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1. Introduction

Tetrahedron

Over the past several years, we have developed etyanr
Lewis acid-catalyzed protocols toward (hetero)argef five-,

Cyclopentap]thiophenes represent a unique class of organigjy_ and seven-membered rings using Nazarov-lisetiens'*'?

molecules that are interesting isosteres of inddfegure 1)
They exist in equilibrium as mixtures of the magibt- and 6H-
isomers and the transientSsomer (isosteric with isoindeng).
The parent compounds have been primarily usedexsigors to
thiophene-fused cyclopentadienyl metal compléxebereas, the
5,6-dihydro derivatives have been employed by rmedter
scientist$ (for use in conjugated polymers, liquid crystalin
media, and organic field-effect transistors) and dicieal
chemistd (as anti-cancer, anti-bacterial, anti-viral, anati-a

fungal agents).
E 4 4
D A
6H-cyclopenta[b]thiophene

! 4H-cyclopenta[b]thiophene
4
S

: 5H-cyclopenta[b]thiophene
Figure 1. Isomeric Forms of Cyclopentdfhiophene

indene

isoindene

Despite these rich applications, there exists a tdcfeneral
and robust methods for the preparation of funclizced

We have further sought to establish the catalytional homo-
Nazarov cyclization as a viable template for diugrsriented
synthesis® Toward that end, we recently reported a calcium-
catalyzed, dehydrative, ring-opening cyclization (b&tero)aryl
cyclopropyl carbinols to form (hetero)aryl-fusedciohexa-1,3-
dienes in up to 97% vield (Scheme %a).

a) previous work

Ca(NTf,),
(1 or 5 mol %)

R* OH cat. n-BuyNPFg R
CO,Me (1 or 5 mol %) COMe
| Rl _ g
1,2-DCE RS
R3 )
R? 4AMS RER?
84°C up to 97% yield
b) this work s
R3 OH R
Y a CoMe r2{/ coMe
s N cat. Ca(NTf, ) S
R cat. n-Bu,4NPFg R?

> or
Rmcozm :COZMe
R4 R R1
Scheme 2. Calcium-Catalyzed, Dehydrative Cyclizations of
Cyclopropyl or Alkenyl (Hetero)aryl Carbinols

cyclopentap]thiophenes. Only a handful of syntheses have been Inspired by this outcome, we sought to identify ki@

reported to date, the majority of which start withigegization of

a thiophene-fused cyclopentanone. For examplemibe&t robust
method reported by L& involves the following three-step
sequence: 1) a one-pot acid-promoted
acylation/Nazarov cyclization of thiophene with a@ryhcid
derivatives to form thiophene-fused cyclopentanpn&y
nucleophilic attack at the carbonyl to form the responding
alcohols; and 3) acid-promoted dehydration to fotire

cyclopentap]thiophenes. Unfortunately, this approach affords

limited scope (only methyl or phenyl substituents)d low
functional group tolerance due to the use of stramigs.
Therefore, the design of milder and more generdlegproaches

conditions that were amenable for the general cstitim of
alkenyl (hetero)aryl carbinols that specificallyloat for the
formation of cyclopentdgthiophenes. It is important to note that

Friedel-Craftgiophenes have been somewhat problematic in defiwelra

Nazarov-type cyclizations. For instance, in 2011ng8F
published a Nazarov-type electrocyclization initiatdy a
Sc(OTfy-catalyzed ionization of alkenyl (hetero)aryl cadds to
form [6,6,5,6] and [6,6,5,5] heterocyclic ring ssis. While the
reaction worked for arenes and indole, the thiengk
benzothienyl-substituted substrates rapidly decaego or
afforded uncharacterized products. Yamartoims later able to
accomplish cyclization with a benzothienyl substratithough

to cyclopentaf]thiophenes represents a worthwhile syntheticy,o corresponding thiophene provided no discernjirieduct.

endeavor, particularly one that circumvents thenftion and
derivatization of a thiophene-fused cyclopentanone.

Renewed interest in the Nazarov cyclizatidras led to the
breakthrough of many new methods for the initiatidrthe 4+
electrocyclization, central to the formation of ftionalized
cyclopentyl rings. One relevant example is the difenization
of the C-O bond of divinyl alcohols and (hetero)esybstituted
allyl alcohols (Scheme T¥ Explored by several groups, this
dehydrative, Nazarov-type approdchrovides straightforward
routes to cyclopentadienes, indenes, and heterbegt
cyclopentadiene®.

Nazarov cyclization:

.z
(o} +7 o)

Dehydrative, Nazarov-type electrocyclization:
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Scheme 1. Nazarov Cyclization vs. Dehydrative, Nazarov-

type Electrocyclization

With an eye towards overcoming these issues, weodischn
effective, calcium-catalyzed, dehydrative, Nazawnpet 4t
electrocyclization of alkenyl thienyl (or aryl) ¢anols to form
cyclopentap]thiophenes and/or indenes (Scheme 2b).

2. Results and Discussion
2.1. Mechanism

In 2010, Batey and co-workers extensively investidat
substituent effects on the selectivity of the @ations of 1,3-
diarylallylic cationsl, derived from the diallyl alcohols using
stoichiometric BE*OEt, (Scheme 3j’ The reactions worked
when R = Me or CQEt, but failed when R= H. Depending on
the choice of substituents, mixtures of inderesl (from
cyclization onto the ring bearing’)Rand5-1V (from cyclization
onto the ring bearing 3, were most commonly obtained. Also
observed in select cases was indé&rle the product resulting
from alkene isomerization. The authors argue thiken
isomerization is most likely due to base-catalypeacess given
the increased acidity of the dibenzylic C-1 protdh. 1,5-
hydrogen shift mechanism was ruled out since thetioes were
performed at room temperature.
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H (1%23;%?‘02) R Given the work by Pandad,we were surprised to find that
R1 |R o IR O ©) Sc(OTf) afforded poor yield (11%) obaa-l and5aa-Il as a
Ra' | Rs 1.2:1 mixture (entry 2). Similar isomeric ratiogjthwith higher

yield (43%), were obtained with TfOH and BBEt, (entries 3

and 4). Employing stoichiometric B¥OEt, (Batey’'s conditions

l for R2= CO,Et J [ for indene synthesis) gadaa-1 as the only product with only a
slight improvement in yield (entry 5). No desiredbguct was

O’ 1O‘ QO’ QO‘ formed with Yb(OTf), La(OTf), Dy(OTf)s, or Ni(OTf), after 24
R COEt R COEt R COEt R COEt
h (entries 6-9), and trace amounts of product weteated with
ol R@ o R3 ol R sy R Al(OTf); at 20 h (entry 10). In contrast, Ga(O;Ténd In(OTf},

, ) ) . . each gavebaa-l as the only isomer in 47% and 51% yield,
Scheme 3. Batey's Indene Synthesis Using 1,3-Diaryl Allylic regpectively (entries 11 and 12). Bi(Ojgjve an increased yield

Alcohols of 57%, but withaa-1 and5aa-1| as a 2:1 mixture (entry 13).

Regarding substituent effects, electron-withdrawingyl a
substituents disfavored cyclization and only therenelectron-  Table 1. Selection of Acid Catalyt

rich ring engaged in ring-formation. In the case ebéctron- OH 1oaCid|°/ y J~\
donating groups, the selectivity was dependent wthennature /Y ove (10 mol %) @COZM‘? . mcwe
and position of the substituent. The authors thegue that, s CHClL 01 M) Ph Ph
unlike in electrophilic aromatic substitution, norelation of 4aa 5aa-| 5aa-ll
selectivity with calculated electron densities wasested, which - - -
. . . L . . entry acid time (h) yield (%)? 5aa-l: 5aa-lI°
is consistent with a cationicrdconrotatory electrocyclization o 70 R -
mechanism. 2 Sc(OTH), 24.0 1 1.2:1
3 TIOH 0.5 43 1411
2.2. Synthesis of Carbinols 4 :d EEESE: i'g :3 1'22;
Guided by the work of Batéy we outlined a straightforward ~ © Yb(OTN) >24.0 -
approach to allyl (hetero)aryl-substituted carbérblsing a two- 7 La(OTh, >24.0 -
step sequence starting from (hetero)detoestersl (Scheme 8 Dy(OThs >24.0 -
4). Knoevenagel condensation bfwith aldehyde? afforded o Ni(OTf), >24.0 -
alkylidenep-ketoesters in up to >99% yield. Subsequent Luche ~° Al(OT)s 20.0 trace -
reductiort® of 3 provided the desired carbinodsin up to 66% il Ga(OTh 40 47 100
T Ie . . 12 In(0Tf; 40 51 1.0:0
yield.” With the emphasis on accessing cyclopdajtiaiophenes, 13 BI(OTh; 40 57 2041
most of the prepared substrates contained theeBythimoiety, " Ca(NTf,), 0 s 100
using 4aa as the model compound selected for optimizatien. 3 n-BusNPFg : -
Benzothienyl, 2-benzofuranyl-, 2-naphthyl-, andl-aubstituted 159 Sf"él'mgée 1.0 60 1:2.6

allyl alcohols were also prepared in order to explogaction R . . . .
L o ; o eaction was performed with carbirgda and acid catalyst
scope once optimized conditions were identified. Wi3ak (10 mol %) in CHC, (0.1 M) at 23 °C.

(bearing ani-Pr substituent) was subjected to Luche conditions,
the desired producttak proved inseparable from the fully ®|solated yield after column chromatography.

reduced saturated alcohol. . . .
°Ratio determined bjH NMR of the product mixture.
o

Wg 2 performed using 100 mol % BOE®,.
o piperidine o CeCl3*7H,0 OH e .
#COZMe HOAC ... HK[COzMe NaBH, KK[COZME No desired product formed.
- ey meon i I 'Not determined.
oy reflux 3 R 4 R
. upto>99%yield up to 66% yield Reaction performed at reflux (~40 °C).
OH 4aaR =H OH 4ah R = 2-thienyl ; i o ;
coMe 4ab R = a-orfe Come 4aiR = p-styryl Ir]sp|_red by our previous Work on the ring-opening
am 4ac R = 4-Me am 43R = 2-Np cyclizations of cyclopropyl carbinot8, the Niggemann
s R JAAR=-4B s R 4ak R =i-Pr combinatio’ of Ca(NT%), and additiven-Bu,NPF; (10 mol %
4af R = 2-OMe each) was employed. This combination has been showret
4ag R = 3-OMe effective in catalyzing the Nazarov cyclization ahé reactions

OH OH OH OH of carbinols®* Under these conditionSaa-I was obtained as the
%CONG Oy oM z-Np)\[COZ“"e Meomcom only product in 55% yield (entry 14). In an attent@timprove
s Ph Ph Ph R Ph the yields, the reaction was performed at reflux O(~=€).
4ba sca 4da 4eaR =H Unexpectedly, although the yield improved to 60%2.61 ratio
4faR = OMe was formed witlbaa-11 as the major isomer (entry 15).

