Y/ <A

TETRAHEDRON
- Tetrahedron 54 (1998) 8355-8370
Pergamon ’
SYNTHESIS OF FUSED BICYCLIC RINGS BY
TANDEM RADICAL RING EXPANSION/CYCLIZATION:
EVALUATING COMPETING INTRAMOLECULAR REACTIONST
Cunxiao Wang, Xin Gu, Marvin S. Yu, and Dennis P. Curran*#
Department of Chemistry, University of Pittsburgh, Pittsburgh, PA 15260
Received 6 March 1998; revised 20 March 1998; accepted 15 May 1998
Summary: One- and three-carbon “Dowd-Beckwith” ring expansions of
cyclopentanones and cyclohexanones are generally successful, but tandem
expansion/cyclization reactions can be compromised by competing processes.
An evaluation of the competition between ring expansion, 1,5-hydrogen
transfer, and 6-exo cyclization provides information on how to design
successful tandem expansion cyclization sequences. © 1998 Elsevier Science Lid. All
rights reserved
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Free radical ring expansion reactions provide attractive approaches to standard, medium-sized and
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rarely been explored even though it opens interesting avenues to fused bicyclic (or polycyclic)
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construction of angular triquinanes from cyclobutanone oximes.* However, straightforward and
readily available cvclopentanone- or cvclohexanone-based precursors (Eag. 1) have never heen
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studied in this context. We report herein studies on the tandem ring expansion cyclization reactions
in Eq. 1, which were undertaken as a foundation for more complex synthetic applications. These
studies have identified 1,5-hydrogen transfer as a competing, even dominant, reaction in some cases,
and strategies for avoiding hydrogen transfer have been identified.5 When m = 1, 6-exo cyclization
can also compete
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RESULTS AND DISCUSSION

We first explored the tandem one-carbon ring expansion/cyclization reaction. Compounds 1a and
1b were synthesized from the corresponding cycloaikenone carboxylic acid esters® by stepwise
conjugate addition? a‘d alkylation.8 Precursors 1a and 1b were subjected to typical radical ring
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This implied that the formation of large amounts of reduction product was caused by competing
intramolecular hydrogen transfer
Eq. 2
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To test this hypothesis, precursor 1b was treated with DSnBu3/AIBN under the standard
conditions; 3b-D and 4b-D were isolated in similar yields as above (Eq. 3). !H and 2H NMR
experiments showed that the deuterium in 3b-D was exclusively incorporated on the carbon next to
the triple bond, indicating 1,5-H transfer. As expected, the 6-exo product 4b-D contained deuterium
only in the vinyl position. This labeling experiment was not conducted with cyclopentanone
precursor 1a, but it seems probable that most, if not all, of the reduced product 4a arises from 1,5-
hydrogen transfer as well. Apparently, the rigid geometry of the system and the stabilization of the
secondary radical by the alkyne allow hydrogen transfer to occur even though the radical and the
chain bearing the hydrogen are oriented trans on the cyclohexane ring.
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We next investigated the geometric requirements for this type of one-carbon ring expansion in
the cyclohexanone series. The idea was that rigidification of the cyclohexanone ring might be able
to promote or inhibit ring expansion. The tandem process is incidental to this question, so we
omitted the butynyl side chain. Compounds 7a and 7e were prepared in 37 %, and 12% yield!0 by
the bromomethylation of 2-methoxycarbony! 4-t-butylcyclohexanone (6) (Eq. 4).1!
~ Eq. 4
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Syringe pump addition of HSnBu3/AIBN to 7a produced reduction product 8a and ring
expansion product 9 in 4% and 79% yields (Eq. 5). Likewise, under the same conditions, 7e
afforded 8e and 9 in 5% and 79% yields. The diastereomeric ratio of 9 was determined to be 10/1
based on 'H NMR (CgDg) integration of the crude reaction mixtures.1? These results showed that
under dilute conditions the reduction process does not compete with ring expansion regardless of
the configuration of the precursor.

Eq. 5
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Kinetic experiments!3 were carried out to provide estimates of rate constants for the ring
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Likewise, reduction of 7e provide 8e and 9 in a ratio of 2.60/1. By making the usual calculations,!3
we estimate that the rate constant for 3-exo cyclization of the axially oriented radical is about
1 x 104 s-1 and that for the equatorially oriented radical is about 3 x 103 s-!. Given the stereo-
electronic requirements for this cyclization, it is surprising that the axial radical cyclizes only about 4
times faster than its equatorial isomer.

We next studied the tandem three-carbon expansion/cyclization of precursor 14, the synthesis
of which is shown in Eq. 6. Alkylation of the dianion of methyl acetoacetate with bromide 10,
followed by diazo-transfer!4 (11 — 12) and Rh-catalyzed C-H insertion,!> provided keto-ester 13.
Alkylation of the sodium enolate derived from 13 with 1,3-diiodopropane provided 14 as a 10/1

{
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mixture of stereoisomers. Purification of this mixture by chromatography provided a
pure trans isomer followed by mixed fractions.
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To our surprise, treatment of a 10/1 mixture of 14-trans/cis with HSnBu3/AIBN gave the
reduction products 15-H as a 3/1 diastereomeric mixture (Eq. 7a). This was a surprise because 14
differs from original substrates studied by Dowd and Beckwith only by the presence of the butynyl
group.” That the isomer ratio changed from 10/1 to 3/1 clearly implicated hydrogen transfer as the
culprit. Indeed, upon treatment of 14-trans with DSnBu3/AIBN, the deuterium was found
exclusively at the tertiary carbon B to the carbonyl (15-D).

We suspected that the major stereoisomer 14-trans might be more susceptible to hydrogen
transfer while the minor stereoisomer 14-cis would be more susceptible to cyclization. A tedious
HPLC separation provided a few milligrams of the pure minor isomer 14-cis which indeed did give a
product tentatively identified as 16 on treatment with tin hydride (Eq. 7b). The small amounts of 14-
cis available precluded a thorough study of this reaction but the resuits hold out the promise that a
viable strategy to effect tandem expansion/cyclization has been identified. This strategy calls for the
stereoselective preparation of a precursor in which the initial radical precursor and final radical
acceptor side chains are cis-oriented.

