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Diastereoselective Coupling of Chiral Acetonide Trisubstituted

Radicals with Alkenes

Daniel J. Tao, Mikko Muuronen, Yuriy Slutskyy, Alexander Le, Filipp Furche,* and

Larry E. Overman*®

Abstract: The stereochemical outcome of reactions of
chiral nucleophilic trisubstituted acetonide radicals with
electron-deficient alkenes is dictated by a delicate balance
between destabilizing non-bonding interactions and stabi-
lizing hydrogen-bonding between substituents on the
o and B carbons.

Recent publications have highlighted the exceptional utility of
bimolecular reactions between nucleophilic carbon-centered
radicals and electron-deficient alkenes to couple complex frag-
ments and construct sterically congested C—C bonds." For
such bond formations between two prochiral carbon centers
to yield a single stereoisomer of the product, high facial ste-
reoselectivity at both the prochiral carbon radical and the pro-
chiral alkene radical acceptor are required. In the example illus-
trated in Figure 1A, the tertiary carbon radical generated from
precursor 1 reacts preferentially from the convex face of the
cis-perhydroazulene ring system with the double bond from
the sterically less-hindered face anti to the cyclopentenone
side chain to lead exclusively to the formation of coupled
product 2."¥ When the prochiral radical is harbored in a poly-
cyclic ring system (as that formed from 1), prediction of its pre-
ferred facial reactivity is relatively straightforward from consid-
eration of steric and stereoelectronic effects.”) However, when
the carbon radical is acyclic or monocyclic, the prediction of
stereoselection in its reactions is often less clear.

We recently encountered this issue in our studies directed at
the total synthesis of (—)-chromodorolide B,” wherein we con-
sidered the coupling of a chiral acetonide (2,2-dimethyl-1,3-di-
oxolane) trisubstituted radical (A or B of Figure 1B) with (R)-
methoxybutenolide 4 to unite three of the five rings in the di-
terpenoid natural product and form the vicinal C-12 and C-13
stereocenters. It seemed assured that butenolide 4 would
react from the face anti to the methoxy substituent;® however,
from which face radical intermediates A or B would couple to
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A) High stereoselectivity in uniting two chiral fragments by radical coupling
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B) Potential fragment coupling of trisubstituted carbon radicals A and B
with (R)-butenolide 4 to form the C-12 and C-13 stereocenters of 3
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Figure 1. A) An example of the utility of bimolecular radical couplings to ste-
reoselectively unite complex chiral fragments; B) a proposed diastereoselec-
tive coupling of this type in route to the diterpenoid (—)-chromodorolide B;
and C) existing precedents for diastereoselectivity in reactions of chiral ace-
tonide radicals with alkenes; Barton ester = 1-(acyloxy)-2(1H)-pyridinethione.

set the C-12 stereocenter was not apparent. Barton had shown
that disubstituted acetonide radicals such as C (Figure 1Q)
react with high selectivity anti to the substituent adjacent to
the radical center.” However, we are aware of only two related
studies in which the acetonide radical carbon is trisubstitut-
ed.” Renauld showed that stereoselection in radical couplings

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://orcid.org/0000-0001-9462-0195
http://orcid.org/0000-0001-9462-0195
http://orcid.org/0000-0001-9462-0195
http://dx.doi.org/10.1002/chem.201601957

.@2 ChemPubSoc
e Europe

of this type was dependent on the nature of the (3-substituent
(compare reactions of radical intermediates D and E, Fig-
ure 10).7 In our exploratory investigations of the reaction of
radicals of structure B (Figure 1B) with butenolide 4, we ob-
served that stereoselection was quite sensitive to the nature of
the alcohol-protecting groups R and R’. A systematic study of
diastereoselection in radical coupling reactions of this type, in-
volving both an experimental and computational analysis, is
the subject of this report.