Scheme 4. Synthesis of Carbinols Next, the effects of time at reflux on both the giednd

product ratios were examined (Figure 2). Reactione\get up
2.3. Reaction Optimization using the conditions above and then quenched anidQ 1 h,
) ) ] o ) 1.75 h, and 2.5 h. Both 30 min and 1 h gave ~1>3ures with
3-Thienyl carbinoMaa was subjected to an initial screening of 5,5 || a5 the major component in 63% and 60% yield,
acid catalysts at 10 mol % loading in @M, (Table 1). As  ragpectively. Converselfaa-l was obtained in 65% yield as the
expected, no reaction occurs in the absence ofysat@ntry 1). o1y observable product at 1.75 h. At 2.5 h, soreniization
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with a minor drop in yield (58%), possibly due tooguct
degradation. Thus, to minimize product degradatiohile
optimizing for yield and product ratios, 1.75 h wagyeted as the

ideal reaction time.

1:3.0 1.26

0.5h 1h

1.0.0

1.75h

Tetrahedron
is observed as thBaa-l to 5aa-ll ratio erodes to 5.5:1 along necessary for the 2.5 mol % reaction to reach cetiopi;

551

m5a -l

w5 -l

25h

Figure 2. Effect of Reaction Time at Reflux on Product Bati

Table 2. Final Reaction Optimizatidn

Ca(NTfy),
(10 mol %)
OH O n-BuyNPFg

Ph

Ph

(10mol %) ¢ COMe 4 CO,Me
J | | OMe ) + S
oh solvent (0.1 M)

40°C
4aa 5aa-l 5aa-ll
entry solvent time (h) yield (%)P 5aa-l : 5aa-lI°

1 CH,Cl, 1.75 65 1.0:0
2d CH,Cl, 15 63 451
3¢ CH,Cl, 25 57 1411
4 1,2-DCE 1.75 58 1.0:0
5 Toluene 1.75 53 1.0.0
6 CH3CN >24.0 _f -

7 THF 3.0 57 6.0:1
8 Benzene 1.75 67 (60)9 1.0:0
9" Benzene 1.75 70 1.0:0

*Reaction was performed with carbintsia and Ca(NT§), (10
mol %), n-Bu,NPF; (10 mol %) in indicated solvent (0.1 M) at 40

C.

®|solated yield after column chromatography.

°Ratio determined b{H NMR of the product mixture.
5 mol % each of Ca(N3k andn-Bu,NPF, were used.
2.5 mol % each of Ca(NJ);, andn-Bu,NPFR; were used.

"No desired product formed.

%ield in parenthesesepresents the product yield when

performed at reflux (=80 °C).

"Reaction performed at a concentration of 0.05 M.

In the final phase of optimization, we examined éffects of
(1) reducing the catalyst loading, (2) changing sbé/ent, and
(3) changing the reaction concentration (TableTBe reaction in
CH,CI, at 40 °C with 10 mol % catalyst loading was usethas
benchmark (65% yield of onlyaa-I, entry 1). First, the catalyst
loadings for Ca(NT#, and n-Bu,NPF; were each reduced to 5
and then 2.5 mol %. With each decrease in catébgsting, a
change in isomeric ratio is observed. At 5 mol %diog, a 4.5:1
isomeric mixture is formed, while a 1.4:1 mixtuse deen with
2.5 mol %. It is likely that the reduced loadingedily effects the
rate of the base-promoted alkene isomerizationtddleein situ-
generated r-Buy,N]NTf,. Moreover, a longer reaction time was

product degradation was observed as a result.

In hopes of replacing Ci&l,, a screening of solvents was then
performed to determine the optimum solvent. Thectiea
temperature was maintained at 40 °C to minimize prbd
degradation. Both 1,2-dichloroethane and tolueferddéd 5aa-|
selectively, albeit with reduced yields (entries dda5). In
contrast, CHCN proved incompatible, as no desired products
were detected (entry 6). This is most likely due cetalyst
deactivation through solvent coordination. With Tt3Ba-I was
formed in 57% vyield as a 6.0:1 isomeric mixture tifgn7).
Benzene proved to be the best solvent for the iczaets5aa-|
was selectively generated in 67% vyield (entry 8)teAfurther
exploration of the reaction concentration, an inve yield
(70%) was obtained using a more dilute reaction umét0.05
M, entry 9). Ultimately, these conditions (10 molCa(NT%),,

10 mol % n-Bu,NPF;, benzene, 0.05 M, 40 °C, 1.75 h) were
chosen as the optimized conditions for the remairafethe
study.

2.4. Examination of Substrate Scope

With working conditions, the effect of changing thkenyl
substituent of the carbinol was examined (TableF3)st, the
existence of any stereoelectronic effects impaledubstituents
on a phenyl ring was probed using carbintdb-4ae. When the
more electron-rich 4-methoxy phenyl group was emgdofas in
4ab), 5ab-l was obtained in 82% yield (entry 2ac, bearing a
weakly-activating 4-tolyl substituent, cyclized torf 5ac-l in
66% vyield as a 6.5:1 isomeric mixture (entry 3)drrctsSad-|
andb5ae-l were respectively obtained in 69% and 67% yield for
substrates bearing a weakly electron-withdrawing 4rohenyl
group @ad) and a strongly withdrawing 4-trifluoromethyl phenyl
substituent 4ae) (entries 4 and 5). These combined outcomes
suggest that due to a slight inductive effect, bighields are
anticipated with strong donor groups on the phengs:

To further probe substituent effects on the cytlizg the 2-
and 3-methoxyphenyl substratéaf and 4ag were subjected to
the reaction conditions. In the case 4df, the cyclization
occurred with higher yield (75%) to furnidbaf-Il as an 8:1
isomeric mixture withbaf-1 (entry 6). This result was unexpected
given the previous substrates and thermodynamifenerece of
5af-1 vs. 5af-11. The most plausible explanation is that steric
influences (imparted by the methoxy group) slow thee of
alkene isomerization. By comparisatag did not produce either
baf-1 or 5af-11. Instead,5af-1V, where cyclization has occurred
onto the aryl group, was isolated in 79% vyield (gri&). This
result is consistent with Batey’s wofkn which the location of
substituent has a direct influence on product augsowith
cyclization onto the more nucleophilic aromatiayrizis the major
product??> Ring closure is therefore expected to occur
preferentially on the phenyl ringara to the methoxy group- a
more nucleophilic position than C-2 on the thiopheng.

In contrast, onlybah-1 was generated (66% yield) witiah,
as no cyclization onto the 2-thienyl moiety was obsé (entry
8). This outcome agrees with the greater nucleagityilof the
thiophene C-2 vs C-3. Fakai with a B-styryl substituent, only
22% vyield of 5ai-l was isolated along with significant
degradation and uncharacterized compound mixtieagy( 9).
Given the added delocalization, multiple cationiteimediates
can be generated that may undergo competing reactio



Table 3. Ca-Catalyzed Synthesis of Cyclopebttjiophened U gg(m;f%)/z)
Entry Carbinol 4 Product 5 Yield (%)° co.Me n—Bu4NP£6
OH O y o (10 mol %) 20 o1
1 S o (SI%—/{OMe . Cée 5aj-l1/5aj-1V : 5aj-I/5aj-lll
S on bh 40°C
4aa 5aa-l
OH O [o]
(/I? %
2 w ome s OMe 82%
s CeHad-OMe CgH-4-OMe
4ab 5ab-I
OH O Vi (o]
3 wom (SI%—/(OME 66% Sc_heme 5. Complex Products Outcomes from Cyclization of
s CgHad-Me CoHa-d-Me 43j
4ace 5ac-l : 5ac-Il
(6.5: 1)d
OH O J o] Ca(Nsz)z
one Qﬁ%—/( (10 mol %)
4 J | ‘ S - _(j_’\gf 69% OH OH n-Bus,NPFg
* gaq CHetEr sadl a |C02Me VA coMe - (10mol%) —jndeterminable
OH O o s Me s Me CeHe mixture
{ Me Me 40°C
5 w OMe S 'OMe 67% 4ak 6ak N .
S pae CHitCFs saed CeH-4-CFy Scheme 6. Attempted Cyclization odak Mixture
OH O 0
6 /Y ome /S oMo 75% Next, the effects of replacing the thienyl group wither
s CeH4-2-OMe CoHe-2-OMe (hetero)arenes were studied under the optimized itomsl
4af 5af-ll : 5adf-l (Table 4). 2-Benzothienyl carbino#tba cyclized to give
®0:1) benzop]cyclopentafilthiophene5ba-I in 53% vyield (entry 1).
OH © MeO O‘ ol With 2-benzofuranyl carbinalca, no productca was obtained,
7 7Y OMe OMe 79% as significant decomposition was encountered (eBjryThis
S CeH4-3-OMe a outcome is consistent with the low yield (10%) obednby
4ag 5agV s Batey’ for a similar 3-benzofuranyl derivative.
oH O Vi 0 Table 4. Changing the (Hetero)aryl Carbinol Substitéent
J OMe S oM o, Ca(NTfy)2 (10 mol %)
8 U ‘ 66% oH 9 n-BuNPF¢ (10 mol %) ¢ Q_/( Q_/(
/s )
I Y/ _ ST OMe
4ah 5ah-l | Jl | CGHS(O 05 M)
OH O (o] R
4 4 5-1 5-Il
9 7 OMe s OMe 20% Entry Carbinol 4 Product 5 Yield (%)
s ZPh =
4ai 5ai-1 Ph OH O O o)
®Reaction was performed with carbindland Ca(NT§), (10 OMe s O ome 5
mol %), n-Bu,NPF; (10 mol %) in benzene (0.05 M) at 40 °C ' S 53%
over 1.45 h. 4ba Sba-l
OH O O
®Isolated yield after column chromatography. ) 0~~~ ome W .
©7.0:1 ratio ofdac to unreduced alkylider@ac. Ph seat
4ca ca-
‘Ratio determined b{H NMR of the product mixture. oH o
When a 2-naphthyl group was employed as the alkenyl 3 OO [ ome ‘ l 75%
substituent 4aj), a 20:7.0:3.5:1.0 mixture of the four possible Ph
isomers was obtained in 71% yield (Scheme 5). Givem t 4da Sda-ll
complexity of the NMR spectra, we were unable to OH 0 Meoo
unequivocally correlate each isomer with the obskratios. 4 Meo@*[%m OMe 7%
Despite that limitation, we were able to determine th&.0:1 oh Ph
ratio of trisubstituted alkene isomerSaj(-11 and5aj-1V) to tetra- 4ea Sea-ll
substituted alkene isomeisa{-I and5aj-111) exists. oH O ""900
MeO
Finally, encouraged by the outcome 4#c (employed as a 5 MOM& MeO (, OV 68%
mixture with left over starting materidac), we subjected the MeO Ph
isopropyl-substituted alkenyl substrafiek to the cyclization 4a Stall

®Reaction was performed with carbindland Ca(NT§), (10
mol %), n-Bu,NPF; (10 mol %) in benzene (0.05 M) at 40 °C
over 1.45 h.

conditions, despite it existing as a 2.0:1 mixtwith the fully
reduced alcohobak (Scheme 6)Disappointingly, the reaction
only gave an indeterminable mixture and neithak nor 6ak
was recovered. ®Isolated yield after column chromatography.