Eq.7a Eq.7b
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For the previously studied B-unsubstituted substrate 17° (Eq. 5), the ring expansion product,

concentration gave suitable product distributions.

been previously recognized in the cyclopentanone series although it has been noted for other ring

In contrast, reaction of the B cis-substituted compound 20-cis with

(3.3/1 trans/cis).

suppressed.
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radical 24 cyclizes with a rate constant o s~1, and this is about six times faster than
1,5-hydrogen transfer. In comparison, the trans isomer of 25 has a significantly faster rate for 1,5-
hydrogen transfer coupled with a slightly slower rate for c

yclization. This “double whammy”

explains the complete failure of the tandem cyclization expansion in Eq. 7a. On the other hand, the
cis isomer of 25 cyclizes slightly faster than the parent, and its rate of 1,5-hydrogen transfer is too
slow to be estimated. This confirms the tentative conclusion above that cis oriented substrates

should be generally good for tandem cyclization/expansion sequences.

Figure 1. Estimated Rate Constants for 5-Exo Cyclization and 1,5-Hydrogen Transfer

#s.000 Radical R ksexo(s™) Kisu(s™
ﬂQOgMe’. 24 H 4x10*  7x108
25-trans Pp-CHz  1x10% 1x10°

25-cis  aCHz 1x10° <108

CONCLUSIONS

These results provide insight into the factors controlling the rate of both 3-exo and 5-exo “Dowd-
Beckwith” ring expansion reactions of keto esters and help in planning sequences of reactions.
One-carbon ring expansions proceed at a modest rate and can casily be partially or completely
derailed in tandem applications by 1,5-hydrogen transfer reactions or 6-exo cyclizations. In contrast,
competing reactions in a three-carbon expansion/cyclization sequence can be controlled by
selecting the configuration of the substrate to favor ring expansion and disfavor hydrogen transfer.
These results have formed the basis for planning and executing a series of more complex
expansion/cyclization reactions, the results of which will be reported in due course.

Acknowledgments: We thank the National Institutes of Health for Funding of this work. We are
grateful to Mr. Daniel Christen for helpful discussions.

EXPERIMENTAL

2-Methoxycarbonylcyclopent-2-enone: Phenylselenyl chloride (2.16 g, 11.3 mmol) was
dissolved in dry dichloromethane (50 mL), cooled at 0°C, and treated with pyridine (0.99 mL, 12.2
mmol). After 15 min, a solution of 2-methoxycarbonylcyclopentanone (1.450 g, 10.0 mmol) in
CH;Cl, (3 mL) was introduced. The reaction mixture was stirred for 1.5 h at 0°C, and allowed to
warm to room temperature in 45 min. The mixture was washed with 10 % HCI (40 mL), saturated
NaHCO3 (10 mL), and dried over MgSQOy4. Evaporation of the solvent gave a yellow oil (2.830 g, 95
%). 'H NMR (CDCl3) 6 1.90-2.70 (6H, m), 3.75 (3H, s), 7.26-7.65 (SH, m).

A solution of this selenide (5.69 g, 19.2 mmol) in methylene chloride (350 mL) was added
dropwise over 30 min to 30 % hydrogen peroxide (6.8 mL, 3 equiv) at 0°C with vigorous magnetic
stirring. After 30 min at room temperature, the resulting mixture was washed with 2x15 mL of H,O.
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e aqueous portions were combined and back extracted with CH,Cl, (15 mL). The methylene
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were then dried over Na;SOy, filtered, and concentrated to give an orange oil (2.52
product was essentially pure (free of PhSeO,H): 'H NMR (CDCl3) § 8.44 (1H, s), 3.84
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mL). The solution was
added to initiate the
and stirred vigorously while t

the addition, the mixture was stirred for 15 mir 3
benzenesulfinic acid was filtered, and the filter cake was
was washed with 7 % NaHCO;3 (20 mL), dried (Na;SQOy), filtered, and evaporated,
product as an oil (2.55 g, 90 %): 'H NMR (CDCls) 6 1.31 (3H, t, J = 7.1 Hz), 2.0 ;
m), 4.26 (2H, q, J = 7.1 Hz), 7.67 (1H, bs); 13C NMR(CDCl3) 8 13.6 (q), 21.6 (1), 25.5 (1),
(1), 132.6 (s), 155.5 (d), 164.0 (s), 194.0 (s).
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2-Methoxycarbonyl-3-(4-trimethylsilanyl-3-butynyl)cyclopentanone: A suspension of zinc
dust (1.373 g, 21 mmol) in THF (2 mL) containing 1,2-dibromoethane (80 pL, 0.92 mmol) was heated
at reflux for 2 min, cooled to 25°C, and treated with TMSCI (80 uL). After 15 min, a solution of 4-
iodo-1-trimethylsilyl-1-butyne (5.044g, 20 mmol) in THF (8 mL) was introduced dropwise over 5
min. The resulting mixture was then heated at 40°C for 16 h. The clear solution was cooled to ~15°C
and treated with a solution of CuCN/2LiCl] (CuCN: 1.98 g; LiCl: 1.90 g) in THF (20 mL) for 15 min.
The resulting organocuprate was cooled to —78°C, and treated with 15 mL of a 1M solution of 2-
methoxycarbonylcyclopent-2-enone in THF for 3 h. The mixture was warmed to 25°C and stirred
overnight. The homogeneous solution was diluted with ether (100 mL), treated with saturated
NH4C1 (50 mL) for 30 min until all the sticky solid became powdery. The organic layer was
separated, dried (MgSOy4) and concentrated. Column chromatography on silica gel with 1/12 ethyl
acetate/hexane gave a colorless oil (2.40 g, 60 %): 'H NMR (CDCl3) 8 0.08 (9H, s), 1.41-1.76 (3H,
m), 2.17-2.36 (5H, m), 2.60 (1H, m), 2.83 (1H, d, J = 11.3), 3.69 (3H, s); 13C NMR (CDCl3) -0.07 (q, J
=119.9), 17.7 (t, J = 128.4), 26.8 (t, J = 132.7), 33.5 (t, J = 130.0), 38.2 (t, J = 132.1), 40.5 (d, J = 130.
5), 52.3(d, J=147.3), 61.2 (d, J = 126.4), 85.1 (s), 106.0 (s); 169.4 (s), 211.0 (s); IR (neat) 2942 (s),
2163 (m), 1745 (vs), 1720 (vs), 1400 (m), 1244 (vs), 1128 (m), 841 (vs), 756 (m); LRMS m/e (rel
intensity) 266 (M*, 1), 251 (M+ — Me, 100), 219 (71), 207(17), 191 (54), 109 (36), 89 (62), 73 (67), 59
(29); HRMS (M+ — Me) 251.1111(found), 251.1103 (calcd).

