PAPER

1391

Stereochemistry of the Monoalkylation of
(1R)-3-endo-(p-M ethoxybenzyl)isobor nyl Propionate

Byung Ick Seo, David E. Lewis*?

Department of Chemistry, South Dakota State University, Box 2202, Brookings, SD 57007-0896 USA

Fax +1(715)8364979; E-mail: lewisd@uwec.edu
Received 7 September 2001; revised 30 April 2002

Abstract: The alkylation of the lithium enolate of (1R)-3-endo-(p-
methoxybenzyl)isobornyl propionate in THF gives predominantly
the (R)-2-methyla kanoic estersin de’ s of 25-42%. The structure of
the alkyl halide does not affect the outcome, although the most re-
active halides give the greatest de levels. The formation of the eno-
late in THF-HMPA reverses the stereochemistry of the alkylation
with ethyl bromide from 42% R to 23% S The stereochemistry of
the reaction is interpreted in terms of a conformational shift on
deprotonation of the ester.

Key words. benzylisobornyl esters, akylations, stereoselectivity,
lithium enolates, steric hindrance

The alkylation of simple ester enolates as amethod for the
formation of chiral a-alkyl carboxylic acids and the corre-
sponding aldehydes and primary acohols has met with
widely varying success, giving alkylated products with
de's from less than 50% to over 95% depending on the
chiral auxiliary used.? In previous papers,* we have re-
ported the synthesis of 3-endo-(p-methoxyben-
zyl)isoborneol (1) and the conformations of its esters
based on their *H NMR spectra and the single crystal X-
ray structure anaysis of 3-endo-(p-methoxyben-
zyl)isobornyl p-nitrobenzoate (2). The structure obtained
is presented in Figure 1. This structure shows that the ar-
omatic ring in these estersisideally located to completely
shield one face of the carbonyl group and the a-carbon.
Bearing in mind that solid-state conformations are not al-
ways predictive of solution-phase conformations, in light
of the 'H NMR evidence, this still strongly suggested that
the 3-endo-benzylisoborneols might function as useful
chiral auxiliaries for alkylation reactions.

NO2

Figure 1 The structure of 3-endo-(p-methoxybenzyl)isobornyl p-
nitrobenzoate (2).
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Herein, we describethe results of a systematic study of the
monoalkylation of the lithium enolates of the propionate
ester 3 with avariety of alkyl halides.

The starting propionate ester 3 could be prepared by acy-
lation of the alcohol 1 with propionic anhydride in pyri-
dine or by acylation of its sodium alkoxide with propionyl
chloride. The lithium enolate 4e [(E)-4] or 4z [(2)-4] was
straightforwardly prepared by deprotonation of the ester
with lithium diisopropylamide (LDA) in THF at —78 °C
(Figure 2). Trapping experiments with D,O indicated that
the deprotonation is restricted to the a-protons of the
acyl group, and that it is complete within two minutes at
—78 °C, despite the relatively hindered nature of the ester.

4z: R'=H; R’ =Me

Figure 2 The structures of the propionate ester 3 and the enolates
de, 4z.

The lithium enolate was akylated with a variety of akyl
halides, each reaction being carried out by addition of ex-
cess akyl halide to the cold (78 °C) solution of the eno-
late.® The reaction with ethyl bromide isillustrated in the

Scheme.
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From this reaction, five products were isolated: the alco-
hol 1, the monoalkylated esters, 5a and 6a, the dialkylated
ester, 7a, and the B-keto ester 8. Under the reaction condi-
tions, the two diastereoisomeric a-methylcarboxylate es-
ters 5a and 6a, were obtained as an inseparable mixturein
the disappointingly low ratio of less than 3:1. The results
are summarized in the Table. Of the dialkylated esters, we
explicitly isolated only 7a and 7b; lesser yields of the cor-
responding esters 7c—g may be formed with larger alkyl
halides, but these esters were not present in quantities suf-
ficient to isolate. The isolation of the B-keto ester 8 was
undertaken only in the reaction with ethyl bromide.

Table Alkylation of 1 by Alkyl Halidesin THF

RX 5 6  Yidd(®%) de(%)? 7
EtBr 5a 6a 60 2R 7a(ll)P
EtBr (HMPA-THF) 5a 6a 60 24.(9

n-BuBr 50 6b 65 2(R) 7oAy
i-Prl 5c 6¢c 25 40 (R)
¢-CsHy,Br 5d 6d 26 34(R)

i-Bul 5e 6e 23 26 (R)
CH,=CHCH,Br 5 6f 46 40 (R)
CH,=C(Me)CH,Cl 5y 6g 46 42 (R)

2Determined by *H NMR spectroscopy using peak heights at 200
MHz.

b|solated percent yields of chromatographically homogeneous com-
pounds.

The relative abundance of the two diasterecisomeric a-
methylcarboxylate esters 5a and 6a obtained by depro-
tonation of 3 in THF and akylation with ethyl bromide
was reversed when the deprotonation and alkylation were
carried out in 23% HMPA in THF. Thisresult isin accord
with the predictions of the Ireland model® for deprotona-
tion of esters: although the effects of solvent on enolate
geometry may be more subtle than previously assumed,’
the Ireland model predicts that deprotonation in THF—
HMPA will give predominantly the (2)-O-enolate 4z and
deprotonation in THF alone will give predominantly the
(E)-O-enolate 4e. While the effects of enolate aggregation
cannot be eliminated as the primary cause of this stere-
ochemical reversal, the observed stereochemistry is con-
sistent with the alkylation being under kinetic control,
with the ratio of the a-methylcarboxylates obtained being
determined by the stereochemistry of the ester enolate.
The observed sterochemistry also suggests that the rate of
stereochemical inversion of the ester enolateis slow when
compared with the rate of the alkylation reaction and that
any subsequent equilibration of the product is slow
enough not to affect the stereochemistry of the final prod-
uct mixture in any substantive way. Given the extended
reaction timefor alkylation, inversion of enolate geometry
cannot be eliminated as a possible origin of the poor ste-

reosel ectivity of the alkylation. However, unless aggrega-
tion effects are almost entirely responsible for the reversa
of alkylation stereochemistry on incorporation of HMPA
into the solvent, the Curtin-Hammett Principle makes it
difficult to reconcile that stereochemical reversal with ste-
reochemical inversion of the enolate occurring more rap-
idly than its alkylation or other reactions. Unfortunately,
al our attempts to isolate an enol silyl ether from thisre-
action —which would answer this stereochemical question
unambiguously — have failed. Although one may specu-
late that this may be due, in part, to the sterically congest-
ed |ocation of the enolate oxygen atom, we have no direct
evidence to bear on this question.

