings are depicted in Figures81 These

to X-ray crystallographic analysis (Figures-8), thus leaving

structural data provided for determination of the respective

no opportunity for structural misassignment. This expanse of 0—C—C—0 dihedral angles, which number five per molecule

data revealed that neith8®8 nor 37 reacts predominantly via

(Table 1). Quite strikingly, gauche effects proved not to be

the customary chelated transition state. Presumably, theseyniversally operative.

substrates are sterically inhibited from adopting that conforma-

tion properly conducive to coordination involving the Normant
reagent and the.-spirocyclic ether.

The multiple cyclizations defined in Scheme 6 constitute a
notably informative contrast in stereoselectivity. In the course
of coupling the Normant reagent 4®, 49, and50, the resulting

pairs of products proved invariably to be populated to a greater

degree (3.16:1) by the anti isomers, thus providing indication

Instead, all eight diastereomers studied here display one
serious deformation from the ideal gauche angle, most often in
the central region of the chain. The previously described
polyether18 exhibits at 89 a relatively small central O(3)
C(9)—C(13)-0(4) dihedral angle. Its diastereom88; 39, and

(26) The title compounds have been universally depicted in a zigzag
conformation of their backbone carbon chains. The resulting conformational

that the chelate control alternative was kinetically favored across representations are not intended to imply that the all-anti arrangements are

this series. Accordingly, the particular configurational alignment
of the multiple ethereal €0 bonds does play a central note in

(24) Eliel, E. L. InAsymmetric Synthesislorrison, J. D., Ed.; Academic
Press: New York, 1983; Vol. 2, Part A, Chapter 5.

(25) Depiction of the target molecules in a zigzag conformation positions
the geminal oxygen atoms at the site of reaction in a distinctive anti
arrangement when chelation control is operative during 1,2-addition of the
Normant reagent. Otherwise, a syn relationship materializes.

9092 J. Org. Chem.Vol. 72, No. 24, 2007

thermodynamically more stable. All of the polycyclics are either meso or
racemic in nature. Despite the indicated standardization, visualization
remains less than obvious in certain cases. The pair of formulas presented
below illustrates the problem, which is reminiscent of that associated with
the use of Fisher projections.
H H
(0)

fo) (0}

H
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SCHEME 5. Generation of 32-41

(¢]
o OR 1.  Normant,
O3, CH30H, -78 °C; o THF,0°C
NaHCO3, Me,S o 2. TsCl, EGN,
DMAP, CH,Cl,
0,
o O (90%)
28 (¢]
Mel, K,CO,, 32, R=H
DMF/THF

(73% from 28) L— 5 33, R = Me

O,
OMe
. (0]
[¢)
(0]
o O
(56 : 1) "

1. LiAIH,, Et,0 1. LIAH,, Et,0
2. IBX, DMSO 2. 1BX, DMSO
(91%) (81%)
1. Normant,
THF, 0°C ’ T'\Il-(l)lgmoa gtc
2. TsCl, EN, 2. TsCl, EtsN,
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(84%) (75%)
(o)
o © 0 0 oX ©
0 . o] o] 0
o o} o) + ]
o) 0 o o} o O
(o) ()
H (7 ) H H (45 :1)
] 39 40 #
53 partake of related deformations in the range of-93° at and 39). If instead at least one of the flanking rings is anti

the same core position. Conformational consequences of faroriented, the dihedral deviation is distinctively large and
greater magnitude are seen in the remaining examples. Of theseapproaching 180(e.g.,51 and52). This feature is exhibited as

angle widenings to 176180 occur again along O(3)C(9)— well by 23 whose terminal pair of syn-oriented THF rings is
C(13)-0(4) in three examples4(, 51, and52). The unique flanked by a single anti heterocycle. This analysis, however, is
departure from this pattern operate2Bwhere a 172dihedral not extendable td8 and40. These latter substrates feature a

is adopted within the O(HC(1)—C(5)—0(2) domainat one dihedral angle of approximately 17between O(3) and O(4),
end of the chainAt the same time, its most central dihedral but is flanked by a syn and anti THF ring in a manner
angle is contracted to a record-low value of 56hould these comparable t@8 and39 (~90° for either isomer). Wheré9is
deviations be sterically enforced to some significant degree asconcerned, the central 88ihedral angle is positioned between
we anticipate, tracking the stereochemical ordering along the two syn THF cycles. No other “syn/syn”-flanked isomers are
hexane backbone holds promise of harboring information of presently available for comparative analysis. Also, unlike its
predictive and explanatory value. The analysis that follows is relative,53 exhibits a less dramatically widened dihedral angle
based on favored adoption by these hexa(THF) systems of athat is located between two THF rings that have an anti
staggered zigzag conformation. Figures8lreveal the devia- relationship. When this stereochemical pattern is extended to
tions from this norm that we have indicated above. all four THF rings as ir23, an anomalous ©C—C—0 dihedral

In all of the polyethers reported herein except, the angle of 172 makes its appearance at one end of the chain but
departure from regularity materializes at the site where two THF not the other.
rings have a syn relationship. When this structural feature is  To recapitulate, an attempt has been made to relate structure
present and the two rings in question are flanked by an additionaland stereochemistry in eight isomeric hexa(THF) polycyclics.
syn THF unit, an average deviation of°96 realized (e.g.38 Changes in relative configuration are expectedly manifested in

J. Org. ChemVol. 72, No. 24, 2007 9093
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C3

FIGURE 4. ORTEP plot of the final X-ray model &9 with hydrogens
FIGURE 3. ORTEP plot of the final X-ray model @8 with hydrogens omitted for clarity. The anisotropic ellipsoids have been drawn at the
omitted for clarity. The anisotropic ellipsoids have been drawn at the 50% probability level.
50% probability level.

TABLE 2. Association Constants K,) Determined for the
Hexaspirotetrahydrofuranylhexanes by Picrate Extraction into
Chloroform at 20 °C2

ionophore Lir Na* K+

15-crown-5 8.36x 10* 6.13x 10° 9.23x 10°
anti/syn/syn/syn/anti 2.7% 10 1.94x 10¢ 1.6 x 10
i)?n/syn/syn/syn/anti 8.8 10¢ 4.8x 10¢ 4.6 x 10*
i)?n/syn/syn/syn/syn 7.0 10 4.1x 10* 3.7x 10
i)(/)n/anti/anti/anti/anti 3.4 100 1.2x 1C° 3.75x 10°
i)%n/anti/anti/anti/syn 7.% 104 4.1x 10 3.8x 10*
ggti/syn/syn/anti/syn 5.8 10 4.0x 10* 3.1x 10

g)én/syn/syn/antllsyn 4.810° 1.9x 10° 2.0x10° FIGURE 5. ORTEP plot of the final X-ray model af0with hydrogens

syn/syn/syn/anti/anti 7.8 104 45x% 10¢ 3.0x 104 omitted for clarity. The anisotropic ellipsoids have been drawn at the
40 50% probability level.
thllsyn/syn/aml/aml 1410 6.1x10° 4.8x 10 TABLE 3. Alkali Metal Selectivity of the Hexamers as Measured
anti/syn/anti/syn/anti 3.9 10* 2.1x 104 2.0x 10 by ESI-Mass Spectrometry
51 hexamer Li % Na % K %
anti/syn/anti/syn/syn 9.% 10 5.6 x 10* 4.0x 10*
52 22 96.5 (0.3) 2.9(0.3) 0.6 (0.2)
syn/syn/anti/syn/syn 1.%10° 6.6 x 10¢ 45x 10* 19 95 (2) 5(1) 0.8(0.7)
53 51 94 (3) 5(2) 1.2 (0.7)
18 93 (4) 6 (3) 1.4 (1.2)
aThe method developed by Koenig, K. E.; Lein, G. M.; Struckler, P.; 23 91 (5) 8 (5) 0.3(0.1)
Kaneda, T; Cram, D. 1. Am. Chem. So0d.979 101, 3553 was utilized. 41 89 (4) 9(3) 1.5(0.1)
53 89 (2) 9(2) 2.2(0.6)
o 20 88 (4) 11 (3) 1.6 (0.9)
the overall molecular shape adopted by each system. A limited 39 88 (4) 11 (4) 1.7 (0.9)
set of trends has been noted, suggesting that long-range steric gg g? g; ig 8 ‘11-2 Egg;
interactions likely exert major consequences that are capable 20 78 (5) 15 (3) 7

of overriding gauche effects.
. : : 2 Relative abundances of lithium, sodium, and potassium complexes are
Another interesting phenomenon involves the overall flex- shown as averages of four experiments. Percentages may not add up to

ibility of these structures as observed by NMR spectroscopy. 100 due to rounding. Standard deviations are given in parentheses.
Compoundsl, 19, 20, 41, and51 demonstrate ideal behavior

in both'H and3C NMR, producing sharp spectra and therefore
displaying either fast rotation, or more likely, conformational
rigidity on the NMR time scale. The remaining polyeth2gs-