2-Ethoxycarbonyl-3-(4-trimethylsilanyl-3-butynyl)cyclohexanone: By following the same
procedure as above, this was obtained as a 2/1 mixture with its enol form in 85 % yield. This product
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317 (16), 315 (16), 279 (52)_ 251 (19), 219 (30), 89 (34), 73 (100), 59 (25), HRMS (M+ Me)
343.0369 (found), 343.0365 (calcd).

2-Bromomethyl-2-methoxycarbonyl-3-(4-trimethylsilyl-3-but-ynyl)cyclohexanone (1b):
Starting from 2-ethoxycarbonyl-3-(4-trimethylsilanyl-3-butynyl)cyclohexanone (1.400 g, 4.76
mmol), the same procedure as for 1a was followed, and 1b was obtained as an colorless oil (0.743 g,
40 % yield): 'H NMR (CDCl3) 8 0.15 (9H, s), 1.26 (3H, t, J = 7.1), 1.66-1.75 (3H, m), 2.02, 2H, m),
2.20-2.75 (7H, m), 3.62 (1H, d, J = 10.5), 4.18 (3H, m); 13C NMR (CDCl3) 8 0.1 (g, J = 119.7), 13.9 (q,
J=127.1), 179 (t, J = 130.8), 22.4 (t, J = 130.0), 25.2 (t, J = 127.5), 29.7 (t, J = 129.7), 32.5 (t, J =
156.9), 39.4 (t, J = 128.7), 40.7 (d, J = 129.7), 61.7 (t, J = 148.5), 64.0 (s), 85.5 (s), 105.5 (s), 168.1 (s),
204.6 (s); IR (neat) 2936 (s), 2163 (m), 1715 (vs), 1242 (s), 1196 (vs), 839 (vs), 756 (m); LRMS m/e
(rel. intensity) 388 (M+, 7), 386 (M+, 7), 373 (50), 371 (49), 327 (22), 307 (85), 233 (48), 73 (100), 59
(42). HRMS (Br79) 386.0904 (found), 386.0912 (calcd).

Reaction of 1a with HSnBus: To a refluxing solution of 1a (166 mg, 0.46 mmol) in benzene (50
mL) was added a solution of tributyltin hydride (150 pL, 1.2 eq pL) and AIBN (15 mg) in benzene
(10 mL) over 10 h via a syringe pump. The reaction mixture was refluxed for 3 h, cooled and
concentrated. The residue was dissolved in ether (12 mL) and treated with a solution of 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU) (77 mg, 1.1 equiv) in ether (12 mL). The ether solution was
passed through a 2 inch column of silica gel, and eluted with ether (20 mL). Removal of the ether
gave a yellow residue. Column chromatography on silica gel with 1/10 ethyl acetate/hexane afforded
three crude products 3a, 4a, and 5a. Further column chromatography of these crude products on
silica gel gave pure products. The reduction product 3a was obtained in 23% yield (30 mg; eluent:
CH,Cly), direct cyclization product 4a was obtained as a 1.3/1 mixture of geometric isomers (35 mg,
27%; eluent: 1/15 ethylacetate/hexane), and Sa was obtained as a 6/1 mixture of geometric isomers
(32 mg, 25%, eluent: 1/20 ethylacetate/methylenechioride). Spectroscopic data for 3a: 'H NMR
(CDCl3) 6 0.14 (9H, s), 1.30 (3H, s), 1.30-1.50 (1H, m), 1.70-1.90 (2H, m), 2.00-2.39 (5H, m), 2.56—
2.65 (1H, m), 3.67 (3H, s); 13C NMR (CDCl3) 6 0.1 (q, J = 119.7), 18.0 (t, J = 130.6),

-~ Ap-—v ~An N 1 AN 1N n!-! 1’\1F\ AF'lf\I'l T 275\
)

125.9), 25.7 (t, J = 131.8), 30.0 (t, J = 129.1), 37.6 (t, J = 131.3),47.9 (d, / =

[u—



C. Wang et al. / Tetrahedron 54 (1998) 8355-8370 8363

TAT £ QN 7y O £ /oy 1AL N 7oy 171 A s\ M1L A 7.\, T 7 P . PR PP,
147.0), 35U (8), 62.0 {8), 1UO.U (8), 1/1.2(8), 210.3 (s); IR (neat) 2944 (s), 2164 (m), 1746 (vs), 1727
fueN TAAQ FenN 1VAA F N 1TNOL 7o\ 1NAE 7\ OA1 7\ AL 7 N T TN Fey VIR i N RO R R Asesn
(¥5), 1347 (), 1244 (8, 1Us0O (M), 1U45 (m), 841 (V§), /00 (m); LRMS m/e (rel intensity) 280 (M+*, 23),
265 (23), 252 (15), 221 (15), 205 (19), 193 (57), 109 (17), 89 (84), 73 (100), 59 (38); HRMS 280.1497
(FarindY 22N 140K (ralad) Mamonmsinde Ao and Bn cornen nlosn ntacmad Al o1 1 e WA
uvuiiuy, cov.147J (\{Cailq). LOINpounas 44 and 5a werc cnaracierized arier the removal of TMS
groups
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analysis indicated that two protons disappeared in the 2.20-2.60 ppm region. GCMS (m/e 210, 192,
151, 106, 91, 79, 77, 75) also showed the incorporation of two deuteriums.