Since the diastereoisomeric a-methylcarboxylate esters
co-elute under al conditions studied to date, the determi-
nation of de's and the assignment of absolute configura-
tion of the new chiral center by HPLC was not possiblein
this system. However, in the 200 MHz *H NMR spectrum
of the propionate ester 3 the diastereotopic protons of the
acyl methylene group resonate at very similar, but dis-
cernibly different chemical shifts (6 = 2.189 and 2.190).
This suggested that it might be possible to assign the ab-
solute configuration to the a-methylcarboxylate esters by
'H NMR spectroscopy. The preliminary examination of
the *H NMR spectraof the mixed a-methylcarboxylate es-
tersreinforced this hypothesis.

In order to assign the absolute configuration of the esters
produced, a compound of known absolute configuration
was needed to provide the baseline chemical shift datafor
one of the two diastereoisomers. This ester of known con-
figuration was obtained by derivatization of the sodium
salt of the alcohol 1 with (S9)-(+)-2-methylbutanoic an-
hydride. This gave a single sterecisomeric ester 6a; de-
rivatization of the racemic acid viaits acid chloride or the
mixed phosphoric anhydride afforded an inseparable mix-
ture of thetwo esters 5a and 6a, under the same conditions
(see experimental part). The *H NMR spectra of the ester
6a and of the mixture of the two esters showed that the
chemical shifts of three protons were sensitive to the ab-
solute configuration of the acyl group: the benzyl protons
and the doublet resonance of the a-methyl group of the
acyl moiety. When the spectrum of the ester 6a was com-
pared with the spectra of the esters prepared by alkylation
of 3 with ethyl bromide, it was clear that this ester of
known absolute configuration corresponds to the minor
isomer formed in the alkylation reaction. Thus, the major
isomer formed by alkylation of (1R)-3 in THF isthe ester
of (R)-2-methylbutanoic acid, while when the alkylation
of the same ester is carried out in HMPA-THF, the major
isomer is the (§-2-methylbutanoate ester. The chemical
shift patterns in the *H NMR spectra of the mixed a-me-
thylcarboxylates formed in the alkylation reactions indi-
cated that this is general: alkylation of (1R)-3 gives the
(R)-2-methylcarboxylate ester as the major product. The
!H NMR spectra of all the mixtures of monoalkylated
products showed the same pattern of chemical shifts for
the benzy! protons of the auxiliary and the a-methyl group
of the acyl group, thus allowing the stereochemistry of all
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alkylated productsto be assigned by analogy with the eth-
yl compound.

The observed lack of stereoselectivity may be due to two
possible causes: aconformational changein the enolate on
deprotonation of the ester, resulting in loss of shielding by
the aryl ring, or the interconversion of the (E)-O- and (2)-
O-enolates. While enolate inversion may account for the
observed stereochemistry of the akylation, we suggest
that the reversal of stereochemistry when HMPA is added
to the solvent renders this rationalization less attractive
than the alternative, based on a conformational change on
deprotonation of the ester. However, such simple stereo-
chemical isomerization of the enolate cannot be eliminat-
ed from consideration by our results.

Thus, we suggest that the observed stereochemistry of the
alkylation reactions—which is exactly the opposite of that
which would be predicted on the basis of the conforma-
tion of the starting ester —is better rationalized onthe basis
of amajor conformationa change on deprotonation of the
ester. We suggest that the conformation changes from A
below (reminiscent of the starting ester) to B; this moves
the aromatic ring to a position anti to the carbinol carbon
(C-2 of the bornane ring system) of the ester, and away
from the a-carbon of the enolate (Figure 3). Given that the
electron-poor carbonyl group of the ester becomes elec-
tron-rich in the enol ate anion, and that conformation B in-
creases the distance between the two electron-rich groups
while approximating another energy minimum of the
starting ester, we suggest that this may not be an unrea-
sonable rationalization of the observed results. AM1 cal-
culations using the trimethylsilyl enol ether as a model
suggest that the enolate anion may, in fact, adopt severa
conformations of similar energy. AM1 Calculations indi-
cate that conformations A and B, separated by abarrier of
approximately 4.5 kcal/mole, are the lowest-energy con-
formations available to the system; conformation B is
lower in energy by 0.57 kcal/mol.

A B

Figure3 Sterochemical definition of the alkylation products based
on conformations A and B.

In conformation B, thearomatic ring isnot located in a po-
sition where it will affect the approach the alkyl halide to
the enol ate, with aresult that the C-10 methyl group of the
bornane ring system becomes the dominant stereocontrol-
ling feature of the molecule. Under these circumstances,
the stereochemical bias of the alkylation reaction is re-
versed and reduced, with aresult that the (R)-o-methylcar-
boxylate ester becomes the major isomer of a 2:1 mixture
of diastereoisomers obtained by akylation of the (1R)-
propionate ester.

In the alkylation of (1R)-3, we observed that secondary
halides and branched halides all gave de's below 30%
compared to unbranched, reactive halides which all gave
de's above 40%. In addition, the chemical yields of alky-
lated products from reactionswith secondary alkyl halides
were generally lower than the chemical yields from reac-
tionswith primary halides. Thisresult iscounter-intuitive;
in general, one expects that as the akyl halide becomes
more sterically demanding, the effects of the steric block-
ing groups around the prochira center should become
more pronounced and the de levels should increase — one
expects significantly higher de's when the akylating
agent is branched.

We suggest that the origin of this stereochemical result is
in three potential competing reactions available to the ini-
tially-formed lithium enolate. The enolate may undergo
alkylation to give the esters 5 and 6, it may undergo
stereochemical inversion to interconvert 4e and 4z, or it
may undergo Claisen condensation to give the p-keto es-
ter 8 and the alcohol 1. The observed results are consistent
with competing Claisen condensation and stereochemical
inversion of the enolate being slower than the alkylation
with small, reactive halides, but comparable in rate to
alkylation with more bulky halides. An aternative ratio-
nalization, pointed out by a reviewer, may be morelikely:
it is possible that B-elimination from the branched alkyl
halides competes more successfully with the alkylation
reaction.

In summary, (1R)-3-endo-(p-methoxybenzyl)isobornyl
propionate (3) reactsrapidly with LDA in THF to give the
lithium enolate. This enolate reacts with alkyl halides to
give an inseparable mixture of the esters of the 2-methy-
lalkanoic acid 5 and 6 as the major productsin disappoint-
ingly low de's of 25-42% R. The stereochemistry of the
reaction is reversed when the lithium enolate is generated
in HMPA-THF. The structure of the alkyl halide does not
markedly affect the outcome, although the most reactive
halides give the greatest de levels, aresult which isinter-
preted in terms of competing stereochemical inversion
and Claisen condensation reactions available to the lithi-
um ester enolate. The stereochemical outcome of the
monoalkylation is consistent with a conformational shift
on deprotonation of the ester that moves the o-carbon of
the enolate into a position where the C-10 methyl group
becomes the major stereochemical determining factor.
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Melting points were determined using an electrically heated hot-
stage microscope, and are uncorrected. NMR spectrawere recorded
in CDCl; solution using a Varian Gemini-200 NMR Spectrometer
at 200 MHz for *H and 50 MHz for *3C. Chemical shiftsarereported
asd (ppm) downfield from internal Me,Si (0) for *H and the center
peak of CDCl; (77.1) for 13C. Assignments of peaks labeled * may
beinterchanged. Chemical shift assignments are based on the num-
bering system given in Figure 4.