23, 38—40, and52—53 show minor to major line broadening
in their NMR spectra. The majority of these samples required
heating to 66-70°C in order to sharpen the spectral lines. These  Picrate extraction studies were initially undertaken in order
trends indicate that certain stereoisomers are less flexible thanto gain insight into the solution-phase alkali metal ion coordina-
their acyclic hexane backbones would suggest. Others enjoytion capacities of the 12 stereoisomeric hexamers. The associa-
the capability for exhibiting a modest level of dynamic tion constantsK,) determined in this manner revealed little to
exchange. At issue is whether these parameters can be madao selectivity (Table 2). In all cases, L¢oordination was found

utilitarian with respect to metal ion binding capability and other
tailored properties.

Alkali Metal lon Binding Studies

9094 J. Org. Chem.Vol. 72, No. 24, 2007



Properties of Hexatetrahydrofuranylhexane Segments ]OC Article

. . FIGURE 8. ORTEP plot of the final X-ray model &3 with hydrogens
FIGURE 6. ORTEP plot of the final X-ray model &1 with hydrogens omitted for clarity. The anisotropic ellipsoids have been drawn at the
omitted for clarity. The anisotropic ellipsoids have been drawn at the 5oy, probability level.

50% probability level.

141/143 211/213
-4 THF -3 THF  281/283
2 THF
353 423
-THF precursor
M L b n l | j
T T T T T T
100 200 300 400 500
m/z

FIGURE 9. MS/MS spectrum of protonated hexantel

tetrahydrofuranyl groups are typically observed in the CID mass
spectra of each of the protonated hexamers. These losses of
tetrahydrofuranyl groups may occur in conjunction with a
transfer of one hydrogen to or from the portion lost during the
dissociation process, thus giving two series of fragment ions

omitted for clarity. The anisotropic ellipsoids have been drawn at the _that differ in mass by 2 Da. Examples of the types of fragment

FIGURE 7. ORTEP plot of the final X-ray model &2 with hydrogens

50% probability level. ions that would result from these parallel pathways are shown
in Scheme 7. The specific protonation site is not known, but
to be favored, although the selectivity overNand K" was initial localization of the proton on one of the oxygen atoms is

no more than 2-fold in the majority of examples. A limited expected, and the charge site may be further stabilized via
number of isomers such &3 did exhibit reasonable binding  intramolecular hydrogen-bond formation involving a second
abilities on the order of 0 oxygen atom. Upon collisional activation, the proton may be
Improvement in sensitivity was achieved by conducting mobile and migrate to other sites, thus facilitating several
competitive metal binding experiments involving a series of competing fragmentation processes. In general, the series of
solutions containing one of the hexamers with lithium, sodium, fragment ions involving the multiple losses of the tetrahydro-
and potassium salts, analyzed by electrospray ionization masguranyl groups are highly characteristic of the hexatetrahydro-
spectrometry (ESI-MS). Table 3 summarizes the alkali metal furanylhexane structures but do not allow specific sterecisomer
selectivities in terms of the distribution of lithium, sodium, and differentiation.
potassium complexes obtained from the ion abundances in the The dissociation patterns of the lithium and sodium complexes
ESI mass spectra for each solution. For all of the hexamers, by tandem mass spectrometry were also explored, revealing an
the lithium complexes had the greatest abundances, and thenteresting stereochemicastructural correlation discussed be-
abundances of the potassium complexes were relatively low. low that was not observed for the dissociation of the protonated
Small but significant selectivity differences were observed hexamers. Figure 10 shows several representative CID mass
between the diastereomers, with the preference for lithium spectra for the lithium and sodium complexes. One ubiquitous
ranging from a high of 96% foR2 to a low of 78% for40. fragmentation pathway stems from the loss of 142 Da, which
In an effort to assess the ability to differentiate the 12 corresponds to the loss of two THF groups with one hydrogen
hexatetrahydrofuranylhexane isomers, tandem mass spectrommigration (—CgH140,). This dissociation route is observed for
etry via collision-induced dissociation (CID) was undertaken all of the lithium and sodium complexes and is not stereochemi-
on each of the 12 protonated hexamers. Each protonatedcally diagnostic.
molecule yielded a similar array of fragment ions. A typical The dominant fragmentation pathways for both the lithium
CID mass spectrum is shown in Figure 9. The main fragment and sodium complexes result in the loss of three THF groups,
ions appear at intervals of 70 Da, which corresponds to the masseither with or without a hydrogen migration and thus constituting
of the tetrahydrofuranyl group (8sO) that makes up the repeat the loss of 212 or 210 Da, similar to the neutral losses shown
unit of the hexamers. Losses of from one to four of the in Scheme 7 for the protonated hexamer. It is the distribution
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SCHEME 6. Route Leading to 5153

1. Normant, CeCls,
THF, -78 °C

Q

1. Py*HBra, THF

2. LiBr, Li,COs3, 2. TsCl, EGN, e
DMA, A Oh DMAP, CH,Cly, 3d
(71%) (73%)
43 1.7)
o)
OMe
> 1.0, CH30H, -78 °C; 0 1. Normant,
NaHCO;, Me,S o THF, 0°C
KoCO,, Mel, 0 7 TSCLEGN,
DMF/THF 0 DMAP, CH,Cly
(48%) H (80%)
o]
Q o)
OMe OMe
(o) (o)
o () + o (0)
o o
5 o)
H H
(31 :1)

1. LIA|H4, Et20 1. LIA|H4 Etzo
2. IBX, DMSO 2. IBX, DMSO
(70%) (85%)

1. Normant, . Normant,
THF, 0°C THF, 0°C
2. TsCl, EtsN, 2. TsCl, EsN,
DMAP, CH,Cl, DMAP, CH,Cl,
(91%) (69%)
H
o H
0
(o] (o)
o (o) — * 0 (o)
o o
0

of the resulting fragment ionsn(z 217 or 219 for the lithium nearly equal preference for the two competing fragmentation
complexes, andr/z 233 and 235 for the sodium complexes) pathways although the loss of 212 Da is always slightly favored,
that allows the stereoisomeric classification of the hexamers, as illustrated by the CID mass spectrum1df in Figure 10.

as summarized in Table 4. For example, based on the CID massThe ratio of —212/-210 averages 1.2 for Group Il (syn,anti).
spectra of the lithium adducts, the hexamers can be divided into Group Ill consists oR0, 23, 39, and53. The common structural
three categories. Group I, consistingl& 41, and51, has THF feature of this group of hexamers is that the pairs of THF rings
groups in the anti configuration at both ends of each hexamer. at both ends of each molecule are in the syn configuration. The
Dissociation of the lithium complexes of this group favors the lithium complexes of these four diastereomers favor the loss of
loss of 210 Da over the loss of 212 Da, as shown by the example212 Da over the loss of 210 Da in a ratio of about 2:1 for Group
of the CID mass spectrum fdi8 in Figure 10. The fragment  Ill (syn,syn). An example of this pattern is shown in Figure 10
ion due to loss of 212 Da is consistently about half of the for 20. The sodium complexes yield analogous results for the
abundance of the fragment ion due to loss of 210 Da, giving a preference for the loss of 210 versus 212 Da based on the
ratio of —212/-210 that averages 0.5 for Group | (anti,anti). stereochemical category of the hexamer (i.e., anti,anti; syn,-
Group Il consists ofl9, 22, 38, 40, and52. In this group, the anti; syn,syn).

two THF rings at one terminus are in the syn configuration, = These results demonstrate that the presence of a lithium or
while the pair of THF rings at the other terminus is in the anti sodium ion allows discrimination between the stereochemical
configuration. The lithium complexes of these compounds show configurations of the THF rings near the two termini of the
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TABLE 4. Stereochemical Classification of Hexamers Based on
Loss of 210 Da versus 212 Da for Lithium and Sodium Complexés

