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A Chiral Cyclohexanone Linked to Polystyrene for Solid-Phase
Synthesis of Chiral a-Carbonyls
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Two chiral cyclohexanones were linked to polystyrene resin. The polymer-bound auxiliaries were subjected

to a sequence of four reactions, the last of which cleaves the desicbital carbonyl compound off the
resin, concurrently regenerating the resin-bound auxiliary in its original form. The resin can then bé reused.

Introduction Scheme 1

Polymer—bour_ld reagents and catalysts have proven very " o 1 "P’OR\ 1 (ROCuLi
useful for organic synthesisAmong the several advantages iR @/V THF
they may provide are ease of removal, recyclability, and _ —mE _
utilization of large excess without waste. The same advan- g, e >99% d.e.
tages apply to resm-bgund auxiliaritget relatively few 1 n-BuLi C 2R=H
have been developed in the past decade cram many CICO,Me s 3R =CO,Me
were derivatives of Evans’ oxazolidinones used in alkyla- "
tion,* aldol additions, Diels—Alder? and 1,3-dipolar cy- 5 1

A ) . e AR X
cloadditions” Many of the disadvantages of using auxiliaries : 1 ;
. L . L . R2 )\/R + ~_R

on a solid support vanish if their removal can coincide with - o ;2 HO 4
the cleavage of the substrate from the resin and if the resin- Me R R
bound auxiliary can be reused. However, to be able to fixa ~ * Xz 6

chiral auxiliary to a resin, it may be necessary to modify its
original structure substantially, which may result in a
decreased performance. a polymer resin to allow the same sequence of reactions to
We have reported a method to madechiral carbonyl  pe conducted on solid support. Libraries of chiral carbonyl
compounds based on menthone as a chiral auxiliary (Schemeompounds could be prepared with three stages of diver-
1)# The method is equivalent to the alkylation of chiral gence: the vinyllithiums, the cuprate reagents, and the

We deemed possible to fix a menthone-like molecule on

enolated, and it enables the preparation of carbonyl com-
pounds usually ir=99% ee, some that cannot be prepared
by the more classical approach of chiral enolate alkylation.

ozonolysis workup. Importantly, the resin is in principle
reusable, since the oxidative cleavage regenerates the initial
carbonyl on the auxiliary. Moreover, there would be no need

In this 4-step sequence, the addition of vinyllithiums to
menthone 1) proceeds with complete selectivity. The

for chromatographic separation of the auxiliary from the
desired compound, which is not the case in the solution-
resulting axial alcoho® is difficult to derivatize but it was phase sequence. We did not anticipate prob|ems in terms of
possible to convert it to a carbonaequantitatively. The  the regio- and stereoselectivity of the key cuprate displace-
subsequent displacement by cuprate reagents proceeds Withhent step in the solid-phase sequence. However, the nature
complete regioselectivity and total transfer of chirality of the menthone-like auxiliary would greatly affect the
(stereospecificity) to give exocyclic alkedeThe nature of  stereoselectivity of the vinyllithium addition step. This is why

the cuprate reagent does not affect the regioselectivity andwe elected to start with molecules with structures as close
stereospecificity:'? One minor drawback was that some aryl-  as possible to the menthone skeleton.

substituted carbonate8, (R = Ar) gave lower stereoselec-
tivities with large cuprate reagents (e 4. R? = tert-butyl).
Ozonolysis provides the desired carboxylic agatlaldehyde Auxiliaries Based on PulegoneThe first auxiliaries we

5b, or primary alcohob, depending on workup conditions  pilt possessed a structure close to that of menthone and
used. In addition, the chiral auxiliary is recovered in good \yere made from the commercially availabke)¢pulegone
overall yield.p-Menthane-3-carboxaldehyde, prepared in two 7 (Scheme 2). We figured that a cuprate addition on pulegone
steps from menthone, allows the synthesis of quaternaryyoyld allow the introduction of a linker for its subsequent
carbons of high optical purit}/. attachment to a resin. The extra bulk around the ring ketone

* To whom correspondence should be addressed. E-mail: Claude.Spino@WaS Not a concern, init_i?HY- However, it tumed_OUt to be
USherbrooke.ca. fatal to this type of auxiliary (vide infra). Ozone is a harsh
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Scheme 2
dl 1) (11a), 9-BBN, THF, reflux d
| © = T % 2)Pd(PPhy). 2M aq.K,CO, E
THF, reflux
R v PS
/I\ a) PhBr, 90% or M\
b) 4-BrPh-PS
7 10a, R= 3-anisyl 12aR =Ph
11, R= (CHp);CH=CH, 12bR = PS
Scheme 3
I\ ~"o1BS
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4 4 -30°Ctor.t
75%, 99% d.e.
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Scheme 4

A,

21

oty

23

Toluene, reflux

1) LDA, R-CH,Br
THF, -78 °C

o}
2) NaOAc, AcOH pH=4

H,O/Hexanes (1:1), r.t. R

66%, 3 steps for 24 (+)-24 R = CH=CH,

65%, 3 steps for 25 (+)-25 R = 4-BrPh
this same sequence on solid phase usi2ly but no product
came out of the resin upon ozonolysis, confirming our fear
that here, too, the corresponding epoxide was probably the
major product (Scheme 32b — 16h).

Aucxiliary 10a suffered a similar fate starting with vinyl
iodide 17 where the sequence before ozonolysis went very
well but the ozonolysis furnished only 20% of the desired
product (shown in the Supporting Information). It is impor-
tant to note that other oxidizing agents do not cleave double
bonds in compounds such ds15, or 19, including OsQ

oxidant, and we wanted as few functionalities as possible and RuQ. Even ozone cleaves the double bond rather slowly
on the linker. Heteroatoms in general were to be avoided if jn menthone-derived compounds, such4aherefore, at

possible, though ethers are fairly unreactive and were that point, we decided to use auxiliaries with less steric bulk
considered relatively safe, even if they can be oxidized by next to the ketone in order to allow the ozonolysis step to

ozone in some instancésKakiuchi and co-workers have
linked a menthol-based auxiliary on a PE®/ang resin via
the phenolic hydroxyt® Benzyls and aromatics could be

take place normally.
Other Cyclohexanone Auxiliaries. After considering
several alternatives, we elected to prepat9-2-allyl-1-

tolerated on the linker, since many resins are made up largelycyclohexanone4 as described in the literatidfeand ¢)-
of these groups, and ozone has been shown to be useful fop-(4-bromophenyl)-1-cyclohexano®s (Scheme 4). Com-

solid-phase chemistif. The syntheses o0f0 and 11 are
described in the Supporting Information. Compouddd was
subjected to hydroboration with 9-BBN, and the resulting

pound24 was obtained optically pure, as reported, whereas
compound 25 was only 72% ee. However, after three
recrystallizations in 2-propanol, auxilia@b was isolated in

borane was coupled with bromobenzene under the Suzuki>999 ee in a remarkably high overall yield of 52%. It was

conditiond® to afford 12a in good vyield (Scheme 2).

then converted to the boronaf®y without racemization.