Figure4 Numbering system for benzylisobornyl esters.

IR spectra were recorded as neat films or by diffuse reflectance
from KBr on a Bio-Rad FTS-60A Fourier transform IR spectro-
photomer; peak positions are calibrated against polystyrene (1601
cm™). El mass spectra were recorded using a Kratos MS25 RFA
mass spectrometer at 70 V. GC-M S spectrometry was carried out
using a Finnigan 1020B automated GC-M S spectrometer at 70 eV.
High resolution ElI mass spectra were determined on chromato-
graphically homogenous (HPLC on silica gel) samples which were
held under vacuum (<1 mm Hg) for 24 h prior to measurement. Op-
tical rotations were taken using a Cenco polarimeter and a 10 cm
cell a the sodium D line (589 nm); the solvent and concentration (g
mL~2) are reported; all values reported are the average of at least 5
determinations from each side. Column chromatography was car-
ried out using 70-230 mesh silica gel (Aldrich) and the indicated
eluting solvent. TLC was carried out on Merck silica gel 60F,g,.
HPLC was carried out using a Waters Associates system with an
Alltech silica gel column (1 p silica gel packing, 25 cm x 10 mm
ID), differential detection, and isocratic hexane-EtOAc eluents and
flow rates indicated.

All reactions involving air- or moisture-sensitive reagents or inter-
mediateswere carried out under dry argon in flame-dried glassware.
(1R)-3-endo-(p-Methoxybenzyl)isoborneol was prepared by the
published procedure.* THF was digtilled from sodium benzophe-
none ketyl immediately prior to use. Other solventswere fractional -
ly distilled prior to use. BuLi was obtained from Aldrich as a 10.0
M solution in hexane and was used as obtained. Lithium diisopro-
pylamide (LDA) was obtained from Aldrich asa 1.5 M solution in
cyclohexane and was used as obtained. Pyridine was refluxed over
KOH, distilled, and stored over KOH. Hexamethylphosphoramide
(HMPA) was refluxed over CaH, for 1 h, distilled under vacuum,
and stored over CaH, All other reagentswere used as obtained from
Aldrich.

(1R,2R,3S,4R)-3-[(4-M ethoxyphenyl)methyl]-1,7,7-trimethylbi-
cyclo[2.2.1]hept-2-yl Propanoate (3)

Theacohol 1 (0.85 g, 3mmol) was dissolved in anhyd pyridine (30
mL), and propionic anhydride (1.5 g, 11.5 mmol) was added. The
solution was stirred at r.t. until TLC analysisindicated that esterifi-
cation was complete (72 h). H,O (10 mL) was added to the solution,
and the reaction mixture was stirred for 1 h. The mixture was then
diluted with Et,O (50 mL), and extracted with 10% ag HCI (3 x 30
mL). The combined aqueous layers were saturated with NaCl and
extracted with Et,O (2 x 25 mL). The combined Et,O layers were
washed with sat. ag NaHCO; (2 x 25 mL ), dried (N&,SO,) and evap-
orated under reduced pressure. The ester 3 was thus obtained as a
colorless ail (0.97 g, 94%); [alp?® —19.5 (c = 10.8, CHCI,).

IR: 2949, 1734, 1612, 1512, 1462, 1246, 1181, 1037 cm™.

IHNMR: § =7.07 (d, 2H, J=8.7 Hz, ArH), 6.79 (d, 2H, J=8.7
Hz, ArH), 4.48(d, 1 H, J = 4.2 Hz, C2-H), 3.75 (s, 3H, OCH,), 2.83
(dd, 1H,J=7.3,13.6 Hz, C1’-Hg), 2.57 (dd, 1H, J = 8.8, 13.6 Hz,
CIl’-Hg), 2.37 (complex, 1 H, C3-H), 2.190 (g, 1 H, J=7.6 Hz,
C2"-H), 2.189 (g, 1 H, J = 7.6 Hz, C2"-H), 1.10-1.70 (complex, 5
H, C4-H, C5-H, C6-H), 1.04 (t, 3H, J=7.6 Hz, C3’-H), 0.99 (s, 3
H, C10-H), 0.82 (s, 3H, C9-H), 0.75 (s, 3 H, C8-H).

13C NMR: § = 173.7 (C=0), 157.7 (C4”), 133.1 (C1”), 129.5 (C2"),
113.6 (C3”), 85.4 (C2), 55.1 (OCHj), 49.8 (C1), 48.9 (C4), 47.9
(C3), 47.7 (C7), 35.7 (C8), 34.0 (C5), 27.9 (C2""), 20.4 (C9), 19.4
(C8), 11.4 (C10), 9.3 (C3").

EIMS: m/z (rel. abundance) = 330 (M*, 14), 256(40), 161 (16), 160
(100), 122 (11), 121 (67).

HRMS-El: nmV/z calcd for C,H3,O4 330.2195; found: 330.2214
(Dev. 5.7 ppm).

Alkylation of Propionate Ester 3in THF; General Procedure
The propionate ester 3 (1 equiv) was dissolved in THF (10 mL/
mmol) under argon and the reaction flask was cooled to —78 °C by
immersion in abath of dry ice-isopropyl acohol. A solution of LDA
in cyclohexane (1.2 equiv) was added slowly by syringe, and there-
action mixture was stirred at —78 °C for 2 h. The alkyl haide (5-10
equiv) was then added to the stirred solution slowly by syringe. Af-
ter stirring at —78 °C for 6 h, the mixturewas allowed towarmtor.t.
with stirring for a further 18 h at r.t. The mixture was then diluted
with Et,O (15 mL/mmol) and H,O (10 mL/mmal) at 0 °C. The Et,O
layer was extracted with 10% ag HCI (3 x 30 mL). The combined
aqueous layers were saturated with NaCl, and extracted with Et,0
(2 x 20 mL). The combined Et,O layers were washed with sat. agq
NaHCO; (2 x 25 mL) and brine (40 mL), dried (MgSO,), and evap-
orated under reduced pressure. Purification of the resultant oil by
sequential column chromatography (90:10 hexane-EtOAc) and
HPLC (95:5 hexane-EtOAc at 1 mL/min) yielded the product as a
mixture of the diastereomeric 2-methylalkanoate esters

Alkylation with Ethyl Bromidein THF; Isolation of Products
5a, 6a, 7aand 8

Alkylation of the ester 3 (0.840 g, 2.54 mmol) with ethyl bromide
(2.77 g, 25.4 mmol) by the general procedure yielded three prod-
ucts. Column chromatography yielded two fractions. The polar
fraction isolated by column chromatography was obtained as a col-
orless ail (0.02 g, 4%) consisting of a 1:1 mixture of the (R)- and
(9)-methyl-3-oxopentanoic acid esters of 8.