2171219 429 hexamer —212/210for (M+ Li)*  —212/210 for (M+ Na)*
18 -3 THF 287
2 THF precursor Group |
a ! ) 18 0.52-+ 0.05 0.58+ 0.11
217/219 287 429 41 0.49+ 0.02 0.544+ 0.09
19 -3 THF 2 THF precursor 51 0.47+ 0.03 0.48+ 0.09
A ), | Group Il
217/219 19 1.2240.04 1.36+0.08
20 3THE 287 429 22 1.11+0.04 1.3240.09
2 THF precursor 38 1.20+ 0.03 1.25+ 0.06
: | — | : I | 40 1.19+ 0.06 1.36+ 0.15
150 200 250 300 350 400 450 52 1.21+0.01 1.35+0.13
m/z Group Il
20 1.92:+ 0.04 2.524 0.01
233/235 at5 23 2.03+0.10 2.61+ 0.08
18 3 THF 303 39 2.084+0.12 2.67+ 0.02
l_z THE preClI.II'SOr 53 1.834+ 0.07 1.89+ 0.06
a2 Ratios were calculated on the basis of the relative abundance of the
19 2331235 303 445 fragment ions due to the loss of 212 Da or 210 Da; 90% confidence intervals
-3 THF *-2 THF precursor were calculated on the basis of three replicate measurements.
|
233/235 . . . .
20 BTHE 303 445 may occur with near equal probability. Since the product ions
2 THF precursor that are observed correspond to the half of the molecule that
1 |‘ T T 4 q retains the alkali metal ion, this suggests multiple binding sites
200 250 300 350 400 450 500 for the metal ion, with lithium or sodium residing half the time
m/z

FIGURE 10. MS/MS spectra of (A) lithium complexes and (B) sodium

complexes of selected hexamers.

SCHEME 7.
Protonated

Proposed Fragmentation Pathways of
Hexamers

hexamers. It is surmised that the metal ions promote a consisten
conformational change among the hexamers that directs thei

on the syn half of the molecule and half the time on the anti
half.

In light of these observations, the X-ray crystallography data
was re-examined for further correlation with the mass spec-
trometry data. For any hexamer with a terminal pair of THF
groups in the anti configuration, the torsion angle between those
two THF groups (as measured between the oxygen atoms) is
always very close to the ideal gauche angle of @& —60°).

In contrast, the typical dihedral angle of terminal THF groups
in the syn configuration is 76or —76°, with a deviation of no
more than 1.2 The only exceptions a3 and38, which have
terminal syn groups with widely differing dihedral angles. This
consistent correlation between the stereochemistry and confor-
mation of the terminal THF groups may influence the coordina-
tion of the alkali metal ions and the favored dissociation pathway
of the resulting complexes upon ESI-MS/MS analysis.

Finally we note that the lithium, sodium, and potassium
association constants are highly correlated in the picrate studies.
If compound22 is removed from the correlatiorR for Lit/

Na' increases to 0.96, that for /K™ increases to 0.92, and
that for Na"/K* reduces to 0.88. The reduction in the &+
correlation occurs because the association constants for the Na
and K" are the lowest in the listing, and their removal therefore
has a disproportionate effect on the correlation.

Also to be noted is the fact that compou®d shows a 28-

{old selectivity for lithium over sodium and 9-fold selectivity

or lithium over potassium. This lithium/sodium selectivity is

dissociation pathways in a diagnostic stereochemically depend_particularly significant. To put these numbers in perspective,

ent manner. The presence of vicinal THF rings syn to each other
at the terminus of the molecule promotes the loss of 212 Da,
while vicinal THF groups in the anti configuration promote the
loss of 210 Da. When the two termini differ in this regard (syn,-
anti), both neutral losses are favored nearly equally. In fact,
the —212/~210 Da ratio of the Group Il compounds is

the 15-crown-5 selectivity for lithium over sodium is 73-fold,
but selectivity for lithium over potassium is 11-fold. This is all
the more remarkable because the crown is macrocyclic, whereas
the poly-THFs have a considerable entropic penalty upon
binding.

approximately the average of the Group | and Group Ill EXperimental Section
compounds. One possible explanation is that when one terminus - pjaldehyde 13. Cyclohexenel? (500 mg, 1.62 mmol) was

of the hexamer is in the syn configuration while the other is in dissolved in MeOH (100 mL) and cooled t678 °C. Ozone was
the anti configuration, either of the two dissociation pathways bubbled through the solution for 45 min, followed by @r 10
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min. The mixture was then warmed to rt, treated with NaHCO 1H), 4.18-4.10 (m, 2H), 4.084.03 (m, 3H), 3.96 (q) = 7.4 Hz,

(500 mg), and MgS (5 mL). Following overnight stirring, the 1H), 3.81-3.68 (series of m, 5H), 3.64 (d,= 7.9 Hz, 1H), 3.56

solvent was removeith vacuq and column chromatography of the  (q,J = 5.3 Hz, 1H), 2.96-2.80 (m, 1H), 2.5%#2.51 (m, 1H), 2.36

resulting oil on silica gel with 40% ether in hexanes afforded 394 2.28 (m, 1H), 2.19-1.52 (series of m, 20 H), 1.48L.39 (m, 1H);

mg (71%) of13 as a solid. The spectral properties were identical 3C NMR (GsDg, 125 MHz, 60°C) 6 101.2, 100.1, 96.4, 94.4, 85.7,

to those previously reportéd. 83.9, 70.9, 70.6, 69.7, 69.1, 67.2, 66.9, 34.5, 33.4, 32.4, 30.4, 30.1,
Hexa(THF) Ethers 18-20.The Normant reagent (8.3 mL, 0.40  28.2, 28.0, 27.9, 27.8, 27.5, 27.1, 26.7; ES HRM3 (C,4H306-

M in THF) was added to a cold (TC) solution 0f13(0.47 g, 1.38 Na") calcd 445.2566, obsd 445.2572.

mmol) in THF (15 mL) under N After 1 h, the mixture was a-Bromocyclohexanones 25 and 26Ketone24 (0.40 g, 1.5

quenched with 5% HCI solution, and the separated aqueous phasgnmol), dissolved in THF (10 mL) underJNwas cooled to GC

was extracted with CkCl, (4x) and dried. The combined organic  and treated with HB¢Py (0.53 g, 1.65 mmol) in 15 mL of THF

phases were dried, filtered, and concentrated by rotary evaporationyia syringe. After 15 min, the reaction mixture was warmed to rt,

After being placed under high vacuum overnight, the crude diol diluted with E;O (20 mL), and treated with 10% sodium thiosulfate

was taken up in CkCl, (50 mL) under N. Triethylamine (0.87  solution after 30 min. The two layers were vigorously mixed and

mL, 4.5 mmol) and DMAP (50 mg) were added, the solution was separated, followed by washing of the organic phase with khd

cooled to °C, and TsCl (0.58 g, 3.04 mmol) was introduced. After  prine. The ethereal solution was dried, concentrated, and chro-

overnight stirring at rt, an additional 50 mg of TsCl was added, matographed on silica gel with 20% EtOAc in hexanes to afford

and stirring was maintained an additional 24 h. The reaction mixture 25 and 26 as 0.28 g (54%) of solid and 0.20 g (39%) of an oil,

was then washed with 10% HCI solution, the separated aqueousrespectively.

phase was extracted with GEl (3x), and the combined organic For the less polar isomer: white solid, mp 128; (IR neat,

phases were dried. Filtration and solvent removal resulted in an cm1) 1735, 1084, 1063:H NMR (CDCls, 300 MHz) 5.11 (dd,

oil that was chromatographed on silica gel with 20% ether in j— g3 135 Hz, 1H), 3.983.72 (m, 5H), 3.74 () = 6.5 Hz,

hexanes to afford 40 mg (7%) @b and 300 mg of a mixture of 1H), 2.76-2.70 (m’ 1H), 2.40 (de = 6.3, 13.5 Hz, lH), 2.29

18 and 19, which were subsequently separated by column chro- 1 gq (series of m, 11H), 1.54145 (m, 1H);33C NMR (CDClk, 75

matography on silica gel with 10% ether in @, to yield 240 \1Hz) ¢ 201.6, 95.1, 91.1, 87.5, 71.2, 69.2, 68.1, 50.7, 44.6, 32.8,

mg (41%) of18 and 60 mg (10%) ofl.9. 32.5,32.3, 26.7, 26.0, 25.3; ES HRMEz (C;sH2:BrO,Na') calcd
For 20: white solid, mp 134135 °C; (IR neat, cm?) 2970, 367.0515, obsd 367.0511.