Compoundl2awas to serve as a solution-phase model for Although both auxiliaries were prepared #99% ee, the

12b. Auxiliary 11o was coupled to BrPS under the same
reaction conditions to givé2b, but no effort was made to

initial trials were actually conducted on the racemic material
for economic reasons. Altered conditions were necessary to

characterize the resulting solid-supported auxiliary, since it fix auxiliary 24 to the resin via the Suzuki coupling because

eventually proved unusable (vide infra).

of competing reduction of the ketone in the hydroboration

Scheme 3 displays the sequence of reactions that werestep (Scheme 5). Unapparent in Scheme 5 is the fact that

performed starting with auxiliaryl2a Vinyl iodide 13
underwent a lithiumr-iodide exchange witl-BuLi, and the
resulting vinyllithium added, as expected, with complete
stereoselectivity to keton&2a to give alcoholl4a The
carbonate derived fromdawas subjected to a reaction with
lithium dimethyl cuprate, which to our delight proceeded to
give adductl5awith complete transfer of chirality. However,
we were disappointed to find that ozonolysisl&adid not

these conditions were, in fact, racemizing the starting ketone
24. Auxiliary 25 was converted to the boronafy and
coupled to bromobenzene to gi28a Those two reactions
were nonracemizing when the conditions shown in Scheme
5 were utilized, as we later demonstrated. We successfully
coupled boronate27 to bromopolystyrene29, too, and
obtained?28b. Alternatively, bromide25 could be converted
directly to28b using pinacolboratopolystyrei®®, which was

cleave the auxiliary at all, but instead, gave an excellent yield made from bromopolystyren29 following the conditions

of epoxide 16a Epoxides are known to arise from the
ozonolysis of sterically crowded double borfs his was

developed by Y. Masud§.
The sequence of reactions was first tested with racemic

a distrastrous result because two extra steps would be26ain solution (Scheme 6). We noticed a decrease in the
required to open the epoxide to a diol and cleave the auxiliary selectivity in the addition of the vinyllithiun31to 26a The

with periodate. We did not investigate this possibility, as
the total number of steps would become prohibitively high.

ratio of 94:6 corresponds closely to the calculated ratio of
the equilibrium between the two chair conformation26&

Just in case the outcome would be different, we repeatedif we assume a preference for equatorial attack on both
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Scheme 5
% 1) Cy2BH, THF, rt. %0\
o
2) Pd(PPha),, 2M ag.K,CO,
= THF, reflux s
a) PhBr, 81%
(£)-24 b) 4-BrPh-PS (£)-26a R = Ph
(4)-26b R = PS
PdCla(d
1) Pinacol borane CsF zékfgz
o]
2) Pdc'z(F'Pha}z Et;N Aryl bromide, r.t.
dioxane, 80-100 °C, 67%

R

(£)-25 (£)-27 (£)-28a R = Ph

()-28b R = PS

PdCly(dppf),
1) Pinacol borane jei CsF, CH,Cly,
2) PdCI,(PPhs), ‘o
Et;N, dioxane
29 80-100°C
Scheme 6
|\/\/\ Ph
o 31 /\/\Ph

t-BulLi, Et;0, -78 °C to r.t.
for 32a, 57%, 84% d.e.
for 32b, 48%, 88% d.e.

R
24 R= CH,CH=CH,
28a R= (CH,);CgHs
28b R= (CH,)s-PS

(#)-32a R= CH,CH=CH,
(£)-32b R= (CH,)3CeHs
(#)-32¢ R= (CH,)s-PS

1. n-BuLi, THF

Me
CICO,Me, -78 °C tor.t. :

03, CH,Cly/MeOH (2:1),
NaBH,, -78 °C to r.t.
Ph

2. MeZOCuLi, THF R for 34a from 33b 75%
-30°Ctort. ()-33a R=CH,CH=CH, for 34a from 33c, 2%
for 33a, 78%, 99% d.e. (£)-33b R= (CH,)3C¢Hs
for 33b, 82%, 99% d.e. (+)-33¢c R=(CH,)3-PS
Me AN
HO. +  HO Ph
\/\/\ph
(£)-34a 35

conformations (Figure 1). In comparison, the methyl and
isopropyl groups in menthorieensure a single conformation
onto which the vinyllithium may attack, resulting in a
completely selective equatorial addition. We decided to make
do with this small decrease in selectivity because adding an
extra alkyl group on the cyclohexanone did not appear
particularly easy. The desired isomer3#b was separated
from its epimer by normal silica gel column chromatography,
and the {2' displacement by cuprate reagents of the
carbonate derived fror®2b gave a single diastereomgsh.
Ozonolysis proceeded uneventfully to afford race®da

The overall yield of the unoptimized sequence in solution
was 30% for four steps from auxiliaB6a, or an average of
74% vyield per step. We repeated the sequence on solid phas

~1.8 kcal/mol
95:5 Ph
o — (0]
Ph
26a-A 26a-B
~4 kcal/mol
99.9:0.1
0 _— o)
1-A 1-B

Figure 1. Calculated energy difference between the two chair
conformations forl and26a

Journal of Combinatorial Chemistry, 2005, Vol. 7, No. 247

Scheme 7
1. Cy,BH, THF
Me 2. Pd(PPhg),
aq. K,CO3, 4-BrPh-PS
= THF, reflux
(¥)-33a ()-33¢
1.03,-78°C
CH,Cl Me Work-up
W 77>"ph CH,Cly/ MeOH (2:1), NaBH,, 19% for 34a
789C tort CH,Clp, DMS, 18% for 34b

(£)-34a, Z=CH,OH
(£)-34b, Z=CHO
(#)-34c, Z=CO,H

Acetone, Jones', 12% for 34c

using 26b and obtained an overall yield of 2% of alcohol
34afor 5 steps, which corresponds to a 46% vyield per step
(Scheme 6). Although the overall yield was seemingly low,
this was an unoptimized pass, and the isolated compound
was very clean (estimated80% pure by*H NMR), the only
other contaminant being alcoh8b (~3% of the mixture).