(1R,2R,3S,4R)-3-[(4-M ethoxyphenyl)methyl]-1,7,7-trimethylbi-
cyclo[2.2.1]hept-2-yl Esters of (R)-2-M ethyl-3-oxopentanoic
Acid and (S)-2-M ethyl-3-oxopentanoic Acid (8)

IR: 2948, 1714, 1542, 1458, 1250, 1181, 1035, 835 cm™.

'HNMR: 3=7.07(d, 2H, J=8.4Hz Ar-H),6.80(d, 2H, J=84
Hz, C2-H), 453 (d, 1 H, J=4.0 Hz, C2-H), 3.77 (s, 3 H, OCHy),
3.36(q, 1 H, J=7.0 Hz, C2”"-H; isomer A*), 3.35(9,1H,J=7.0
Hz, C2’-H; isomer B*), 2.78 (dd, 1 H, J=7.5, 13.6 Hz, C1’-H),
258 (dd, 1 H, J=7.5, 13.6 Hz, C1’-H), 2.36 (complex, 2 H, C3-H,
C4”-H),1.21, (d, 3H, J= 7.0 Hz, 0-CHg; isomer A*), 1.20 (d, 3H,
J=7.0 Hz, 0-CHj; isomer B*), 1.10-1.70 (complex, 5 H, C4-H,
C5-H, C6-H), 1.01 (t, 3H, J=7.2 Hz, C5”-H), 0.95 (s, 3 H, C10-
H), 0.83 (s, 3H, C9-H), 0.75 (s, 3H, C8-H).

13C NMR: § = 206.2 (ketone C=0), 170.1 (ester C=0; isomer A*),
170.0 (ester C=0O, isomer B*), 157.8 (C4”), 133.0 (C1”), 129.6
(C2), 113.7 (C3”), 86.6 (C2), 55.2 (OCHy), 52.7 (C2), 50.2 (C1,;
isomer A*), 50.1 (C1; isomer B*), 49.1 (C4), 48.32 (C3; isomer
A*), 48.30 (C3; isomer B*), 47.8 (C7), 35.9 (C6), 34.8 (C4""; iso-
mer A*); 34.6 (C4™; isomer B*), 34.0 (C5), 20.4 (C9), 20.2 (CY),
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19.3 (C8), 12.80 (a-CHg; isomer A*), 12.79 (0-CHs; isomer B*),
11.5(C10), 7.7 (C5™).

EIMS: m/z (%) = 386 (M*, 33), 344 (15), 273 (29), 272 (81), 257
(47), 256 (87), 161 (64), 160 (91), 135 (98), 134 (63), 121 (100).

HRMS-EI: m/z calcd for C,,H;,0,: 386.2457; found: 386.2458
(Dev. 0.3 ppm).

HPLC purification of the less polar fraction from column chroma-
tography gave two fractions. The less polar material obtained by
HPLC was acolorlessail (0.10 g, 11%) and identified as 7a.

(1R,2R,35,4R)-3-[ (4-M ethoxyphenyl)methyl]-1,7,7-trimethyl bi-
cyclo[2.2.1]hept-2-yl 2-Ethyl-2-methylbutanoate (7a)

IR: 2952, 1723, 1614, 1513, 1460, 1300, 1248, 1150, 1039, 840,
702 cm.

H NMR: § =7.04 (d, 2H, J=8.7 Hz, ArH), 6.79 (d, 2H, J=8.7
Hz, ArH), 4.46 (d, 1 H, J = 3.8 Hz, C2-H), 3.77 (s, 3H, OCH,), 2.92
(dd,1H,J=6.1,13.7Hz, C1-Hg), 2.57 (dd, 1 H, J = 10.0, 13.7 Hz,
CI1’-Hg), 2.37 (complex, 1 H, C3-H), 1.10-1.7 (complex, 9 H, C4-
H, C5-H, C6-H, C3’-H), 1.02 (s, 3 H, a-CH,), 1.00 (s, 3 H, C10-
H), 0.83 (s, 3H, C9-H), 0.80 (t, 3H, J= 7.4 Hz, CH,), 0.78 (t, 3H,
J=7.4Hz CH,), 0.78 (s, 3H, C8-H).

13C NMR: § = 176.7 (C=0), 157.6 (C4”), 133.3 (CI”), 129.5 (C2"),
113.7 (C3”), 85.3 (C2), 55.1 (OCHy), 49.7 (Cl), 49.6 (C4), 47.6
(C3), 46,5 (C7), 35.6 (C6), 34.1 (C5), 31.5(C2”), 31.3(C3"), 20.5
(C-9), 20.1 (C-1, a-CHy), 19.4 (C8), 11.8 (C10), 8.9 (C4™).

EIMS: miz (%) = 386 (M*, 8), 272 (27), 262 (28), 256 (29), 231
(26), 160 (66), 149 (28),135 (21), 121 (42), 109 (62).

HRMS-EI: m/z caled for C,sH405 386.2821; found: 386.2828
(Dev. 1.9 ppm).

Themore polar material obtained by HPL C wasacolorlessoil (0.55
g, 60%) and identified as a 71:29 mixture 5a and 6a.

(1R,2R,3S,4R)-3-[ (4-M ethoxyphenyl)methyl]-1,7,7-trimethyl bi-
cyclo[2.2.1]hept-2-yl Esters of (R)-2-Methylbutanoic Acid (5a)
and (S)-2-Methylbutanoic Acid (6a)

IR: 2963, 1731, 1613, 1512, 1462, 1245, 1179, 1152, 1037, 835
cmt,

'HNMR: §=7.06 (d, 2H, J=85Hz, ArH), 6.78 (d, 2H,J=85
Hz, ArH),4.49 (d, 1H,J = 4.0Hz, C2-H), 3.75(s, 3H, OCH,), 2.82
(dd, 1 H, J=7.5, 13.7 Hz, C1’-Hg Sester), 2.81 (dd, 1 H, J=7.5,
13.7 Hz, C1’-Hg Rester), 2.57 (dd, 1 H, J = 8.4, 13.6 Hz, C1-Hy),
2.37 (complex, 1 H, C3-H), 2.22 (sextet, 1 H, J=7.0 Hz, C2"”’-H),
1.10-1.7 (complex, 7 H, C4-H, C5-H, C6-H, C3-H), 1.03 (d, 3 H,
J=6.9 Hz, 0-CH; S ester), 1.00 (s, 3 H, C10-H), 0.834 (t, 3 H,
J=75Hz, CH,), 0.83 (s, 3H, C9-H), 0.75 (s, 3H, C8-H).