¢
3
#

Desilylation of 5a: To a solution of 5a (42 mg, 0.15 mmol) in benzene (3 mL) was added 56 uL.
of trifluoroacetic acid under N;. The mixture was refluxed for 3h, then cooled to RT, and
concentrated. The residue was chromatographed with 1/20 ethyl acetate and hexane to afford
desilylated product (14 mg, 43 %), and double bond isomerized product (18 mg, 45 %).
Spectroscopic data for the desilylated product: 'H NMR (CDCl3) 8 1.50-1.80 (2H, m), 2.00-2.40
(4H, m), 2.45 (1H, d, J = 15.6), 2.53 (2H, m), 2.85 (1H, m), 2.90 (1H, d, J = 15.7), 3.70 (3H, 5), 4.91 (1H,
s), 5.05 (1H, s); 13C NMR (CDCl3) 8 26.5 (t, J = 127.5),29.9 (t, J = 129.4),32.6 (t, J = 130.9), 37.1 (t, J
=127.5), 42.4 (d, J = 133.6), 44.7 (t, J = 130.5), 52.7 (q, J = 147.4), 56.9 (s), 108.5 (t, J = 157.3),
153.8 (s), 175.4 (s), 210.0 (s); IR (neat) 2938 (s), 1721 (broad, vs), 1640 (w), 1451 (w), 1428 (m), 1264
(m), 1206 (s), 1037 (w), 893 (m); LRMS m/e (rel. intensity) 208 (M+, 1), 176 (49), 149 (100), 121 (21),
107 (27), 93 (35), 91 (39), 55 (51); HRMS (Mt — MeOH) 176.0842 (found), 176.0837 (calcd). After
treatment with CD30D and several crystals of NaOMe, !H NMR indicated four protons at & = 2.83
(1H, d, J=15.4), 2.50 (1H, J = 15.4), 2.30 (1H, m), 2.20 (1H, m) were exchanged. GCMS (m/e 212, 180,
153, 125, 109, 93, 79, 56) showed the incorporation of four deuteriums.

Reaction of 1b with HSnBuj3: A sample of 1b (254 mg, 0.656 mmol) was reduced by the same
procedure as 1a. The crude product was chromatographed on silica gel with 1/20 ethyl acetate and
hexane to give 3b (102 mg, 50 %), 4b (54 mg, 27 %), and other unidentified material (10 mg).
Spectroscopic data for 3b: 'H NMR (CDCl3) 6 0.14 (9H, s), 1.24 (3H, t, J =7.1), 1.27 (3H, 5), 1.57-
1.92 (6H, m), 1.97-2.24 (2H, m), 2.26-2.40 (2H, m), 2.65 (1H, dt, J = 6.3, 13.6), 4.14 2H, q, J = 7.1);
I3C NMR (CDCl3) 6 0.0 (q, /= 119.8), 14.0 (q, J = 127.2), 18.6 (q, / = 129.8), 18.7 (t, J = 130.4), 25.3
(t, J =129.1), 26.7 (t, J = 123.8), 29.8 (t, J = 128.5), 39.9 (t, J = 129.8), 47.5 (d, J = 128.1), 60.5 (s),
60.9 (t, J = 148.0), 85.2 (s), 106.4 (s), 171.3 (s), 207.6 (s); IR (neat) 2936 (s), 2164 (m), 1707 (vs), 1453
(m), 1244 (m), 1194 (m), 1090 (m), 839 (vs), 756 (m); LRMS (CI) m/e (rel. intensity) 309 (MH*, 19),
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203 (13). 281 (6) 235 (12) 221 (Q) 2007 (6 147 (10Y 72 (100} SO (1N IR MG M+ _ Mo 9071 1848
LTSNS )y LV A V) dl \ L]y dudua \ T Jy &0 \NJy AT1 \1 Ty, 1T AUVUJ, JF \1V), TINIVID (IV1 Vi ). 4L70.1000
(found). 293.1573 (calcd)
NAVHIEG j, &7 a0 7O \vkavw g,
DPQ!'V'R"I(\ of dh: A colution of 4h (32 8 mo 0 106 mmol) in henzona (9 mI ) wae fraatad rith
AR Y SR vaCER A LY 21 A OVABMVIL Vi WU \V4eU dLig, Vel UV LUV B UGLLAULIIU \ 4 L) wWad utalclU widi
t-‘ﬂJOrvaCeti(‘ ﬂf‘id (37 ul. 45eaYfor0S ha T under ~ The enlvent wac than svannratad and
VORVAL \FT ARy T VY AV Vel G AN BRG LN 41l JSVUIVALIIL Vvwwad uiivil uvayuxalbu, aliu
the residue was chromatographed on silica gel with 1/10 ether and pentane to give the desilylated
product (23 mg, 92%): 'H NMR (CDCl3) 6 1.20 (3H, t, J=7.1), 1.56-1.69 (4H, m), 1.90-2.42 (8H, m),
2.68 (1H, dd, J=13.8, 1.4), 4.08-4.21 (2H, m), 4.61 (1H, 5), 4.71 (1H, s); 13C NMR (CDCl3) § 14.1 (g, J
=127.1), 26.7 (t, J = 129.4), 28.1 (t, J = 128.2),29.8 (1, J = 127.4),34.0 (t, J = 127.2),396 (t, J =
132.3), 40.0 (t, J = 129.5), 47.0 (d, J = 123.8), 60.7 (1, J = 149.9), 63.2 (s), 110.3 (t, J = 115.6), 144.7

(s), 169.7 (s), 206.8 (s); IR (neat) 3074 (w), 2936 (s), 2868 (m), 1742 (s), 1714 (s), 1652 (m), 1450 (m),
1250 (m), 1180 (s), 1075 (m), 1021 (m), 894 (m); LRMS m/e (rel. intensity) 236 (M*, 21), 218 (5), 191
(9), 190 (11), 163 (100), 144 (32), 145 (23), 134 (17), 119 (23), 106 (29), 91 (39), 77 (22), 65 (8);
HRMS 236.1418 (found), 236.1412 (calcd).