2870, 1059;H NMR (CDCls, 500 MHz) 6 3.95-3.80 (m, 8H),
3.83 (q,J = 7.3 Hz, 2H), 3.66-3.55 (m, 4H), 2.952.85 (m, 2H),
2.73-2.64 (m, 2H), 2.43-2.30 (m, 2H), 2.2£2.05 (m, 6H), 1.96
1.80 (m, 2H), 1.69-1.50 (series of m, 10H%3C NMR (CDClk,

For the more polar isomer: colorless oil; (IR neat, ép2952,
2875, 1735*H NMR (CDCls, 300 MHz)6 5.12 (dd,J= 6.2, 13.8
Hz, 1H), 3.92-3.68 (m, 5H), 3.63 (q) = 8.4 Hz, 1H), 2.65 (quintet,

J= 6.4 Hz, 1H), 2.55 (tJ = 12.9 Hz, 1H), 2.31 (quintet] = 6.2
125 MHz) 6 96.4, 94.5, 82.8, 69.8, 68.7, 66.5, 33.4, 28.0, 27.6, |1, 11y 2201 73 (series of m, 10H), 1.65.55 (m, 1H):

. -
26.0; ES HRMSmz (M + Na)' calcd 445.2566, obsd 445.2574. NMR (CDCl, 75 MHz) 6 199.5, 92.4, 90.7, 8.1, 70.1, 69.6, 67.7,

For 18 white solid, known compound with spectroscopic data 50.7,44.0, 32.8, 28.1, 27.6, 27.1, 26.1, 25.4; ES HRVECsHor-

identical to that previously reportédl. N
For19: colorless oil; (IR neat, ci) 2964, 2871, 1059H NMR " eNa') caled 367.0515, obsd 367.0507.
(CDCl, 300 MHZ) & 4.03-3.82 (m, 8H), 3.75 (q) = 7.7 Hz o,f-Unsaturated Ketone 27 A mix of bromides25and26 (3.3

. , 14.2 mmol) was dissolved in dimethylacetamide (150 mL) along
3H), 3.65-3.55 (m, 3H); 3.03-2.89 (m, 2H), 2.73-2.64 (m, 2H), g, 142 :

2.5)1—2.19 (seri((as of ni 4H) 2.911(.52 (St)eries of m iGH)BC% with LIBr (3.3 g, 56.8 mmol) and LCO; (2.9 9, 56.8 mmol) under
NMR (CDCls, 75 MHz)é 97é 971 95.1. 93.8 836 82 8' 70.3 N,. The mixture was refluxed fo4 h and cooled. Removal of
69.8 69.6 6:38 7 68.3 66.7 '3’4 2 .3\13 8 '3’3 5 '3’1 6 .2{3 2 28 1 27 g solventin vacuowas followed by column chromatography on silica

. t gel with 30% EtOAc in hexanes to afford 2.5 g (94%)2¥ as a
21;57’2526361’0@66‘4{356'2355%5'5’ ES HRM8Zz (M + Na)" caled e 'Solid, mp 65-66 °C; (IR neat, cm?) 2958, 2874, 168%H

Hexa(THF) Ethers 22 and 23.The Normant reagent (10.5 mL, E‘gﬂg Eij]\AE()lgel 5:2 '\l/I:Z ;g;c)tg 9'7553(?_'{‘; :1|}|013|;§, 31'2’
0.40 M in THF) was added to a cole-{¢8 °C) solution of16 (140 : 5|(_| ’ 2592'30 ' 1H)’ 2'20§ 15_ ) 1H ’1 982'1 7'0 o
mg, 0.41 mmol) in THF (20 mL) under NAfter 1 h, the mixture (T‘m 1)(,)H. -13c'NM(g't )Br 292 n(mt* 9tn)"n'D|v| < Od(s_elggs
was quenched with 5% HCI solution, extracted with/CH (15x), ﬂRl\/iS m/z)'C oD Ngf cz;I)Sd ggg 1‘2"‘54 ObISd pe 12§é
dried, and concentrated by rotary evaporation. After being placed (CasHag0uNa") ' ' : :
under high vacuum overnight, the crude dil was taken up in Tetra(THF) Ethers 28 and 29.The Normant reagent (32.6 mL,
CH,Cl, (20 mL) under N. Triethylamine (0.35 mL, 2.5 mmol) ~ 0-40 M) was added to a coolee {8 °C) solution 0f27(2.3 g, 8.7
and DMAP (20 mg) were added, and the solution was cooled to Mmol) in THF (150 mL) under hlvia syringe pump over 30 min,
0 °C. Tosyl chloride (240 mg, 1.26 mmol) was introduced, and the ar_1d warmed to rt after an _addltlonal 2h. T_he mixture was q_uenched
mixture was allowed to stir at rt overnight. The following day, an With saturated N&LCI solution, extracted with CCl, (3x), dried,
additional 40 mg of TsCl was added, and after an additional 24 h, @nd evaporated. After removal of excess solvent under high vacuum
the reaction mixture was washed with 10% HCI solution, and the (0-5 mmHg) overnight, the crude diol was taken up in,CH (150
separated aqueous phase was extracted withCGH3x). The mL) under N and treated with triethylamine (2.4 mL, 170.0 mmol)
combined organic phases were dried and freed of solvent. The@d DMAP (50 mg). The solution was cooled to °C, p-

resulting oil was chromatographed on silica gel with 10% ether in toluenesulfonyl chloride (1.4 g, 7.4 mmol) was added, and the
CH,Cl, to afford 32 mg (18%) oR3 and 99 mg (57%) oR4. mixture was stirred at rt for 2 d, washed with 10% HCI, water, and

For 23 white solid, mp 153154 °C; (IR neat, cm?) 2960 brine and then dried. Filtration and solvent removal gave an oil
2876, 10691H NMR (beDG, 500 MHz, ’70°C) S 4.’61—4.50 (m: that was chromatographed on silica gel with 20% EtOAc in hexanes

2H), 4.08-3.97 (m, 4H), 3.89 (t) = 6.4 Hz, 4H), 3.75 (¢ = 7.5 to afford 1.6 g (60%) o028 and 300 mg (8%) oR9.

Hz, 2H), 3.63 (qJ = 6.1 Hz, 2H), 2.48-2.21 (br m, 2H), 2.2% For 28 see ref 19.

2.08 (m, 6H), 2.03-1.61 (series of m, 16H}C NMR (CsDs, 125 For29: colorless ail; (IR neat, cri) 2957, 2869, 1048H NMR

MHz, 70°C) 6 100.8, 94.6, 84.0, 70.0, 69.3, 67.6, 32.3, 29.5, 27.7, (C¢De, 500 MHZz) 6 5.43 (s, 2H), 3.963.86 (m, 2H), 3.8%75

27.5, 27.3, 26.4; ES HRM®Vz (Co4H3s0sNa") calcd 445.2566,  (m, 6H), 3.02-2.98 (m, 2H), 2.08-2.01 (m, 2H), 1.86:1.75 (m,

obsd 455.2566. 2H), 1.72-1.64 (m, 4H), 1.62 (M, 6H):3C NMR (CsDg, 125 MHz)
For22 white solid, mp 149-150°C; (IR neat cm?) 2967, 2872, 0 131.9, 91.3, 87.0, 69.1, 68.4, 35.1, 31.5, 28.3, 26.7; ES HRMS

1068;H NMR (CgDg, 500 MHz, 60°C) 6 4.93 (t,J = 7.3 Hz, m/z (C1gH2604Na’) calcd 329.1723, obsd 329.1729.
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Aldehydo Ester 31.Cyclohexene&9 (190 mg, 0.62 mmol) was
dissolved in MeOH (5 mL) and cooled t678 °C. Ozone was
bubbled through the solution until a blue color persisted. Following
treatment with NaHC@ (50 mg), the mixture was warmed to rt,
Me,S (0.5 mL) was added, and the solution was stirred overnight.
The solvent was removeid vacuq and column chromatography
on silica gel with 50% EtOAc in hexanes to 50% EtOAc in hexanes
containing 5% MeOH afforded 61 mg of the crude aldehydo acid
30.

