Relative Rates of Transesterification vis-a-vis Newman's Rule of Six
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ABSTRACT: The relative reactivity of a systematic series of
simple aliphatic acetate esters has been measured. Exposure
of pairs of esters of increasing remote steric hindrance (by
altering the degree of branching of the ester alkyl group) to a
methanolic solution of Cs,COj; proved to be a reliable (and
general) method for quantitating the rate differences in these
base-catalyzed transesterification reactions. The trends in
relative rates are in accordance with the qualitative "Rule of
Six" put forward by Melvin S. Newman in 1950, as deduced
then from interpretation of earlier reports of ease of Fischer
esterification reactions.
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INTRODUCTION

In 1950 M. S. Newman proposed an empirical rule for
analyzing reactions that involved additions to carbon-
containing unsaturated functional groups (Cg»=X).! As
stated there:

In reactions involving addition to an unsaturated function, the
greater number of atoms in the six position the greater will be
the steric effect. For convenience this will be referred to as the
rule of six and the number of atoms in the six position will be
called the six-number (cf. [nH/mC] in 1, Figure 1a).

Newman presented this in the specific context of analysis of
three earlier literature reports® of the rates of acid-catalyzed
esterification reactions of ca. two dozen aliphatic carboxylic
acids that differed in the types and number of alkyl groups
near the carboxyl functionality (cf, e.g, 2a-c). These
reactions proceed, of course, through a tetrahedral
intermediate in which the carbonyl carbon has become sp*-
hydridized. Several specific examples that serve to
demonstrate the categorization of some of these simple
aliphatic acids are shown in Figure 1b. The number of
hydrogen atoms and/or carbon atoms (here, always methyl
groups) in the six-position are indicated by the convention

[nH/mC]. (A methyl carbon atom in the six-position
necessarily, of course, carries with it three hydrogen atoms in
the seven-position.) The relative rates of Fischer esterification
(with methanol) are shown below each of these structures.

Newman followed his initial report with a more extensive
discussion in a chapter titled "Additions to Unsaturated
Functions" in his book on steric effects in organic chemistry.?
He limited his analyses to the identification of qualitative
(rather than quantitative) trends because of the added
complexity of the conformational landscape as well as the fact
that substituents in the S-postion also contribute to
differential reactivities, albeit to a lesser extent.* Most of the
(relatively few) subsequent citations to the rule of six refer to
it in only a passing comment,® likely a reflection of its
qualitative nature. Nonetheless, we felt that gaining a sense for
the magnitude of this kind of remote steric effect would still
be of value.
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Figure 1. (a) A generic structure in which the rule of six can be
considered for the reactivity of addition reactions to the C=X
moiety. (b) Three (of the dozens) of Fischer esterification
reactions that Newman drew upon in developing his empirical
rule of six. (c) An example showing the benefit of understanding
the role of remote steric hindrance.



In a previous study in our laboratory of a natural product
synthesis,° we observed the efficient conversion of the
triacetate 3 to the monoacetate-diol 4 upon exposure to
aqueous methanolic potassium carbonate. No trace of
another product was detected. This was very much in accord
with Newman's empirical rule of six. We decided to more
systematically study the impact of substitution of related
transesterification reactions, a type of transformation that also
typically proceeds through a tetrahedral intermediate derived
from the ester carbonyl in the substrate. The results of these
studies are presented here.

RESULTS AND DISCUSSION

Cs,CO;  Catalyzed Transesterifications.  Using
competition experiments, we have measured the relative rates
of transesterification of the ten acetate esters 5-11 (Figure 2)
in a homogeneous solution of methanol using cesium
carbonate as a basic catalyst. Temperatures of 20, 50, and 120
°C were used in order to achieve comparable time scales for
analysis. These homologous substrates differ by the orderly
change arising from replacement of a six-position hydrogen
atom by a six-position methyl group. The systematic nature of
structural change across the series is easily seen in the
bracketed designations where the sum of the six position
atoms is constant (i.e., n+ m=6).
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Figure 2. Ten model acetates ranging from zero [6H/0C] to six
[0H/6C] carbons in the six-position were studied.

