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A variety of functionalized cage compounds aDgitrishomocubane derivatives have been
assembled via the Diels—Alder strategy, with reidectleavage of the cyclopropane ring and
metal promoted ring rearrangement as key stepshdVe installed thgem-dimethyl moiety on
the norbornane ring system containing a cage frameby a late-stage synthetic manipulation
involving the hydrogenolysis of the cyclopropanegriwith the aid of Adams’ catalyst (PO
Several cage molecules containing methyl substisuevere synthesized by starting with
inexpensive and commercially available materiatshsas 2,3-dimethylhydroquinor#n/AcOH,
and endo-dicyclopentadiene. These cage pentacycloundeaameetvorks assembled here are
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difficult to synthesize by conventional routes. Soaf thesegem-dimethyl cage systenendDs-
trishomocubane derivative was firmly supported loa Ibasis of single-crystal X-ray diffraction
studies.
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Introduction

The design and synthesis of theoretically intemgstpolycycles has been considered as a
challenging task in organic syntheses. In the beg@q carbocyclic cage molecules were
assembled as academic curiodifjviany of these cage systems are useful synthonssenble
complex natural products. Cage molecules act asilusescursors to design high-density fuels
and biologically active moleculég. Specialstructural features such as deformation of bond
angles, rigid molecular architecture and inherérg strain of these systems are general reasons
for their synthetic appedl.Synthesis of these molecules has become a wotthweiercise

because of their utility as high energy mateffals.
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Figure 1. Selected examples of biologically active cage ks (-6) containing PCUD and
Ds-trishomocubyl moiety.



Moreover, due to the high strain energy associaiddthe cage propellanes they can be used as
suitable substrates for interesting molecular esayements. Rearrangement studies of cage
diones and cage propellanes have provided new efynitloutes to a variety of interesting
polycycles’ SelectedDs-trishomocubane frameworks prepared by rearrangemeproaches
produced various biologically active as well as fiedlly important compound$?
Representative examples of biologically importanage molecules 1-6 containing

pentacycloundecane (PCUD) abgtrishomocubane skeleton are shown in Figut® 1.

A variety of ring expansion, ring-contraction, rifrggmentation, and ring-rearrangement
processes provide new cage frameworks in an undashlon™* The rearrangement process
enable the relief of the ring straifi**Some examples of polycycl@sl0 which are derived from
a metal-mediated reductive cleavage approachlastrdted in Figure £ Our main objective in
this field is to expand the chemical space of ualsage polycycles anDs-trishomocubanes
via the rearrangement strategy and in this regeedstudied metal-catalyzed (RtB,) reductive

cleavage of the cyclopropane ring and rearrangesresgociated with the pentacycloundecane
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Figure 2. List of various polycycle3-10 assembled via metal-mediated reductive cleavage.
Results and discussion

Here, our aim is to design new polycyclic cage muoles containing gem-dimethyl moiety at
the G position of the norbornane ring system. Thesegoates of methyl-substituted PCUD
frameworks are considered as suitable precursodesmn high-density fuels. Also, sogem-
dimethyl cage frameworks containing amine groupsewtested for anti-influenza activity.
There are two possible synthetic routes to assemdedimethyl substituted PCUD cage

frameworks as shown in Scheme 1. For example, cangpd2 can be synthesized from 5,5-



dimethylcyclopentadienel) and spiro[2.4]hepta-4,6-dien&3j. Preparation of the dierel™
involves a multistep synthetic sequence. Whereagthparation of the spiro diet8 requires
only one step from readily accessible cyclopentssli@herefore, we chose a simple route to
synthesizegem-dimethyl substituted cage dion¥ from spirodienel3. Late-stage metal-
mediated reductive cleavage of the cycloproparg wias planned as a key step to introduce the
gemdimethyl group. In this regard, reductive cleavagk cyclopropane rings may be
accomplished by use of Pi#Bl,. The increaseg-character of the cyclopropane-C bonds
shows a higher affinity towards the metal surfagbich accelerates the reaction as compared
with simple alkane derivatives. The cleavage of dpelopropane ring generally proceeds with
high regioselectivity. Hydrogenolysis of the cyadlopane ring is feasible because of the low
activation energy involved in the cleavage of tlyelapropane C—C bond. The relief of ring
strain provides the driving force for hydrogenodysift C—C bonds in the strained systems

containing a cyclopropane ring.
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Scheme 1The synthetic plan of PCUD cage didizconstitutegem-dimethyl moiety.

In view of our interest in designing new polycycliage frameworks, here we report the
synthesis of hexacyclic cage diones bearing cyologme and cyclopentane ring system with the
Diels—Alder (DA) reaction and [2+2] photocycloadaiit as key steps. The synthesis of the target
cage compound commenced with the preparation ofbkélging blocks such as 2,3-dimethyl-
1,4-benzoquinoné&5 (Scheme 2). The quinone derivatit/&® was prepared by MnQbxidation

of the 2,3-dimethylhydroquinoried in acetone (81% isolated yield).
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Scheme 2 Synthesis of spiro cage diornks 20, and23.

Having the DA precursord5 and 21 in hand, next our efforts were directed towards th
preparation of cage dioné&$, 20, 23, and27 using intramolecular [2+2] photocycloaddition as a
key step. In this context, the DA add@&(72%) was prepared by [4+2] cycloaddition of figsh
prepared spirodien3 and 1,4-benzoquinonl under reflux conditions (Scheme 2)Along
similar lines, the other DA adductis/ and 18 were assembled in good vyields (74-76%) by
thermal cycloaddition of the quinori& with freshly generated spirodieri&aich asl3 and16.
Afterward, endo-adductsl?, 18, and22 were prepared from quinon&5 and21 They were then
subjected to intramolecular [2+2] photocycloaddithy irradiation with 125W UV light through
a pyrex immersion well for 30 min undeg Btmosphere to deliver the cage systé§)20, and
23" in excellent yields. The structures of these adigres19, 20, and23"’ were fully supported
on the basis of IRH NMR, *C NMR, APT spectroscopy and further establishedgisiRMS

data.