‘Decomposition.
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yield) with alkylation readily occurring at C-1 torin bda-Il as
the only observable product (entry 3). This resoltrasts with

what Batey’ obtained for a 2-naphthyl derivative with a methyl

group in place of the ester. In that case, a 3xture of product
from C-1 alkylation and product from cyclizationtorihe phenyl
group was formed. Lastly,
observations, 3-methoxy-substituted phenyl carBinddea)
expectedly gave the corresponding ind@&ee-Il in 77% yield
(entry 4). A similar result was obtained with the @jthethoxy
substratelfa (entry 5).

2.5. Control Reactions and Mechanistic Studies

After establishing a good understanding of the ¢dfeaf
changes in substrate, questions about the natyseodfict ratios
persisted. The reaction appeared to be more coatgticchan a
simple kinetic vs thermodynamic product argumen¢ do the
fact that the ratios oscillated, changing in boifeations. In an
attempt to gain a deeper understanding of the datesersion
between productSaa-1 and5aa-I1, a series of control reactions
were performed.

4 COMe
s

Ph Ph
5aa-l 5aa-ll
Scheme 7. Probing the Interconversion 6&a-1 and5aa-||

Temperature?
Lewis acid?
Bronsted acid?
Solvent?

4 coMe
s

In the first experiment, performed before solvapiirnization,
a 1.7:1 mixture obaa-l:5aa-11 (obtained by combining previous
products after column chromatography) was subjettedhe
initial reaction conditions [Ca(NTf(10 mol %),n-Bu,;NPF; (10

Tetrahedron
2-Naphthyl carbinolida proved a competent substrate (75%

path1: path 2:
H 1,5-Hydride protonation/
H ! ;
y shifts @ CoMe deprotonation @7 CoMe
COMe ~——— g —
s H Ph Ph

Ph
5aa-l 5aa-ll 5aa-l

Scheme 8. Plausible Mechanisms for Interconversion.

in agreement with Batey's

To further interrogate the effects of heat andrtarire of the
interconversion we sought to plot product ratiogdanction of
time using: (1) the optimized reaction conditioms henzene
starting with4aa; (2) heating and stirring a known ratio S#a-I
to 5aa-11; and (3) heating and stirring a ratio5aia-1 to 5aa-I1 in
the presence of a Brgnsted acid (HNTThe results of these
studies, along with the data from Figure 2 (yellave)iand Table
5 (red line), are shown in Figure 3.
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% S5aa-I of 5aa-I:5aa-1I mixture
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Time (minutes)
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90 105 120 135 150

—e—5aa DCM LA

Figure 3. Control Reactions Probing Product Ratios as acfiam of Time.
Reactions were performed in indicated solvent (DOMbenzene) with

mol %), CHCI,, 40 °C] at both room temperature and at refluxindicated starting materiadiga or 5aa) at 40 °C with either Lewis acid (LA =

(Table 5). No change in ratios was observed at remnpérature;
however, under reflux for 0.5 h, tfma-l:5aa-11 product ratio
improved to 15.0:1. At 1.0 h, the product ratiosederated to
3.5:1. In both cases, product degradation was obdexnd about
65-69% of the mixture was recovered. This study eafggtwo
things: (1) reflux time has a direct effect upondrct ratios; and
(2) product degradation is likely a competing pathwzat must
be considered’

Ca(NTh), andn-BusNPF; (10 mol % each)), Bransted acid (BA = HNTI0
mol %)), or no additive. 5aa DCM LA (red); 4aa DAM (yellow); 4aa
Benzene LA (blue); 5aa Benzene (green); 5aa BerBAr(purple)

Significant fluctuations in product ratios betwedha&hd 120
minutes were observed for the optimized reactiortistawith
4aa (Figure 3, blue line). Full conversion dga to 5aa was
observed within 15 min. Isolated product yields regved

Table 5. Control Experiment to Probe Interconversionconsistent for each time point (within 5%) of theioypzed 67%

Betweenrbaa-| and5aa-11 Under Initial Reaction Conditiorfs.

entry

time at reflux (h) % recovery? 5aa-l : 5aa-II°

1 0.0 >95 171
2 0.5 65 15.0:1
3 1.0 69 3.5:1

®Reaction was performed with indicated mixturesaf-1 and
5aa-11 and Ca(NT§), andn-Bu,;NPF; (10 mol % each) in C}l,
(0.1 M) at 40 °C. Each entry was a separate, isblaaction.

®Percentage obaa-l:5aa-11 mixture recovered after column
chromatography.

°Ratio determined b{H NMR of the product mixture.

Two plausible mechanisms for the interconversionstexi
(Scheme 8). In the first case, two 1,5-H shifts odoutandem
(converting from the K-, 5H-, and &1-cyclopentap]thiophenes
and vice versa). The second mechanism involves/lesd-
mediated protonation/deprotonation. Another possibil of
course, would be some combination of the two if tlegur
concurrently.

yield (Table 3 entry 8). Oscillation of product ceti was
observed under these conditions; however at 105 oniy,5aa-|
persists in solution. Finally, although product detation is still
a potential issue, it does not seem to worsen twetitne span of
15 minutes and 120 minutes.

The next two experiments involved subjecting a 2ratib of
5aa-l to 5aa-1l to heating and stirring in benzene either with
(purple line) or without (green line) 10 mol % HNT{The
reactions were set up using the same solutidbaafin benzene
split into two flasks, both heated to 40 °C. If theerconversion
were the result of purely thermodynamic H-shiftsodurct
oscillation would be observed with simple heatingl atirring
over time. If it were protonation/deprotonation eud,
oscillation should only occur with acid present. Tesults for
both show a minor change (~5%) in ratio within thestfil5
minutes, followed by little change at all (<5%). deems as
though interconversion is very slow or the systerd heached
equilibrium. This result is distinctly differentdm the other data
sets involving the calcium catalyst, which seems ke
responsible for the large oscillations. One can gpée that there
may be some sort of complex involving the calciuatatyst and
the products that facilitates interconversion.



In one final attempt at probing the hydride shiftahanism, 3. Conclusion
the deuterated starting materidlaa-d, was synthesized and . )
subjected to the reaction conditions (Scheme584-11-d was In summary, we have disclosed a calcium-catalyzetopol
obtained as the major product in a 40:1 rati®azt-1-d:5aa-| -d. for the dehydratl\{e, Nazarov-type electrocyclizatiof alk_enyl
The product was fully deuterated. This result wasaegd at 30 (heteroaryl carbinols that allows access to fumetized
min and 60 min reaction times as well, with effedivieentical cyclopenFa[)]thlophenes and indenes. Products are |so_Iate¢b inu
results. Unfortunately, because of the small amoohtaa-|-d to 82% vyield. Good tolerance for aryl and heteroanstituents
formed, the extent of deuterium incorporation wast no©n the alkene was demonstrated, where@issgryl substituent
determined. Similarly, the control reaction 4dfa in deuterated 9ave low yield. Substituent effects play a significaole in

solvent showed no deuterium incorporation, althouglid show ~ detérmining product outcomes and isomeric ratias. dystems
a change in product ratio, indicating a solvengetf with competing (hetero)aryl substituents, cyclizati@ccurs
' preferentially on the most nucleophilic ring. Where relative

gg(n'ﬂlfzo}f) nucleophilicities are close, mixtures are then okes For the 3-
o o n-Bu,NPFg Yo thienyl series (without a competing aryl substit)ietiite reaction
(/\/‘/YLOMG (10 mol %) mCOZMe . @Qcozm is selective for the thermodynamic alkene isomealirbut one
S Iy benzene (0.05 M) bh b Ph case, whereas the arene series favors the kinkéineisomer for
oo 40°c 1 : 0 the resulting indenes. This transformation repressene of the
4aa-d 5aa-l-d 5aa-ll-d only examples of catalytic, dehydrative, Nazarowetyp
(100% D) electrocyclizations in which thiophenes are compatifhus, it
Scheme 9. Dehydrative Cyclization ofaa-I-d allows for the direct formation of cyclopentithiopenes and it

circumvents the need for cycloperdfiiophenones as

Some strong mechanistic conclusions can be drawmtinese precursors. Future efforts will be focused in two nyy
deuterium studies. The consistency over time aravavelming  directions. Firstly, improved methods for selecti@-reduction
prevalence of th&aa-I1-d isomer indicates that it forms first in of the alkylidenepB-ketoesters will be explored. Secondly, the
the reaction and the presence of the deuteriumeptsv method will be expanded to synthesize more funclipec
isomerization, suggesting a very large kinetic dpet effect.  cyclopentapjthiophenes, which can be used in organometallic
Mechanistically, this means that tHeisomer is the first to form  chemistry and materials science.
in the reaction and it subsequently isomerizeshim ihstances ) )
that we see theisomer. The same is true for the formation of the#- Experimental section

indenes where thie/ isomer would before thid| isomer. 4.1 General Information

Although we cannot make definitive conclusions on taowl
why the product seems to oscillate between the twoedssbaa-
I and5aa-11, we have learned several important details abaut t
reaction from our studies. (1) The reaction iniyiahnd rapidly,
generates isomer$l (or I1V) and any variations in isolate
product ratios observed are the result of isomgoza(2) There
is a large KIE for isomerization. (3) Although theriserization
does not require the calcium catalyst, it is likelg cause for the
large oscillations in product ratios. (4) There afeservable
solvent effects on the isomerization rate. (5) @itph some
product degradation is detected, it can be ruledasumostly
irrelevant as a function of reaction time in ourtioyzed
conditions.