Although we initially used a gas-chromatographic method
to assess the relative rates of many of these,® we have more
recently used a series of pairwise competition studies using 'H
NMR analysis. This latter approach ensures that the
temperature and catalyst concentration was identical for any
one experiment and benefits from the fact that the detector
response is more straightforward ('H integration).
Mesitylene (ca. 0.5 equiv) was added as an internal standard.
Following the addition of a stock solution of Cs,COs (ca. 0.5
equiv), small aliquots (ca. 20 uL) of the reaction mixture were
removed over time and directly added to C¢Ds (ca. 0.5 mL).
The 'H NMR spectrum was recorded soon after; controls
showed that there was no significant further change in the
ratio of components in the C¢Dg samples, even days later. The
use of C¢Ds rather than CDCl; provided superior resolution
of the methyl group resonances of the two acetate substrates.
Their disappearance could then be monitored over time
relative to the aromatic proton resonances of the mesitylene
standard. Each of the pairwise competition experiments was
performed in duplicate, and the agreement between the
relative rates measure in both runs was good.

As an example of this methodology, analysis of the pair of
acetates 6 vs. 7b is shown in Figure 3. The spectrum in panel
(b) is for the zero time point. The starting ratio of acetates in
this particular experiment is measured to be 1.12 from the
relative integrations of each acetate methyl group singlet at ca.
1.7 ppm. The stack plot in panel (c) shows the disappearance
of each of the two substrates (blue vs. red) as well as the
appearance of the methyl acetate product (8 1.60 ppm, green)
over time. These data are plotted in panel (d) (as
In[acetate]/In[mesitylene] vs. time). The near linearity is
consistent with an expected pseudo first-order reaction
mechanism for the transesterification. The ratio of the slopes
for the rate of disappearance for this trial was 3.2 (and 3.0 for
a second trial). We judged that the data obtained using this
approach were sufficiently good to provide the type of semi-
quantitative, relative reactivities we were seeking.
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Figure 3. An example of the data collection for one trial (a) of 6 vs. 7b. (b) Time zero spectrum from which the initial ratios of each
acetate vs. the mesitylene standard were measured. (c) Spectra of aliquots taken over time. (d) Plot of the consumption of each of

acetates 6 and 7b over time.

Table 1 presents the relative rate comparisons for the entire
complement of acetates. All of the fastest reacting subset (5-
8b) were measured at ambient temperature. The 3-pentyl
acetate (7b) was used as the common substrate (i.e., the
benchmark compound) in each of these five pairwise
competition experiments. As shown in the first column of
relative rate data in Table 1, the transesterification rapidity for
these six acetates ranged over a factor of 22. The more
hindered substrates 9a-9b reacted more slowly, so their
methanolyses were carried out at 50 °C (in comparison to 8b
as the benchmark). Similarly, for acetate 10, we found a
reaction temperature of 120 °C to be convenient; it was
measured in competition with 9b. The most hindered
substrate, 11, not surprisingly, reacted extremely slowly. At
150 °C it was only partially cleaved to its corresponding
alcohol after 20 h, making it challenging to perform a pairwise
comparison under the same conditions. Moreover, there is
the possibility that 11 may be giving rise to the alcohol 11’ (di-
tert-butyl carbinol) by an alternative mechanism — ketene
formation from the ester enolate.” Consequently, we have not

offered any quantitative comparison for this slowest substrate
of all.

Several trends can be seen from the information in Table 1.
Within the set of the first six acetates, as each additional
methyl group is added to the previous homolog (ie.,
progressing from [6H/0C] to [SH/1C] to [4H/2C] to
[3H/3C]) the transesterification rate slows by a factor of 2-3
with the addition of each new methyl group. Isomers 7a and
7b differ only by which side of the ester alkyl moiety has
gained the extra methyl group (each is [4H/2C]). They have
nearly the same rate (kyei(7a/75) = 1.1). The same is true for the
pair 8a and 8b (as well as 9a and 9b). Moreover, for each of
these pairs the ester with the more balanced degree of
branching in the ester alkyl group (i.e., the b-isomer) reacted
slightly slower than the a-isomer. Interestingly, portions of
this trend can be gleaned from the experimental data for
Fischer esterification (in both MeOH?* and in EtOH?*) that
Newman used when first formulating the rule of six.