HsC CHa HsCCHa

PtO,/H, (balloon) PCC, DCM
glacial AcOH, 0°Ctort,8h
0 it, 20 h, 84% OH ' 0
N s 0 N\
o ’—LOH 91% o)
23 24 12
H3C CH3 H3C CH3
PtO4/H, (balloon) _J PCC, DCM
: - OH —————
HyC™ o glacial AcOH, HaC™ 0Ctort,8h . -
N O rt, 20 h, 87% 2 % \O
HaC ) ° HC o 85% HaC o)
19 25 26

Scheme 3Synthesis of PCUD cage framewofk&and26 bearinggem-dimethyl group.
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Scheme 4 Synthesis of cage hemike2 bearinggem-dimethyl group.

Having the cage dionek9, 23, and27 in hand, next we directed our efforts towards riretal-
catalyzed reductive cleavage of the cyclopropang'ito generate cage diones containing a
gem-dimethyl group. In this context, the cage dioneshsas19 and 23 bearing cyclopropane
ring were treated with Ptn glacial acetic acid under hydrogen (balloomh@phere at room
temperature for 20 h produced them-dimethyl substituted cage dig#h and cage hemiket@b

in 84 and 87% yields respectively (Schemes 3).iStdrain associated with the presence of
methyl groups and the proximity of the two carbogybups in the cage dione facilitates the

formation of hemiketal5.

Additionally, 19 also facilitates the formation of hemike®8. The structure of these compounds
24 and 25 were confirmed on the basis of 1B NMR, and**C NMR, APT, DEPT-135 and
HRMS data. Also, the structure of the transannptaduct25 (hemiketal) was further confirmed
by single-crystal X-ray diffraction data (Figure.*3)The ring-opened produc®4 and 25 by
reductive GC bond cleavage with Pt(n further treatment with PCC in DCM delivered the



cage dioned2 and 26 in excellent yields (Schemes 3). The structur¢hefcage dione bearing
gem-dimethyl groupl2 was further established by single-crystal X-rafyraction data (Figure
3).%

Pentacyclic cage dion23 bearing cyclopropane was also subjected to reducd-C bond
cleavage of the cyclobutane ring. To this end, dime 23 was reacted with activated zinc
powder in glacial acetic acid at room temperatorgitve the tetracyclic cage dio2d in 91%
yield (Scheme 4). Next, the tetracyclic didtiéwas further subjected to reductive cleavage with
PtG; in glacial acetic acid under hydrogen (balloomy@phere at room temperature for 20 h to
produce thegem-dimethyl substituted tetracyclic cage dio@8 in 91% vyield (Scheme 4).
Finally, the tetracyclic dion28 was converted to the corresponding cage hemikétéd2%) by
NaBH,; reduction in methanol at 0 °C to rt (Scheme 4)e Tremiketal structur@9 was
characterized by spectroscopy (iR NMR, **C NMR, and HRMS data). Subsequently, spiro
cage dioned49 and20 were treated with NaBHn methanol to produce the cage didlsand31

in good yields (Scheme 5). The structures of tleagge diols30 and31 were confirmed by IR,
'H NMR, *C NMR, APT, and DEPT spectroscopy followed by HRMS.
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Scheme 5Synthesis of hexacyclic cage diols bearing spysiems30-31
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Scheme 6Zn/AcOH promoted rearrangement of spiro cageei@d and20.

Cage PCUD systems containing a succinyl bondsrameo undergo skeletal rearrangement to
produce unusual cage structures. To expand theargggment approach in cage frameworks, we
studied metal-mediated rearrangements starting eaigfe diones bearing methyl substituents. In

this context, we studied the zinc-mediated reararent of cage compound$, 20, and26.

To design various functionalize®s-trishomocubane derivatives by Zn/AcOH catalyzed
rearrangement, we also examined the ring rearraageapproach in substituted cage diones
such agl9 and20 bearing spiro linkages. In this context, the diob@snd20 containing a spiro
linkage were reacted with activated Zn dust in iglaacetic acid and this delivered the
rearranged cage hydroxyketor@sand33in good yields (78-85%). The cage hydroxyketones
32 and 33 were then treated with NaBHin methanol to afford the desire®s-
trishomocubanediol34 and35 in excellent yields (Scheme 6). The structurehef ¢age dioB4

was further established by single-crystal X-rayreliftion data (Figure 3§°



12 (CCDC-1908378) . 25 (CCDC-1908389) . 34 (CCDC 1919869)

Figure 3. X-ray crystallographic structures of compout@s25, and34.
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Scheme 7Zn/AcOH promoted rearrangement of tetra substituiage dion26.

We also recognized that the cage di@6dearinggem-dimethyl group is also a useful candidate
for creating new functionalize®s-trishomocubane frameworks via the ring rearranggme
approach. Having tetramethyl cage didtin hand, next, it was subjected to acid-catalyzed
rearrangement with activated zinc dust in glaciegtiea acid to deliver the tetramethils-
trishomocubane36 in 75% vyield (Scheme 7). Subsequent NaBeduction of compoun®6
produced the tetramethfls-trishomocubanediad7. The structures of thedas-trishomocubane
derivatives36 and 37 were confirmed byH NMR, **C NMR, APT, DEPT spectroscopy and
HRMS data (Scheme 7).