We considered this result as very positive. The formation of
alcohol 35 was not surprising and likely emanates from an
incomplete carbonate formation on the solid support, giving
33ccontaminated with leftove32c The latter will react with
ozone to give35. This problem can be circumvented with
excess base and carbonate, although we cannot monitor the
reaction. Incomplete carbonate formation is seldom observed
when conducted in solution. It can be monitored by TLC,
and the leftoveB2bwould be removed chromatographically.

We elected to first optimize the ozonolysis step on solid
phase. To that end, intermedi&gawas prepared in solution
(Scheme 6) and then fixed to the resin (Scheme 7) using the
hydroboration/Suzuki coupling protocol to gi@é. A single
large batch of36 was used to optimize the ozonolysis step
to remove the effect of the coupling step on the overall yield.
Solvent, reaction time and temperature, and workup condi-
tions were varied systematically. Scheme 7 shows the
optimized conditions for the formation of the primary alcohol
344 the aldehyd@&4b, and the carboxylic aci@4c The yield
shown was that obtained for both the coupling and ozonolysis
steps, and at this stage, we could not determine the yield of
each individual step, although we suspected the coupling step
to be the culprit of the modest yields.

We were now ready to try the whole sequence of reactions
on solid phase. As alluded to earlier, repeating the whole
sequence of reaction starting with the optically enriched
auxiliary 24 (76% ee) furnished alcoh84ain racemic form.

We were able to determine that the optimized conditions for

éhe Suzuki coupling were, in fact, responsible for the

racemization of the ketor4 prior to its linking to the resin.
Indeed, treating+{)-24 (76% ee) with the conditions shown
in Scheme 8 gavet)-26a which was converted to the chiral
acetal 37. The latter was isolated as a 1:1 mixture of
diastereomers. By contragy (76% ee) was converted under
the same reaction conditions to the corresponding cyclic
acetal (not shown), yielding an 88:12 ratio of diastereomers
and, therefore, establishing that the acetal formation was not
racemizing26a For this reason, further development with
auxiliary 24 was stopped.

In the meantime, the sequence of reactions was also being
optimized for solid phase with auxiliarg8b (cf. Scheme
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Scheme 8 Table 1. Small Library of Compounds Made from One
Batch of28b with Three Points of Divergenée

1) Cy2BH, THF 5 yield yield/step
__ 2)PhBr, PdCly(dppf) entry SM. Prd R R zZ (%) (%)
2M KZCO%,THFIDMF (1:1) Ph 1 40a 34a Ph Me CHOH 8 60
o T O8% 268 2 40a 34bPh  Me CHO 18 71
76% .0, 3 40a 34cPh Me COOH 9 62
4 4la 52a Ph Ph CHOH 14 68
Me 5 4l1a 52b Ph Ph CHO 10 63
Ho/:\/OH 6 4la 52c Ph Ph COOH 9 62
e G Mo 7 42a 53aPh  tBu CHOH 3 50
36 O\e 8 42a 53b Ph t-Bu CHO 9 62
Me 9 42a 53c Ph  tBu COOH 10 63
cat. pTsOH 10 43a 54a Ph s-Bu CHOH 9 62
CH,Cl, reflux. Ph 11 43a 54cPh  sBu COOH 11 64
99%, dr. =111 37 12 44a 55aPh  nBu CHOH 4 53
13 44a 55b Ph n-Bu CHO 7 59
Scheme 9 14 44a 55c Ph  n-Bu COOH 10 63
I 15 45a 56a Ph 1-naphth CEDH 6 57
v 16 45a 56bPh  l-naphth CHO 4 53
o 17 46b 57a OTBS Me CHOH 8 60
t-BuLi, Et,0, -78 °C 18 46b 57b OTBS Me CHO 12 66
19 47b 58a OTBS Ph CHOH 4 53
PS 20 47b 58b OTBS Ph CHO 8 60
28b 38a 21 48c 59an-Pr Me CHOH 5 55
22 49c¢ 60a n-Pr sBu CH,OH 8 60
) 23 50c 6lanPr CHSi(Me)x CH,OH 7 59
o3 SHZCRINeOR (2:1) 24 5ic 62anPr Ph CHOH 8 60
4 * HO >"ph 25 51c 62bn-Pr Ph CHO 16 69
17% for 3 steps 26 51c 62c n-Pr Ph COOH 5 55
(>90% pure) % acf. Scheme 11° Yield of isolated pure products after chroma-
5). The optimized conditions for the ozonolysis shown in tography, calculated for five steps.
Scheme 7 were glsp .optimal for this auxiliary. Optimizing gcheme 10
the other steps individually was not easy because of our
choice of using a noncleavable, chemically unreactive linker. '
.. . L L. Palladium catalyst
However, we could optimize the vinyllithium addition o N R AR o
reaction as shown in Scheme 9. A single large batc28bf n-BusNBr, KCO4
) . . L= . B(OH), EtOH, r.t.
was submitted to the addition reaction of vinyllithium derived '
. . . Br Ph
from 31, and the resulting resin-bound allylic alcohol was R1.25 (9% R).28a (99%
ozonolyzed. The number of equivalents3if and t-BuLi, (R)-25 (99%ee) (R)-28a (99%ee)
the solvent, temperature, and reaction time were varied Scheme 11
systematically while the ozonolysis step was kept identical
for all trials. We were satisfieq 'to reproducibly get 17% of. o t-BuLi, Et,0, -78 °C to r.t. R
alcohol 35 under those conditions (note that the Suzuki g
coupling reaction to mak28b was not yet optimized). 31 R=Ph
We decided to test the overall yield of the whole five- ps 13R=0TBS
step sequence. A small library of compounds was made to (R)-28b 39R=n-Pr 38aR=Ph
test the efficiency of our system and is reported in Table 1. gg:szgﬁs
A single batch of28b was prepared by Suzuki coupling of
27 with 4-bromopolystyrene. Initial attempts to apply the 1.n-BuLi, THF
Suzuki coupling conditions to 4-bromopolystyrene beads in _C;g?é“t":r . 05, -78°Ctort, workup
individual IRORI Kans gathered inside a larger vessel gave - R e 77" R
us ~60% yield of 28b on the basis of recovered starting 2. RaCuli, THF & NagH, BOH @), 35, 52:62
boronate27. We surmised that the problem could be dueto 20 "¢tort ps  b.CHyCl, DMS az-cnio
inadequate mixing compounded by the low solubility of CsF 4051 ¢ Acetone, Jone's €Z=COH
in dichloromethane. Instead, the same reaction was carried aR=Ph
L. . . b R=0TBS
out on the free resin inside a single flask, and we obtained cR=nPr