Table 1. The full set of acetate ester substrates and their
observed relative rates of methanolysis.

ester # of relative rates?®

# |structure | Six-Hs | Six-Cs |20 °C |50 °C ({120 °C

5 j’f 6 o | 2| - ]
OAc

6 5 1 10 | - ;
OAc

7a )Y 4 2 | 37| - ;
OAc

7ol I_a| 4 2 | 33| - ;
OAc

8a )\l<: 3 3 | 11| - ;
OAc

8b‘\)\f’ 3 3 |10 |83 | -
OAc

9a &)\ﬁ 2 4 - 12| -
OAc

9b ‘\l)\(' 2 4 - | 10 | 220
OAc

10 \l)\l< 1 5 - - 1.0
OAc

11 W 0 6 ; I

text

“The relative rates at each individual temperature were
normalized by assigning the rate of the slowest reacting substate
a kr of 1.0. *The benchmark compound used for all experiments
at this temperature (i.e., to determine the ks within any one
column). This benchmark was present in each of the pairwise
competition experiments used at this temperature.

Upon adding the fourth methyl group and moving from
8a/b to 9a/b (i.e., progressing from [3H/3C] to [2H/4C]),
there is more substantial rate retardation that deserves some
special consideration. More specifically, the isomers of 9 react
ca. 8x slower than the acetate 8b.® Why is this not more like
the factor of 2-3 seen for all of the earlier homologs? To
explore this we carried out a multiconformational search and
full set of density functional theory (DFT) calculations to find
the conformational preferences for each acetate (see
Supporting Information for details).

For 9a and 9b, the lowest energy conformer for each is
shown in Figure 4.° Notice that each has an extended, anti-
anti arrangement of its parent pentane backbone. The

terminal methyl groups (i.e., C1 and CS of the pentane) serve
to dissuade tetrahedral intermediate formation arising from
any nucleophilic addition to the acetate carbonyl group.
Regardless of whether the rate limiting step in the mechanism
for base-catalyzed transesterification under the conditions
used in this study is formation of the tetrahedral intermediate
or its subsequent collapse to release methyl acetate, steric
congestion near that tetrahedral intermediate would both
slow its rate of formation as well as diminish its equilibrium
concentration. The conformer for each of 9a and 9b that
allows access for methanol to engage the acetate carbonyl was
computed to be 3.0 and 3.5 kcal mol” higher in energy,
respectively. Each is created by rotation about the C3-C4
pentane bond (i.e., is an anti-gauche conformer) but is greatly
destabilized by the syn-pentane interaction that accompanies
that geometric change. Thus, each of these conformers, which
are more conducive to participating in the transesterification,
is populated to only <1% of the equilibrium ensemble of
conformers. In contrast, the same analysis of the [3H/3C]
homolog 8b, shows, again, its lowest energy conformer to
have the anti-anti pentane geometry; however, an anti-gauche
conformer with freer access for tetrahedral intermediate
formation is only 1.0 kcal mol" higher in energy than the
global minimum and comprises 8% of the full conformational
ensemble for 8b. Said another way, a reasonably large portion
of the 8b molecules can adopt a conformation that avoids a
syn-pentane interaction, yet still allows access for attack at the
carbonyl carbon. The larger rate retardation for 9a/b relative
to all the earlier progressions from § through 8b can be
attributed to the significantly reduced population of the more
reactive conformers 9a/b.

The relative rate ratio of 9b vs. 10 was measured to be 2.2
(at 120 °C, last column in Table 1). The acetate in the latter is
flanked by one tert-butyl and one iso-propyl group. As with 9b,
the most reactive (accessible) conformer of 10, which has its
iso-propyl methine proton oriented toward the acetate
carbonyl group, is ca. 3 keal mol™ higher in energy than the
most stable conformer. A simple argument that can account
for the reactivity difference (of 2.2) in this 9b/10 pair is that
the former has two iso-propyl groups that can orient so as to
more readily accommodate the tetrahedral intermediate
while 10 has only one. The mole fractions of those
conformations that have a Me,C-H oriented toward the
carbonyl group in 9b vs. 10 are computed to be 0.43% vs.
0.28%, respectively.



avoids syn-pentane
interaction

9a-conf-1
[2H/4C]

avoids syn-pentane
interaction

9b-conf-1
[2H/4C]

Figure 4. Conformational analysis of the lowest energy
conformers of 9a (2,2-dimethyl-3-pentyl acetate) and 9b (2,4-
dimethyl-3-pentyl acetate).