The acid (105 mg, 0.30 mmol) was then dissolved in a 3:2 THF/
DMF solution (3 mL) with K,CO; (102 mg, 0.75 mmol) under N
Mel (0.18 mL, 2.96 mmol) was added, the mixture was stirred for
4 h, and saturated N#&l solution and CHCIl, were introduced.
The separated aqueous phase was extracted witRIgE2x ), and
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combined organic phases were dried and concentrated to give an
oil that was chromatographed with 25% EtOAc in hexanes to
provide 168 mg (76%) oB4 and crude35 as a solid and oil,
respectively. Compound5s was further purified by column chro-
matography with 2% EO in CHCl, to remove a UV-active
impurity (14%).

For 34: white solid, mp 109-110 °C; (IR neat, cmt) 2948,
2882, 1734, 1067*H NMR (CgDg, 500 MHz, 70°C) 6 5.06 (t,J
= 8.0 Hz, 1H), 4.16-4.03 (m, 1H), 3.99-3.94 (m, 2H), 3.96-
3.63 (series of m, 7H), 3.51 (s, 3H), 3.38 Jt= 10.3 Hz, 1H),
2.86-2.78 (m, 1H), 2.6%2.53 (m, 2H), 2.45 (¢J = 8.4 Hz, 1H),
2.30-2.25 (m, 2H), 2.181.95 (series of m, 6H), 1.851.65 (series
of m, 7H); 13C NMR (CsDg, 125 MHz, 70°C) ¢ 171.9, 97.4, 97.0,
95.2,93.5, 84.9, 69.9, 69.7, 69.2, 68.5, 66.9, 50.7, 36.3, 34.3, 32.05,

the combined organic phases were dried and concentrated. The32.0, 27.64, 27.6, 27.1, 27.0, 25.8, 25.7; ES HRM3(CxH340+-

resulting oil was chromatographed on silica gel with 50% EtOAc
in hexanes to provide 45 mg (11% over two steps)3tfas a
colorless oil; (IR neat, crf) 2948, 1723, 1069*H NMR (CDCl;,
500 MHz)6 9.45 (s, 1H), 3.983.73 (m, 3H), 3.76-3.60 (m, 4H),
3.58 (s, 3H), 3.54 () = 9.8 Hz, 1H), 2.45-2.36 (m, 1H), 2.28
2.15 (m, 2H), 2.13-2.08 (m, 3H), 2.06-1.72 (m, 9H), 1.521.45
(m, 1H);13C NMR (CDCk, 125 MHz) 6 192.3, 174.1, 95.4, 94.6,

Na") calcd 433.2197, obsd 433.2202.

For 35: colorless oail; (IR neat, crt) 2952, 2880, 1730, 1066;
IH NMR (CgDg, 500 MHz, 60°C) 6 4.40-4.36 (m, 1H), 4.08
4.04 (m, 1H), 3.973.90 (m, 2H), 3.843.72 (m, 5H), 3.673.59
(m, 2H), 3.45 (s, 3H), 3.183.03 (m, 1H), 2.8+2.77 (m, 1H),
2.57-2.51 (m, 1H), 2.38-2.20 (m, 2H), 2.068-1.56 (series of m,
15H); 23C NMR (CgDs, 125 MHz, 70°C) 6 172.8, 97.5, 97.4, 94.9,

92.7,915,70.2,69.2,68.8,67.1,51.9, 33.4, 33.3, 30.7, 27.4, 27.0,94.0, 84.4, 70.2, 70.0, 69.5, 68.0, 67.3, 50.8, 34.9, 34.0, 32.3, 30.5,

26.3, 26.2, 25.2; ES HRMBvVz (M + Na)" calcd 391.1733, obsd
391.1746.

Aldehydo Acid 33. Cyclohexene28 (1.3 g, 4.2 mmol) was
dissolved in MeOH (55 mL) and cooled t678 °C. Ozone was
bubbled through the solution until a blue color persisted, and the
mixture was treated with NaHGQ1.0 g). After warming to rt,
Me,S (5 mL) was added, and the solution was stirred overnight.
Solvent was removeéh vacuo.Column chromatography of the
residue on silica gel with 50% EtOAc in hexanes containing 5%
MeOH afforded 1.17 g (79%) 082 as a white solid, mp 148
149 °C; (IR neat, cm?) 1762 (s), 1720 (s), 1066 (m}H NMR
(CDCl;, 300 MHz) 0 9.49 (s, 1H), 4.284.20 (m, 1H), 4.02 (tJ
= 6.5 Hz, 2H), 3.98-3.88 (m, 3H), 3.78 (@) = 7.7 Hz, 1H), 3.69-
3.61 (m, 1H), 2.3+1.75 (series of m, 16H}C NMR (CDCk, 75
MHz) 6 194.1, 173.4, 96.7, 95.1, 94.6, 91.7, 71.6, 70.0, 69.4, 67.2,
32.8, 31.8, 30.6, 27.0, 26.8, 25.6, 25.5, 23.9; ES HRMZ
(C1gH260;Na") calcd 377.15707, obsd 377.1555.

The acid32 (115 mg, 0.32 mmol) was dissolved in a 3:2 THF/
DMF solution (5 mL) with KCO; (111 mg, 0.8 mmol) under N
Mel (0.2 mL, 3.2 mmol) was added, and the mixture stirred for 4
h, after which saturated N§&I solution and CHCI, were intro-
duced. The separated aqueous phase was extracted wiblCH

29.3, 26.9, 26.6, 26.4, 26.2, 26.0; ES HRM#x (CH340/Na")
calcd 433.2197, obsd 433.2202.

Aldehyde 36.LiAIH 4 (20 mg, 0.54 mmol) was added 34 (110
mg, 0.27 mmol) dissolved in ED (5 mL) and stirred for 1 h. Solid
Na,SO,°10H,0 was added, the mixture was filtered, and the filtrate
was concentrated by rotary evaporation. The crude alcohol was then
taken up in DMSO (4 mL) and treated with IBX (113 mg, 0.41
mmol). After 4 h, HO and CHCI, were added, the layers were
separated, and the aqueous phase was extracted wiblQHx).
The combined organic phases were dried and concentratedua
The resulting oil was chromatographed on silica gel with 20%
EtOAc in hexanes to afford 94 mg (92%) 86 as a solid, mp
102-104 °C; (IR neat, cm?) 2948, 2882, 1734, 1067H NMR
(CsDs, 500 MHz, 70°C) 6 9.65 (s, 1H), 4.75 (t) = 7.1 Hz, 1H),
4.00-3.81 (series of m, 5 H), 3.683.52 (series of m, 5H), 2.32
2.28 (m, 1H), 2.252.06 (m, 4H), 2.06-1.91 (m, 3H), 1.881.75
(m, 3H), 1.72-1.62 (m, 8H), 1.56-1.42 (m, 1H);33C NMR (C4Ds,

125 MHz, 70°C) 6 194.1, 97.4, 97.0, 94.5, 93.9, 84.8, 70.3, 69.7,
69.1, 68.9, 67.2, 33.63, 33.6, 31.4, 28.8, 28.0, 27.3, 27.2, 26.0, 25.4,
24.3; ES HRMSnz (CxH3,06Na") calcd 403.2091, obsd 403.2098.