13C NMR: § = 176.0 (C=0), 157.9 (C4”), 133.4 (CI”), 129.6 (C2"),
113.7, (C3”), 85.1 (C2), 55.0 (OCHy), 49.7 (Cl), 49.1 (C4), 48.0
(C7), 47.5(C3), 41.3(C2"), 35.7 (C6), 33.9 (C5), 26.4 (C3""), 20.2
(C9), 19.9 (CT), 19.2 (C8), 16.3 (a-CH,), 11,3 (C10, C4").

EIMS: miz (%) = 358 (M*, 28), 257 (10), 256 (47), 252 (14), 167
(15), 161 (33), 160 (85) 123 (58), 121 (62), 69 (62), 57 (100).

HRMS-EI: m/z calcd for C,H3,05 358.2508; found: 358.2513
(Dev. 1.5 ppm).

Alkylation with n-Butyl Bromide; Isolation of Products 5b, 6b,
and 7b

The akylation of the ester 3 (0.555 g, 1.68 mmal) with 1-bromobu-
tane (2.301 g, 16.8 mmoal) by the general procedure yielded two
alkylation products which were separated by HPLC.

The more polar material was acolorless oil (0.42 g, 65%) identified
asa71:29 mixture of 5b and 6b.

(1R,2R,3S,4R)-3-[ (4-M ethoxyphenyl)methyl]-1,7,7-trimethyl bi-
cyclo[2.2.1]hept-2-yl Esters of (R)-2-M ethylhexanoic Acid (5b)
and (S)-2-Methylhexanoic Acid (6b)

IR: 2948, 1731, 1613, 1513, 1461, 1248, 1178, 1038, 837 cm.

H NMR: 8 = 7.05 (d, 2 H, J=8.6 Hz, ArH), 6.77 (d, 2 H, J= 8.6
Hz, ArH), 4.49 (d, 1H, J = 4.0 Hz, C2-H), 3.74 (s, 3H, OCH,), 2.82
(dd, 1 H, J=7.3, 13.6 Hz, C1’-Hg Sester), 2.81 (dd, 1 H, J=7.3,
13.6 Hz, C1’-Hg Rester), 2.57 (dd, 1 H, J = 8.8, 13.6 Hz, C1’-Hp),
2.3| (complex, 1 H, C3-H), 2.26 (sextet, 1 H, J = 7.2 Hz, C2”-H),
1.10-1.7 (complex, 7 H, C4-H, C5-H, C6-H, C3”’-H), 1.03 (d, 3 H,
J=7.0Hz, 0-CHg; Sester), 1.004 (d, 3H, J=6.9 Hz, a-CH;; Res
ter), 1.00 (s, 3 H, C10-H), 0.87 (t, 3H, J=6.3 Hz, CH,), 0.83 (s, 3
H, C9-H), 0.76 (s, 3H, C8-H).

13C NMR: 8 = 175.9 (C=0), 157.7 (C4”), 133.2(Cl”), 129.5 (C2"),
113.7 (C3”), 85.4 (C2), 55.1 (OCHj), 49.9 (Cl), 49.3 (C4), 48.2
(C3), 47.7 (C7), 39.9(C2""), 35.9 (C6), 34.1 (C5), 33.3 (C3"), 29.4
(C4™), 22.6 (C5”), 20.4 (C9), 20.2 (C1’), 19.4 (C8), 17.I (a-CH),
13.9(C6"), 11.6 (C10).

EIMS: m/z (%) = 386 (M*, 31), 256 (100), 161 (45), 160 (91), 159
(12), 134 (12), 122 (20), 121 (65), 85 (21).

HRMS-El: m/z calcd for C,sH405: 386.2821; found: 386.2824
(Dev. 0.9 ppm).

The less polar material obtained by HPLC was a colorless il (0.03
g, 4%) identified as 7b.

(1R,2R,3S,4R)-3-[ (4-M ethoxyphenyl)methyl]-1,7,7-trimethyl bi-
cyclo[2.2.1]hept-2-yl 2-butyl-2-methyl Hexanoate (7b)

IR: 2949, 1725, 1614, 1512, 1465, 1249, 1205, 1178, 1151, 1040,
976, 838, 701 cm'.

H NMR: & = 7.04 (d, 2H, J=85 Hz, ArH), 6.79(d, 2H, J=85
Hz, ArH), 4.44(d, 1 H, J = 3.7 Hz, C2-H), 3.77 (s, 3H, OCH,), 2.96
(dd, 1H,J=5.5,13.8 Hz, C1’-Hy), 2.56 (dd, 1 H, J = 10.4, 13.7 Hz,
C1’-Hg), 2.3 (complex, 1H, C3-H), 1.10-1.70 (complex, 17 H, C4-
H, C5-H, C6-H, C3”’-H, C4"’-H, C5’-H), 1.05 (s, 3H, CH,), 0.99
(s, 3H, C10-H), 0.88 (t, 3H, J= 6.9 Hz, CH,), 0.83 (s, 3H, C9-H),
0.78 (s, 3H, C8-H).

13C NMR: § = 177.0 (C=0), 157.6 (C4'), 133.4 (Cl"), 129.5 (C2"),
113.6 (C3”), 85.4 (C2), 55.2 (OCHS), 49.7(C4), 49.67 (C2”), 47.6
(Cl), 47.4 (C3), 45.8 (C7), 39.3 (C3”), 35.4 (C6), 34.1 (C5), 26.8
(C4”), 23.3 (C5”), 211 (a-CH5), 20.5 (C9), 20.1 (C1’), 19.4 (C8),
14.1(C6"), 11.8 (C10).

EIMS: miz (%) = 442 (M*, 4), 256 (10), 210 (61), 168 (40), 105
(36), 91 (100).

HRMS-El: nmV/z calcd for CygH,qO4 442.3447; found: 442.3458
(Dev. 2.6 ppm).

Alkylation with Isopropyl Bromide; I solation of Products 5¢c
and 6¢

Theakylation of the ester 3 (1.24 g, 3.64 mmol) with isopropy! bro-
mide (4.482 g, 36.4 mmol) by the general procedure yielded one
monoal kylation product which was purified by HPLC to give acol-
orless oil (0.34 g, 25%) identified as a 70:30 mixture of 5¢ and 6c,
respectively.

(1R,2R,3S,4R)-3-[ (4-M ethoxyphenyl)methyl]-1,7,7-trimethyl bi-
cyclo[2.2.1]hept-2-yl Esters of (R)-2,3-Dimethylbutanoic Acid
(5¢) and (S)-2,3-Dimethylbutanoic Acid (6¢)

IR: 2961, 1730, 1513, 1249, 1179, 1041, 838 cm™.