The overall range of rate differences between the most and
least reactive acetates, i.e., § vs. 10, was estimated in the
following way. The steric factor: Acetate S reacts 22 times
faster than 8b, which reacts 8.3 times faster than 9b, which
reacts 2.2 times faster than 10. If these were all being
measured at the same temperature, the steric factor alone
would then account for a factor of 400 in relative rates. The
temperature correction: Using the halflife of the
transesterification at 20 °C for 7b of 21 h and i) assuming a
pseudo first-order reaction (the methanol solvent was in large
excess in all reactions), ii) assuming a pre-exponential factor
of 10'% and iii) ignoring the concentration of the Cs;COs
catalyst (which was similar in all experiments), we deduce an
activation energy of 22.8 kcal mol'. The impact of the
temperature change from 20 to 120 °C is a factor of 21,500 (k
= AelB</RD) - Agsuming that all of the transesterification
reactions are subject to the same temperature dependence, we
estimate an overall difference in reactivity of kui(s/10) =
8,600,000.

Related transesterification experiments. Transesterifica-
tions of 7g with different alcohols. We compared the rates of
alcoholysis in the series of increasing sterically hindered (and
less polar) solvents MeOH, EtOH, and ‘PrOH for the single
acetate 7b (Table 2). We used 1,8-diazabicyclo[5.4.0Jundec-
7-ene (DBU, 2.0 equiv) as the basic catalyst because the
solubility of Cs,COj; was limited in the higher alcohols. In
MeOH more than half of 7b was consumed over 24 h at 20
°C. The bulkier EtOH required heating the reaction mixture
to 50 °C and 'PrOH necessitated extended heating at 120 °C
to achieve convenient rates of reaction. From the observed

precipitous drop in reactivity, one can see that the hindrance
of the nucleophilic agent forming the tetrahedral intermediate
impacts the transesterification rate significantly. Thus (and
not surprisingly), the choice of the solvent contemplated for
use in a deprotection of a complex substrate is a factor to be
considered.

Table 2. Transesterification reaction of 7b with alcohols
of increasing steric bulk, catalyzed by DBU (2.0 equiv).

OAc DBU (2 iv) OH
equiv W
7b ROH 7b’
ROH Temp | Time | Consumption of 7b
solvent
MeOH 20°C | 24h 62%
EtOH 50°C | 48h 25%
ProH 120 °C | 168 h 23%

Cs,CO;_vs. DBU as the (base) catalyst. The acetates 6, 7b,
and 8b (ranging from [SH/1C] to [4H/2C] to [3H/3C])
displayed a three-fold decrease in reactivity for each
successive carbon in the six-position when using 0.5 equiv of
Cs,CO; as the base (Table 3, first column of relative rates).
Use of DBU (1.0 equiv) led to essentially the same relative
rates of acetate cleavage among 6, 7b, and 8b, suggestive of a
similar mechanism (e.g., both general base catalysis) for each
of the two different bases.

Table 3. Relative rates of transesterification for acetates
6, 7b, and 8b using Cs,CO; vs. DBU in MeOH.

MeOH
)\/‘ O O
base

(cat.)

relative rates®
# Cs2CO0s (cat.)bc DBU (cat.)¢
6 3.1 3.0
7b 1.0 1.0
8b 0.30 0.29

“Normalized to that of 7b for each set of conditions. "From Table
1.°MeOH, 20°C, Cs,CO; (0.5 equiv). “MeOH, 20 °C, DBU (1.0
equiv, which gave similar absolute rates of the methanolysis as
did use of 0.5 equiv of Cs,COj3, thus allowing for the same array
of timepoints to be taken during the NMR monitoring).

H.,SO, as the (acid) catalyst. We briefly examined a Bronsted
acid-catalyzed variant of the methanolysis using the same set
of acetate esters 6, 7b, and 8b. In MeOH containing ~0.5
equiv of H,SO, the relative rate ratios were 2.0:1.0:0.43,
respectively  (Figure 5). Thus, the acid-catalyzed
methanolyses showed a slightly lower level of selectivity
compared to the analogous base-catalyzed reactions (i.e.,
difference of ca. 2x vs. 3x). This suggests that a base-catalyzed




ester cleavage would likely be more selective in a structurally
complex molecule containing more than one ester (cf. 3 to 4,

Figure 1).
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Figure S. Relative rates of Bronsted acid-catalyzed methanolysis
for the acetates 6, 7b, and 8b.