linkage of the auxiliary in>95% on the basis of recovered

starting boronat@7 and the weight of the resin. The beads respectively. Each of the 12 stacks of beads, bearing one of
of resin-bound28b were then separated into three unequal three different alcohols, was treated with 5 equineBulLi
portions and charged in separate flasks of vials. In each vesseand 7 equiv of methyl chloroformate and then 5 equiv of
was added a different vinyllithium reagent, giving rise to different cuprate reagents (Table 1). Finally, the resulting
alcohols38a—c (cf. Scheme 11). Each of the three batches cuprate adducts were treated with ozone, followed by one
was further divided again in six, two, and four portions, of three different workup conditions to give a primary
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alcohol, an aldehyde, or a carboxylic acid. Not all of these Table 2. Effect of Base and Solvent on the Suzuki Cross
three combinations were carried out, but in total, a small Coupling of Aryl Bromide25 with Phenylboronic Acid

library of 26 compounds was obtained. Overall yields varied yield (%) vyield (%)
from 4 to 18%, with a median yield of~10%. This base time of (R)-28a of (R)-25
corresponded to more than 60% yield per step, a result thatentry (equiv) solvent (h) (%ee) (% eed
satisfied us, given the relatively high purity of the compounds 1  K»COs E3g EtOH 4 91 5303 0
obtained as judged ByH NMR (after chromatography). The 2 CsCQ(3 EtOH 4 95(30 0
chemical quit gof tr?g:rude (roducts was egnerpally)acce t- 3 CsCa() CHCl, 48 76 24 (98)
purity i€ p 9 y Pt 4 kPO, (2) EtOH 26 100(93) O
able: alcohols were obtained between 80 and 90% purity; 5 CsF (3) EtOH 4 86 (98) 08 (98)
aldehydes were around 80% purity; the purity of the 6 CsF(3) CHCI, 48 97 (98) 02 (98)
carboxylic acids was more variable bu70% in the crude 7 KE(3) EtOH 26  91(98) 03 (98)
mixtures 8 KF(3) CHCl, 48  88(98) 12(98)
: 9 NEt(10) EtOH 48  73(92) 27(92)
Nonracemizing Suzuki Coupling Conditions.There have 10 'PrNH (3) EtOH 48 70 30 (82)
been few reports in the literature regarding the investigation ﬂ Egzozt(‘;f"bo (3) Eign gg gg ‘71? gggg
of mild (room temperature) Suzuki coupling reaction condi- 13 NaOAc (3) EOH 28 12 88 (98)

tions1®2° However, no generally applicable set of reaction - ——— , .

conditions has yet been found to effect this reaction. In many Olf):/(‘)’)”g'rt]'é’rl‘fd é(%&) f‘;?f(')"r)ﬁoﬁ)'g/g(?;g&ﬁ 22;%%632’#5&?%5
cases, the reaction conditions and, in particular, the base thag} recovered auxiliary25, determined by HPLC (Chiralcel OB
is necessary are not entirely compatible with the functional column).cIsolated yieldd Percent enantiomeric excess 28a,
groups present in the desired substrate, especially those thadetermined by converting it into the corresponding ketal form with
can lead to racemization of the substrate. Aqueous carbonatéhiral (R R)-2,3-butanediol® No further conversion up to 48 h.

is the most frequently employed Recent efforts to solve Table 3. Homochiral Compounds2—54 and 60 Made from
this difficulty have focused on the use of less basic reagents, »gy,

such as tripotassium phosphé&tand fluoride salt®¥ in ey SM. Pd R R 7 yield %6p _eP
hydrocarbon solvents. —

1 41 52a Ph Ph CHOH 14 93:7
To the best of our knowledge, there has been only one 5 412 522 Ph  Ph CEO 10 91:9
report by Shieh and co-workers in which racemizationissue 3 41a 52c Ph Ph  COOH 9 90:10
of the starting substrate was addres¥ethey have carried 4 42a 53a Ph tBu CHOH 9 92:8
out the Suzuki coupling oR-Boc-(S)-tyrosine triflate with 5 42a 53¢ Ph tBu COOH 10 95:5
. . . " 6 43a 54a Ph sBu CHOH 11 95:5
phenylboronic acid using heterogeneous conditionsand 3mol 7 435 54c Ph  sBu COOH 11 92:8
% of tetrakis(triphenylphosphine)palladium(0) and anhydrous 8 43¢  60a n-Pr sBu CH,OH 8 95:%

potassium 9arb0.nate In tOIUEr‘e at ‘Emgnd O_bta'ned the aYield of isolated pure products, calculated for five steps.
corresponding biaryl product in 94% yield without racem- b petermined by HPLC using a Chiralcell OD coluntrDetermined
ization. However, the same reaction conditions gave race-by GC/MS of the corresponding Mosher ester.

mized biaryl Suzuki produc28ain our case, starting from

chiral substrateR)-27 (99% ee). We therefore initiated a ~conditions gave lower yields, racemization, or both (see
preliminary study aimed at finding conditions that would not entries 5, 7, and-913).