Chromatographic purification was performed as flash
hchromatography with Silicycle SiliaFlash P60 siligal (40-
63um) or preparative thin-layer chromatography gpreC)
d using silica gel F254 (1000 um) plates and solvamticated as
eluent with 0.1-0.5 bar pressure. For quantitatidash
chromatography, technical grades solvents were zedili
Analytical thin-layer chromatography (TLC) was perf@d on
Silicycle SiliaPlate TLC silica gel F254 (250 um).d glass
plates. Visualization was accomplished with UV lightirdned
(IR) spectra were obtained using an IRAffinity-1S RTirom
Shimadzu. The IR bands are characterized as bitwdweak
(w), medium (m), and strong (s). Proton and carbaclear
magnetic resonance spectra'(NMR and C°® NMR) were
2.6. Attempted derivatizations recorded on a Varian Mercury Vx 300 MHz spectrometen o

Bruker 500 MHz spectrometer with solvent resonanceshe

Ins_,pired by Skramstapl’s report demonstrating thh? U internal standard (HNMR: CDCk at 7.26 ppm; € NMR:
transient bl-cyclopentap]thiophene isomer can undergo Diels- CDCl, at 77.0 ppm). HNMR data are reported as follows:

Alder-type cyclizations; we reacted cyclopentathiophene  corical shift (opm), multiplicity (s = singlet, dldoublet, dd =
product Saa with various dienophiles as well as a diene 10y, piet of doublets, dt = doublet of triplets, deddoublet of
explore reactivity (Scheme 10). Unfortunately, nactivity was — 4oublet of doublets. t = triplet, m = multi;’)Iet br broad)

observed betweeBaa and maleic anhydride (to probe normal coupling constants '(Hz) and i'ntegration. Mass $pemeré
glectron demand cycloadditionm-bg.tyl vinyl ether (to probe  ohiained through EI on, a Micromass AutoSpec machine
inverse electron demand cycloaddition), or 2,5-diryiéuran (to through ESI on a Thermo Orbitrap XL. The accuratassn

probe if5aa can behave as a dienophile). analyses run in El mode were at a mass resolufid®,600 and
Oy-0 were calibrated using PFK (perfluorokerosene) asindernal
tfo standard. The accurate mass analyses run in El mvede at a

- mass resolution of 30,000 using the calibrationtumix supplied
a come Ao B recovered b_y _Thermo_. Uncprrected meIting points were measurat wi
s e — starting digital melting point apparatus (DigiMelt MPA 160).
Ph Me o material
5aa-| L )we 4.2. Synthesis of g-Keto Esters 1

Scheme 10. Attempted Diels-Alder-type Cycloaddtions of  General Procedure A: The starting aryl carboxylic acid (1.0

Saa| equiv) was added as a 0.5 M solution in dry,CH to a dry
round-bottom flask charged with a stir bar underogén
atmosphere. The solution was then cooled’®. Catalytic DMF
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(few drops to 1 mL) was then added. Oxalyl chloride (1
equiv) was added over 1 minute with stirring atQusing a
needle to vent into a balloon. After 15 minutes, rib@ction was
allowed to warm to room temperature with continuedisg.
Upon completion, the reaction was concentrated urettuced
pressure; the generated acid chloride was re-disgatvdry THF
to make a 1M solution, and the solution was addewlglto the
prepared enolate at -78 °C. The enolate was pregdayefirst
adding MeOAc (1.05 equiv) to a dry flask charged waittir bar
under nitrogen. The flask was cooled down to “C8&o which
LHMDS (1M in THF, 2.10 equiv) was added dropwise and
stirred for 45 min at -78C. The reaction was monitored by TLC
until complete conversion of the acid chloride wdserved.
Upon completion, the reaction was quenched withGlHaq) at
-78 °C, extracted with EtOAc three times, dried ovesS@, and
filtered through a celite plug. The combined orgdayers were
concentrated under reduced pressure and purifiedfldsh
chromatography on silica gel using EtOAc/Hexanes as th
mobile phase.

General Procedure B: A dry round-bottom flask was charged
with a stir bar, and sodium hydride (2.8 equiv) wddea under
nitrogen atmosphere. Dimethyl carbonate (2.0 equia$ then
added with toluene, and the reaction was stirred feeated to
reflux. A solution of the aryl ketone (1.0 equiin)toluene was
added drop-wise over 30 min using a syringe pumgiooverall
reaction concentration of 1.0 M. The reaction wasitooed by
TLC until complete conversion of the aryl ketone wéserved.
After the evolution of hydrogen gas, the reaction aisved to
cool to room temperature, and acetic acid (6 mL) wdded
drop-wise to the reaction mixture. Ice-cold water \edded to
dissolve any solid that formed, and then the smiutivas diluted
with EtOAc. The organic layer was extracted with EtOA®e¢h
times, dried over N&O,, and filtered through a celite plug. The
combined organic layers were concentrated under ceztlu
pressure and purified by flash chromatography bicasgel using
EtOAc/Hexanes as the mobile phase.

Methyl 3-oxo-3-(thiophen-3-yl)propanoate (1a)

Prepared following general procedure A using 3-
thiophenecarboxylic acid99 % pure, 3g, 23.4 mmol), oxalyl
chloride (98% pure, 2.41 mL, 28.1 mmol) and DMF (LL)nn
CH,CI, (36 mL) over 3 h to form the acid chloride. Thekte
was formed using LHMDS (1 M in THF, 49 mL) and MeOAc
(99% pure, 1.95 mL, 24.6 mmol) in THF (30 mL) ovir min.
The previously generated acid chloride was addefieenolate
and stirred for 30 min. After work up and purificati (35%
EtOAc/HexanesR; = 0.60), compounda was afforded as a light
orange oil (3.19 g, 74% yield). Characterizationsen@nsistent
with previously reported literatufé.

Methyl 3-(benzo[ b] thiophen-3-y1)-3-oxopropanoate (1b)

Prepared following general procedure A using 1-
benzothiophene-3-carboxylic aci@®.5 g, 14.0 mmol), oxalyl
chloride (1.45 mL, 16.8 mmol) and DMF (1 mL) in g3, (25
mL) over 3h to form the acid chloride. The enolates formed
using LHMDS (1 M in THF, 30.9 mL) and MeOAc (1.16 mL,
14.7 mmol) in THF (28 mL) over 45 min. The prewsbu
generated acid chloride was added to the enolatestimeld for
30 min. After work up and purification, (25% EtOAc/HerarR;
= 0.48), compoundb was afforded as an orange oil (1.75 g, 53%
yield). Keto:Enol Ratio (30:1) *H NMR (500 MHz, CDC}) &=
8.73 (td,J=1.1,8.2 Hz, 1 H), 8.31 (s, 1 H), 7.82 ({d5 0.8, 8.1
Hz, 1 H), 7.47 (ddd)=1.1, 7.2, 8.2 Hz, 1 H), 7.42 - 7.37 (m, 1
H), 4.00 (s, 2 H), 3.74 (s, 3 HJC NMR (126 MHz, CDC}) 5 =
186.7, 167.7, 139.5, 138.7, 136.1, 134.0, 125.%.612125.4,

Tetrahedron

122.1, 52.4, 47.2R: 3096 (w), 2949 (w), 1736 (s), 1662 (s)tm
HRMS (EI) m'z. [M]" Calcd. for G,H;q0sS 234.0351; Found
234.0352.

Methyl 3-(benzofuran-2-yl)-3-oxopropanoate (1c)

Prepared following general procedure A using benzofi-
carboxylic acid (5 g, 30.8 mmol), oxalyl chloridg18 mL, 37.0
mmol) and DMF (1 mL) in CH2CL2 (50 mL) over 3 h tarfo
the acid chloride. The enolate was formed using LHMD®$/
in THF, 64.8 mL) and MeOAc (2.57 mL, 32.8 mmol) in FKE0
mL) over 45 min. The previously generated acidodtde was
added to the enolate and stirred for 30 min. Afterk up and
purification, (20% EtOAc/HexaneB = 0.50), compoundc was
afforded as a colorless oil (4.00 g, 60% yield§to:Enol Ratio
(4:1) Characterizations were consistent with previousported
literature™*

Methyl 3-(naphthalen-2-yl)-3-oxopropanoate (1d)

Prepared following general procedure B using sodiydride
(60 % dispersion in mineral oil, 1.98 g, 49.4 mmajmethyl
carbonate (99% pure, 2.97 mL, 35.2 mmol) and mefhyl
naphthyl ketone (3g; 17.6 mmol) in toluene (17.6) mver 30
min. After work up and purification, (20% EtOAc/HexanBs=
0.52), compoundd was afforded as a light orange oil (2.98 g,
74% yield).Keto:Enol Ratio (4:1) 'H NMR (500 MHz, CDC})

0 =12.64 (s, 0.23 H), 8.38 (d,= 0.6 Hz, 1.01 H), 8.30 (d, =
0.9 Hz, 0.23 H), 7.96 (dd, = 1.8, 8.5 Hz, 1.06 H), 7.90 (d,=
8.2 Hz, 1.07 H), 7.86 - 7.76 (m, 2.84 H), 7.72 - 7189 0.24 H),
7.57 (dddJ = 1.2, 6.8, 8.2 Hz, 1.05 H), 7.53 - 7.45 (m, 1.51 H),
5.78 (s, 0.23 H), 4.14 - 4.08 (m, 2.12 H), 3.79 (83™), 3.74 (s,
3.00 H)*C NMR (126 MHz, CDCJ) 5= 192.1, 173.3, 171.0,
167.9, 135.5, 134.4, 133.0, 132.5, 132.1, 130.4.2,3129.5,
128.8, 128.7, 128.5, 128.0, 127.6, 127.4, 127.4.7,2126.5,
126.5, 123.5, 122.3, 87.3, 52.2, 51.2, 4835 3059 (w), 2951
(w), 1738 (s), 1678 (s) clmHRMS (EI) m/'z. [M]* Calcd. for
Cy14H1,05 228.0786; Found 228.0783.