Hexa(THF) Ethers 38 and 39.The Normant reagent (0.47 mL,

0.40 M) was added to a cold (@) solution 0f36 (34 mg, 0.09

(2x), and the combined organic phases were dried and concentratedmmol) in THF (2 mL) under Nvia syringe, and the mixture stirred

The resulting oil was chromatographed on silica gel with 50%
EtOAc in hexanes to afford 108 mg (92%) 88 as a solid, mp
125-126 °C; (IR neat, cm?) 2950, 2886, 1730, 1066H NMR
(CeDe, 500 MHz, 70°C) 6 9.79 (s, 1H), 4.084.02 (m, 1H), 3.99
3.90 (m, 1H), 3.74 (dt) = 5.1, 8.1 Hz, 1H), 3.68 (q] = 6.1 Hz,
1H), 3.60 (q,J = 6.5 Hz, 1H), 3.56-3.49 (m, 3H), 3.41 (s, 3H),
2.75-2.68 (M, 1H), 2.46:2.40 (m, 1H), 2.28:2.20 (m, 3H), 1.92
1.74 (series of m, 6H), 1.681.39 (series of m, 5H)}3C NMR
(CsDe,125 MHz, 70°C) 6 193.3, 172.6, 95.7, 95.6, 92.9, 92.6, 70.9,

for 1 h. The mixture was quenched with saturated,8Hsolution,

and the separated aqueous phase was extracted wiBI£Ex ).
Subsequent drying and concentration left an oil which was placed
under high vacuum overnight. The crude diol was taken up i CH
Cl; (3 mL) under N. Triethylamine (37.L, 0.27 mmol) and DMAP

(2 mg) were added to the solution that was cooled t€ @rior to

the addition of TsCl (32 mg, 0.18 mmol). The mixture was stirred
at rt for 2 d and subsequently treated with 10% HCI solution.
Following the separation of layers, the organic phase was washed

69.1, 68.3, 67.2,50.9, 33.2, 32.5, 32.1, 27.5, 27.0, 25.9, 25.87, 25.5;with water and brine and then dried. Filtration and solvent removal

ES HRMSm/z (CygH,50/Na") calcd 391.1727, obsd 391.1728.
Penta(THF) Ethers 34 and 35The Normant reagent (1.76 mL,
0.40 M) was added to a cooled ¢C) solution of33 (200 mg,
0.54 mmol) in THF (18 mL) under Nand stirred for 1 h. The
mixture was quenched with saturated }isolution, the separated
aqueous phase was extracted with,CH (3x), and the combined

gave an oil which was chromatographed on silica gel with 25%
EtOAc in hexanes to give 28 mg (74%) 88 and 4 mg (10%) of
39.

For 38 white solid, mp 146-142 °C; (IR neat, cm?) 2970,
2876, 1067;'H NMR (CgDs, 500 MHz, 70°C) 6 5.08 (t,J = 8.1
Hz, 1H), 4.14 (qJ = 7.4 Hz, 1H), 3.99-3.90 (m, 2H), 3.883.74

organic solutions were dried and concentrated by rotary evaporation.(m, 4H), 3.715-3.69 (m, 2H), 3.653.59 (m, 4H), 3.53-3.45 (m,

After removal of excess solvent under high vacuum overnight, the
crude diol was taken up in G, (150 mL) under M. Triethy-
lamine (0.25 mL, 1.8 mmol) and DMAP (10 mg) were added, and
the reaction mixture was cooled to°C prior to the addition of
TsCI (160 mg, 0.84 mmol). The mixture was stirred at rt for 2 d
before treatment with 10% HCI solution, water, and brine. The

1H), 2.78-2.66 (m, 2H), 2.43 (t) = 11.3 Hz, 1H), 2.29-1.88
(series of m, 7H), 1.821.47 (series of m, 13H)}:3C (CsDs, 125
MHz, 70°C) 6 99.0, 97.9, 96.2, 94.4, 85.2, 83.3, 70.1, 69.7, 69.5,
69.0, 68.4, 66.8, 35.4, 34.4, 32.9, 31.6, 27.9, 27.7, 27.6, 27.3, 27.26,
26.4, 25.7, 25.6; ES HRM8&Vz (C4H3g0sNat) calcd 445.2561,
obsd 445.2547.
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For 39: white solid, mp 118119 °C; (IR neat, cm?) 2971,
2877, 1066;'H NMR (CsDg, 500 MHz, 60°C) 6 5.04 (t,J = 6.9
Hz, 1H), 4.07%3.76 (series of m, 7H), 3.783.55 (m, 6H), 3.3+
3.27 (m, 1H), 2.682.60 (m, 2H), 2.542.48 (m, 1H), 2.4+2.33
(m, 1H), 2.24-1.89 (m, 7H), 1.851.59 (series of m, 12H):*C
(CsDs, 125 MHz, 70°C) 6 97.7, 97.6, 95.4, 95.3, 94.6, 94.5, 69.8,

Hilmey et al.

1H), 2.85-2.78 (m, 1H), 2.46-2.30 (m, 1H), 2.26-1.63 (series of
m, 9H), 1.45-1.35 (m, 1H);33C NMR (CDCk, 75 MHz) ¢ 196.0,
154.4, 124.6, 91.1, 89.3, 86.9, 71.1, 69.0, 68.0, 34.8, 32.3, 27.4,
26.3, 25.8, 24.8; ES HRMS8Vz (M + Na*) calcd 287.1259, obsd
287.1254

Tetra(THF) Ethers 44 and 45. CeCk-7H,O (261 mg, 0.70

69.7, 68.9, 68.5, 66.8, 66.4, 34.5, 33.0, 31.1, 27.9, 27.8, 27.5, 27.3,mmol) was dried overnight under high vacuum at 2@followed

26.9, 26.8, 26.1, 26.0, 25.5; ES HRM8z (Cp4H3s0sNa") calcd
445.2561, obsd 445.2560.

Aldehyde 37.LiAIH 4 (5 mg, 0.13 mmol) was added 85 (21
mg, 0.05 mmol) in B (2 mL) and stirred for 0.5 h. Solid Ma
SO 10H,0 was added, the mixture was filtered, and the filtrate

by stirring in THF (50 mL) fo 1 h at rt.Ketone43 (45 mg, 0.17
mmol) was added in THF (2 mL) and stirred for an additional hour.
After cooling to—78 °C, the Normant reagent (1.75 mL, 0.40 M
in THF) was added, and the reaction mixture was stirred for 2 h
prior to quenching with 5% HCI solution. After extraction with

was concentrated by rotary evaporation. The crude alcohol was thenCH,Cl, (3x), the combined organic phases were dried, filtered,

taken up in DMSO (2 mL) followed by the addition of IBX (28
mg, 0.1 mmol). After overnight stirring, the solvent was removed
in vacuq and the resulting oil was chromatographed on silica gel
with 20% EtOAc in hexanes to afford 15.2 mg (80%)3¥ as a
solid. This material was taken on directly into the next steps.
Hexa(THF) Ethers 40 and 41.The Normant reagent (0.2 mL,
0.40 M) was added to a cold () solution of37 (15 mg, 0.039
mmol) in THF (2 mL) under N and stirred for 1 h. The mixture
was quenched with saturated NMH solution, and the separated
aqueous phase was extracted with,CH (3x). After drying the

and concentrated. The resulting oil was chromatographed on silica
gel with 40% CHCI, in Et,O to afford the crude diol containing
some 1,4-addition product. This oil was then taken up in,ClK

(3 mL) along with triethylamine (7LL, 0.51 mmol) and DMAP

(5 mg). The solution was cooled to OC, treated withp-
toluenesulfonyl chloride (75 mg, 0.30 mmol), and allowed to stir
at rt for 2 d. The mixture was washed with 5% HCI, water, and
brine and then dried. Filtration and solvent removal gave an oil
that was chromatographed with 20% EtOAc in hexanes to afford
of 24 mg (46%) of45 and 14 mg (26%) ofi4.

organic phases, concentration resulted in an oil. Excess solvent was For45: colorless oil; (IR neat, cni) 2969, 2870, 1066H NMR
removed under high vacuum overnight. The crude diol was taken (CDCl;, 300 MHz)6 5.71 (d,J = 10.1 Hz, 1H), 5.34 (dJ = 10.1

up in CHCl, (2 mL) under N. Triethylamine (16.L, 0.117 mmol)
and DMAP (2 mg) were added to the solution and cooled €0
prior to treatment withp-toluenesulfonyl chloride (18 mg, 0.094
mmol). After being stirred at rt overnight, the reaction mixture was
washed with 10% HCI, water, and brine and then dried. Filtration

Hz, 1H), 4.17 (qJ = 7.5 Hz, 1H), 3.98-3.52 (series of m, 7H),
2.95 (dt,J = 8.1, 16.1 Hz, 1H), 2.662.60 (m, 1H), 2.452.36

(m, 1H), 2.22 (sextet] = 9.0 Hz, 1H), 2.06-1.96 (m, 3H) 1.93

1.45 (series of m, 9H-3C NMR (CsDs, 125 MHz)6 133.8, 128.2,
92.5,92.0, 87.8, 86.7, 70.0, 69.9, 69.1, 67.3, 34.8, 34.7, 32.6, 28.3,

and solvent removal gave an oil which was chromatographed on 27.8, 27.3, 27.2, 25.3; ES HRM&z (M + Na*) calcd 329.1729,

silica gel with 15% EfO in CH,Cl, to give 10 mg (60%) o#40
and 2.5 mg (15%) ofll.