racemize R)-25 or (R)-27, first in solution, then on solid With these nonracemizing Suzuki coupling conditions in

phase, by carrying out the whole sequence of reactions anchand, the resin-bound auxiliarg8b was prepared and

analyzing34afor stereochemical purity. subjected to the four-step sequence (Scheme 11, Table 3).
An initial screen of various Pd catalysts{20 mol %),  Agreeably, the overall yield of the sequence was as high

including Pd(OAc), PdCh, Pd(dba), PdCL(PPh),, Pd- with these new conditions (between 4 and 14% yield for 5
(PPh)a, PACH(CsHsCN), and PdCi(dppf), with KsPO; (3 steps), and the purity of the crude compounds was close to
equiv) as a base and BUBr (5 mol %) as an additve ~ 90%, as estimated byH NMR. The optical purity of
suggested that Pdgdippf) was superior in terms of yield compounds in Table 3 was satisfactory. We judged that a
for the Suzuki coupling ofR)-25 with phenylboronic acid ~ Small library of eight homochiral compounds was enough
(Scheme 10). In addition, ethanol as solvent gave the bestl0 demonstrate unambiguously that the chirality of the
yield of 28a However, under these conditions, all catalysts, auxiliary is efficiently transferred to the final product.
including PdCi(dppf) were giving complete or partial Knowing that the addition step procures-af4:6 mixturé®
racemization. We therefore screened different bases and®f alcohols38 (vide supra) every other step proceeded with
solvents for this reaction (Table 2). Carbonate bases gavePreservation of the stereochemical integrity of the starting
significant racemization in ethanol (entries 2) and lower ~ auxiliary. Several compounds were made, including alcohols
conversions in CkCl, (entry 3). The PdG{dppf)/KsPOy (entries 1, 4, 6, and 8), aldehydes (entry 2), and acids (entries
system in ethanol gave a good yield of biaryl prod28a 3,5, and 7) in a library-style synthesis starting from a single
at room temperature but with some racemization (entry 4). batch of28b.
The best combination was Pd@ppf)/CsF or KF catalyst

system in dry CHCI, (entries 6 and 8), which catalyzed the

Suzuki coupling of aryl bromid@9 with arylboronic acid We have successfully developed a novel polystyrene-based
at room temperature without racemization. Other bases andresin bearing a chiral auxiliary capable of producing chiral

Conclusion
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carbonyl compounds and alcohols in high enantiomeric mixture was stirred at room temperature for 1.5 h. After that
excess. The sequence is short (four steps from the auxiliary-time, the pentane layer was separated, and the aqueous
bearing resin) and affords good overall yields of material in portion was extracted with pentane ¢ 200 mL). The

an acceptable level of purity. combined pentane layers were washechwlitN HCI (200
_ _ mL); water (200 mL); 5% aqueous NaHE@00 mL); water
Experimental Section (200 mL); and, finally, with brine. Flash chromatography

All reactions were carried out under an atmosphere of ON silica gel using hexane and then 5% ethyl acetate/hexane
argon. Ethyl ether, toluene, and benzene were dried over@s €luent gave a white solid (7.98 g, 65%). CompoR&d
metallic sodium using benzophenone as an indicator; tet-Was determined to be 72% ee by chiral HPLC. It was then
rahydrofuran was dried over both sodium and potassium recrystallized three times in warm 2-propanol. The auxiliary
using the same indicator. Dichloromethane, dimethyl for- Was obtained in 52% (6.38 g) overall yield after three
mamide, triethylamine, acetonitrile, and diisopropylamine "ecrystallizations, and the percent ee we89% as deter-
were distilled over calcium hydride. Hexanes were purchased™Mined by chiral HPLC25: mp= 50-52°C.*H NMR (300
anhydrous from Aldrich. Thin-layer chromatography was MHz, CDCk): 6 7.38 (d, 2H,J = 8.2 Hz), 7.03 (d, 2H) =
performed using 0.25-mm Silica Gel 60 F254 (EM Science- 8.8 Hz), 3.15 (dd, 1H) = 13.75, 4.95 Hz), 2.552.25 (m,
Merck), and flash chromatography using silica gel Kieselgel 4H), 2.1 (m, 2H), 1.85 (m, 1H), 1.6 (m, 2H), 1.3 (m, 1H).
60 (230-400 mesh ASTM). Hewlett Packerd (HP 1100 “C NMR (75 MHz, CDC}): 6 139.4 (s), 131.3 (d), 130.9
series) HPLC was used for checking optical purity of (d), 119.7 (s), 52.3 (d), 42.1 (t), 34.9 (t), 33.5 (t), 28.0 (1),
synthetic analogues (Chiralcel OB and Chiralcel OD column, 25.1 (t). HRMS calcd for &H1sBrO: 266.0306. Found:
0.46 cm x 25 cm, 1-20% PrOH/hexane as an gradient 266.0301. LRMS 1{vz (relative intensity)): 266 (M, 60),
eluent, flow rate 1 mL/min, 1@m, 2 = 220, 230, 254, and 268 (M", 60), 237 (15), 239 (15), 209 (15), 171 (15), 169

270 nm). (100), 171 (100). IR (CHG): 3059, 3025, 2928, 2857, 1705
All nuclear magnetic resonance spectra were taken in (S), 1588, 1497 cmt. [a]p = +32.59 € = 2.47, CHC)).
deuterated chloroform on a Beer AC-300 £H, 300 MHz; 2-[4-(4,4,5,5-Tetramethyl-[1,3,2]dioxaborolan-2-yl)-