Reaction of 1b with DSnBuj: Starting from a solution of 1b (200 mg, 0.516 mmol) in benzene
(50 mL) and a solution of DSnBu3 (168 pL, 0.62 mmol) and AIBN (17 mg) in benzene (20 mL), 3b-D
and 4b-D were obtained in 26 % and 36 % yield, respectively. HH COSY and HC COSY
experiments established that the two alkynyl protons of 3b appeared as two multiplets at 2.15 ppm
and 2.40 ppm, respectively, and the corresponding carbon appeared at 18.7 ppm. The 2H NMR
spectrum of 3b-D showed two singlets at 2.12 and 2.29 ppm of equal intensity, indicating the
presence of a 1/1 mixture of two diastereomers. The 13C NMR (H-decoupled) spectrum of 3b-D is
the same as that of 3b, except that the alkynyl carbon peak at 18.7 ppm (singlet) shifted to 18.5 ppm
and became a triplet (/ = 20.1 Hz).

2-Bromomethyl-2-methoxycarbonyl-4-tert-butylcyclohexanones (7a,e): To a suspension of
sodium hydride (60 % oil, 1.04 g, 26 mmol) in THF (40 mL) containing HMPA (4.5 mL, 26 mmol) was
slowly added a solution of 2-methoxycarbonyl-4-tert-butylcyclohexanone (4.246 g, 20 mmol) in
THF (80 mL). After 45 min dibromomethane (15 mL, 214 mmol) was added. The reaction mixture
was then refluxed. After 23 h, the mixture was cooled, diluted with ether (500 mL), washed with
water (3x50 mL), dried (K;CO3), and concentrated to give a viscous oil. Crystallization from
hexanes (30 mL) gave 7a as a white needles (1.908 g), m.p. 103.0-104.0°C. More solid (0.222 g)
was collected after the mother liquid was allowed to stand overnight at 25°C. The combined yields
for 7a was 2.130 g (37%). The mother liquid was then concentrated and chromatographed on silica
gel with ethylacetate/hexanes (1/20) to give 7e (0.674 g, 12%), and a small amount of unreacted

starting material (0.205 g). Spectroscopic data for 7a: IH NMR (CDCl3) 8 0.95 (9H, s), 1.40-1.70

(2H, m), 2.00-2.20 (2H, m), 2.30-2.60 (3H, m), 3.77 (1H, d, /= 10.3), 3.79 (3H, s), 3.99 (IH, d, J =
10.3); 13C NMR (CDCl3) 8 27.0 (t, J = 129.9), 27.3(q, J = 124.7), 32.4 (s), 33.2 (t, J = 151.6), 33.4 (t,
J=134.8),38.5(t,J = 130.2), 41.1 (d, J= 131.6), 52.7 (q, J = 147.7), 62.5 (s), 170.1 (s), 206.3 (s); IR
(KBr) 2968 (s), 2954 (s), 2868 (m), 1741 (s), 1707 (s), 1460 (m), 1440 (m), 1268 (s), 1212 (m), 1086 (w),

_____ S5 ano v WnR AoV TN Y2 e V. 4t o nnr /R LYY /10y NON

1118 (m), 833 (w), 808 (w); LRMS (CI) m/e (rel. intensity) 307 (MH™, 8), 305 (MH*, 8), 291 (19), 289
(19), 275 (42), 273 (52), 259 (32), 257 (33), 225 (7), 193 (25), 165 (31), 7 (96); HRMS MH+ (Br79)

AN e n;-n-'nn/ n -

305.0734 (found), 305.0728 (caic Spectroscopic data for 7e:
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(+ T— 124 1Y 27 1 fg)d 28R A /¢ T —18LA KY 2A A7+ T - 17072\ ANND /e T _ 120NN\ AN 1 71 T 17 £\
L v = 12571, &l )y, 2D 0L J =100, JUD ALV = 1£7.53), GU.L (L J = 1DUU), 43.1 (4, J = 145.0),
S§YK/f(a T—=142 0\ AN (e TAQ D ) MAQ (e TR frant) YOKL (vel DQTT femaY 17N 7o 1AL 7o\ 112£7
Jad MY, v = 170V, UULL S), LUZ.&L 0, U7 D), IR UTICAL) 2700 1\VS), 2071 \I11), 172U (§), 1450 (8), 150/
(w), 1291 (m), 1232 (s), 1159 (s); LRMS (CI) m/e (rel. intensity) 307 (MH*, 15), 305 (MH+, 16), 291
(4 2RQ (A 275 (10N 272 (11Y 225 (10NY 102 /20 145 AN R1 /7O TQ /A &7 (QA\. LIDACQ /D-70\
\TJs LU \TJy L1 I\2V )y LTI \L L]y £&d \LUV), LII\&LT )y LUI\JUJ, OL \LT7J, I T \LA)y, I1 \OF), TIINIVID (DI"7)
304.0664 (found), 304.0674 (calcd).