CONCLUSIONS

We have systematically examined the relative rates of base-
catalyzed transesterification for ten model acetates
containing, in total, a combination of six hydrogen and/or
methyl groups in the six position relative to the acetate
carbonyl oxygen atom. The observed drop in reactivity for
each successive carbon in the six position reaffirms Newman'’s
qualitative, empirical rule of six. Computation (DFT) of the
ground state conformational populations of the acetates was
used to rationalize an observed discontinuity (8a/b vs. 9a/b)
in the rate depression resulting from systematic replacement
of six-Hs by six-Cs. Of the two bookend acetates studied,
[6H/0C] (5) vs. [1H/5C] (10), an overall difference in the
rate of transesterification of seven orders of magnitude was
approximated. Increasing the steric bulk of the solvent was
shown to significantly slow the rate of base-catalyzed
transesterification. Finally, the rates of analogous Brensted
acid-catalyzed methanolysis was shown to be slightly less
sensitive to the degree of hindrance in the acetate relative to
the base-catalyzed reaction.

EXPERIMENTAL SECTION

General Procedures for Kinetic Experiments.

a) Cs:COj; or H,SO4 or DBU as catalyst in MeOH. To a screw
cap culture tube was added i) 0.2 mL each of a 0.5 M stock
solution in methanol of each of the two acetates being
compared, ii) 0.1 mL of an ca. 0.5 M solution of mesitylene in
methanol, and iii) 0.5 mL of a 0.1 M stock solution of either
Cs,CO; or H,SO40r 0.5 mL of a 0.2 M stock solution of 1,8-
diazabicyclo[5.4.0Jundec-7-ene (DBU). An aliquot (20 mL)
was taken and immediately diluted into ca. 0.5 mL of C¢Ds;
the NMR spectrum was recorded to determine the initial (t =
0) ratio of the two acetates relative to the mesitylene internal
standard. Additional aliquots were removed and analyzed at
multiple timepoints over two days. The reactions were
performed at ambient temperature or in an oil bath
equilibrated to either 50, 120, or 150 °C.

b) DBU as catalyst in MeOH, EtOH, or ‘PrOH. To a screw-
cap culture tube was added 7b (0.1 mmol, 0.013 g),
mesitylene (0.05 mmol, 0.006 g), DBU (0.2 mmol, 0.0304 g),
and alcohol solvent (1 mL). An aliquot (20 mL) was taken
and immediately diluted into ca. 0.5 mL of C¢Dg or CDCl; to
record the initial amount of 7b in the mixture relative to the
mesitylene standard. Additional aliquots were removed and
analyzed at multiple timepoints over two days. The reactions
were performed at ambient temperature or in an oil bath
equilibrated to either 50 or 120 °C.

Spectral Data for Acetates 3,4, and 6-11.