H NMR: & = 7.05 (d, 2 H, J=8.4 Hz, ArH), 6.77 (d, 2 H, J= 8.4
Hz, ArH), 4.50 (d,1 H, J = 3.9 Hz, C2-H), 3.74 (s, 3H, OCH,), 2.83
(dd, 1 H, J=7.3, 13.6 Hz, C1’-H), 2.57 (dd, 1 H, J = 8.8, 13.6 Hz,
C1’-H), 2.36 (complex, 1 H, C3-H), 2.08 (sextet, | H, J=7.0 Hz,
C2”-H), 1.82 (octet, 1 H, J = 7.0 Hz, C3"’-H), 1.10-1.7 (complex,
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5H, C4-H, C5-H, C6-H), 1.02 (d, 3 H, J = 7.0 Hz, 0-CHj; Sester),
1.00 (d, 3H, J = 6.9 Hz, a-CH2; Rester), 1.00 (s, 3 H, C10-H), 0.85
(d, 3H, J=6.7 Hz, CH,), 0.84 (d, 3H, J= 6.7 Hz, CHs), 0.82 (s, 3
H, C9-H), 0.77 (s, 3H, C8-H).

13C NMR: 8 = 175.4 (C=0), 157.7 (C4”), 133.2 (CI”), 129.5 (C2"),
113.7 (C3”), 85.1 (C2), 55.1 (OCHy), 49.9 (Cl), 49.3 (C4), 48.1
(C3), 47.7 (C7), 46.8 (C2”"), 35.9 (C6), 34.1 (C5), 30.7 (C3""), 20.8
(0-CHy), 20.4 (C9), 20.2 (C1'), 19.4 (C8), 19.0 (C4™), 13.7 (C4"),
11.8 (C10).

EIMS: mz (%) = 372 (M*, 13), 256 (59), 161 (17), 160 (100), 122
(11), 121 (67).

HRMS-El: m/z calcd for C,,H,c05: 372.2665; found: 372.2687
(Dev. 6.0 ppm).

Alkylation with Cyclopentyl Bromide; | solation of Products5d

and 6d

The alkylation of the ester 3 (0.806 g, 2.44 mmol) with cyclopentyl
bromide (1.818 g, 12.2 mmol) by the general procedureyielded one
monoal kylation product which was purified by HPLC to give acol-
orlessoil (0.25 g, 26%) identified as a 67:33 mixture of 5d and 6d,
respectively.

(1R,2R,3S,4R)-3-[(4-M ethoxyphenyl)methyl]-1,7,7-trimethylbi-
cyclo[2.2.1]hept-2-yl Esters of (R)-2-Cyclopentylpropanoic
Acid (5d) and (S)-2-Cyclopentylpropanoic Acid (6d)

IR: 2955, 1729, 1613, 1512, 1457, 1249, 1155, 1040, 838 cm ™.

'HNMR: 8 =7.06 (d,2H, J=8.6 Hz, ArH), 6. 78 (d, 2H, J=8.6
Hz, ArH), 450 (d, 1H, J = 4.0Hz, C2-H), 3.75 (s, 3H, OCH,), 2.82
(dd, 1 H, J=7.3, 13.6 Hz, C1-Hg Sester), 2.81 (dd, 1H, J=7.3,
13.6 Hz, C1’-Hg, R ester), 2.57 (dd, 1 H, J= 8.8, 13.6 Hz, C1’-Hp),
2.36 (complex, 1 H, C3-H), 2.11 (complex, 1 H, C2”-H), 1.10-2.0
(complex, 14 H, C4-H, C5-H, C6-H, C3"’-H, C4”’-H, C5"”-H), 1.03
(d,3H,J=7.0Hz, a-CHj; Sester), 1.00(d, 3H, J= 6.9 Hz, a-CH:
Rester), 1.00 (s, 3H, C10-H), 0.83 (s, 3H, C9-H), 0.77 (s, 3H, C8-
H).

13C NMR: § = 175.8 (C=0), 157.7 (C4”), 133.3 (CI"), 129.5 (C2"),
113.7 (C3”), 85.1 (C2), 55.2 (OCHy), 49.9 (Cl), 49.3 (C4), 48.2
(C3), 47.7 (C7), 45.8 (C2"), 43.1(C3"), 36.0 (C-6), 34.1 (C5), 31.0
(C4.7), 30.2 (C4,”), 25.2 (C5”), 20.4 (C-9), 20.2 (C-1'), 19.4 (C-
8), 16.3 (¢-CHa), 11.7 (C-10).

EIMS: miz (%) = 398 (M*, 29), 256 (100), 161 (45), 160 (95), 159
(13), 135 (11), 134 (13), 122 (23), 121 (74), 97 (37).

HRMS-EI: m/z calcd. for CyH4050 398.2821; found: 398.2833
(Dev. 3.1 ppm).

Alkylation with I sobutyl | odide; Isolation of Products5eand 6e
The alkylation of the ester 3 (0.797 g, 2.41 mmol) with isobutyl io-
dide (4.434 g, 24.1 mmol) by this procedure yielded one monoal ky-
lation product which was purified by HPLC to give a colorless oil
(0.22 g, 23%) identified asa 63:37 mixture of 5e and 6e, respective-

ly.

(1R,2R,3S,4R)-3-[(4-M ethoxyphenyl)methyl]-1,7,7-trimethylbi-
cyclo[2.2.1]hept-2-yl Esters of (R)-2,3-Dimethylpentanoic Acid

(5€) and (S)-2,3-Dimethylpentanoic Acid (6€)

IR: 2957, 1731, 1613, 1513, 1461, 1247, 1177, 1152, 1038, 837
cm,

H NMR: & = 7.06 (d, 2H, J=8.7 Hz, ArH), 6.78 (d, 2H, J=8.7
Hz, ArH), 4.48(d, 1H, J = 40Hz, C2-H), 3.76 (s, 3H, OCH,), 2.82
(dd, 1H,J=75, 13.6 Hz, CI’-Hg Sester), 2.79 (dd, 1 H, J=7.5,
13.6 Hz, C1’-Hg, Rester), 2.57 (dd, 1 H, J = 8.8, 13.6 Hz, C1’-Hp),
2.36 (complex, 1 H, C3-H), 2.27 (sextet, 1 H, J=7.6 Hz, C2""-H),
1.10-1.7 (complex, 8 H, C4-H, C5-H, C6-H, C3’-H, C4"’-H), 1.02
(d, 3H,J=7.0Hz, 0-CHg; Sester), 1.00(d, 3H,J = 6.9 Hz, a-CH;

Rester), 1.00 (s, 3 H, C10-H), 0.86 (d, 3 H, J = 6.5 Hz, CH [i-Pr]),
0.84 (d, 3H, J= 6.1 Hz, CH, [i-Pr]), (0.82 (s, 3 H, C9-H), 0.76 (s,
3H, C8-H).