Reaction of 7a with HSnBuj: Starting from 7a (0.456 g, 1.5 mmol), the same radical reaction
procedure as 1a was followed. Column chromatography of the crude products on silica gel with
1/12 ethyl acetate/hexanes afforded reduction product 8a (12 mg, 4 %),! and ring expansion
products 9a (254 mg, 75 %), and 9b (13 mg, 4 %). Spectroscopic data for 9a: 1H NMR (CDCl3) &
0.89 (9H, s), 1.22-1.38 (2H, m), 1.40-1.60 (1H, m), 1.88-2.00 (1H, m), 2.35-2.50 (2H, m), 2.55-2.70
(2H, m), 2.85-2.98 (1H, m), 3.02 (1H, m), 3.71 (3H, m); 13CNMR (CDCl3) 8 24.4 (t, J = 131.8), 27.1 (g,
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t,J =127.9),43.7
1(s)

(vs) 1436 (s) 1367 (m) 1197 (vs) 1172 (vs) LRMS m/e (rel mtenslty) 226 (M+ 29) 195 (11) 179
(27), 169 (52), 167 (14), 142 (31), 127 (67), 111 (87), 87 (70), 57 (100); HRMS 226.1578 (found),
226.1569 (calcd). Spectroscopic data for 9b: 'H NMR (CDCl3) & 0.89 (9H, s), 1.05-1.50 (4H, m),
1.90-2.10 (1H, m), 2.25-2.80 (5H, m), 3.70 (3H, s); 13C NMR (CDCl3) § 25.6 (t, J = 124.9), 27.4 (q, J
=124.8), 33.8 (s), 34.6 (t, /= 124.9),41.9 (d, J = 131.5),43.1 (t, J = 127.2), 45.6 (t, J = 131.6), 50.7 (d,
J=125.6),52.1 (q, J = 147.0), 175.4 (s), 212.2 (s); IR (neat) 2956 (vs), 2870 (m), 1737 (vs), 1707 (vs),
1463 (m), 1278 (m), 1171 (m); LRMS m/e (rel. intensity) 8 226 (M+, 17), 195 (8), 179 (22), 170 (24),
169 (24), 142 (29), 127 (54), 111 (71), 87 (53), 57 (100); HRMS 226.1564 (found), 226.1569 (calcd).

Reaction of 7e with HSnBujs: Starting with 7e (0.152 g, 0.5 mmol), the same procedure as that
for 7a was followed. Column chromatography on silica gel with 1/10 ethyl acetate and hexanes gave
reduction product 8e (6 mg, 5 %), and ring expansion products 9a (82 mg, 72 %), and 9b (8 mg, 7
%).

Methyl-3-ox0-10-trimethlysilanyl-9-decynoate (11): Sodium hydride (0.665 g, 27.7 mmol) was
suspended in THF (80 mL) and cooled to 0°C. A solution of methylacetoacetate (2.0 mL, 18.5 mmol)
in THF (10 mL) was then added dropwise to the stirred suspension. Gas evolution was observed.
After 30 min at 0°C, 6-bromo-1-trimethylsilanyl-hexyne (4.75 g, 20.3 mmol) was added. Precipitate
formed as the reaction proceeded. After 45 min, the reaction mixture was diluted with ether (100 mL)
and the organic layer was washed with water, bicarbonate, and brine. After drying over MgSQy, the
product was isolated by column chromatography on silica gel with 15 % ethyl acetate/hexane to
give a yellow oil (2.50 g, S0 %): 'H NMR (CDCl3) & 3.66 (3H, s), 3.39 (2H, 5), 2.48 2H, t, J = 7.2),
2.14 2H, t, J = 7.0), 1.56-1.32 (6H, m), 0.06 (9H, s); 13C NMR(CDCl3) & 202.4, 167.5, 107.0, 84.3,
52.1, 48.8, 42.6, 28.1, 27.9, 22.7, 19.5, 0.0; IR (neat) 2953, 2174, 1752, 1719, 1458, 1437, 1250, 843,
LRMS m/e: 268, 253, 221, 193, 179, 89, 73; HRMS (M* — Me) m/e: 253.1258 (found), 253.1260
(calcd).

Methyl-2-diazo-3-0x0-10-trimethlysilanyl-9-decynoate (12):13 Methyl-3-ox0-10-trimethyl-
silanyl-9-decynoate (2.40 g, 8.90 mmol) and methanesulfonyl azide (1.14 g, 9.39 mmol) were

dissolved in acetonitrile (lZS mL) 1netny1amme (L 48 mL 1/7.8 mm01) was then added. Afier 8 h at

T AT YT £ AN

room temperature, the reaction mixture was diluted with 1N NaOH (40 mL), and extracted with ethyl
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he organics were dried over MgSOy, filtered, and concentrated. The residue was
17 - .

7 ethyl acetate/hexane to give a clear oil
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silanyl-3-butynyl)cyclopentanone (1.40 g, 5.25 mmol) was dissolved in THF (40 mL) and cooled to
0°C. Tetrabutylammonium fluoride solution (1M in THF) (5.78 m, 5.78 mmol) was then added. After
4 h the reaction mixture was diluted with ether (80 mL), and washed with NH4Cl (sat.), H,O, and
brine. The combined aqueous solutions were back extracted with EtOAc (40 mL). The organics
were dried over MgSOy, concentrated and purified by chromatography on silica gel (15 % ethyl
acetate/hexane) to give a colorless oil (0.904 mg, 88 %): 'H NMR (CDCl3) 8 3.70 (3H, s), 2.82 (1H, d,
J=114),2.68 (1H, m), 2.35 (2H, m), 2.24 (3H, m), 1.93 (1H, t, J = 2.6), 1.79 (1H, m), 1.66 (1H, m), 1.48
(1H, m); 13C NMR(CDCls) & 211.1, 169.5, 83.1, 69.0, 61.2, 52.4, 40.3, 38.2, 33.4, 26.6, 16.3; IR (neat)
3283, 1755, 1724, 1456, 1265, 1136; LRMS m/e : 194, 165, 162, 151, 141, 134, 120, 107, 92,79, 71, 59,
53; HRMS m/e: 194.0953 (found), 194.0943 (calcd).