Methyl 3-(3-methoxyphenyl)-3-oxopropanoate (1€)

Prepared following general procedure A using 3-metho
benzoic acid(1.00 g, 6.57 mmol), oxalyl chloride (98% pure,
1.06 g, 7.88 mmol) and DMF (4 drops) in &H, (13 mL) over
3h to form the acid chloride. The enolate was fatnusing
LHMDS (1 M in THF, 14 mL) and MeOAc (0.55 mL, 6.9 mmol)
over 45 min. The previously generated acid chiomdis added
to the enolate and stirred for 30 min. After work apd
purification, (25% EtOAc/HexaneB = 0.42), compounde was
afforded as a light yellow oil (0.99 g, 72% yieldjeto:Enol
Ratio (6:1) Characterizations were consistent with previous
reported literaturé

Methyl 3-(3,4-dimethoxyphenyl)-3-oxopropanoate (1f)

Prepared following general procedure A using 3,4-thimey
benzoic acid(10.5 g, 57.0 mmol) in CKl, (114 mL), oxalyl
chloride (8.84 g, 68.4 mmol), and 4 drops of DMIfretl at room
temp for 3 hours to generate the acid chloride. 3é&wond step
used LHMDS (1M in THF, 120 mL) and MeOAc (99% pure,
4.48 g, 59.9 mmol) to generate the enolate, andgérerated
acid chloride in THF (57 mL) was added at -78 °C atided for
30 minutes. After work-up and purification, compouda was
afforded as a thick peach oil (12.32 g, 91% yield).
Characterizations were consistent with previously oreu
literature?®

4.3. Syntheses of Alkylidene B-Ketoesters: Knoevenagel
Condensations



General Procedure C: A dry round-bottom flask was charged
with a stir bar, and a solution of tReketo estedx (1.0 equiv.) in
benzene (0.1 M to 0.5 M). The aldehyde3 equiv.), acetic acid
(0.5 equiv.) and piperidine (0.1 equiv.) were theided. A
Dean-Stark trap was filled with benzene and attacheldet flask.
A Liebig condenser was then attached to the top efban-
Stark trap, and the reaction was heated to reflulx stitring. The
reaction was monitored by TLC until complete conierof the
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Prepared following general procedure C usiag(1.01 g,

5.43 mmol), 4-methylbenzaldehyde (0.83 mL, 7.09 mmo
glacial acetic acid (99.7% pure, 0.16 mL, 2.72 mmahd
piperidine (99 % pure, 0.10 mL, 1.09 mmol) in berez¢0.16 M,
34 mL) over 18 h. After work up and purification, 0¢2
EtOAc/HexanesR: = 0.43), compoundac was afforded as an
orange solid (1.44 g, 92% vyield). [m.p. = 118-1Z] *H NMR
(500 MHz, CDC}) 8= 7.96 (ddJ = 1.2, 2.7 Hz, 1 H), 7.90 (s, 1

B-keto esterwas observed. Upon completion, the reaction wadd), 7.57 (ddJ = 1.2, 5.2 Hz, 1 H), 7.29 (dd,= 2.9, 5.0 Hz, 1

quenched with water and extracted three times with Et0he

H), 7.28 - 7.25 (m, 3 H), 7.06 (d,= 7.9 Hz, 2 H), 3.78 (s, 3 H),

combined organic layers were washed with HCl and NagC0O2.29 (s, 3 H).*C NMR (126 MHz, CDC}) 3= 189.3, 165.6,
dried over NgSQ, filtered through celite, concentrated under142.5, 141.7, 141.1, 134.9, 130.3, 130.3, 129.9.6,2127.0,

reduced pressure, and purified by flash chromagdgran silica
gel using EtOAc/Hexanes as the mobile phase.

Methyl (Z)-3-phenyl-2-(thiophene-3-carbonyl)acrylate (3aa)

Prepared following general procedure C usieg(l g, 5.4
mmol), benzaldehyde (0.72 mL, 7.1 mmol), glacia¢tacacid
(0.16 mL, 2.7 mmol) and piperidine (0.054 mL, O/54nol) in

126.9, 100.0, 52.6, 21.4R: 3102 (w), 2951 (w), 1717 (s), 1653
(s) cnmi*. HRMS (El) m/z [M] " Calcd. for GgH140:S 286.0664;
Found 286.0664.

Methyl (2)-3-(4-bromophenyl)-2-(thiophene-3-carbonyl)acrylate
(3ad):

Prepared following general procedure C usieg(459 mg,

benzene (0.1 M, 54 mL) over 24 h. After work up and2.49 mmol), 4-bromobenzaldehyde (653 mg, 3.53 mngtdcial

purification, (25% EtOAc/Hexane$x = 0.42), compoundaa
was afforded as a powdery light yellow solid (1.288% yield).
[m.p. = 60-66 "°CI'H NMR (300 MHz, CDC}) 5 = 7.93 (dd,J =
1.3,2.9Hz, 1 H), 7.91 (s, 1 H), 7.53 (dds 1.3, 5.1 Hz, 1 H),
7.37-7.31(m, 2 H), 7.28 - 7.17 (m, 4 H), 3.743(8]) *C NMR

acetic acid (0.08 mL, 1.36 mmol) and piperidiné®df0mL, 0.54
mmol) in benzene (0.1 M, 27 mL) over 24 h. After woik and
purification, (25% EtOAc/Hexane$} = 0.48), compoundad

was afforded as a yellow solid (713 mg, 81% yield).d. = 77-
79 °C]*H NMR (500 MHz, CDC}) 5= 7.95 (ddJ = 1.2, 3.1 Hz,

(75 MHz, CDC}) = 188.9, 165.3, 142.3, 141.4, 134.9, 132.6,1 H), 7.85 (s, 1 H), 7.55 (dd,= 1.2, 5.2 Hz, 1 H), 7.41 - 7.37 (m,

131.3, 130.4, 130.1, 128.7, 126.9, 126.8, 5R53096 (w), 2949
(w), 1712 (s), 1651 (s) chmHRMS (EI) m/'z. [M]* Calcd. for
C1sH1:05S 272.0507; Found 272.0499.

Methyl (2)-3-phenyl-2-(thiophene-3-carbonyl)acrylate-d (3aa-d)

Prepared following general procedure C using0.72 g, 3.89
mmol), a-d-benzaldehyde (0.50 g, 4.67 mmol), glacial acatid
(0.12 g, 2 mmol) and piperidine (34 mg, 0.4 mmolpéenzene
(0.1 M, 39 mL) over 18 h. After work up and purifiican, (20%
EtOAc/HexanesR; = 0.38), compoun8aa-d was afforded as
yellow oil in a 93% pure mixture, which was carriedvard
without further purification (1.04 gfH NMR (500 MHz,
CDCl;) 6=7.96 (ddJ=1.2, 3.1 Hz, 1 H), 7.57 (dd,=1.4, 5.0
Hz, 1 H), 7.39 - 7.36 (m, 2 H), 7.30 - 7.23 (m, 4 HY&3(s, 3 H)
BC NMR (126 MHz, CDC}) 5= 189.0, 165.4, 141.5, 135.0,
132.6, 131.3, 130.5, 130.2, 129.5, 128.8, 127.0,.52.61 R:
3098 (W), 2949 (w), 1705 (s), 1647 (s) ErRM S (EI) m/z:
[M] " Calcd. for GsH1;,DO5S 273.0570; Found 273.0562.

Methyl
carbonyl)acrylate (3ab)

(2)-3-(4-methoxyphenyl)-2-(thiophene-3-

Prepared following general procedure C usiag500 mg, 2.7
mmol), 4-methoxybenzaldehyde (0.43 mL, 3.5 mmolgcigl
acetic acid (0.078 mL, 1.4 mmol) and piperidin®2J. mL, 0.27
mmol) in benzene (0.1 M, 27 mL) over 24 h. After woik and
purification, (25% EtOAc/Hexane$ = 0.38), compoundab
was afforded as a yellow solid (0.66 g, 80% vyield).d. = 97-99
°C] 'H NMR (500 MHz, CDC}) 5= 7.98 (ddJ= 1.2, 3.1 Hz, 1
H), 7.87 (s, 1 H), 7.58 (dd,= 1.2,5.2 Hz, 1 H), 7.35- 7.31 (m, 2

2 H), 7.31 (ddJ = 2.9, 5.0 Hz, 1 H), 7.25 - 7.21 (m, 2 H), 3.79 (s,
3 H). ®°C NMR (126 MHz, CDC}) 5= 188.6, 165.2, 141.4,
140.9, 135.1, 132.1, 131.6, 131.5, 127.2, 126.9,1152.8.R:
3102 (w), 2951 (w), 1715 (s), 1651 (s) tnHRMS (El) m/z
[M]* Calcd. for GsH1,05SBr 349.9612; Found 349.9613.

Methyl (2)-2-(thiophene-3-carbonyl)-3-(4-
(trifluoromethyl)phenyl)acrylate (3ae)

Prepared following general procedure C usimg(580 mg,
3.15 mmol), 4-(trifluoromethyl)benzaldehyde (0.56.,m4.09
mmol), glacial acetic acid (0.09 mL, 1.57 mmol) gpigeridine
(0.06 mL, 0.63 mmol) in benzene (0.16 M, 27 mL) 24 h.
After work up and purification, (20% EtOAc/Hexands, =
0.36), compoundae was afforded as a yellow solid (0.783 g,
73% yield). [m.p. = 60-63 °CjH NMR (500 MHz, CDC}) 5=
7.96 (dd,J = 1.2, 3.1 Hz, 1 H), 7.93 (s, 1 H), 7.55 (dds 1.2,
5.2 Hz, 1 H), 7.54 - 7.50 (m, 2 H), 7.50 - 7.46 (nKiR 7.33 -
7.31 (m, 1 H), 3.81 (s, 3 HF*C NMR (126 MHz, CDC}) 5=
188.2, 165.0, 141.3, 140.4, 136.1, 135.1, 133.9.113127.3,
126.8, 125.8, 125.7, 125.7, 100.0, 52R: 3102 (w), 2955 (w),
1717 (s), 1655 (s) cm HRMS (El) m/z [M]* Calcd. for
C16H1105;SF;340.0381; Found 340.0376.

Methyl (2)-3-(2-methoxyphenyl)-2-(thiophene-3-
carbonyl)acrylate (3af)

Prepared following general procedure C usirg(500 mg,
2.71 mmol), 2-methoxybenzaldehyde (0.43 mL, 3.53ofjym
glacial acetic acid (0.08 mL, 1.36 mmol) and piger® (0.03
mL, 0.271 mmol) in benzene (0.1M, 27 mL) overnighfter
work up and purification, (25% EtOAc/Hexand®, = 0.267),

H), 7.30 (ddJ = 2.9, 5.0 Hz, 1 H), 6.79 - 6.75 (m, 2 H), 3.77 (s, 6compound3af was afforded as an off-white solid (579 mg, 71%

H). *C NMR (126 MHz, CDC}) 5= 189.6, 165.7, 161.4, 142.2,
141.7,134.9, 132.3, 128.7, 127.0, 126.9, 125.3,3155.3, 52.5.

IR: 3098 (W), 2951 (w), 2839 (w), 1703 (s), 1651 (s)'cm
HRMS (El) m/iz [M]* Calcd. for GgH1,0,S 302.0613; Found
302.0606.