13C, 75 MHz). Chemical shifts are reported in parts per benzyl] cyclohexanone (27)To a stirred solution of starting
million (8) downfield from tetramethylsilane. The splitting bromide25 (15.0 g, 56.17 mmol) in anhydrous 1,4-dioxane
patterns are designated as s, singlet; d, doublet; t, triplet; g,(225 mL) was added dichlorobis(triphenylphosphine) palla-
quartet; m, multiplet; and ABg, AB quartet. The infrared dium(ll). CH,Cl, adduct (1.83 g, 2.24 mmol) and the reaction
spectra (IR) were determined on a Perkin-Elmer 1600 Fourier mixture was stirred at room temperature for 15 min.
transform spectrometer. The IR spectra were determined neatAnhydrous triethylamine (17.05 g, 23.49 mL, 168.53 mmol),
unless otherwise stated. The melting points were performedfollowed by pinacolborolane (10.78 g 12.22 mL, 84.26
on a Mettler Toledo model 62. High- and low-resolution mmol), was added to the reaction. The reaction mixture was
mass spectra (HRMS and LRMS) were obtained with a then heated at 86100 °C for 3 h. After that time, it was
Micromass spectrometer ZAB-1F model VG]) were cooled to ambient temperature, dioxane was removed under
measured with a Perkin-Elmer Polarimeter 343. vacuum, and water (250 mL) was poured in. The aqueous
2-(4-Bromobenzyl)cyclohexanone (250 a stirred solu- ~ phase was extracted with diethyl etherX3150 mL), and
tion of anhydrous diisopropylamine (4.62 g, 6.4 mL, 45.70 the combined ether layers were washed with water and brine,
mmol) in dry THF (85 mL) was addeatbutyllithium (1.78 dried over anhydrous MgSQfiltered, and concentrated
M solution in pentane, 25.8 mL, 45.90 mmol) slowly over a under vacuum to yield the crude compound. The product
15-min period at 0C, and the reaction mixture was stired Wwas purified by flash chromatography on silica gel using
for 15 min at that temperature. After that time, it was cooled 5—15% ethyl acetate/hexane as eluent to yield boroRate
to —30°C, and imine23(10.68 g, 43.52 mmol) in dry THF ~ as a low-melting white solid (11.86 g, 67%) and some
(45 mL) was added slowly over a period of 20 min. Stirring dehalogenated compound (1.8 g, 17%jJ: mp = 66—68
was continued at that temperature for 2 h. The reaction was°C. *H NMR (300 MHz, CDC}): ¢ 7.71 (d, 2H,J = 7.69
then cooled to-78 °C and 4-bromobenzyl bromide (11.41 Hz), 7.15 (d, 2HJ = 7.69 Hz), 3.23 (dd, 1HJ = 13.75,
g, 45.67 mmol) in dry THF (30 mL) was added over a period 4.4 Hz), 2.55-2.25 (m, 4H), 2.0 (m, 2H), 1:81.5 (m, 4H),
of 45 min. The mixture was allowed to stir at that temperature 1.32 (s, 12H).**C NMR (75 MHz, CDC}): 6 212.1 (s),
for 2 h, then it was poured in a saturated solution of aqueous143.7 (s), 134.6 (d), 128.4 (d), 83.5 (s), 52.2 (d), 41.9 (1),
NaCl (500 mL) and extracted in diethyl ether %3200 mL) 35.5 (1), 33.2 (1), 27.8 (1), 24.9 (1), 24.7 (9). HRMS calcd
to yield a sensitive imine product (18.40 g, 100%). The for CigH,BOs: 314.2053. Found: 314.2063. LRM$&¢
product was hydrolyzed immediately without further puri- (relative intensity)): 314 (M, 100), 295, 271, 217. IR
fication.'H NMR (300 MHz, CDC}): 6 7.5-7.35 (m, 5H),  (CHCly): 3086, 3054, 2957, 1702 (s), 1605, 1358 €énjo]p
7.25-6.95 (M, 4H), 3.65-3.45 (m, 2H), 3.43.32 (m, 2H), = +17.40 ¢ = 1.58, CHC}).
3.28 (s, 3H), 3.2 (m, 1H), 3.0 (dd, 1H,= 13.1, 3.3 H2z), Synthesis of Resin-Bound Auxiliary 28b.To an oven
2.78-2.6 (m, 2H), 2.6-2.2 (m, 4H), 1.85 (m, 1H), 1.5 (m,  dried round-bottomed flask was added 4-bromopolystyrene
1H), 1.4-1.2 (m, 2H). LRMS (W2): 413 (M%), 415 (M"). (1.59 g, 3.18 mmol, 2.0 mmol/g) in anhydrous dichloro-
To a stirred solution of the imine (18.37 g) in pentane methane (50 mL). The resin was allowed to swell by letting
(250 mL) was added a buffer solution [NaOAc (14.36 g), it stir for 10 min. PdC}(dppf)-CH,CI, (0.259 g, 0.318 mmol)
AcOH (33.0 mL), distilled HO (152 mL)], and the reaction  catalyst was added, and the reaction mixture was stirred at
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room temperature for 15 min. Pinacolboronate e27gf .49
g, 4.77 mmol) in dry dichloromethane (10 mL) was added
to the reaction mixture, followed by anhydrous cesium
fluoride (1.45 g, 9.55 mmol). The mixture was stirred at room
temperature for 40 h, after which time the resin was filtered
out and successively washed with &, H,O, DMF, H,0,
THF, MeOH, CHCI,, and MeOH (36-40 mL of eachx
3—5 min stirring). The resin was dried under high vacuum
for 6 h toyield the resin-bound auxiliarg8b.

Solid-Phase Sequence To Obtain Resin-Bound Allylic
Alcohol 38a. To a stirred solution of vinyliodid&1 (2.46
0, 9.54 mmol) in dry ether (50 mL) was slowly addisit-
butyllithium (1.7 M in pentane, 11.23 mL, 19.1 mmol) over
a period of 1520 min at —78 °C under an argon
atmosphere. The reaction mixture was then stirree- 28
°C for 1.5 h and at room temperature for 45 min, then the
reaction mixture was again chilled te78 °C and was
transferred via cannula to a precooled’@ °C) solution of
the resin-bound auxiliarg8b (1.59 g, 3.18 mmol) in dry
THF (30 mL). Stirring was continued for 20 h while slowly
warming to room temperature After that time, the resin was
filtered out and copiously washed with THF, THR®
(1:1), KO, THF, CHClI,, and MeOH (36-40 mL, with 3-5
min stirring each wash). The resin was dried under high
vacuum fo 6 h toyield the alcohol intermediatd8a

Solid-Phase Sequence To Obtain The Carbonate In-
termediate. To an oven dried round-bottomed flask was
added alcohaB8a(1.59 g, 3.18 mmol) in dry THF (40 mL),
and it was stirred at room temperature for 10 min to swell
the resinn-Butyllithium (2.3 M solution in hexane, 6.91 mL,
15.91 mmol) was added slowly over a period of 10 min at