2-Methoxycarbonyl-3-(3-butynyl)cyclopentanone (13): 2-Methoxycarbonyl-3-(4-trimethyl-

2-Methoxycarbonyl-2-(3-iodopropanyl)-3-(3-butynyl)cyclopentanone (14): Sodium hydride
(0.177 g, 6.18 mmol) was suspended in DME (15 mL). 2-Methoxycarbonyl-3-(3-butynyl)cyclo-
pentanone (1.0 g, 5.15 mmol) was then carefully added. After 10 min at room temperature, 1,3-
diiodopropane was introduced and the reaction was heated to reflux. After 20 h, the reaction
mixture was cooled and diluted with EtOAc (60 mL), and washed with water, sodium bicarbonate
solution, and brine (50 mL each). The product was isolated as a mixture of diastereomers by
chromatography (SiO, 10 % EtOAc/Hexane). HPLC separation gave the pure trans isomer (0.513 g,
27 %): 'H NMR (CDCl3) & 3.63 (3H, s), 3.20-3.05 (2H, m), 2.61-2.48 (1H, m), 2.42-2.11 (6H, m),
1.97 (1H, t, J = 1.6), 1.94-1.89 (2H, m), 1.71-1.58 (2H, m), 1.42-1.30 (1H, m); 13C NMR(CDCl3)
215.4,170.7, 83.1, 69.4, 61.9, 52.0, 43.2, 38.4, 32.9, 29.7, 28.3, 25.5, 16.4, 6.0; IR (neat) 3289, 2947,
1747, 1730, 1462, 1454, 1196; LRMS m/e: 362, 334, 275, 235, 175, 133, 91, 79; HRMS m/e:
362.0204 (found), 362.0241 (calcd).

Reaction of 2-Methoxycarbonyl-2-(3-iodopropanyl)-3-(3-butynyl)cyciopentanone with
HSnBu3: The substrate 14 (0.181 g, 0.40 mmol) was dissolved in benzene (65 mL) and heated to
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.48 mmol)
°C. The solvent was evaporated and the residual oil was dissolve

C
(30 mL) and washed with 10 % KF solution (10 x 1 mL). The organic layer was dried over K

hexane (4 X 5 mL) and concentrated. Flash chromatography (Hexane : EtOAc =5 : 1) gave 18 (45
mg, 75 %).

o-Diazo Methyl 3-Oxoheptanoate: A flame-dried flask was charged with methyl 3-
oxoheptanoate (3.8 g, 24 mmol), methane sulfonyl azide (3.2 g, 26 mmol) and CH3CN (46 mL). To
this solution was added triethylamine (6.7 mL, 48 mmol). The mixture was stirred at 23°C for 3 h,
then diluted with 10 % aqueous NaOH and extracted with ethyl ether. The combined extracts were
dried over MgSQy, filtered and concentrated. The residual oil was purified by chromatography on
silica gel with Hexane/EtOAc (10/1) to give a clear 0il (3.6 g, 80 %): 'H NMR & 3.83 (s, 3 H), 2,84 (t,
J =7 Hz, 2 H), 1.64-1.55 (m, 2 H), 1.40-1.37 (m, J = 8 Hz, 2 H), 0.92 (t, J = 7 Hz, 3 H); 13C NMR&
1929, 161.8, 75.6, 52.1, 39.9, 26.4, 22.3, 13.8; IR 2959, 2137, 1724, 1659, 1437, 1311, 1211, 1140,
1103; MS (EI) m/e 142, 153, 156, 167, 185; HRMS calcd for CsHgN203 (M — C3Hg) 142.0378, found
142.0385.

Methyl 2-Methyl-5-Oxocyclopentane Carboxylate: Rh(OAc)4 (56 mg) was suspended in dry
CH;Cl, (17 mL), and the diazo compound (0.41 g, 2.2 mmol) in dry CH,Cl; (17 mL) was added by a
syringe pump. The solution was filtered and concentrated, and the residue was purified by flash
chromatography (Hexane : EtOAc = 6 : 1) to give desired compound as a colorless oil (0.27g, 78 %).
IHNMR & 3.73 (s, 3 H), 2.78 (d, J = 12 Hz, 1 H), 2.61 (m, 2 H), 2.42-2.29 (m, 2 H), 2.20 (m, 1 H), 1.49
(m, 1 H), 1.18 (d, J =7 Hz, 3 H); 13C NMR$ 212.0, 169.7, 63.0, 52.5, 38.9, 36.42, 29.4, 19.4; IR 2959,
1752, 1728, 1458, 1437, 1334, 1290, 1203, 1130; MS (EI) m/e 69, 101, 109, 128, 141, 156; HRMS
calcd for CgH1203 156.0768, found 156.0768.

Methyl 2-Methyl-5-0x0-1-(2-propenyl)cyclopentane Carboxylate: A solution of the above
keto-ester (1.60 g, 10.2 mmol) in THF (7 mL) was added to a suspension of NaH (0.49 g, 12.3 mmol,
60 % suspension in mineral oil) in THF (17 mL) containing HMPA (2.13 mL, 12.3 mmol) at 23°C.

The reaction mixture was stirred at 23°C for 1 h, then treated with ailyl bromide (1.06 mL, 12.3
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Methyl cis-1-(3-Bromopropyl)-2-Methyl-5-oxocyclopentane C cis):
dried flask was charged under argon with the above cis product (0.054 g, 0.28 mmol) and distilled
hexane ( 4 mL). Argon was bubbled through the system for 15 min, and then benzo 0
whxle maintaining the temperature between 10°C and 20°C. St1rr1ng was contmued for addmonal 1
h, and after that the reaction mixture was poured into ice water and extracted with ether. The ether
solution was washed with water, saturated NaHCO3 solution, dried over MgSQy, filtered and
evaporated. The resulting oil was purified by flash chromatography on silica gel (Hexane : EtOAc =
6 : 1), affording 20-cis (0.048 g, 63 %) as a pale yellow oil: 'H NMR & 3.71 (s, 3 H), 3.41 (m, 2 H),
2.72 (m, 1 H), 2.41-2.36 (m, 2 H), 2.12, (m, 1 H), 1.98-1.80 (m, 3 H), 1.78-1.61 (m, 2 H), 1.04 (d, /=7 Hz,
3 H); 13C NMR& 214.6, 172.1, 62.9, 52.5, 40.1, 36.9, 34.1, 27.6, 27.4, 26.6, 14.5; IR 2959, 1734, 1726,
1439, 1250, 1165, 1030; MS (EI) m/e 81, 137, 165, 191, 197, 248, 261, 276; HRMS calcd for Cy;H703
(M -Br) 197.1152, found 197.1152.