Our initial studies examined radical additions of structurally
simple acetonide radicals, generated by visible-light photore-
dox catalyzed fragmentation of carboxylic acids® to chiral bu-
tenolide 4. Employing a slight modification of MacMillan’s con-
ditions for generating the carbon radical,”® we first examined
the coupling of the disubstituted radical generated from acid
5a. As expected, addition occurred preferentially anti to the
adjacent methoxymethyl substituent (Table 1, entry 1).5% We
then turned our attention to precursors that would yield tri-
substituted radical intermediates. In entries 2-5, the radical
center bore a hydroxymethyl or protected-hydroxymethyl sub-
stituent, and addition occurred with low stereoselectivity syn
to the [ substituent. Only when the substituent at the radical
center was an ethyl group was syn stereoselectivity high (9.3:1,
entry 6). The relative configurations of products 6 and 7 were
assigned by 'H NOE experiments and confirmed in the case of
the major product 7 f by single-crystal X-ray analysis."”

Table 1. Coupling of acetonide radicals generated by decarboxylation of
acetonide acids 5a-5 f with ( )-methoxybutenolide 4.¢!

ﬁ By

33

co y 4 OMe 3 (o]
= 2 MeO
“5a-sf anti addition syn addition
Entry Acid anti/syn®  Entry Acid anti/syn™
1% yield]™ [%
yield]"¥
0 \FO COaH
: O _J~con 351 4 .. ~0Bn  1:26
: (37%) : (66%)
MeO” 54 Ho/ 5d
#O CO,H Jﬁo COzH
) o M., OH 133 s o\)Q/OTBS 1:2.2
: (54 %) H (67 %)
MeO” s5p TBSO 5

; o\/\/ /OBn 1:2.8 O N Me 193

(649%,84 %) 6 H (68 %)

MeO” 5¢ MeO” 5¢

[a] Reaction conditions: 1.0 equiv of 5a-5f, 1.1 equiv of 4, 2 mol% of
Ir[dF(CF3)ppyl,(dtbbpy)PF,, 1.1 equiv of K,HPO,, 10 equiv of H,0O in DME
(0.1m) at rt for 18 h with 34 W blue LEDs. [b] Diastereoselectivity deter-
mined by '"H NMR analysis of the crude reaction mixture using an internal
standard. [c] Isolated yield after silica gel chromatography. [d] Concentra-
tion=0.4 m.
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Having confirmed that trisubstituted acetonide radicals in
this series react with butenolide 4 preferentially in a syn fash-
ion, which is required for the synthesis of (—)-chromodorolide
B (3)," we turned to examine structurally more elaborate sub-
strates that harbored the trimethylhydrindane fragment found
in 3 (Table 2). Because of the scarcity of the more elaborate
radical precursors in this series and limited solubility of diol
carboxylic acid precursor 8¢, the coupling reactions reported
in Tables 1 and 2 were performed under identical conditions at
a concentration of 0.1 M in DME. It should be recognized that
a higher reaction concentration typically improves the yield of
bimolecular radical coupling reactions of this type.** For ex-
ample, carrying out the coupling reactions of precursors 5c¢
and 8e at 0.4 ™ instead of 0.1 m increased the yield of the cou-
pled products by more than 30%.

We anticipated that the greater bulk of the trimethylhydrin-
dane fragment would result in enhanced syn stereoselection in
the reactions reported in Table 2.”7 However, we found that de-
pending upon the nature of the oxygen substituents R' and R?

Table 2. Coupling of acetonide radicals generated by decarboxylation of
trimethylhydindane-bearing acetonide acids 8a-8 f with (R)-methoxybu-

tenolide 4.
jff /R:(( !