Methyl (Z)-2-(thiophene-3-carbonyl)-3-(p-tolyl)acrylate (3ac)

yield). [m.p. = 73-79 °CIH NMR (500 MHz, CDC}) 5= 8.27

(s, 1 H),7.92 (dd) = 1.2, 2.7 Hz, 1 H), 7.52 (dd,= 1.4, 5.0 Hz,

1 H),7.28-7.22 (m, 4 H), 6.82 (= 7.9 Hz, 1 H), 6.77 - 6.73
(m, 1 H), 3.81 - 3.79 (m, 3 H), 3.78 (s, 3 HiC NMR (126
MHz, CDCL) 5= 188.9, 165.7, 157.9, 141.9, 138.4, 134.5, 131.9,
131.1, 130.4, 127.1, 126.5, 122.2, 120.5, 110.73, 3R 5.IR:
3103 (w), 2949 (w), 2839 (w), 1709 (s), 1651 (s)'cHRMS
(El) 'z [M]" Calcd. for GgH1,0,S 302.0613; Found 302.0609.
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Methyl
carbonyl)acrylate (3ag)

(2)-3-(3-methoxyphenyl)-2-(thiophene-3-

Prepared following general procedure C usiag(693 mg,
3.76 mmol), 3-methoxybenzaldehyde (0.60 mL, 4.89 ofjym
glacial acetic acid (0.11 mL, 1.88 mmol) and pigere (0.04
mL, 0.376 mmol) in benzene (0.1M, 38 mL) over 18Affiter
work up and purification, (25% EtOAc/Hexand®, = 0.340),

compound3ag was afforded as a yellow oil (981 mg, 86% yield).

'H NMR (500 MHz, CDC}) 5= 7.97 (dd,J = 3.05, 1.22 Hz, 1
H) 7.89 (s, 1 H) 7.56 (dd,= 5.19, 1.22 Hz, 1 H) 7.28 - 7.31 (m,

1H) 7.16 (tJ = 7.93 Hz, 1 H) 6.95 - 6.99 (m, 1 H) 6.87 - 6.89

(m, 1 H) 6.83 (dddJ = 8.24, 2.59, 0.76 Hz, 1 H) 3.78 (s, 3 H)
3.64 (s, 3 H).°C NMR (75 MHz, CDC}) 5= 188.9, 165.3,
159.4, 142.3, 141.6, 134.9, 133.8, 131.5, 129.7,.012126.8,
122.9, 116.9, 114.4, 55.0, 528: 3094 (w), 2949 (w), 2835 (W),
1717 (s), 1651 (s) c¢ch HRMS (ElI) m/z [M]® Calcd. for
C1H140,S 302.0613; Found 302.0616.

Methyl
(3ah)

(2)-3-(thiophen-2-yl)-2-(thiophene-3-carbonyl)acrylate

Prepared following general procedure C usimg(580 mg,
3.15 mmol), 2-thiophenealdehyde (0.38 mL, 4.09 mpgihcial
acetic acid (0.09 mL, 1.57 mmol) and piperidine®d@mL, 0.63
mmol) in benzene (0.16 M, 20 mL) over 18 h. After kvap and
purification, (20% EtOAc/Hexane$} = 0.36), compoundah
was afforded as a thick yellow oil (750 mg, 86% yjelti NMR
(500 MHz, CDC}) 6= 8.05 (ddJ = 1.2, 2.7 Hz, 1 H), 8.01 (3,
= 0.8 Hz, 1 H), 7.62 (dd] = 1.2, 5.2 Hz, 1 H), 7.39 (td,= 0.9,
5.3 Hz, 1 H), 7.34 (dd]= 2.9, 5.0 Hz, 1 H), 7.28 - 7.26 (m, 1 H),
6.99 (dd,J = 3.7, 5.2 Hz, 1 H), 3.77 (s, 3 HYC NMR (126

MHz, CDCkL) 6= 188.5, 165.4, 141.6, 136.0, 135.0, 134.6, 134.1

131.7, 128.2, 127.8, 127.1, 127.0, 5218: 3098 (w), 2949 (w),
1701 (s), 1647 (s), 1607 (s) crHRMS (El) m/z [M]* Calcd.
for C3H1¢005S,278.0071; Found 278.0064.

Methyl (2Z,4E)-5-phenyl-2-(thiophene-3-carbonyl)penta-2,4-
dienoate (3ai)

Prepared following general procedure C usiag(502 mg,
2.72 mmol), cinnamaldehyde (0.44 mL, 3.52 mmoljcgl
acetic acid (99.7 % pure, 0.08 mL, 1.36 mmol) aipetqidine (99
% pure, 0.05 mL, 0.52 mmol) in benzene (0.16 MnilY) over
18 h. After work up and purification, (20% EtOAc/Hexares=

0.36), compoun@ai was afforded as an orange oil (319 mg, 39%

yield). *H NMR (500 MHz, CDCJ) &= 8.00 (dd,J = 1.3, 3.0 Hz,

1 H), 7.66 (ddJ = 0.6, 11.7 Hz, 1 H), 7.59 (dd= 1.2, 5.0 Hz, 1
H), 7.39 - 7.34 (m, 3 H), 7.34 - 7.29 (m, 3 H), 7.03X= 15.4
Hz, 1 H), 6.79 (ddJ = 11.8, 15.3 Hz, 1 H), 3.76 (s, 3 HiC
NMR (126 MHz, CDCJ) 5= 187.7, 165.5, 143.9, 143.5, 142.5,
135.4, 134.9, 131.4, 129.7, 128.9, 128.8, 127.9.712127.1,
126.8, 122.8, 52.3R: 3107 (w), 3030 (W), 2949 (w), 1711 (s),
1655 (s) crit. HRMS (El) m/z [M]* Calcd. for G/H.,0:S
298.0664; Found 298.0652.

Methyl (2)-3-(naphthalen-2-yl)-2-(thiophene-3-carbonyl)acrylate
(3a))

Prepared following general procedure C usiag(693 mg,
3.76 mmol), 2-naphthaldehyde (763 mg, 4.89 mmolacigl
acetic acid (0.11 mL, 1.88 mmol) and piperidin®40mL, 0.376
mmol) in benzene (0.1M, 37 mL) overnight. After warg and
purification, (25% EtOAc/Hexane®; = 0.340), compoun@aj
was afforded as a yellow solid (438 mg, 36% yield).d. = 150-
157 °C]"H NMR (500 MHz, CDC}) 5= 8.10 (s, 1 H) 7.99 (dd,
=2.90,1.37Hz,1H)7.92 (d=0.61Hz, 1 H) 7.72-7.79 (m, 2
H) 7.67 (d,J = 8.55 Hz, 1 H) 7.61 (dd] = 4.88, 1.22 Hz, 1 H)
7.45-7.51 (m, 2 H) 7.41 (dd,= 8.85, 1.83 Hz, 1 H) 7.28 (dd,

Tetrahedron

=5.04, 2.90 Hz, 1 H) 3.82 (s, 3 HJC NMR (126 MHz, CDC})
5=189.1, 165.5, 142.5, 141.7, 135.0, 133.9, 13139,8, 131.3,
130.3, 128.7, 128.6, 127.7, 127.6, 127.0, 126.%.712125.9,
52.7.1R: 3103 (w), 3055 (W), 2949 (w), 1719 (s), 1653 (s)'cm
HRMS (El) m/z [M]* Calcd. for GgH1,0:S 322.0664; Found
322.0659.

Methyl
(3ak)

(2)-4-methyl-2-(thi ophene-3-car bonyl ) pent-2-enoate

Prepared following general procedure C usimg(750 mg,
4.07 mmol), isobutyraldehyde (0.48 mL, 5.29 mmdacial
acetic acid (0.12 mL, 2.04 mmol) and piperidin®40mL, 0.407
mmol) in benzene (0.1 M, 41 mL) over 18 h. After waoigk and
purification, (20% EtOAc/Hexane$ = 0.36), compoundak
(Diastereomeric ratio = 6:1) was afforded as a colorless oil (860
mg, 89% yield)'H NMR (500 MHz, CDC}) 8= 7.93 - 7.97 (m,
0.92) 7.88 - 7.91 (m, 0.15) 7.51 - 7.55 (m, 0.9467d,J = 1.22
Hz, 0.16) 7.30 - 7.35 (m, 1.12) 6.87 - 6.93 (m, D®45 (d,J =
10.38 Hz, 0.16) 3.72 - 3.75 (s, 0.59) 3.67 - 3.713(80) 3.12 -
3.23 (m, 0.18) 2.35 - 2.47 (m, 1.01) 1.07 - 1.13 {M2) 0.96 -
1.04 (m, 6.29)*C NMR (126 MHz, CDC}) 5= 187.8, 186.5,
165.1, 156.4, 153.7, 153.6, 142.4, 141.2, 134.8.313132.8,
131.7, 127.7, 126.9, 126.8, 126.5, 52.2, 51.9,,28819, 22.0,
21.8.IR: 3102 (w), 2961 (w), 2870 (w), 1717 (s), 1656 (s)'cm
HRMS (El) m/z. [M]" Calcd. for G.H1,0sS 238.0664; Found
238.0660.

Methyl
(3ba)

(2)-2-(benzo[ b] thiophene-3-carbonyl)-3-phenylacrylate

Prepared following general procedure C usihd1.00 g, 4.27
mmol), benzaldehyde (0.57 mL, 5.55 mmol), glacizter acid
(0.12 mL, 2.13 mmol) and piperidine (0.08 mL, 08&ol) in
benzene (0.25 M, 17 mL) over 24 h. After work up and
purification, (20% EtOAc/Hexane$} = 0.39), compoundba
was afforded as an orange solid (1.38 g, >99% yi¢id)p. =
100-102 °CI'H NMR (500 MHz, CDC}) 5= 8.92 (dJ = 8.2 Hz,

1 H), 8.16 (s, 1 H), 7.97 (s, 1 H), 7.86 (i 0.9, 8.1 Hz, 1 H),
7.57 (dddJ=1.1, 7.1, 8.2 Hz, 1 H), 7.47 (dt= 1.1, 7.6 Hz, 1
H), 7.44 - 7.39 (m, 2 H), 7.29 - 7.20 (m, 3 H), 3.883 H)."*C
NMR (126 MHz, CDC}) 6= 189.5, 165.6, 142.4, 140.9, 140.3,
136.2, 134.7, 132.7, 131.5, 130.5, 130.2, 128.%.2,2125.8,
125.6, 122.3, 52.71.R: 3088 (w), 3059 (w), 2949 (w), 1715 (s),
1645 (s) crit. HRMS (El) m/z [M]* Calcd. for GgH10,S
322.0664; Found 322.0652.