Methyl trans-1-(3-Bromopropyl)-2-Methyl-5-oxocyclopentane Carboxylate (20-trans).
Starting from the above trans product (0.66 g, 3.3 mmol), 20-trans (0.74 g, 80 %) was prepared by
following the same procedure for 20-cis: 'H NMR 6 3.69 (s, 3 H), 3.40 (m, 2 H), 2.60-2.53 (m, 1 H),
2.25-2.20 (m, 2 H), 2.14-2.06 (m, 2 H), 1.97 (m, 1 H), 1.83-1.73 (m, 3 H), 1.04 (d, /=7 Hz, 3 H); IR
2959, 1730, 1435, 1383, 1331, 1234, 1167, 1118, 1062, 995, 756; MS (EI) m/e 45, 59, 74, 137, 165,
189, 219, 250, 261, 277; HRMS cacld for C;1H;703 (M — Br) 197.1187, found 197.1168.

Kinetic Studies of Radical Ring Expansion with Deuterium Labeling: Halides 17 and 20-
cis,trans were treated with BuzSnD (0.005 M) by following the standard procedure. After KF
workup, the resulting oil of each reaction mixture was dissolved in 0.5 mL of CHCl3 with 1 pl of
CDCl; as internal reference for ZH-NMR study.

Methyl 2-Methyl-5-oxocyclooctane Carboxylate (21): A solution of BuzSnH (56.6 ul, 0.21
mmol) and AIBN in benzene (4 mL.) was added slowly by using a syringe pump to a solution of 20-
cis (36.9 mg, 0.13 mmol) in benzene (65 mL) at 80°C over 19 h. After standard KF workup (see
general procedure for radical ring expansion), the residual oil was purified by flash chromatography
(Hexane : EtOAc = 5 : 1) to give a pair of diasteromers of 21 (1/3.75, 18.0 mg, 70 %). Minor isomer:

1YYy aTa AU O M ~ o~ A TIN A A0 1

tH NMR 03.65 (s, 3 H), 2.73 {(m, 1 H), 2.55-2.32 (m, 3 H), 2.28-2.16 (m, 4 H), 2.00 (m, 2 H), 1.78 (m, 1
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B Ly £ R1)y LTV LT \Bly & L1}y Lol \Qlly 1 K1), £.U1T1.07 Uil £ 13), 1.0071.U0 \lll, 4 11), W71 \U,J =/ I1L,
3 H); I3C NMRS 216.6, 177.1, 51.7, 49.4, 40.5, 39.9, 35.1, 30.2, 28.3, 27.8, 18.5; IR 2953, 1734, 1701,
14 1458 1427 1375 1334 1287 17274 1170- M (FIN\ s/0 8§85 SO A0 74 70 €2 02 Q7 101 111
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138 151. 156. 166. 180 198- HRMS caled for C:H.cD2 108 1247 found 108 1249
100, 11y AUy AU, 10U, 150y RROMVEDS Valv U V1RV E 1501454, IUUII 1 0. 1874
Methyl cis-2-Methyl-5-oxo-1-propylcyclopentane Carboxylate (22-cis): The above cis allyl
compound (28 mg, 0.14 mmol) was added into a flask containing a batch of palladium on active
carbon suspended in MeOH (5 mL) under nitrogen. A ballon filled with hydrogen was connected to
thc flask. Th flask was evacuated and then filled with hydrogen several times. The reaction
, fi )

ad of Celite, and concentrated to give 22-cis
(25 mg, 88 %) THNMR & 3.69 (s, 3H) 2.70 (m, 1 H), 2.34 (m, 2 H), 2.07 ( m, 1 H), 1.70-1.50 (m, 3 H),
1.30 (m, 2 H), 1.08 (d, J =7 Hz, 3 H), 0.89 (t, J = 7 Hz, 3 H); 13C NMRJ 215.0, 172.3, 63.7, 52.4, 39.8,
36.9, 30.5, 27.5, 18.1, 14.6, 14.4; IR 3546, 2961, 2876, 1753, 1732, 1464, 1435, 1381, 1279, 1248,
1215, 1167, 1128, 1103, 1074; MS (EI) m/e 55, 69, 83, 96, 111, 128, 141, 156, 167, 170, 183, 199;

HRMS caclcd for CigH 507 (M — OCHj3) 167.1072, found 167.1060.

Methyl trans-2-Methyl-5-oxo-1-propylcyclopentane Carboxylate (22-frans): Alkylation of
the above keto ester (93 mg, 0.60 mmol) with 1-iodopropane by following general alkylation
procedure gave 22-frans (75 mg, 64 %) after purification by flash chromatography (Hexane : EtOAc
=6:1): THNMR & 3.65 (s, 3 H), 2.51 (m, 1 H), 2.30-2.01 (m, 3 H), 1.81-1.67 (m, 3 H), 1.40 (m, 1 H),
1.09 (m, 1 H), 1.01 (d, J =7 Hz, 3 H), 0.89 (t, J =7 Hz, 3 H); IR 2961, 2876, 1750, 1732, 1456, 1435,
1381, 1331, 1231, 1192, 1165, 1118, 1065; 13C NMR § 216.7, 171.4, 63.3, 51.7, 39.4, 39.0, 33.8, 28.2,
17.5,15.9, 14.7; MS (EI) m/e 55, 111, 141, 156, 167, 183, 199.
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