—78°C, and the reaction was stirred at the same temperature2 4-Diphenylbutyraldehyde (52b).Alkene 41a (R’

for 2 h. Then methylchloroformate (2.09 g, 1.71 mL, 22.27
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and R = Ph) (0.75 g, 1.50 mmol) was dissolved in dry £H
Cl; (40 mL) and stirred at room temperature for 10 min to
allow the resin to swell, and ozone was bubbled in the cold
(=78 °C) mixture. When the solution remained light blue
(nearly 3-5 min), indicating the excess ozone, the flow was
stopped, and nitrogen was bubbled to remove excess ozone.
The solution was then diluted with dry MeOH (15 mL), and
NaBH, (0.28 g, 7.50 mmol) was added at78 °C and
continued stirring for 20 h while allowing the mixture to
slowly warm to room temperature. The resin was filtered
and washed with CKCl, and MeOH (36-40 mL each). The
combined filtrates were concentrated under vacuum, poured
into water, and extracted with diethyl ether. The combined
ether layers were washed with water and brine, dried over
anhydrous MgSQ filtered, and concentrated under reduced
pressure. ThéH NMR of the crude product showed the
required compound in more than 90% purity. The crude
compound was purified by flash chromatography on silica
gel to obtain pure chiral alcohd?a as a colorless thick
liquid (93:7 er) in 14% isolated overall yield for five steps.
H NMR (300 MHz, CDC}): 6 7.4-7.11 (m, 10H), 3.8
3.69 (m, 2H), 2.86:2.77 (m, 1H), 2.59-2.43 (m, 2H), 2.09-
1.86 (m, 2H), 1.36 (brd, 1H}:3C NMR (75 MHz, CDC}):
0 141.89 (s), 131.15 (s), 128.75 (d), 128.3 (d), 128.17 (d),
126.88 (d), 125.78 (d), 67.61 (t), 48.07 (d), 33.58 (t), 33.39
(t). HRMS calcd for GgH150: 226.1358. Found: 226.1353.
LRMS (m/z (relative intensity)): 226 (M, 10), 208 (M—
H.0, 15), 117 (40), 104 (25), 91 (100). IR (neat): 3500
3300 (brd), 3061, 2929, 2863, 1602, 1493, 1453 trju]p
= +6.92 € = 1.82, CHC}).

Procedure for Ozonolysis on Solid Phase To Obtain
Ph)
(0.75 g, 1.50 mmol) was dissolved in dry &8, (40 mL)

mmol) was added to the above reaction mixture at that sameand stirred at room temperature for 10 min to allow the resin

temperature, and stirring was continued for 20 h while
allowing the mixture to slowly warm to room temperature.

Then the resin was filtered and generously washed with THF,

THF/HO (1:1), HO, THF, CHCl,, and MeOH (36-40 mL

of eachx 3—5 min stirring). The resin was dried under high
vacuum fo 6 h to yield the corresponding carbonate
compound.

Solid-Phase Sequence To Obtain Cuprate Adduct 41a.
To a stirred solution of anhydrous Lil (2.12 g, 19.10 mmol)
and Cul (3.02 g, 15.91 mmol) in dry THF (100 mL) was
slowly added phenyllithium (1.72 M solution in cyclohex-
anes-ether, 18.5 mL, 31.82 mmol) over a period of 20 min
at —65 °C. The reaction mixture was then stirred for 2 h
while it was allowed to warm slowly te-30 °C. It was again
chilled to —65 °C and was cannulated to a precooled/8

to swell, and ozone was bubbled in the cold78 °C)
mixture. When the solution remained light blue (neartys3
min), indicating the excess ozone, the flow was stopped, and
nitrogen was bubbled to remove excess ozone. Dimethyl
sulfide (10 equiv) was added at78 °C and continued
stirring for 20 h while allowing the mixture to slowly warm

to room temperature (by removing the cooling bath). The
resin was filtered out, and the resin was washed with-CH
Cl, and MeOH (36-40 mL each). The combined filtrates
were concentrated under vacuum, poured into water, and
extracted with diethyl ether. The combined ether layers were
washed with water and brine, dried over anhydrous MgSO
filtered, and concentrated under reduced pressure.'fihe
NMR of the crude product showed the required aldehyde in
~80% purity. The crude compound was purified through

°C) solution of the resin-bound carbonate compound. The flash silica gel chromatography to obtain the pure chiral

reaction was then stirred for 20 h while allowing the mixture
to slowly warm to room temperature. Then the resin was
filtered and washed with a 9:1 mixture of NEI/NH,OH,
then HO, THF/HO (1:1), THF, CHCI,, and MeOH (46-
50 mL of eachx 3—5 min stirring). The resin was dried
under high vacuum fo6 h toyield the cuprate compound
41a (R and R = Ph).

Procedure for Ozonolysis on Solid Phase To Obtain
2,4-Diphenylbutan-1-ol (52a).Alkene compoundla (R

aldehydées2b as a colorless liquid (91:9 er) in 10% isolated
yield for five steps!H NMR (300 MHz, CDC}): 6 9.68

(d, 1H,J = 2.2 Hz), 7.43-7.14 (m, 10H), 3.743.5 (t, 1H,

J = 8.25 Hz), 2.68-2.38 (m, 3H), 2.22.0 (m, 1H).13C
NMR (75 MHz, CDCE): 6 200.57 (d), 141.05 (s), 136.1
(s), 129.14 (d), 128.95 (d), 128.43 (d), 127.66 (d), 126.04
(d), 58.23 (d), 32.87 (t), 31.06 (t). HRMS calcd foicB20-

NO (M + NHy): 242.1545. Found: 242.1540. LRM8/¢
(relative intensity)): 242 (MNH', 45), 207 (8), 120 (100),
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91 (65). IR: 3029, 2931, 2863, 1720 (s), 1602, 1494, 1453
cm . [a]p = —0.66° (c = 1.8, CHC}).