Conclusions

To conclude, we have efficiently utilized a hydroghsis route to creatgem-dimethyl
containing polycyclic cage frameworks involving vetive cleavage of the cyclopropane ring in
a PCUD system. Also, sever@ls-trishomocubane frameworks bearing cyclopropane and

cyclopentane ring systems, as well as substitudg@ &etals, were synthesized successfully in
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this sequence. The design and synthesigestdimethyl substituents at thé” position of the
norbornane ring in the PCUD framework requiresratley synthetic sequence by conventional
strategy. Thesgem-dimethyl substituted cage frameworks may functsrpromising candidates

for high-density fuels and also inspire furtherei@gh in this area.

Experimental Section

General Experimental Details (methods/materials)

Essential reagents, required chemicals and solvest® used directly as obtained from
commercial suppliers. Thin-layer chromatography@Jplates were made on 10 x 5 glass plates
layered with commercial-grade Acme'’s silica gel {£84) containing 13% CaS@hich acts as

a binder. Reaction progress was analyzed by a d@tographic technique (TLC analysis) with
suitable solvent systems (ethyl acetate/pet etet)observation was done by UV, iodine spray
and immersion in KMn@solution. All dry/anhydrous (moisture sensitiveacgons were done

in oven-dried glassware under nitrogen/argon atm&spby using syringe-septum techniques.
Column purification was executed with 100-200 mgifiba gel in all cases with suitable solvent
systems. Dry benzene and DCM were distilled oveH Cand ethyl acetate was dried with
anhydrous KCO;. Spiro dienesl3'’ and 16" were prepared according to known literature

procedures.

IR samples were recorded with DCM and chloroforns@sents on a Nicolet Impact-400 FTIR
spectrometer. NMR spectraH, **C, and DEPT 135) were recorded on 400 and 500 MHz
spectrometers (Bruker) with CD{dolvent and chemical shiftd ppm) are reported relative to
an internal standard such as TMS. Thealues (coupling constants) are given in Hz. Mass
spectra (HRMS) have been recorded under positimeeiectrospray ionization (ESI/Q-TOF)
mode. X-ray crystal analysis was performed on dratifometer equipped with graphite
monochromated Mo & radiation and the structure was solved by direethwds shelxI-97 and

refined by full-matrix least-squares agaiRStsing shelxI-97 software.
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Experimental procedures and characterization data
2,3-dimethylcyclohexa-2,5-diene-1,4-dione (15)

To a stirred solution of the 2,3-dimethyl benzengé-diol 14 (5.0 g, 36.2 mmol) in acetone (70
mL) was added an excess amount of Mr{€b.2 g, 289.6 mmol) portion-wise. The resulting
reaction mixture was stirred at room temperatune #ch and then manganese dioxide was
removed by filtration of the crude mixture throuGelite pad and washed twice with acetone.
The solvent was evaporated under reduced pressliosvéd by purification (100-200 mesh,
silica gel) with 2% ethyl acetate in petroleum etag an eluent to afford the compoutflas a
yellow crystalline solid. Yield: 81% (4.13 g); Mp8-60 °C (lit. 54-55 °C§® 'H-NMR (CDCl,
500 MHz):8 (ppm) = 6.70 (s, 2H); 2.01 (s, 6HFC NMR (125 MHz, CDGJ): & (ppm) = 187.5,
141.1, 136.4, 12.3.

Synthesis of [4+2] cycloadducts 1718, and 22: General proceduré” **¥or the Diels—Alder
(DA) reaction

To a stirred solution of quinone derivatives susl2g8-dimethyl-1,4-benzoquinod® (1 g, 7.34
mmol, 1 equiv forl7 and18), 1,4-benzoquinon1 (500 mg, 4.63 mmol foR2) was added
freshly made spiro[2.4]hepta-4,6-dieb® (14.68 mmol, 2 equiv, 1.5 mL fdr7 and 9.25 mmol,
1.0 mL for 22), spiro[4.4]nona-1,3-dien&6 (14.68 mmol, 2 equiv, 1.9 mL fot8) in dry
benzene/toluene (20 mL) and thus was kept undéuxrdbr 5 h (reaction progress was
monitored by TLC). After completion of the reactiby TLC, the solvent was evaporated under
reduced pressure and the crude residue was pub§i@dlumn chromatography (silica gel, 100-
200 mesh) using an appropriate mixture of ethytaefpetroleum ether as an eluent to deliver
the pureDA adductsl?, 18 and22.

Diels—Alder (DA) adduct 17

Prepared according to the above general procedimg @,3-Dimethyl-1,4-benzoquinoié (1

g, 7.34 mmol) and freshly made spiro[2.4]heptadigiel3 (14.68, 1.5 mL) in dry benzene (20
mL) under reflux for overnight. Column chromatodmg6% ethyl acetate in petroleum ether)
afforded the DA addudt?.

Pale yellow solid: Yield: 76% (1.27 g); Mp: 120-122; IR (neat, ci): vy = 2958, 2850,
1658, 1622, 1440, 1373, 1284, 944, T65NMR (500 MHz, CDCY): & (ppm) = 6.06 (tJ = 1.8
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Hz, 2H), 3.36-3.35 (m, 2H), 2.85 (s, 2H), 1.906(d), 0.58-0.55 (m, 2H), 0.48-0.45 (m, 2KC
NMR (125.7 MHz, CDGJ): 6 (ppm) = 198.6, 147.8, 135.4, 53.8, 49.2, 44.7218.0, 6.9;
HRMS (ESI/Q-ToF)m/z calcd for GsH1gNaQ, [M + NaJ* 251.1043; found: 251.1043.