For 40: white solid, mp 157159 °C; (IR neat, cm?) 2962,
2874, 1062;H NMR (CgDg, 500 MHz, 60°C) 6 4.75-4.65 (br
m, 2H), 4.11 (qJ = 7.2 Hz, 1H), 3.98-3.94 (m, 1H), 3.853.69
(series of m, 7H), 3.663.60 (m, 3H), 2.942.87 (m, 2H), 2.64
2.58 (brm, 1H), 2.242.14 (m, 2H), 1.941.50 (series of m, 19H);
13C NMR (CgDs, 125 MHz, 70°C) 6 98.4, 98.2, 94.9, 94.8, 84.2,

obsd 329.1720.

For44: colorless ail; (IR neat, crif) 2966, 2868, 1054H NMR
(CDCls, 300 MHz) 6 5.48 (q,J = 10.1 Hz, 2H), 4.06-3.86 (m,
4H), 3.72-3.66 (m, 4H) 2.73-2.68 (m, 1H), 2.141.60 (series of
m, 15H);13C NMR (CDCk, 75 MHz) ¢ 131.7, 128.3, 93.0, 90.9,
87.6, 86.8, 69.5, 69.2, 67.5, 66.9, 36.3, 34.6, 32.9, 27.6, 27.3, 27.1,
26.9, 26.7; ES HRMS1wz (M + Na') calcd 329.1729, obsd
329.1720.

83.7,69.8, 69.7, 68.2, 68.1, 66.4, 66.3, 33.3, 33.0, 32.9, 32.8, 30.0, Aldehydo Ester 46.Cyclohexenet5 (0.53 g, 1.73 mmol) and

29.4,27.6,27.2,27.1, 26.8, 26.7, 26.6; ES HRM3 (Cp4H3506-
Na*) calcd 445.2561, obsd 445.2540.

For41: colorless oil; (IR neat, crt) 2960, 2876, 1063H NMR
(CeDg, 300 MHz)d 4.68-4.59 (m, 1H), 4.33-4.26 (m, 1H), 4.26
4.14 (m, 1H), 4.11 (@) = 4.6 Hz, 1H), 4.02-3.96 (m, 1H), 3.86
(q,J = 7.1 Hz, 1H), 3.86-3.57 (series of m, 8H), 3.632.95 (m,
1H), 2.60-2.50 (m, 1H), 2.13-1.97 (series of m, 4H), 2.641.52
(series of m, 18H)*C NMR (CsDe, 75 MHZz) 6 99.0, 98.6, 97.9,

NaHCG; (500 mg) were dissolved in MeOH (50 mL) and cooled
to —78 °C. Ozone was bubbled through the solution for 45 min,
followed by @ for 10 min. The mixture was subsequently warmed
to rt, Me;S (4 mL) was added, and the solution was stirred
overnight. The solvent was removed vacug and column
chromatography on silica gel with 50% EtOAc in hexanes to 50%
EtOAc in hexanes containing 10% MeOH afforded 440 mg of the
aldehydo acid as an ail.

94.3, 84.4,83.3, 70.0, 69.6, 69.5, 69.3, 68.3, 67.0, 34.9, 34.3, 33.3, This acid was dissolved in a 2:1 THF/DMF solution (18 mL)

29.5, 29.4, 27.7, 27.3, 27.0, 26.6, 26.4, 26.0, 25.7; ES HRWMS
(Co4Hzg0sNa"™) calcd 445.2566, obsd 445.2589.

o f-Unsaturated Ketone 43.Ketone42 (1.9 g, 7.1 mmol) was
dissolved in THF (100 mL) under NAfter cooling to 0°C, HBr3-

along with K;CO; (497 mg, 2.5 mmol) under NMel (0.90 mL,

14.4 mmol) was added, and the mixture was stirred for 4 h, after
which saturated NkCI solution and CHCI, were introduced. The
layers were separated, and the aqueous phase was extracted with

Py (2.97 g, 9.3 mmol) in 50 mL of THF was added via syringe CH,Cl, (2x). The combined organic phases were dried and
and warmed to rt 15 min later. After 2.5 h, the solution was diluted concentrated. The resulting oil was chromatographed on silica gel
with EtO (20 mL), and 10% sodium thiosulfate solution was added. with 25% EtOAc in hexanes to afford 305 mg (48% over two steps)

The two layers were vigorously mixed, and the organic phase was of 46 as an oil; (IR neat, cm) 2953, 2886, 1725, 1073H NMR

washed with HO and brine. After drying of the organic phase,

(CéDs, 300 MHZ) 9.50 (s, 1H), 3.86-3.70 (m, 2H), 3.61 (sextet,

concentration provided an oil that was chromatographed on silica J = 7.9 Hz, 2H), 3.56-3.40 (m, 7H), 3.183.10 (m, 1H), 2.72

gel with 20% EtOAc in hexanes to afford 2.4 g of the bromide
diastereomers as an oil.

2.62 (m, 1H), 2.66-2.52 (m, 1H), 2.49-2.08 (series of m, 5H),
2.05-1.85 (series of m, 4H), 1.611.48 (series of m, 4H}:3C NMR

The bromides were then dissolved in dimethylacetamide (100 (C¢De, 125 MHz)6 192.5, 172.6, 94.6, 94.2, 93.3, 92.9, 69.8, 69.6

mL) along with LiBr (2.3 g, 27.0 mmol) and k€Os (2.0 g, 27.0
mmol) under N. The mixture was refluxed fo4 h and cooled.
Removal of solvent by distillation at 0.5 mmHg followed by column

66.8, 66.6, 51.5, 32.0, 30.7, 30.6, 27.1, 26.8, 26.7, 26.6, 26.5; ES
HRMS m/z (M + Na') calcd 391.1733, obsd 391.1742.
Penta(THF) Ethers 47 and 48The Normant reagent (0.66 mL,

chromatography on silica gel with 20% EtOAc in hexanes afforded 0.40 M) was added to a cooled {Q) solution of46 (97 mg, 0.25

1.35 g (75%) of43 as an oil; (IR neat, cr) 1688, 1084, 1053;
1H NMR (CDCl, 300 MHz)¢ 6.63 (d,J = 8.2 Hz, 1H), 5.86 (d,
J = 8.2 Hz, 1H), 3.98-3.67 (series of m, 5H), 3.598.50 (br m,
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mmol) in THF (2 mL) and stirred for 1 h. The mixture was
quenched with 5% HCI solution, extracted with &H, (3x), dried,
and concentrated by rotary evaporation. After removal of excess
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solvent at high vacuum overnight, the crude diol was taken up in 2H), 2.23-2.19 (m, 1H), 2.051.64 (series of m, 19 H}3C NMR

CH.Cl, (5 mL) under N. Triethylamine (0.11 mL, 0.76 mmol)

(CsDs, 125 MHz, 70°C) ¢ 99.9, 99.8, 94.3, 93.7, 84.6, 83.0, 70.0,

and DMAP (10 mg) were added to the solution and cooled to 0 69.6, 69.3, 69.0, 67.9, 67.2, 32.9, 32.8, 32.5, 31.5, 28.9, 28.4, 28.2,

°C. p-Toluenesulfonyl chloride (72 mg, 0.38 mmol) was introduced,
and the mixture was allowed to stir at rt for 2 d. The reaction

mixture was washed with 5% HCI, water, and brine and then dried.

28.0, 27.9, 27.5, 27.3, 26.3; ES HRM&z (M + Na)" calcd
445.2566, obsd 445.2588.
Hexa(THF) Ethers 52 and 53 LiAIH 4 (16 mg, 0.43 mmol) was

Filtration and solvent removal gave an oil that was chromatographed added to este48 (70 mg, 0.17 mmol) in EO (7 mL) and stirred

on silica gel with 25% EtOAc in hexanes to afford 62 mg (60%)
of 47 and 20 mg (20%) o#8.