Procedure for Ozonolysis on Solid Phase To Obtain
2,4-Diphenylbutyric Acid (52c). Alkene 41a (R' = Ph)
(0.75 g, 1.50 mmol) was dissolved in acetone (40 mL) and
stirred at room temperature for 10 min to allow the resin to
swell, and ozone was bubbled in the coldr@ °C) mixture. 65, 7091-7097. (b) Spino, C.; Beaulieu, Q. Am. Chem.
When the solution remained light blue (nearly-3 min), Soc.1998 120, 11832-11833.
indicating the excess ozone, the flow was stopped, and (9) Spino, C.Org. Prep. Proc. Int2003 35, 1.
nitrogen was bubbled to remove excess ozone. Jones’ reagent(lo) ;(g(;zﬁa?ggaézl\g;_gtgé S.; Nakamura, E.Am. Chem. Soc.
(5 equiv) was added at78 °C and continued stirring for (11) Spino, C.; Beaulieu, CAngew Chem., Int. Ed. Eng200Q
20 h while allowing the mixture to slowly warm to room 39, 1930.
temperature. The resin was filtered out, and the resin was (12) Hirama, M.; Shimizu, MSynth. Comm1983 13, 781—786.
washed with acetone, GBI,, and MeOH (36-40 mL each). (13) Shintani, T.; Kusabiraki, K.; Hattori, A.; Furutani, A.;
The combined filtrates were concentrated under vacuum, Tsutsumi, K.; Morimoto, T.; Kakiuchi, KTetrahedron Lett.
poured into water, and extracted with diethyl ether. The 2004 45, 1849-1851. . .

: . . (14) Sylvain, C.; Wagner, A.; Mioskowski, Tetrahedron Lett.
combined ether layers were washed with water and brine, 1997 38, 1043-1044.
dried over anhydrous MgSQfiltered, and concentrated  (15) Miyaura, N.; Suzuki, A.Chem. Re. 1995 95, 2457-2483.
under reduced pressure. THé NMR of the crude product (16) (a) Bailey, P. S.; Lane, A. G. Am. Chem. S0d.967, 89,
showed the required acid compound-~480% purity. The 4473-4479. (b) Gillies, C. WJ. Am. Chem. Sod.975 97,
crude compound was purified through flash silica gel 1276-1278. (c) Bailey, P. S.; Hwang, H. H.; Chiang, C. Y.
chromatography to obtain pure chiral asigicas a colorless J. Org. Chem1985 50, 231-234.
thick liquid (90:10 er) in 9% isolated yield for five steps. ~ (17) (&) Meyers, A.1.; Poindexter, G. S.; Brich, Z.0rg. Chem.
1H NMR (300 MHz, CDCY): 6 11.8 (brd, 1H), 7.397.15 1978 43, 892-898. (_b) Meyers, A. I.; Wiliams, D. R.;

' : : ! ' £ : Erickson, G. W.; White, S.; Druelinger, M. Am. Chem.

(m, 10H), 3.59 (t, 1HJ = 8.25 Hz), 2.61 (t, 2HJ = 8.25 Soc.1981 103 3081—3087.
Hz), 2.59-2.39 (m, 1H), 2.2-2.08 (m, 1H).13C NMR (75 (18) (a) Murata, M.; Watanabe, S.; Masuda, J¥.Org. Chem.
MHz, CDCk): 6 180.26 (s), 141.05 (s), 138.07 (s), 128.75
(d), 128.43 (d), 128.17 (d), 127.59 (d), 126.04 (d), 50.73

(6) Winkler, J. D.; McCoull, W.Tetrahedron Lett1998 39,
4935-4936.

(7) (a) Faita, G.; Paio, A.; Quadrelli, P.; Rancati, F.; Seneci, P.
Tetrahedron Lett200Q 41, 1265-1269. (b) Faita, G.; Paio,
A.; Quadrelli, P.; Rancati, F.; Seneci, Petrahedror2001,
57, 8313-8322.

(8) (a) Spino, C.; Beaulieu, C.; Lafremnig J.J. Org. Chem200Q

(19) (a) Wolfe, J. P.; Singer, R. A.; Yang, B. H.; Buchwald, S.

1997 62, 6458-6459. (b) Murata, M.; Oyama, T.; Watanabe,
S.; Masuda, YJ. Org. Chem200Q 65, 164-168.

(d), 34.42 (t), 33.45 (t). HRMS calcd for,§H,60,: 240.1150.

Found: 240.1147. LRMS1z (relative intensity)): 240 (M,

8), 178 (3), 148 (3), 136 (100), 105 (25), 91 (68). IR: 3400

3027, 2951, 2863, 1702 (s), 1601, 1495, 1453 &rfu]p =

L. J. Am. Chem. S0d999 121, 9550-9561. (b) Littke, A.
F.; Dai, C.; Fu, G. CJ. Am. Chem. SoQ00Q 122, 4020-
4028. (c) Kataoka, N.; Shelby, Q.; Stambuli, J. P.; Hartwig,
J. F.J. Org. Chem2002 67, 5553-5566, (d) Colacot, T.

+23.35 € = 2.0, CHC}). J.; Gore, E. S.; Kuber, AOrganometallic2002 21, 3301~
3304. (e) Littke, A. F.; Fu, G. CJ. Am. Chem. So2001
123 6989-7000. (f) Wolfe, J. P.; Buchwald, S. |Angew.
Chem., Int. Ed. Engl1999 38, 2413-2416. (g) Anderson,
J. C.; Namli, H.; Roberts, C. ATetrahedron1997 53,
15123-15134. (h) Campi, E. M.; Jackson, W. R.; Marcuccio,
S. M.; Naeslund, C. G. MJ. Chem. Soc., Chem. Commun.
1994 2395. (i) Mathews, C. J.; Smith, P. J.; Welton, T.
Chem. Commur200Q 1249-1250. (j) Deng, Y.; Gong, L.;
Mi, A.; Liu, H.; Jiang, Y. Synthesi®003 3, 337-339.

(20) (a) Bumagin, N. A.; Bykov, V. VTetrahedron1997, 53,
14437 14450. (b) Badone, D.; Baroni, M.; Cardamone, R.;
lelmini, A.; Guzzi, U.J. Org. Chem1997, 62, 7170-7173.
(c) Bussolari, J. C.; Rehborn, D. Org. Lett.1999 1, 965—
967. (d) Zou, G.; Wang, Z.; Zhu, J.; Tang, J.; He, M. J.
Mol. Catal. A: Chem2003 206, 193-198. (e) Organ, M.
G.; Mayer, S.J. Comb. Chem2003 5, 118-124. (f) Zim,
D.; Monteiro, A. L.; Dupont, JTetrahedron Lett200Q 41,
8199-8202.

(21) Gronowitz, S.; Hornfeldt, A.-B.; Yang, YJ. Heterocycl.
Chem.1989 6, 865-868.

(22) Suzuki, A.; Miyaura, N.; Oh-e, TSynlett199Q 221-223.
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