Diels—Alder adduct 18

Prepared according to the above general procedumg @,3-Dimethyl-1,4-benzoquinori® (1

g, 7.34 mmol) and freshly made spiro[4.4]nona-lighed 16 (14.68 mmol, 1.9 mL) in dry
toluene (20 mL) under reflux for overnight. Colunshromatography (5% ethyl acetate in
petroleum ether) afforded the DA addaét

Pale yellow solid; Yield: 74% (1.39 g); Mp: 109-12C; IR (neat, cil): v = 3061, 2962,
2850, 1657, 1374, 1264, 112 NMR (400 MHz, CDCY): § (ppm) = 5.92 (s, 2H), 3.23 (s,
2H), 3.04 (s, 2H), 1.85 (s, 6H), 1.56-1.38 (m, 8K NMR (100.6 MHz, CDQ): 6 (ppm) =
199.1, 147.7, 136.1, 68.8, 56.3, 48.4, 31.9, 358, 25.3, 13.1; HRMS (ESI/Q-ToRjvz calcd
for Ci7H20KO2[M + K] ™ 295.1095; found: 295.1095.

Diels—Alder adduct 227

Prepared according to the above general proceding d,4-benzoquinon2l (500 mg, 4.63
mmol) and freshly made spiro[2.4]hepta-4,6-diéB3g1.0 mL, 9.25 mmol) in dry benzene (20
mL) under reflux for overnight. Column chromatodng{30% ethyl acetate in petroleum ether)
afforded the DA addu@2. Pale yellow solid; Yield: 72% (655 mg); Mp: 10871.°C; (Lit. Mp:
110 °C).

Synthesis of cage diones 1920, and 23: General procedurd” *Mor [2+2]

photocycloaddition

The [4+2] cycloadducts (DA adductsy, 18 and22 (500 mg to 1.0 g, 2.50-4.38 mmol) in 250
mL of dry ethyl acetate were degassed with nitroged then irradiated in a pyrex immersion
well by using 125W medium pressure UV mercury-vapamp (homemade) for 30 min at room
temperature under nitrogen atmosphere. The reagiogress was monitored by TLC, the
solvent was removed under reduced pressure ancrile reaction mixture was purified from
column chromatography (on 100-200 mesh silica g&ig appropriate mixture of ethyl acetate
in petroleum ether as an eluent to furnish the cageesl9, 20, and23.
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Cage dione 19

Prepared according to the above general procedimg DA adduct7 (1.0 g, 4.38 mmol) in dry
ethyl acetate under UV irradiation for 0.5 h. Coluchromatography (6-8% ethyl acetate in

petroleum ether) afforded the pure cage dib®e

Colourless crystalline solid; Mp: 152-154 °C; pregghfrom DA adductl7 (1 g, 4.38 mmol);
Yield: 969 mg (96%); IR (neat, ¢t vmax = 3062, 2970, 2929, 2866, 1747, 1732, 1455, 1381,
1302, 1227, 1184, 1158, 1104, 1049, 1016, 958, 803, 864;'"H NMR (500 MHz, CDCJ): §
(ppm) = 2.91 (dJ = 13.7 Hz, 4H), 2.15 (d] = 1.4 Hz, 2H), 1.02 (s, 6H), 0.65-0.64 (m, 2H),
0.62-0.60 (M, 2H)**C NMR (125.7 MHz, CDG): § (ppm) = 213.9, 55.2, 51.0, 49.1, 44.5, 37.8,
11.6, 5.4, 4.0; HRMS (ESI/Q-ToF)n/z calcd for GsHigNaQ; [M + K]© 267.0782; found:
267.0780.

Cage dione 20

Prepared according to the above general procedimg DA adducti8 (1.0 g, 3.90 mmol) in dry
ethyl acetate under UV irradiation for 0.5 h. Cofuchromatography (8-10% ethyl acetate in
petroleum ether) afforded the pure cage didde

Colourless crystalline solid; Mp: 134-136 °C; Yiei20 mg (92%); IR (neat, ¢Ht vyux = 2976,
2945, 2854, 1747, 1730, 1452, 1446, 1383, 12682 12819, 1053, 878H NMR (500 MHz,
CDCl): 6 (ppm) = 2.88 (dJ = 12.8 Hz, 4H), 2.38 (d] = 1.5 Hz, 2H), 1.63-1.49 (m, 8H), 1.00
(s, 6H);"*C NMR (125.7 MHz, CDG)): § (ppm) = 213.8, 65.4, 54.6, 51.1, 50.2, 44.4, 3284,
25.6, 25.5, 11.6; HRMS (ESI/Q-ToFR)Vz calcd for G7;Hoo0NaQ, [M + NaJ* 279.1356; found:
279.1357.

Cage dione 2%’

Prepared according to the above general procedumg DA adduc?2 (500 mg, 2.5 mmol) in
250 mL of dry ethyl acetate under UV irradiatiom @5 h. Column chromatography (40% ethyl
acetate in petroleum ether) afforded the pure cigee 23, Colourless crystalline solid; Yield:
445 mg (89%); Mp: 152-154 °C; (Lit. Mp: 152 °GH NMR (500 MHz, CDCJ): & (ppm) = 3.32
(s, 2H), 2.89 (s, 2H), 2.85-2.84 (m, 2H), 2.242(d), 0.72-0.69 (m, 2H), 0.67-0.63 (m, 2H) ppm;
3¢ NMR (125.7 MHz, CDGQ): 6 (ppm) = 212.2, 55.3, 50.4, 44.6, 39.1, 37.3, 5.3 ppm.