(£)-(2R,4R,6R,8R)-2,4,6,8-Tetramethylnonane-1,5,9-triyl
Triacetate (3) and (t)-(2R,4R,6R,8R)-1,9-Dihydroxy-2,4,6,8-
tetramethylnonan-S-yl Acetate (4). To a suspension of
potassium carbonate (1.49 g, 10.8 mmol) in ag MeOH
(MeOH:H,O = 3 : 1, v/v, 100 mL) was added the triacetate
3% (1.76 g, 4.9 mmol). After 10 h of stirring at RT, the
complete consumption of the starting material was confirmed
by TLC analysis. The mixture was extracted (CH,ClL x 4),
washed (saturated NH;Cl), and dried (MgSO.).
Concentration followed by MPLC (1 : 1.5 hexane/EtOAc,
containing 5% isopropanol) yielded the diol monoacetate 4
(1.20 g, 4.3 mmol, 89 %). For triacetate 3. '"H NMR (CDCl,,
200 MHz): § 4.64 (dd, ] = 7.0, 7.0 Hz, CH;CO,CH), 3.92—
3.74 (m, 2 x CH;CO,CH,), 2.03 (s, CH;CO,CH), 2.01 (s, 2
x CH3CO,CHy), 1.94-1.68 (m, 4 x CH;CH), 1.21-1.03 (m,
2 x CHCH,CH), 0.85 (d, ] = 6.5 Hz, CH;CH), 0.84 (d, ] =
7.0 Hz, CH;CH), 0.82 (d, ] = 6.4 Hz, CH3CH), and 0.80 (d,
J =7.2 Hz, CH;CH). ¥C{'H} NMR (CDCl;, 50.3 MHz): §
170.5 (2x), 170.5, 81.3, 69.5, 69.2, 36.8, 34.5, 31.0, 30.7,29.4,
29.3,20.3 (2x), 20.3, 16.0, 15.5, 15.4, and 13.1. IR (CDCl;)
3000, 2850, 1710, 1250, and 1030 cm™’. HRMS (Cl) Calcd for
C19H3406 + NH4*: 376.2694. Found: 376.268S5. For acetate 4.
'H NMR (CDCl;, 300 MHz): § 4.67 (dd, ] = 7.0, 4.9 Hz,
CHOAC), 3.47 (dd, J=11.1, 4.0 Hz, CH,H,OH), 3.46 (dd, J
= 10.2, 5.6 Hz, CH,H,OH), 3.42 (dd, J = 10.6, 6.6 Hz,
CH,H,OH), 3.41 (dd,J = 11.1, 6.2 Hz, CH,H,OH), 2.08 (s,
OAc), 1.95-1.80 (m, CH;CHCHOAc), 1.75-1.60 (m,
CH;CHCH,OH), 1.21 (ddd, J = 13.5, 9.9, 4.5 Hz, HCH),
1.20 (ddd,J=13.2,10.9,3.3 Hz, HCH'), 1.06 (ddd, J = ~13.0,
10.9, 3.0 Hz, HCH"), 1.05 (ddd, J = 13.7, 9.5, 4.6 Hz,
HCH""),0.89 (d, ] = 6.6 Hz, CHCHj), 0.88 (two overlapping
d's, ] = 6.6 Hz, CHCH,'/"), and 0.86 (d, ] = 6.6 Hz,
CHCHS;"). BC{'H} NMR (CDCl;, 50.3 MHz): § 170.7,
81.2, 68.6, 68.2, 36.7, 34.5, 32.6, 32.4, 31.1, 30.7, 20.4, 15.6,
15.5,15.3,and 13.0. IR (neat) 3400, 2980, 2960, 2890, 1730,
1460, 1380, 1240, 1040, and 960 cm™. Anal. Calcd for
CisH3004: C, 65.66; H, 11.02. Found: C, 65.49; H, 10.88.

NMR Spectral Data for Acetates 6-11.

Because the NMR spectral data in the literature for 6-10
are of variable quality, the line listings for the '"H and "C NMR
spectra of those acetates are provided here. Full
characterization data for 11 are provided here for this
reported' but uncharacterized acetate.



6: (0.36 g, 62%, pale yellow oil) '"H NMR (CDCl;, 400
Hz): § 4.83 (nfom, 1H), 2.03 (s, 3H), 1.59 (dqd, ] = 13.7, 7.5,
6.9 Hz, 1H), 1.53 (dqd, J=13.7,7.5,5.9 Hz, 1H), 1.20 (d, ] =
6.5Hz,3H),and 0.90 (dd, J=7.5,7.5 Hz, 3H). *C{'H} NMR
(CDCl3, 100.6 Hz): § 171.1,72.4,28.9,21.5,19.6,and 9.8.

7a: (0.43 g, 66%, pale yellow oil) '"H NMR (CDCl;, 400
Hz): §4.72 (dq, ] = 6.7,6.3 Hz, 1H), 2.04 (s, 3H), 1.77 (qqd,
J=6.8,6.8,58Hz 1H), 1.16 (d, ] = 6.1 Hz, 3H), 0.902 (d,
= 6.8 Hz, 3H), and 0.901 (d, ] = 6.8 Hz, 3H). ®*C{'H} NMR
(CDCl;, 100.6 Hz): § 171.0, 75.4, 32.8, 21.5, 18.2, 18.1, and
16.8.