Methyl (Z)-2-(benzofuran-2-carbonyl)-3-phenylacrylate (3ca)

Prepared following general procedure C usleg1.0 g, 4.6
mmol), benzaldehyde (0.61 mL, 6.0 mmol), glacial aceti ac
(0.13 mL, 2.3 mmol) and piperidine (0.04 mL, 0.45naf) in
benzene (0.5 M, 2 mL) over 24 h. After work up andfpation,
(25% EtOAc/Hexanesk = 0.37), compoun@8ca was afforded as
a yellow oil (0.94 g, 67 % yield}H NMR (500 MHz, CDC})
6=28.02 (s, 1 H), 7.63 - 7.60 (m, 1 H), 7.58 - 7.54 {nid), 7.46
(ddd,J=1.2, 7.1, 8.5 Hz, 1 H), 7.43 - 7.40 (m, 2 H), 7(89 =
0.9 Hz, 1 H), 7.29 - 7.22 (m, 4 H), 3.78 (s, 3'¥0 NMR (126
MHz, CDCL) 6 = 184.4, 165.1, 156.3, 152.0, 144.2, 132.5, 130.7,
130.2, 129.8, 129.8, 128.9, 128.9, 128.8, 126.8..01,2123.6,
116.4, 112.6, 52.FR: 3059 (w), 2951 (w), 1719 (s), 1657 (s)’cm
! HRMS (El) m/z: [M]* Calcd. for GeH;40, 306.0892; Found
306.0881.

Methyl (2)-2-(2-naphthoyl)-3-phenylacrylate (3da)

Prepared following general procedure C usidg1.00 g, 4.38
mmol), benzaldehyde (0.58 mL, 5.70 mmol), glacizte acid
(0.13 mL, 2.19 mmol) and piperidine (0.09 mL, 0®&0l) in



benzene (0.26 M, 17 mL) over 18 h. After work up and
purification, (20% EtOAc/Hexane$} = 0.39), compoundgda
was afforded as an off-white solid (1.24 g, 89% yie[cth.p. =
108-112 °CI'H NMR (500 MHz, CDC}) 5= 8.42 (d,J = 1.2 Hz,

1 H), 8.10 (ddJ =1.7, 8.7 Hz, 1 H), 7.92 - 7.84 (m, 3 H), 7.60
(ddd,J = 1.4, 6.9, 8.2 Hz, 1 H), 7.55 - 7.50 (m, 1 H), 7-4138
(m, 2 H), 7.27 - 7.19 (m, 4 H), 3.76 (s, 3 HiIC NMR (126
MHz, CDCL) 6 = 195.5, 165.6, 143.0, 136.1, 133.4, 132.7, 132.5
131.9, 130.8, 130.5, 130.2, 129.8, 128.9, 128.8.8,2127.8,
126.8, 124.0, 52.1.R: 3057 (w), 2951 (w), 1717 (s), 1663 (s),
1624 (s) crit. HRMS (El) m'z. [M]* Calcd. for GiHiOs
316.1099; Found 316.1088.

Methyl (2)-2-(3-methoxybenzoyl)-3-phenylacrylate (3ea)

Prepared following the general procedure usiegl g, 4.8
mmol), benzaldehyde (0.63 mL, 6.2 mmol), glacial aceti ac
(0.14 mL, 2.4 mmol) and piperidine (0.047 mL, Om&ol) in
benzene (0.1 M, 48 mL) over 24 h. After work up and
purification, (25% EtOAc/Hexane®k = 0.41), compoundea
was afforded as a white solid (1.0 g, 72 % yield).pln¥ 50-56
°C] *H NMR (500 MHz, CDC}) 8= 7.97 (s, 1 H), 7.54 (dd,=
1.5, 2.4 Hz, 1 H), 7.48 (td,= 1.3, 7.8 Hz, 1 H), 7.36 - 7.33 (m, 2
H), 7.33-7.30 (m, 1 H), 7.29 (= 3.4 Hz, 1 H), 7.27 - 7.22 (m,
3 H), 7.10 (dddJ = 0.9, 2.7, 8.2 Hz, 1 H), 3.83 (s, 3 H), 3.77 -
3.75 (m, 3 H)®*C NMR (126 MHz, CDC}) & = 195.3, 165.4,
160.0, 142.8, 137.2, 132.7, 130.8, 130.4, 130.3.9,2128.8,
122.3,120.8, 112.6, 55.4, 52RB: 3055 (w), 3005 (w), 2951 (w),
2837 (W), 1721 (s), 1668 (s) EmHRMS (El) m/z [M]* Calcd.
for CygH160,4 296.1049; Found 296.1045.

Methyl (2)-2-(3,4-dimethoxybenzoyl)-3-phenylacrylate (3fa)

Prepared following general procedure C usitig(1.00 g,
4.197 mmol), benzaldehyde (0.55 mL, 5.46 mmol)cigleacetic
acid (0.12 mL, 2.10 mmol) and piperidine (0.04 n.420
mmol) in benzene (42 mL) overnight. After work up and
purification, (25% EtOAc/Hexane$y = 0.27), compoundfa
was afforded as a yellow solid (1.18 g, 86% vyiel#). NMR
(500 MHz, CDC}) 6= 7.95 (s, 1 H) 7.60 (d] = 2.05 Hz, 1 H)
7.46 (dd,J=8.36, 2.05 Hz, 1 H) 7.33 - 7.39 (m, 2 H) 7.19 - 7.29
(m, 3 H) 6.78 (dJ = 8.36 Hz, 1 H) 3.93 (s, 3 H) 3.90 (s, 3 H)
3.76 (s, 3 H).°C NMR (126 MHz, CDC}) 5= 194.1, 165.6,
154.1, 149.3, 142.4, 132.8, 130.7, 130.3, 130.3.11,2128.8,
125.0, 110.2, 110.1, 56.0, 55.9, 52lR: 3059 (w), 3001 (w),
2951 (w), 2841 (w), 1717 (s), 1655 (s) tnHRMS (El) m/z
[M] " Calcd. for GgH,505326.1154; Found 326.1144.

4.4, Syntheses of Carbinols 4: Luche Reductions

General Procedure D: To a dry round bottom flask under
nitrogen atmosphere charged with Ce@H,O (2.0 equiv.) and a
magnetic stir bar was addetkylidenep-ketoester3 (1.0 equiv.)
in MeOH (0.1 M), which was stirred at'@ for 5 min. Then,
NaBH, (4.0 equiv.) was gradually added to the resultirigtume
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was then quenched with 0.1 M HCI and £ was added
and stirred vigorously for 5 min; the mixture wadragted with
CH,CI, three times. The combined organic layers were driexat
N&aSQ, filtered through celite, concentrated under reduc
pressure, and purified by flash chromatography iicasgel
using EtO/Hexanes as the mobile phase.

Methyl  (2)-2-(hydroxy(thiophen-3-yl)methyl)-3-phenylacrylate
(4aa)

Prepared following general procedure D usBag (250 mg,
0.918 mmol), NaBK(156 mg, 4.13 mmol) and Ce&lH,O (684
mg, 1.84 mmol) in MeOH (0.1 M, 9.2 mL) After work updan
purification, (20% EtOAc/Hexane$ = 0.46), compoundiaa
was afforded as a white oil (78.1 mg, 31% yielé#).NMR (500
MHz, CDCL) 8= 7.91 (s, 1 H), 7.40 - 7.33 (m, 6 H), 7.31 (dd,
=3.1, 49 Hz, 1 H), 7.18 (td,= 1.5, 2.8 Hz, 1 H), 7.12 - 7.10 (m,
1H), 5.84 (dJ=11.0 Hz, 1 H), 4.24 (dl = 11.6 Hz, 1 H), 3.80
(s, 3 H)®*C NMR (126 MHz, CDC}) 5= 168.1, 144.6, 141.2,
134.1, 132.2, 129.3, 129.2, 128.7, 126.2, 126.0,71%67.5, 52.2
IR: 3497 (br), 3102 (w), 2949 (w), 2845 (w), 1692 (s)'cm
HRMS (EI) mvz [M]" Calcd. for GsH.405S 274.0664; Found
274.0667.

Methyl
(4aa-d)

3-ox0-2-(phenyl methyl-d)-3-(thiophen-3-yl)propanoate

Prepared following general procedure D using mix@aa-d
(1.0 g), NaBH (0.56 g, 14.93 mmol) and Ce&lH,O (2.78 g,
7.46 mmol) in MeOH (0.1 M, 37 mL) After work up and
purification, (20% EtOAc/Hexane&; = 0.38), compoundaa-d
was afforded as a white oil (397 mg, 37% yield ovsteds from
1a). "H NMR (300 MHz, CDC}) 8= 7.40 - 7.30 (m, 6 H), 7.20 -
7.16 (m, 1 H), 7.13 - 7.09 (m, 1 H), 5.85 (dds 0.7, 11.6 Hz, 1
H), 4.26 (dd,J = 0.9, 11.6 Hz, 1 H), 3.80 (d,= 0.9 Hz, 3 H)*C
NMR (75 MHz, CDC}) 6= 168.1, 144.6, 133.9, 132.1, 129.3,
129.2,128.7, 126.2, 126.1, 120.7, 67.5, 3R23497 (br), 3103
(W), 2949 (w), 2846 (w), 1686 (s) EmMHRMS (El) m/z [M]*
Calcd. for GsH13D0sS 275.0726; Found 275.0724

Methyl (2)-2-(hydroxy(thiophen-3-yl)methyl)-3-(4-
methoxyphenyl)acrylate (4ab)

Prepared following general procedure D usBafp (830 mg,
2.75 mmol), NaBH (410 mg, 10.85 mmol) and Ce&lH,O
(2.31 g, 3.53 mmol) in MeOH (0.1 M, 27 mL). After woup
and purification, (20% EtOAc/Hexandg, = 0.28), a mixture of
compoundstab and3ab (352 mg) was isolated and re-exposed
to the reduction conditions using CeCH,O (560 mg, 1.50
mmol), NaBH, (175 mg, 4.63 mmol) in MeOH (12 mL). After
workup and purification, compoundab was isolated as a
colorless oil (202 mg, 24% yield)H NMR (500 MHz, CDC})
6=7.85(s, 1 H), 7.33-7.28 (m, 3 H), 7.19 - 7.17 {n), 7.13
(td,J=1.1, 4.6 Hz, 1 H), 6.92 - 6.87 (m, 2 H), 5.90 55(B, 1
H), 4.31 (d,J = 11.3 Hz, 1 H), 3.82 (s, 3 H), 3.79 (s, 3 H¢

at 0°C and allowed to stir for 2 h. The reaction was thenNMR (126 MHz, CDC}) 6= 168.3, 160.6, 144.7, 141.1, 131.2,

quenched with 0.1 M HCI and GBI, was added and stirred
vigorously for 5 min; the mixture was extracted witiH,Cl,
three times. The combined organic layers were dosér
NaSQ,, filtered through celite, concentrated under reduc
pressure, and purified by flash chromatography iicasgel
using EtO/Hexanes as the mobile phase.