3C NMR: 8 = 176.1 (C=0), 157.7 (C4”), 133.3 (CI”), 129.5 (C2"),
113.6 (C3”), 85.1 (C2), 55.2 (OCHj), 49.9 (Cl), 49.3 (C4), 48.2
(C3),47.7 (C7), 43.0(C2"), 38.1 (C4™), 35.9 (C6), 34.1 (C5), 25.8
(C3"), 22.7 (a-CH3), 22.3(C5"), 20.4 (C9), 20.2 (C1"), 19.4 (C8),
17.6 (C5”), 11.6 (C10).

EIMS: m/z (%) = 386 (M*, 6), 256 (39), 161 (14), 160 (100), 122
(11), 121 (62).

HRMS-El: miz caled for CosHae05: 386.2821; found: 386.2817
(Dev. 0.9 ppm).

Alkylation with Allyl Chloride; | solation of Products 5f and 6f

The alkylation of the ester 3 (0.676 g, 2.04 mmol) with allyl chlo-
ride (1.564 g, 20.4 mmol) by this procedure yiel ded one monoalky-
lation product which was purified by HPLC to give a colorless oil
(0.35 g, 46%) identified as a 70:30 mixture of 5f and 6f, respective-

ly.

1R,2R,354R)-3-[(4-M ethoxyphenyl)methyl]-1,7,7-trimethylbi-
cyclo[2.2.1]hept-2-yl Esters of (R)-2-M ethylpent-4-enoic Acid
(5f) and (S)-2-M ethylpent-4-enoic Acid (6f)

IR: 2954, 1733, 1613, 1515, 1460, 1249, 1180, 1040, 916, 836 cm™2.

H NMR: & = 7.06 (d, 2 H, J=8.6 Hz, ArH), 6.78 (d, 2H, J=8.6
Hz, ArH), 5.70 (ddt, 1 H, J= 6.8, 10.2, 17.2 Hz, C4""-H), 5.02 (dd,
1H,J=10,17.2 Hz, C5"-H, ), 5.00 (dd, 1 H, J= 1.0, 10.2 Hz,
C5”-HgJ), 4.48 (d, 1 H, J = 4.0 Hz, C2-H), 3.74 (s, 3 H, OCH,),
2.81 (dd, 1 H, J=7.3, 13.6 Hz, CI’-Hg, S ester), 2.79 (dd, 1 H,
J=173, 13.6 Hz, C1’-Hg, R ester), 2.56 (dd, 1 H, J=8.8, 13.6 Hz,
C1’-Hg), 2.37 (complex, 1 H, C3-H), 2.26 (complex, 2 H, C3"’-H),
2.06 (sextet, 1 H, J = 6.8 Hz, C2"’-H), 1.10-1.7 (complex, 5H, C4-
H, C5-H, C6-H), 1.03 (d, 3H, J=7.0 Hz, a-CHj; Sester), 1.00 (d,
3H,J=6.9Hz, 0-CH;; Rester), 1.00 (s, 3 H, C10-H), 0.82 (s, 3H,
C9-H), 0.75 (s, 3H, C8-H).

13C NMR: § = 175.1 (C=0), 157.7 (C4”), 135.7 (C4™) 133.2 (CI"),
129.5 (C2”), 116.6 (C5), 113.7 (C3"), 85.4 (C2), 55.1 (OCHS),
49.9 (Cl), 49.2 (C4), 48.1 (C3), 47.7 (C7), 39.6 (C2”), 37.7 (C3"),
35.8 (C6), 34.0 (C5), 20.4 (C9), 20.2 (CI), 19.4 (C8), 16.5 (a-CH,),
11.6 (C10).

EIMS: m/z (%) = 370 (M*, 15), 256 (52), 161 (16), 160 (100), 122
(10), 121 (59).

HRMS-El: m/z calced for C,,H4,0O4: 370.2508; found: 370.2523
(Dev. 4.1 ppm).

Alkylation with Methallyl Chloride; 1 solation of Products of 59
and 6g

The akylation of the ester 3 (0.714 g, 2.16 mmol) with methallyl
chloride (1.956 g, 21.6 mmol) by this procedure yielded one
monoalkylation product, which was purified by HPLC to give acol-
orlessoil (0.35 g, 42%) and identified as a 71:29 mixture of the 59
and 6g, respectively.

(1R,2R,3S,4R)-3-[ (4-M ethoxyphenyl)methyl]-1,7,7-trimethyl bi-
cyclo[2.2.1]hept-2-yl Esters of (R)-2,4-Dimethylpent-4-enoic
Acid (5g) and (S)-2,4-Dimethylpent-4-enoic Acid (6g)

IR: 2961, 1734, 1513, 1461, 1250, 1180, 1041, 895, 839 cm™.

IH NMR: § = 7.06 (d, 2 H, J= 8.6 Hz, ArH), 6.78 (d, 2 H, J = 8.6
Hz, ArH), 4.76 (s, 1 H, =CH,), 4.69 (s, 1 H, =CH,), 4.47 (d, 1 H,
J=40Hz, C2-H), 3.75(s, 3H, OCHy), 2.83 (dd, 1 H, J= 7.3, 13.6
Hz, C1'-Hg Sester), 2.81 (dd, 1H, J = 7.3, 13.6 Hz, CI'-Hg Reter),
2,57 (dd, 1 H, 5= 8.8, 13.6 Hz, C1"-Hg), 250 (d, 1 H, J= 7.0 Hz,
C3"’-H), 2.36 (complex, 1 H, C3-H), 2.29 (sextet, 1 H, J = 7.6 Hz,
C27’-H), 1.96 (dd, 1 H, J= 7.4 Hz, C3”"-H), 1.69 (s, 3 H, 7-CHJ),

Synthesis 2002, No. 10, 1391-1397 ISSN 0039-7881 © Thieme Stuttgart - New York

Downloaded by: University of Pennsylvania Libraries. Copyrighted material.



PAPER

(1R)-3-endo-(p-Methoxybenzyl)isobornyl-Propionate 1397

1.10-1.68 (complex, 5 H, C4-H, C5-H, C6-H), 1.03(d,3H,J=7.0
Hz, o-CHj; Sester), 1.004 (d, 3H, J = 6.8 Hz, a-CHg; Rester), 1.00
(s, 3H, C10-H), 0.83 (s, 3H, C9-H), 0.75 (s, 3H, C8-H).