7b: (0.43 g, 66%, pale yellow oil) 'H NMR (CDCl;, 400
Hz): 8§ 4.75 (tt, ] = 6.8, 5.5 Hz, 1H), 2.05 (s, 3H), 1.57 (dqd, ]
=14.0,7.5, 5.5 Hz, 2H, CH;CH.Hy), 1.55 (dqd, ] = 14.0, 7.1,
7.1 Hz, 2H, CH;CH,H,), and 0.88 (dd, J = 7.3, 7.3 Hz, 6H).
BC{'H} NMR (CDCl, 100.6 Hz): § 171.3, 76.9, 26.6, 21.4,
and 9.7.

8a: (0.54 g, 75%, pale yellow oil) '"H NMR (CDCl;, 400
Hz): § 4.68 (q, ] = 6.5 Hz, 1H), 2.04 (s, 3H), 1.13 (d, ] = 6.5
Hz, 3H), and 0.90 (s, 9H). *C{'H} NMR (CDCl;, 100.6
Hz): § 171.0,77.8, 34.2,25.8,21.4, and 15.0.

8b: (0.47 g, 65%, pale yellow oil) 'H NMR (CDCl;, 400
Hz): § 4.67 (ddd, ] = 8.2, 5.8, 4.6 Hz, 1H), 2.06 (s, 3H), 1.83
(qqd,J=6.8,6.8,5.8 Hz, 1H), 1.58 (dqd, ] = 13.9, 7.4, 4.4 Hz,
1H, CH.Hy), 1.52 (ddq, J = 14.3, 8.2, 7.2 Hz, 1H, CH.Hy),
0.894 (dd, J= 6.8 Hz,3H),0.888 (d, ] = 6.9 Hz, 3H, HCCH),
and 0.87 (t, ] = 7.5, 3H). BC{'H} NMR (CDCl;, 100.6 Hz):
§171.3,80.0,31.1,24.2,21.2,18.7,17.7,and 10.0.

9a: (0.67 g, 84%, pale yellow oil) '"H NMR (CDCl;, 400
Hz): §4.66 (dd,J=2.5,10.6 Hz, 1H),2.08 (s, 3H), 1.62 (dqd,
J = 14.0, 7.4, 2.5 Hz, 1H, CH;CH,H,), 1.44 (ddq, ] = 14.2,
10.7,7.1 Hz, 1H, CH3CH,H,), 0.89 (s, 9H), and 0.86 (dd, J =
7.4,7.4Hz,3H). *C{'H} NMR (CDCl;, 100.6 Hz): § 171.4,
82.5,34.7,26.1,22.6,21.1,and 11.1.

9b: (0.62 g, 79%, pale yellow oil) 'H NMR (CDCl;, 400
Hz): § 4.58 (t, ] = 6.0 Hz, 1H), 2.07 (s, 3H), 1.89 (qqd, J =
6.9,6.9,6.1 Hz,2H),0.90 (d, ] = 6.9 Hz, 6H),and 0.90 (d, ] =
6.9 Hz, 6H). *C{'H} NMR (CDCI;, 100.6 Hz): § 171.4,
82.8,29.5,21.0,19.7,and 17.3.

10: (0.76 g, 85%, pale yellow oil) 'H NMR (CDCl, 400
Hz): § 4.55 (d, ] = 3.3 Hz, 1H), 2.08 (s, 3H), 2.01 (qqd, ] =
6.8, 6.8, 3.3 Hz, 1H), 0.96 (d, ] = 6.9 Hz, 3H), 0.92 (s, 9H),
and 0.88 (d, J = 6.8 Hz, 3H). *C{'H} NMR (CDCl;, 100.6
Hz): § 171.3,84.2, 35.5,28.6,26.8,23.3,21.0, and 18.1.

11: (0.56 g, 60%, clear crystalline solid) 'H NMR (CDCI,,
400 Hz): § 4.58 (s, 1H), 2.08 (s, 3H), and 1.00 (s, 18 H).
BC{'H} NMR (CDCl;, 100.6 Hz): 171.1, 85.9, 37.2, 28.8,
and 21.1. IR (neat): 2959 (Cy3-H), 1733 (C=0), and 1240
(C-Ostas) cm™. HRMS (EI-TOF) m/z: [M*-tBu. | Calcd for
CH;30,"  129.0910, Found 129.0913 (10 %);
[tBuC(H)=0O*H] Calcd for CsH;;O* 87.0804, Found
87.0808 (100%); [tBu*] Calcd for CsHs* 57.0699, Found
57.0705 (50%). mp: 27.6-30.3 °C.
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