#O CO,H

f”R

R'0” "R® 10
= anti addition synladdition
R3=
Entry Acid anti/ Entry Acid anti/syn®™
syn® [% yield]™
[%
yield]™
\%O COH \/LO_ COH
o, OB 121 o, A_OH 470
1 (49%)"" (22%)"
HO” R3 TBSO
8a
\/LQ COH \/LO £OH @
0, J OTBS 131 ortes 1:82
2 ' > 7%,
7o S
HO” O R3 TBSO 509%*)
8b 8e
#»0__ CO,H #»Q‘ COH
0., OH  gg.qm 0., OH 1:26
} (45%) . (43%)
HO” "R3 HO" "R3
8c 8f

[a] Reaction conditions: 1.0 equiv of 8a-8f, 1.1 equiv of 4, 2 mol% of
Ir[dF(CF3)ppyl,(dtbbpy)PF,, 1.1 equiv of K,HPO, 10 equiv of H,0 in DME
(0.1 ™) at rt for 18 h with 34 W blue LEDs. [b] Diastereoselectivity deter-
mined by 'H NMR spectroscopy using an internal standard. [c] Isolated
yield after silica gel chromatography. [d] Yield of the major product only.
[e] Within experimental uncertainty, the isomer ratio was constant over
time: 8c 9.4:1 at 3h, 9.3:1 at 6 h; 8e 1:8.5 at 3 h, 1:8.6 at 6 h. [f]45%
combined yield by 'H NMR analysis with an internal standard. The major
diastereoisomer was isolated in 27 % yield. [g] Concentration =0.4 M.
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of the acetonide carboxylic acid precursors 8, either high anti
or syn stereoselectivity was observed. When both oxygen sub-
stituents are alcohols (entry 3), anti stereoselection was 9.8:1;
whereas when these substituents are tert-butyldimethylsiloxy
groups, formation of the syn stereoisomer was favored by
8.2:1 (entry 5).

To validate that the dramatic reversal in stereoselectivity be-
tween the trisubstituted acetonide radicals generated from 8¢
and 8e was not unique to butenolide radical acceptor 4, these
acids were also coupled with methyl acrylate. In this case,
product 11 was formed in high yield and >10:1 anti stereose-
lectivity from diol acid 8c [Eq. (1)], whereas the bis-TBS precur-
sor 8e provided preferentially product 12 resulting from syn
addition with 2.1:1 stereoselectivity [Eq. (2)].

Z>C0o,Me (1.1 equiv)
2 mol %
Ir[dF(CF3)ppyla(dtbbpy)PFe

8c (1)
K,HPO,, H,0, DME, rt
2 X 34 W Blue LEDs
1
(78%, >10:1 d.r.)
same as
Eq. (1)

8e — >

12 (56%)

13 (26%)

Since the stereoselectivities reported in Table 2 cannot be
explained by simple steric arguments, extensive electronic
structure calculations were performed to develop a rationale
for the observed results. Our best theoretical estimates achieve
excellent agreement with the experimental results observed in
the reaction of trisubstituted acetonide radicals derived from
carboxylic acid precursors 5 and 8 with butenolide 4 (Figure 2).
The computational methodology includes extensive sampling
of conformational freedom, thermal corrections within the
quasi rigid-rotor harmonic-oscillator approximation,’ geome-
try optimization using the TPSS-D3""%'¥ functional, and single-
point calculations at the random-phase approximation (RPA)
level. RPA is parameter free and more accurate than state-of-
the-art semi-local density functional theory for barrier
heights;"* moreover, RPA is comparable in computational cost
to conventional second-order Mgller-Plesset (MP2) theory but
more reliable for weak interactions,”” especially for the radical
species considered here. Further details of the computational
methodology and its validation are provided in the Supporting
Information.

The observed selectivity arises from the free energy differ-
ence between two transition states (TS), TS-anti and TS-syn
(Figure 3), which lead to the products of anti and syn addition
respectively. In TS-anti, the R' and R? substituents are cis to
each other, and the butenolide 4 is on the sterically less hin-
dered side of the acetonide radical; in TS-syn, the R substitu-
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Figure 2. Correlation plot of experimental and computed (using RPA/def2-
TZVP//TPSS-D3/def2-TZVP) diastereoselectivities of the reaction of trisubsti-
tuted acetonide radicals formed from carboxylic acids 5 and 8 with
methoxybutenolide 4.