13



Reductive cleavage of cyclopropane ring with Pt@AcOH: General procedure'®

To a stirred solution of compound®, 23 and27 (0.50-1.31 mmoljn 5 mL of glacial acetic
acid was added P#J0.05-0.13 mmol). The resulting reaction mixturaswstirred at room
temperature underjtatmosphere (balloon pressure) for 20 h. After cetnuh of the reaction by
TLC monitoring, the metal catalyst was removed tigto the Celite pad with ethyl acetate
washing. The solvent was diluted with water, quewchy agueous NaHGGsolution and
extracted with ethyl acetate. The combined orgkayiers were washed with brine solution, dried
over anhydrous N&O, and concentrated under reduced pressure. Thenettarude residues
were purified by column chromatography (on 100-208sh silica gel) using an appropriate
mixture of ethyl acetate in petroleum ether as hrerg to deliver thegem-dimethyl cage
compound®4, 25, and28.

Cage diol 24

Prepared according to the above general procedumng gage dion23 (200 mg, 1 mmol) and
Adams’ catalyst (22 mg, 0.1 mmol) in glacial aceticid (5 mL) stirred under rt for 20 h.
Column chromatography (20% ethyl acetate in patirolether) afforded the cage dital.

White colour solid; Yield: 173 mg (84%); Mp: 1168.1C; IR (neat, cM): oy = 3314, 2952,
2867, 1450, 1277, 1168, 1145, 1087, 10#42NMR (500 MHz, CDCY): & (ppm) = 3.89 (t]) =
4.1 Hz, 1H), 2.79 (gJ) = 6.4 Hz, 1H), 2.72-2.59 (m, 3H), 2.55-2.46 (m,)2R31 (d,J = 11.9
Hz, 1H), 1.72 (tJ = 3.7 Hz, 1H), 1.66 (t) = 3.7 Hz, 1H), 1.57 (s, 2H), 1.13 (s, 3H), 0.76 (s
3H); **C NMR (125.7 MHz, CDG): & (ppm) = 74.7, 56.7, 52.5, 46.9, 45.5, 42.4, 44(12,
38.3, 35.4, 29.1, 23.7, 21.5; HRMS (ESI/Q-Tojz calcd for GsH1gKO, [M + K] ™ 245.0938;
found: 245.0936.

Cage hemiketal 25

Prepared according to the above general proceding gage diond9 (300 mg, 1.31 mmol)
and Adams’ catalyst (30 mg, 0.13 mmol) in glacie¢tec acid (5 mL) stirred under rt for 20 h.
Column chromatography (15% ethyl acetate in petirolether) afforded the cage hemiké&al
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White solid; Yield: 267 mg (87%); Mp: 110-112 °QR (neat, cril): vpax = 3454, 2972, 2962,
2864, 1639, 1457, 1368, 1329, 1213, 1053, 1682MR (400 MHz, CDC}): 6 (ppm) = 3.85
(d,J = 4.4 Hz, 1H), 3.39 (s, 1H), 3.00-2.96 (m, 1HEZR2.62 (m, 1H), 2.45 (f] = 2.3 Hz, 2H),
1.95 (t,J = 3.8 Hz, 2H), 1.09 (s, 3H), 1.04 (s, 3H), 0.983H), 0.79 (s, 3H)**C NMR (125.7
MHz, CDCk): & (ppm) = 81.8, 54.3, 53.8, 52.9, 52.6, 51.7, 5880, 46.7, 44.9, 23.3, 20.4,
16.5, 11.6; HRMS (ESI/Q-ToFjn/z calcd for GsHa0KO,[M + K]* 271.1095; found: 271.1093.

Cage dione 28

Prepared according to the above general procedumg nage dion27 (100 mg, 0.5 mmol) and
Adams’ catalyst (11 mg, 0.05 mmol) in glacial acedcid (5 mL) stirred under rt for 20 h.
Recrystallization of the crude mixture from ethgetate in petroleum ether afforded the pure
gem-dimethyl cage dion28.

Colourless crystalline solid; Yield: 92 mg (91%)pM148-150 °C; IR (neat, ¢ vmex = 2966,
2949, 1749, 1722, 1463, 1422, 1265, 1180, 11201;'88NMR (500 MHz, CDCJ): & (ppm) =
2.90 (s, 4H), 2.28-2.24 (m, 4H), 2.16-2.13 (m, 2HP1 (s, 3H), 1.04 (s, 3H)*C NMR (125.7
MHz, CDCk): ¢ (ppm) = 217.9, 58.4, 57.2, 46.3, 40.3, 38.2, 22®]1; HRMS (ESI/Q-ToF):
m/z calcd for GsHieNaQ, [M + NaJ* 227.1043; found: 227.1041.

Synthesis ofgem-dimethyl cage diones 12 and 26: General procedu(@CC oxidation)

To a stirred solution of the cage dil andcage hemiketa?5 (100 to150 mg, 0.48-0.64 mmol)
in anhydrous DCM (10 mL) was added pyridinium chtdrromate (PCC, 5 equiv). Then, the
reaction mixture was stirred for 8 h at room terap@e under nitrogen atmosphere. After
completion of the reaction by TLC monitoring, tleaction mixture was filtered on a Celite bed
and washed twice with DCM (10 mL). The filtrate wasporated under reduced pressure and
the crude product was purified by column chromaphy (on 100-200 mesh, silica gel) using
an appropriate mixture of ethyl acetate in petnoiather as an eluent system to furnishgdye-
dimethyl cage diones2 and26.