3C NMR: § = 175.5 (C=0), 157.7 (C4”), 142.9 (C4”), 133.3(CI"),
1295 (C2”), 113.7 (C3"), 112.1 (C5”), 85.4 (C2), 55.2 (OCHj),
49.9 (Cl), 49.2 (C4), 48.0 (C3), 47.7 (CT7), 41.9 (C3”), 38.1 (C2"),
35.7(C6), 34.0 (C5), 22.2 (y-CH,), 20.4 (C9), 20.1 (C1'), 19.4 (C8),
16.8 (¢-CHy), 11.6 (C10).

EIMS: m/z (%) = 384 (M*, 9), 256 (81), 161 (13), 160 (95), 122
(16), 121 (100), 83 (20).

HRMS-EIl: m/z Found: 384.2687. Calcd for CysH3,O5: 384.2665
(Dev. 5.9 ppm).

Alkylation of Propionate Ester 3with Ethyl Bromidein THF—

HMPA; Reversal of Stereochemistry of the Products 5a and 6a
The propionate ester 3 (0.772 g, 2.34 mmol) was dissolved in THF
(15 mL) and HMPA (4.5 mL), and the reaction flask was then
cooled to =78 °C by immersion in a bath of dry ice-iPrOH. The
LDA solution (1.2 equiv) was added slowly by syringe and the re-
action mixture was stirred at —78 °C for 2 h. Ethyl bromide (2.546
g, 23.4 mmol) was then added slowly to the stirred solution by sy-
ringe. After stirring afurther 6 h at —78 °C, the mixture was allowed
to warm to r.t. and stirred for 18 h. The mixture was then diluted
with Et,O (30mL) and H,O (I0 mL) at 0 °C. The Et,O layer was ex-
tracted with dil. HCI (3 x 30 mL). The combined aqueous layers
were saturated with NaCl, and extracted with Et,O (2 x 20 mL). The
combined Et,O layers were washed with sat. aqg NaHCO; (2 x 25
mL) and brine (40 mL), dried (MgS0,), and evaporated under re-
duced pressure. Purification of the product by column chromatogra-
phy (90:10 hexane-EtOAc) and HPLC (95:5 hexane-EtOAc at 1
mL/min) yielded the monoal kylation product asacolorlessoil (0.50
g, 60%) consisting of a 38:62 mixture of 5a and 6a, respectively.
Chemical shifts of the *H NMR and *3C NMR resonances were
identical to those of the product of alkylation in THF alone.

(1R,2R,3S,4R)-3-[(4-M ethoxyphenyl)methyl]-1,7,7-trimethylbi-
cyclo[2.2.1]hept-2-yl (S)-2-Methylbutanoate (6a) by Direct Es-
terification of 1 with (S,S)-2-M ethylbutanoic Anhydride

A solution of 1 (1.77 g, 6.44 mmol) in THF (5 mL) was added drop-
wiseto astirred suspension of NaH (60% dispersionin ail, 0.309 g,
1.2 equiv) inanhyd THF (10 mL) at —20 °C. After 30 min, (S,9)-(+)-
2-methylbutanoic anhydride (1.00 g, 5.37 mmol) in anhyd THF (2
mL) was added to the reaction mixture. The mixture was stirred at
—20°Cfor 1 h and then stirred at r.t. for 3 d. The mixture was then
cooled inice and diluted with Et,O (30 mL) and H,O (20 mL). The
Et,O layer was separated and washed once with H,O (30 mL). The
organic layer was washed sequentially with sat. aqg NaHCO, (3 30
mL), H,O (30 mL), and brine (30 mL), dried (MgSO,), and evapo-
rated under reduced pressure. Purification of the product by column
chromatography (90:10 hexane—EtOAcC) yielded the product as a
colorless oil (0.67 g, 35%).

IR: 2962, 1730, 1613, 1513, 1465, 1254, 1183, 1043, 840 cm ™.

'HNMR: § =7.06 (d, 2H, J=85Hz, ArH), 6.78 (d, 2H, J=85
Hz, ArH),4.48(d, 1H, J=4.0Hz, C2-H), 3.75 (s, 3H, OCH,), 2.82
(dd, 1H, J=7.3, 13.6 Hz, C1’-H), 2.57 (dd, 1 H, J = 8.5, 13.6 Hz,
C1’-Hg), 2.36 (complex, 1 H, C3-H), 2.23 (sextet, 1 H, J = 6.9 Hz,
C27-H), 1.10-1.70 (complex, 7 H, C4-H, C5-H, C6-H, C3”"-H),
1.03 (t, 3H, J=7.0 Hz, 0-CH,), 1.00 (s, 3H, C10-H), 0.84 (t, 3H,
J=7.4Hz C4”-H), 0.83 (s, 3H, C9-H), 0.76 (s, 3H, C8-H).

13C NMR: d = 175.9 (C=0), 157.7 (C4”), 133.3 (Cl"), 129.5 (C2"),
113.7 (C3”), 85.2 (C2), 55.2 (OCH,), 49.9 (Cl), 49.2 (C4),
48.1(C3), 47.7 (C7), 41.4 (C2""), 35.8 (C6), 34.1 (C5), 26.6 (C3”),
20.4 (C9), 20.2 (C1), 19.4 (C8), 16.7 (¢-CHs), 11.6 (C10, C4”).

EIMS: m/z (%) = 358 (M*, 9), 256 (20), 220 (54), 205 (44), 136
(50), 135 (52), 121 (74), 112(71), 85 (100).

HRMS-El: nV/z calcd for CyH3,O4 358.2508; found: 358.2525
(Dev. 4.7 ppm).

1R,2R,354R)-3-[(4-M ethoxyphenyl)methyl]-1,7,7-trimethylbi-
cyclo[2.2.1]hept-2-yl (R)-2-M ethylbutanoate (5a) and (S)-2-M e-
thylbutanoate (6a) by Direct Esterification of 1 with the
Racemic 2-M ethylbutyryl Chloride

Racemic 2-methylbutyric acid (2.04 g, 20 mmol) in anhyd THF (2
mL) was added to a stirred suspension of NaH (60% dispersion in
oil, 0.96 g, 24 mmol) in anhyd THF (30 mL). After 30 min, POCl,
(0.92 g, 6.0 mmol) was added by syringe. The reaction mixture was
stirred for 1 h and a solution of 1 (1.0 equiv, 2.74 g, 10.0 mmol) in
THF (5 mL) was added. The mixture was stirred 3 d at r.t., then di-
luted with H,O (20 mL) and extracted with H,O (50 mL). The or-
ganic extract was washed sequentially with sat. ag NaHCO; (50
mL) and brine (50 mL), dried (MgSO,), and evaporated under re-
duced pressure to give a colorless ail (4.15 g, 58%).

IHNMR: 8 =2.81 (dd, 1 H, J = 7.3, 13.6 Hz, C1"-H,, Sester), 2.80
(dd, 1H, J=7.6, 13.6, C1'-Hg, Rester).
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