< 2
l*“ . oF-|
/1“&5;5‘) szk/‘@

(o]

TS-anti TS-syn

Figure 3. Transition state (TS) models for anti (TS-anti) and syn (TS-syn) addi-
tions. The distance between the acetonide radical and butenolide 4 is from
2.3 A to 2.7 A, depending on the complex. The arrow indicates non-covalent
interactions, which can be attractive or repulsive.

ents are in a trans orientation and the butenolide 4 is on the
sterically less favorable side of the radical.

Our results suggest that the selectivity is mainly determined
by two effects: 1) Non-covalent interactions between R' and
R% and 2) non-covalent interactions between the acetonide
radical and the butenolide 4. The magnitude and sign of these
interactions depends strongly on the size and functionalization
of R' and R? on the acetonide radical.

For the reactions of trisubstituted acetonide radicals report-
ed in Table 1, the repulsion between R' and R? dominates
(effect 1) and syn stereoselectivity is observed. This conclusion
is also supported by Renauld’s experiments (Figure 1C) show-
ing mostly syn addition when R is a bulky tert-butyl group.®
Effect (2) is less important in these cases, because the buteno-
lide 4 is at a distance of ~2.4 A from the acetonide radical in
the TS according to our computations. This result is also exper-
imentally supported by the stereoselectivities observed in the
reaction of acetonide radicals formed from 8c and 8e, which
does not change qualitatively when butenolide 4 is replaced
by methyl acrylate.

For the reactions of certain radicals reported in Table 2, hy-
drogen bonding can significantly stabilize TS-anti.l'” This effect
is illustrated by the lowest-energy TS-anti conformers for the
coupling of radicals formed from 8b, 8c and 8d (Figure 4),
where the R-groups interact by a hydrogen-bond to form
a seven-membered ring. The length of the H-bond correlates
with the selectivity: it is shortest for 8¢, which also has the

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

.@2 ChemPubSoc
x Europe

highest anti-selectivity; and longest for 8d, which favors syn-
selectivity. In transition structure 8d-anti, the structure is also
in general sterically more crowded, which explains the large
syn-selectivity. However, apart from hydrogen bonding, other
noncovalent interactions such as electrostatic, induction and
dispersion interactions also affect the reaction stereoselectivity.
Thus, quantitative predictions of reaction stereoselectivities re-
quire accurate computations of the energy and entropy of
both proposed transition states. The computational analysis re-
ported here rationalizes all observed results for trisubstituted
acetonide radicals, including why hydrogen bonding contrib-
utes significantly for 8 c but not for 5b and 5d.

Although our computational analysis predicts the stereose-
lectivities of reactions of trisubstituted acetonide radicals accu-
rately, it does not predict the anti-selectivity of reaction of dis-
ubstituted radical formed from acid 5a with methoxybuteno-
lide 4 correctly. This is likely caused by small overestimation of
the stability of TS-syn (~1 kcalmol™"), which is also observed
for other radicals produced from precursors 5. This is within
the expected accuracy of our methods and illustrates their
scope and limitations in predicting the selectivity of large syn-
thetically relevant chemical systems.

>

1.78
8¢ (9.1:1)

8d (1:7.0)

Figure 4. The anti-transition states for reactions of acetonide radicals formed
from 8b, 8¢, and 8d with butenolide 4 and their anti/syn selectivities. The
structures are optimized using TPSS-D3/def2-TZVP and the TBS-groups were
replaced by TMS-groups for computational simplicity.
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In summary, the coupling of chiral trisubstituted acetonide
radicals with electron-deficient alkenes takes place predomi-
nantly from the face syn to a 3 substituent (TS-syn) to minimize
non-covalent interactions between bulky substituents at the
a and (3 carbons. However, stabilizing intramolecular hydrogen
bonding between hydroxyl groups at C-1 of these substituents
can lead to a preference for reaction from the face anti to the
[ substituent. The selectivities arise from a delicate balance of
noncovalent interactions and their prediction requires high-
level computational models of diastereomeric transition states.
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