Cage dione 12

Prepared according to the above general procedimg sage dio24 (100 mg, 0.48 mmol) and
PCC (521 mg, 2.42 mmol) in anhydrous DCM (10 mUjreti under rt for 8 h. Column
chromatography (15% ethyl acetate in petroleumrgtféorded the cage diori.
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Colourless crystalline solid; Yield: 89 mg (91%)pML76-178 °C; IR (neat, ¢ vmex = 2948,
2861, 1736, 1464, 1369, 105H NMR (500 MHz, CDCY): § (ppm) = 3.33 (s, 2H), 2.90 (s,
2H), 2.82 (s, 2H), 2.35 (s, 2H), 1.13 (s, 3H), 1(623H); *C NMR (125.7 MHz, CDGQ): &
(ppm) = 212.1, 54.4, 53.5, 53.4, 43.7, 39.0, 234.2; HRMS (ESI/Q-ToF)m/z calcd for
CizH1sNaO:[M + NaJ* 225.0886; found: 225.0886.

Cage dione 26

Prepared according to the above general procedsirgy cage hemiketa25 (150 mg, 0.64
mmol) and PCC (695 mg, 3.22 mmol) in anhydrous DQAM mL) stirred under rt for 8 h.
Column chromatography (8% ethyl acetate in petrolether) afforded the cage dio2@

Colourless crystalline solid; Yield: 127 mg (85%)p: 135-137 °C; IR (neat, cM: vpax = 2983,
2935, 1742, 1730, 1461, 1386, 1369, 1300, 12329,11675, 1059, 875, 782H NMR (400
MHz, CDCk): J (ppm) = 2.93 (dJ = 1.6 Hz, 4H), 2.27 (s, 2H), 1.09 (s, 3H), 1.036), 1.00
(s, 3H);*C NMR (125.7 MHz, CDG): 6 (ppm) = 213.9, 54.4, 54.1, 52.1, 50.1, 44.6, 2P8%2,
11.7; HRMS (ESI/Q-ToF)avz calcd for GsHigNaG, [M + Na]* 253.1199; found: 253.1200.

General proceduré® *%or Zn/AcOH promoted rearrangement of cage diones 4, 20, 23
and26

A solution of cage ketonek, 20, 23 and26 (0.43-2.00 mmol, 1 equiv) and activated zinc dust
(20.0-1.73 mmol) in 5 ml glacial acetic acid wasretl at room temperature for overnight.
Insoluble zinc metal and salts were removed bsafitbn. The resulting filtrate was concentrated,
diluted with cold water and extracted with DCM. Teembined organic layers were washed
with aqueous NaHCgsolution, brine and dried over anhydrous;8&,. The organic layer was
concentrated under reduced pressure to give thoe aarranged cage hydroxy ketones. The
resulting crude residue was further purified byuomh chromatography on silica gel using an
appropriate mixture of ethyl acetate in petroletdheeas an eluent to deliver the cage didrie

and hydroxy ketone32, 33, and36 in good to excellent yields.
Cage dione 27"

Prepared according to the above general proceding gage dion23 (400 mg, 2.00 mmol)
and activate Zn dust (1.30 g, 20.0 mmol) in glaeiedtic acid (10 mL) under rt for overnight.
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Recrystallization of the crude mixture from ethgetate in petroleum ether afforded the pure
cage dione7.

Colourless crystalline solid; Yield: 328 mg (91%)p: 113-115 °C; (lit. 103-105 °¢&%} 'H-
NMR (CDCl;, 500 MHz): 6§ (ppm) =2.91-2.88 (m, 4H), 2.32-2.29 (m, 2H), 2.20-2.15 &Hl),
0.74-0.71 (m, 2H), 0.66-0.63 (m, 2H))C NMR (125 MHz, CDGCJ): 5 (ppm) = 217.8, 59.4,
53.8, 40.3, 39.5, 31.6, 5.6, 4.5.

Cage hydroxy ketone 32

Prepared according to the above general proceding gage diond9 (200 mg, 0.87 mmol)
and activate Zn dust (230 mg, 3.50 mmol) in glaa@gtic acid (5 mL) under rt for overnight.
Column chromatography (15% ethyl acetate in peafroleether) afforded the cage hydroxy
ketone32.

Colourless crystalline solid; Yield: 172 mg (85%)p: 136-138 °C; IR (neat, ¢M): vmex = 3437,
3427, 2983, 2955, 2891, 1762, 1456, 1285, 1259512288, 1100, 1005, 983, 931, 866!
NMR (500 MHz, CDCY): & (ppm) = 2.55 (1) = 5.6 Hz, 1H), 2.41 (t) = 5.9 Hz, 1H), 2.33 (d]

= 5.9 Hz, 2H), 2.08-2.06 (m, 2H), 1.90 @& 4.3 Hz, 1H) 1.82 (s, 1H), 1.11 (s, 3H), 1.08)d,
7.0 Hz, 3H), 0.59-0.51 (m, 2H), 0.48-0.41 (m, 2HE NMR (125.7 MHz, CDG)): & (ppm) =
217.4, 84.8, 53.1, 52.7, 52.2, 50.3, 50.1, 49.20,445.7, 34.0, 12.7, 10.5, 6.0, 5.3; HRMS
(ESI/Q-ToF):mvz calcd for GsHigNaG, [M + Na]* 253.1199, found: 253.1199.

Cage hydroxy ketone 33

Prepared according to the above general proceding gage dion20 (150 mg, 0.58 mmol)
and activate Zn dust (153 mg, 2.34 mmol) in glaa@tic acid (5 mL) under rt for overnight.
Column chromatography (15% ethyl acetate in peatralesther) afforded the cage hydroxy
ketone33.