For47: (IR neat, cntt) 2950, 2880, 1725:H NMR (CsDs, 500
MHz, 60 °C) ¢ 3.94 (dd,J = 6.0, 8.6 Hz, 1H), 3.893.82 (m,
1H), 3.76 (quintetJ = 7.3 Hz, 2H), 3.75-3.65 (m, 4H), 3.59
3.53 (m, 2H), 3.47 (s, 3H), 3.473.40 (m, 1H), 3.39-3.30 (m,
1H), 2.61 (t,J = 7.3 Hz, 1H), 2.55-2.45 (m, 3H), 2.362.28 (m,
3H), 2.22-2.10 (m, 2H), 2.0+ 1.67 (series of m, 8H), 1.661.59
(m, 2H); 13C NMR (C¢Dg, 125 MHz, 60°C) 6 171.2, 95.8, 95.1,

for 0.5 h. Solid NaSO,-10H,O was added, the mixture was filtered,
and the filtrate was concentrated by rotary evaporation. The crude
alcohol was then taken up in DMSO (2.5 mL) followed by treatment
with IBX (119 mg, 0.43 mmol). After overnight stirring, the solvent
was removedn vacua The resulting oil was chromatographed on
silica gel with 10% EtOAc in hexanes to afford 55 mg (85%) of
50 as a solid. This material was taken on directly into the next
steps.

The Normant reagent (0.72 mL, 0.40 M) was added to a cooled

94.0, 93.8, 83.6, 70.3, 68.7, 68.5, 67.0, 66.6, 50.9, 32.9, 30.8, 30.2,(0 °C) solution of50 (55 mg, 0.14 mmol) in THF (4 mL) and stirred

28.3,28.2, 28.0, 27.7, 27.3, 27.0, 26.6; ES HRM3 (M + Na")
calcd 433.2202, obsd 433.2195.

For48: (IR neat, cnil) 2951, 2875, 1732, 10654 NMR (CgDs,
500 MHz, 60°C) 6 4.27 (t,J = 7.1 Hz, 1H), 4.0+3.94 (m, 2H),
3.89-3.75 (series of m, 6H), 3.673.61 (m, 2H), 3.52 (s, 3H),
3.30-3.20 (br m, 1H), 3.143.08 (br m, 1H), 3.022.90 (br m,
1H), 2.34-2.23 (m, 2H), 2.02-1.49 (series of m, 15 H}3C NMR
(CeDs, 125 MHz, 60°C) 6 173.9, 100.6, 98.1, 92.7, 91.6, 82.8,

for 1 h. The mixture was quenched with 5% HCI, extracted with
CH,Cl, (3x), dried, and concentrated by rotary evaporation. After
column chromatography on silica gel with 50% EtOAc in hexanes
containing 10% MeOH, the diol was obtained as an oil. This diol
was taken up in CkCl, (3 mL) and kept under N Triethylamine
(60uL, 0.44 mmol) and DMAP (5 mg) were added to the solution
and cooled to O°C prior to the introduction op-toluenesufonyl
chloride (36 mg, 0.19 mmol). After being stirred at rt overnight,

70.0, 69.6, 69.5, 68.4, 68.3, 51.0, 33.9, 32.5, 32.4, 29.8, 28.1, 28.0,the reaction mixture was washed with 10% HCI, and the separated

27.9, 27.6, 26.1, 25.2; ES HRM&z (M + Na') calcd 433.2202,
obsd 433.2205.

Hexa(THF) Ethers 51 and 52.LiAIH 4 (36 mg, 0.95 mmol) was
added to este47 (130 mg, 0.32 mmol) in EO (5 mL) and stirred
for 1 h. Solid NaSO,-10H,0 was added, the mixture was filtered,

aqueous phase was extracted with,CH (3x) prior to drying.
Solvent removal afforded an oil which was chromatographed on
silica gel with 20% EO in CH,CI, to provide 6 mg (10%) 063
and 36 mg (59%) o062, respectively.

For 53: white solid, mp 105106 °C; (IR neat, cm?) 2972,

and the filtrate was concentrated by rotary evaporation. The crude 2865, 1056H NMR (CsDs, 500 MHz, 70°C) 6 4.10-4.03 (m,

alcohol was then taken up in DMSO (5 mL) followed by the
addition of IBX (62.5 mg, 0.80 mmol). After 4 h, @ and CH-

2H), 3.86-3.79 (m, 2H), 3.743.78 (m, 4H), 3.68 (o) = 6.8 Hz,
2H), 3.61 (q,d = 7.8 Hz, 2H), 3.54 (qJ = 7.5 Hz, 2H), 2.49

Cl, were added, the layers were separated, and the aqueous phageldd, J = 3.2, 9.4, 12.4 Hz, 2H), 2.221.96 (series of m, 10H),

was extracted with CKCl, (3x). The combined organic phases
were dried and concentrateéd vacua The resulting oil was

1.95-1.55 (series of m, 12H}:3C NMR (C¢Ds, 125 MHz, 70°C)
097.5,95.2,84.1, 69.1, 69.0, 67.0, 33.6, 27.8, 27.6, 27.3; ES HRMS

chromatographed on silica gel with 10% EtOAc in hexanes to afford m/z (M + Na)" calcd 445.2566, obsd 445.2579.

85 mg (70%) of49 as a oil. The material was taken on directly
into the next steps.

Electrospray lonization-Mass Spectrometry.The alkali metal
binding selectivity of each hexa(THF) compound was assessed by

The Normant reagent (1.28 mL, 0.35 M) was added to a cooled electrospray ionization mass spectrometry (ESI-MS). Solutions of

(0 °C) solution of49 (85 mg, 0.22 mmol) in THF (10 mL) via
syringe and stirred for 1 h. The mixture was quenched with 5%
HCI solution, extracted with C}Cl, (3x), dried, and concentrated
by rotary evaporation. After removal of excess solvent by high
vacuum overnight, the crude diol was taken up in,CH (10 mL)
under N. Triethylamine (0.12 mL, 0.88 mmol) and dimethylami-
nopyridine (10 mg) were added to the solution and cooled@.0
p-Toluenesulfonyl chloride (63 mg, 0.33 mmol) was introduced
and the mixture allowed to stir at rt for 3 d. The reaction mixture

each compound at the concentration of AN were prepared in
methanol, and 10@M LiCl, NaCl, and KCI were added to each
solution. The high concentration of metal salts was necessary to
minimize the contribution from environmental sodium. The analyte
solutions were directly infused into a ThermoFinnigan LCQ Duo
quadrupole ion trap mass spectrometer (San Jose, CA) at a flow
rate of 5uL/min. Positive mode ionization was employed, using
an ESI voltage oft5 V and a heated capillary temperature of
150°C. All other parameters were optimized each day for highest

was washed with 10% HCI solution, and the separated aqueoussignal intensity. The selectivity of each hexamer for Li, Na, and K

phase was extracted with GEl, (3x) prior to drying and filtration.

was calculated by summing the abundances of all ions containing

Solvent removal provided an oil which was chromatographed on a particular metal and dividing by the total abundance of all ions

silica gel with 20% EtOAc in hexanes to give 70 mg (75%baf
and 15 mg (16%) ob2.

For 51: white solid, mp 194195 °C; (IR neat, cm?) 2954,
2870, 1062;'H NMR (CgDe, 300 MHz) 6 5.29-5.23 (m, 1H),
4.34-4.26 (m, 2H), 4.02 (qJ = 8.5 Hz, 1H), 3.953.60 (series
of m, 10H), 3.39-3.30 (m, 1H), 3.223.09 (m, 2H), 2.33-2.29
(m, 1H), 2.06-1.49 (series of m, 20H}3C NMR (CsDg, 75 MHZz)

in the spectrum. lons containing more than one hexa(THF) molecule
were weighted accordingly. All 12 diastereomers were assessed on
the same day under identical tuning conditions, and replicate

experiments were performed on different days.
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26.1; ES HRMSWz (M + Na)" calcd 445.2566, obsd 445.2565.
For 52: white solid, mp: 162164 °C; (IR neat cnt) 2954,
2868, 1060H NMR (CgDg, 500 MHz, 70°C) 6 4.79-4.64 (m,
1H), 4.33 (t,J = 6.7 Hz, 1H), 4.05-3.97 (m, 1H), 3.91 (¢J = 7.3
Hz, 1H), 3.87-3.66 (series of m, 8H), 3.643.60 (m, 1H), 3.55
(q,J = 7.8 Hz, 1H), 2.79-2.68 (m, 2H), 2.552.30 (series of m,

Supporting Information Available: High-field H/13C NMR
spectra for all new compounds in addition to X-ray crystallographic
details for hexamerg3, 38, 39, 40, 51, 52, and53. This material
is available free of charge via the Internet at http://pubs.acs.org.
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