Colourless crystalline solid; Yield: 119 mg (78%)p: 118-120 °C; IR (neat, CM): v = 3432,
2956, 2943, 1759, 1267, 1058/ NMR (400 MHz, CDCJ): § (ppm) = 2.46-2.42 (m, 1H), 2.32-
2.27 (m, 3H), 2.14-2.04 (m, 3H), 1.73-1.62 (m, 4H})2-1.38 (m, 5H), 1.11 (s, 3H), 1.07 {&&

7.0 Hz, 3H);:**C NMR (125.7 MHz, CDQ): & (ppm) = 217.2, 84.6, 58.7, 56.0, 52.8, 52.3, 49.7,
49.1, 49.0, 48.9, 45.9, 33.1, 31.3, 26.19, 26.258,110.5; HRMS (ESI/Q-ToFnvz calcd for
Ci/H2:NaO,[M + NaJ* 281.1512, found: 281.1512.
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Cage hydroxy ketone 36

Prepared according to the above general proceding gage dion29 (100 mg, 0.43 mmol)
and activate Zn dust (113 mg, 1.73 mmol) in glaa@tic acid (5 mL) under rt for overnight.
Column chromatography (15% ethyl acetate in peatraleether) afforded the cage hydroxy
ketone36.

Colourless crystalline solid; Yield: 76 mg (75%)pML12-114 °C; IR (neat, ¢ vmex = 3450,
3420, 2969, 2877, 1757, 1471, 1383, 1368, 12913,1P251, 1217, 1107, 1073, 1054, 949, 878;
'H NMR (400 MHz, CDCY): & (ppm) = 2.52-2.48 (m, 1H), 2.40-2.35 (m, 3H), 22000 (m,
2H), 1.91 (s, 1H), 1.84 (s, 1H), 1.11 (s, 3H), 1(67] = 7.1 Hz, 3H), 0.97 (s, 3H), 0.92 (s, 3H);
3¢ NMR (125.7 MHz, CDG)): 5 (ppm) = 217.5, 84.6, 56.4, 55.6, 53.0, 52.6, 50913, 48.4,
47.2, 45.6, 23.1, 20.9, 12.8, 10.5; HRMS (ESI/QJTaf/z calcd for GsHxoNaG; [M + NaJ*
255.1356, found: 255.1358.

Synthesis of cage hemiketal 2%agediols 3Q 31, 34, 35, and 37: General proceduré®: 3

(NaBH, reduction)

To a mechanically stirred solution of cage ketah@<0, 26, 32, 33, and36 (0.49-0.21 mmol) in
dry methanol (10 mL), NaBH4 equiv) was added at G in small portions over a period of 10
min. Later on, the reaction mixture was stirred dapther 20-30 min at room temperature. The
progress of the reaction monitored by TLC, methamas removed under vacuo and the crude
residue was quenched by addition of water and & exdracted with ethyl acetate. The combined
organic layers were washed with brine solutionedimver anhydrous N8O, and concentrated
under reduced pressure. The obtained crude resweres purified by column chromatography
(on 100-200 mesh silica gel) using an appropriatéure of ethyl acetate in petroleum ether as
an eluent to deliver the cage hemik&@lnd diols30, 31, 34, 35, and37.

Cage hemiketal 29

Prepared according to the above general proceding gage dion28 (100 mg, 0.49 mmol)
and NaBH (74 mg, 1.95 mmol) in methanol (10 mL) under@to rt for 30 min. Column
chromatography (25% ethyl acetate in petroleumrgtféorded the cage hemike9.

Colourless crystalline solid; Mp: 94-96 °C; Yiel@3 mg (82%); IR (neat, ¢M: vmax = 3349,
2955, 2942, 1463, 1339, 1280, 1246, 1166, 11291,10003, 983, 937, 84tH NMR (400

18



MHz, CDCk): & (ppm) = 4.62 (t]) = 6.5 Hz, 1H), 3.08-3.02 (m, 1H), 2.99 (s, 1HE&2.52 (m,
1H), 2.44 (s, 2H), 2.08 (d,= 13.4 Hz, 1H), 2.00 (d} = 3.9 Hz, 1H), 1.90 (dd] = 13.4, 4.5 Hz,
1H), 1.84 (dJ = 14.3 Hz, 1H), 1.73 (d = 3.9 Hz, 1H), 1.64-1.58 (m, 1H), 1.07 (s, 3HP1L(s,
3H); 3C NMR (125.7 MHz, CDG): & (ppm) = 115.3, 80.8, 59.0, 58.8, 56.7, 53.4, 48303,
41.8, 40.9, 37.8, 23.1, 22.5; HRMS (ESI/Q-ToR}z calcd for GsHigNaQ, [M + NaJ*

229.1199; found: 229.1193.

Cage diol 30

Prepared according to the above general procedumg gage dion&9 (50 mg, 0.22 mmol) and
NaBH,; (33 mg, 0.87 mmol) in methanol (10 mL) under® to rt for 30 min. Column
chromatography (15% ethyl acetate in petroleumrgtféorded the cage diG0.

Colourless liquid; Yield: 41 mg (81%); IR (neat, Omome = 3192, 2953, 2867, 1459, 1350,
1258, 1241, 1134, 1111, 1083, 1058, 990, 962NMR (400 MHz, CDCJ): & (ppm) = 4.77 (s,
2H), 3.32 (s, 2H), 2.53 (s, 2H), 2.22 (s, 2H), 1(532H) 1.10 (s, 6H), 0.48-0.42 (s, 2H), 0.27-
0.20 (m, 2H);*C NMR (125.7 MHz, CDG)): 6 (ppm) = 77.9, 47.8, 46.7, 45.5, 45.4, 31.4, 18.2,
5.1, 4.4; HRMS (ESI/Q-ToF)/z calcd for GsHogNaG, [M + Na]* 255.1356; found: 255.1358.

Cage diol 31

Prepared according to the above general procedimg nage dion20 (75 mg, 0.29 mmol) and
NaBH; (44 mg, 1.17 mmol) in methanol (10 mL) under® to rt for 30 min. Column
chromatography (20% ethyl acetate in petroleumrtféorded the cage di@l1.

Colourless liquid; Yield: 63 mg (83%); IR (neat, Omome = 3345, 3244, 3162, 2936, 2853,
1463, 1216, 1107*H NMR (500 MHz, CDCJ): & (ppm) = 4.22 (s, 2H), 3.38 (s, 2H), 2.50 (s,
2H), 2.19 (s, 2H), 1.83 (s, 2H), 1.58-1.39 (s, 6H)8-1.13 (m, 8H)*C NMR (125.7 MHz,
CDCL): & (ppm) = 78.2, 57.5, 49.9, 46.0, 45.4, 44.8, 32®B8, 25.8, 25.6, 18.3 ppm; HRMS
(ESI/Q-ToF):mvz calcd for G/H4JNaG, [M + Na]™ 283.1669; found: 283.1668.

Cage diol 34 Ds-Trishomocubanediol)
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Prepared according to the above general procedimg osage hydroxy ketorg&? (100 mg, 0.43
mmol) and NaBH (65 mg, 1.73 mmol) in methanol (10 mL) undeo rt for 30 min. Column
chromatography (30% ethyl acetate in petroleumrgtféorded the cage di@4.

Colourless crystalline solid; Mp:181-183 °C; YieBB mg (88%); IR (neat, ChX: vmx = 3346,
3328, 2972, 2954, 1361, 1344, 1287, 1244, 11976,11830, 1061, 1049, 10084 NMR (500
MHz, CDCk): 6 (ppm) = 3.92 (s,1H), 2.37 (d,= 4.9 Hz, 1H), 2.10-2.06 (m, 4H), 1.86 (>
7.1 Hz, 1H), 1.60 (s, 3H), 1.16 (s, 3H), 1.07 {d; 7.1 Hz, 3H), 0.47-0.44 (m, 2H), 0.39-0.37
(m, 2H);®*C NMR (125.7 MHz, CDG)): § (ppm) = 87.1, 80.1, 56.4, 52.4, 52.1, 51.6, 5491,
48.3, 45.1, 31.5, 13.4, 12.7, 5.7, 5.3; HRMS (ESI&F): m/z calcd for GsHooNaO, [M + Na]”
255.1356, found: 255.1353.

Cage diol 35 Ds-Trishomocubanediol)

Prepared according to the above general procediing €age dione cage hydroxy ketdd@
(100 mg, 0.38 mmol) and NaBH58 mg, 1.54 mmol) in methanol (10 mL) undeito rt for
30 min. Column chromatography (25% ethyl acetatpatroleum ether) afforded the cage diol
35.

Colourless crystalline solid; Mp: 199-201 °C; YieRIL mg (80%); IR (neat, ¢ vmax = 3363,
2928, 2851, 1456, 1402, 1185, 10%0; NMR (400 MHz, CDC}): & (ppm) = 3.90 (d,) = 1.9
Hz, 1H), 2.33 (tJ = 5.4 Hz, 2H), 2.05-1.96 (m, 3H), 1.86 (g 7.1 Hz, 2H), 1.63-1.61 (m, 2H),
1.52 (s, 3H), 1.44-1.41 (m, 5H), 1.14 (s, 3H), 1(05J = 7.1 Hz, 3H);"*C NMR (125.7 MHz,
CDCl): 6 (ppm) = 86.8, 80.2, 55.9, 55.7, 55.49, 55.45, 54P8, 48.5, 47.6, 45.1, 33.1, 32.4,
26.26, 26.21, 13.3, 12.7; HRMS (ESI/Q-ToRyz calcd for G/H2sNaQ; [M + Na]* 283.16609,
found: 283.1668.

Cage diol 37 Ds-Trishomocubanediol)

Prepared according to the above general procediing sage hydroxy ketor#b (50 mg, 0.21
mmol) and NaBH (32 mg, 0.86 mmol) in methanol (10 mL) undeo rt for 30 min. Column
chromatography (50% ethyl acetate in petroleumrgtféorded the cage di87.

Colourless crystalline solid; Mp: 163-165 °C; YieRD mg (77%); IR (neat, ¢ vmx = 3420,
3355, 2969, 1242, 1217, 1053, 1038: NMR (400 MHz, CDC}): & (ppm) = 3.91 (dJ = 2.2
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Hz, 1H), 2.43-2.42 (m, 1H), 2.20-2.16 (m, 2H), 2(09 = 5.6 Hz, 1H), 2.03 (1] = 5.5 Hz, 1H),
1.84 (q,J = 7.1 Hz, 1H), 1.75-1.74 (m, 1H), 1.14 (s, 3HP6L(d,J = 7.3 Hz, 3H), 0.91 (d] =

6.6 Hz, 6H);**C NMR (125.7 MHz, CDG): & (ppm) = 86.7, 80.2, 55.9, 55.86, 55.82, 51.4,
49.1, 48.7, 47.0, 44.8, 44.4, 23.2, 22.5, 13.481HRMS (ESI/Q-ToF):miz calcd for
CisH2NaG:[M + NaJ* 257.1512, found: 257.1511.
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Design, Synthesis, and Rearrangement Studies of Gem-dimethyl
Containing Cage Systems

Highlights

A short synthetic route to Gem-dimethyl substituted cage frameworks and Ds-
trishomocubane derivatives have been established by metal-mediated reductive
cleavage.

These PCUD cage frameworks were assembled by starting with commercially
available materials such as 2,3-dimethylhydroquinone, PtO, Zn dust/AcOH, and
endo-dicyclopentadiene.

The design of gemrdimethyl substituents at 7" position of the norbornane ring in
PCUD system requires lengthy synthetic sequence by conventional approach.

These gem-dimethyl substituted cage frameworks may function as a promising
candidates for high energy density materials.
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