General Procedure E: To a dry round bottom flask under
nitrogen atmosphere charged with Ce@H,O (2.0 equiv.) and a
magnetic stir bar was added alkylidghketoeste3 (1.0 equiv.)

in a 9:1 ratio of THF:MeOH (0.05 M), which was stirratl0 C
for 5 min. Then, NaBHK (4.0 equiv.) was gradually added to the
resulting mixture at @C and allowed to stir for 2 h. The reaction

130.2, 126.5, 126.4, 126.1, 120.8, 114.2, 67.63,552.0.1R:
3491 (br), 3102 (w), 2951 (w), 2837 (w), 1686 (s)'ctHRMS
(EI) m/z [M]" Calcd. for GgH160,S 304.0769; Found 304.0759.

Methyl  (2)-2-(hydroxy(thiophen-3-yl)methyl)-3-(p-tolyl)acrylate
(4ac)

Prepared following general procedure D usdag (201 mg,
0.702 mmol), NaBH (106 mg, 2.79 mmol) and anhydrous CgCI
(231 mg, 0.937 mmol) in MeOH (0.1 M, 7 mL). After woulp
and purification by prep-TLC, (20% EtOAc/Hexang,=R0.43),
compounddac was afforded as a white oil as a 4:1 mixture with
3ac (51 mg, 21% vyield ofiac). '"H NMR (300 MHz, CDC}) & =
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7.97 (M, 0.28 H), 7.91 (s, 0.21 H), 7.88 (s, 0.96 HRI -
7.50 (m, 0.39 H), 7.37 (dl = 8.1 Hz, 0.31 H), 7.33 - 7.28 (m,

1.43 H), 7.28 - 7.21 (m, 2.78 H), 7.21 - 7.14 (n863H), 7.14 -
7.09 (m, 1.13 H), 7.06 (d, = 8.4 Hz, 0.68 H), 5.87 (d,= 11.6
Hz, 1.00 H), 4.30 (ddj = 0.4, 11.6 Hz, 0.97 H), 3.80 - 3.76 (m,
3.76 H), 2.36 (s, 3.21 H), 2.29 (s, 0.79 H), 2.18162m, 0.32
H). ®*C NMR (75 MHz, CDC}) & = 168.2, 144.7, 142.4, 141.3,
141.1, 139.6, 134.9, 131.3, 131.1, 130.3, 129.8.612129.6,
129.5, 129.4, 129.3, 127.0, 126.9, 126.3, 126.0,7.57.5, 52.5,
52.1, 21.4, 21.3R: 3491 (br), 3100 (w), 2949 (w), 2849 (w),
1688 (s) crit. HRMS (EI) m/z: [M]" Calcd. for GgHidOsS
288.0820; Found 288.0822.

Methyl (2)-3-(4-bromophenyl)-2-(hydroxy(thiophen-3-
yl)methyl)acrylate (4ad)

Prepared following general procedure D usBag (250 mg,
0.712 mmol), NaBK (108 mg, 2.85 mmol) and Ce&lH,O (530
mg, 1.42 mmol) in MeOH (0.04 M, 18 mL). After work upca
purification, (20% EtOAc/Hexane$} = 0.38), compoundiad
was afforded as a colorless oil (111 mg, 44% vyield)NMR
(500 MHz, CDC}) 8= 7.80 (s, 1 H), 7.53 - 7.49 (m, 2 H), 7.32
(dd,J=3.1, 4.9 Hz, 1 H), 7.22 - 7.18 (m, 2 H), 7.16 Qe 1.5,
2.8 Hz, 1 H), 7.09 - 7.07 (m, 1 H), 5.76 (dds= 0.6, 11.6 Hz, 1
H), 4.19 (d,J = 11.6 Hz, 1 H), 3.80 (s, 3 H}’C NMR (126

Tetrahedron

Prepared following general procedure D us@ag (255 mg,
0.843 mmol), NaBH (128 mg, 3.374 mmol) and Ce&dH,O
(629 mg, 1.687 mmol) in MeOH (0.1 M, 8.4 mL). After \karp
and purification, (50% ED/HexanesR; = 0.39), compoundag
was afforded as a colorless oil (79 mg, 31% yielt).NMR
(500 MHz, CDC}) 5= 7.88 (s, 1 H) 7.25 - 7.32 (m, 2 H) 7.16 -
7.20 (m, 1 H) 7.12 (d]=4.58 Hz, 1 H) 6.88 - 6.95 (m, 2 H) 6.86
(s, 1 H) 5.86 (dJ = 11.60 Hz, 1 H) 4.26 (dl = 11.60 Hz, 1 H)
3.79 (s, 3 H) 3.71 (s, 3 H’C NMR (126 MHz, CDC}) 5=
167.9, 159.5, 144.5, 141.05, 135.3, 132.3, 12926,2 126.1,
121.4, 120.8, 115.1, 114.2, 67.5,55.0, 52R:. 3495 (br), 3098
(W), 2949 (w), 2835 (W), 1692 (s) EmHRMS (El) m/z [M]*
Calcd. for GgH1¢0,S 304.0769; Found 304.0771.

Methyl (2)-2-(hydroxy(thiophen-3-yl)methyl)-3-(thiophen-2-
yhacrylate (4ah)

Prepared following general procedure D usBafp (744 mg,
2.67 mmol), NaBH (414 mg, 10.94 mmol) and Ce&lH,O
(12.29 g, 3.48 mmol) in MeOH (0.1 M, 26 mL). The réact
mixture was warmed to room temperature and stirreright.
After workup and purification (20% EtOAc/Hexané&$= 0.36),
a mixture of compoundéah and3ah (323 mg) was isolated and
re-exposed to the reduction conditions using @&ELO (555
mg, 1.50 mmol), NaBH (175 mg, 4.63 mmol) in MeOH (11

MHz, CDCL) 6 = 167.8, 144.2, 139.8, 132.9, 132.9, 131.9, 130.7mL). After workup and purification, compourdh was isolated

126.3, 126.1, 123.7, 120.9, 67.4, 52K 3493 (br), 3102 (w),
2949 (w), 2845 (w), 1697 (s) EMHRMS (EI) m/z [M]* Calcd.
for C;5H1505SBr 351.9769; Found 351.9767.

Methyl (2)-2-(hydroxy(thiophen-3-yl)methyl)-3-(4-
(trifluoromethyl)phenyl)acrylate (4ae)

Prepared following general procedure D usBag (250 mg,
0.735 mmol), NaBKE(111 mg, 2.94 mmol) and Ce&lH,O (547
mg, 1.47 mmol) in MeOH (0.1 M, 7.4 mL). After work amd
purification, (40% E{O/HexanesR: = 0.36), compoundae was
afforded as a colorless oil (69.6 mg, 28% yielt).NMR (500
MHz, CDCkL) 6 = 7.88 (s, 1 H), 7.64 (dl = 8.2 Hz, 2 H), 7.45
(dd,J=0.6, 7.9 Hz, 2 H), 7.32 (dd,= 3.1, 4.9 Hz, 1 H), 7.19 -
7.14 (m, 1 H), 7.10 - 7.06 (m, 1 H), 5.76 - 5.69 {nH), 4.16 (d,
J=11.6 Hz, 1 H), 3.82 (s, 3 HJC NMR (126 MHz, CDC}) 5 =
167.6, 144.0, 139.3, 134.2, 129.3, 126.4, 126.(,.7,2125.7,
125.6, 125.6, 120.9, 67.4, 52LR: 3497 (br), 3107 (w), 2953
(w), 2851 (w), 1701 (s) ch HRMS (El) m/z: [M]"* Calcd. for
C16H130:SK; 342.0583; Found 342.0536.

Methyl (2)-2-(hydroxy(thiophen-3-yl)methyl)-3-(2-
methoxyphenyl)acrylate (4af)

Prepared following general procedure D usBaf (500 mg,
1.65 mmol), NaBH (250 mg, 6.62 mmol) and CeglH,O (1.23
g, 3.31 mmol) in MeOH (0.1 M, 17 mL). After work up and
purification, (40% EiO/HexanesR; = 0.36), compoundaf was
afforded as a white solid (380 mg, 75% yield). [nx®8-99 °C]
'H NMR (500 MHz, CDC}) 5= 8.02 (s, 1 H), 7.37 - 7.32 (m, 1
H), 7.29 (ddJ = 2.9, 5.0 Hz, 1 H), 7.24 - 7.20 (m, 1 H), 7.18 -
7.16 (m, 1 H), 7.09 (td) = 1.1, 4.6 Hz, 1 H), 6.93 - 6.89 (m, 2
H), 5.80 - 5.71 (m, 1 H), 4.34 - 4.17 (m, 1 H), 3.863 H), 3.81
- 3.78 (s, 3 H)*C NMR (126 MHz, CDC}) 5= 168.2, 157.6,
145.0, 137.8, 131.8, 130.9, 129.8, 126.3, 125.8.112120.5,
120.4, 110.6, 67.9, 55.4, 52I&: 3505 (br), 3103 (w), 2949 (w),
2837 (w), 1690 (s) cth HRMS (El) m/z [M]* Calcd. for
C16H1604S 304.0769; Found 304.0763.

Methyl (2)-2-(hydroxy(thiophen-3-yl)methyl)-3-(3-
methoxyphenyl)acrylate (4ag)

as a yellow solid (143 mg, 19% vyield). [m.p. = 95-% H
NMR (500 MHz, CDC}) = 7.94 (d,J = 0.6 Hz, 1 H), 7.51 -
7.49 (m, 1 H), 7.29 (dd] = 3.1, 4.9 Hz, 1 H), 7.27 (td,= 1.1,
3.6 Hz, 1 H), 7.23 - 7.21 (m, 1 H), 7.14 - 7.12 (n)17.09 (dd,
J=3.7,5.2 Hz, 1 H), 6.20 (dd,= 0.6, 11.3 Hz, 1 H), 4.53 (d,
=11.3 Hz, 1 H), 3.80 (s, 3 H)’C NMR (126 MHz, CDC}) 3=
168.0, 143.6, 136.6, 133.2, 132.9, 130.6, 128.4,.8,2126.2,
126.1, 121.0, 68.0, 52.PR: 3470 (br), 3102 (w), 2949 (w), 1682
(s) cmi*. HRM'S (El) m/iz. [M]* Calcd. for GsH1,05S, 280.0228;
Found 280.0225.

Methyl (2Z,4E)-2-(hydroxy(thiophen-3-yl)methyl)-5-phenyl penta-
2,4-dienoate (4ai)

Prepared following general procedure D usBaj (308 mg,
1.03 mmol), NaBH (156 mg, 4.13 mmol) and Ce&dH,O (769
mg, 2.07 mmol) in MeOH (0.1 M, 10 mL). After work updan
purification, (40% EiO/HexanesR; = 0.35), compoundai was
afforded as an orange oil (204 mg, 66% vyieft). NMR (500
MHz, CDCk) 6= 7.54 (dJ = 11.6 Hz, 1H), 7.51 - 7.47 (m, 2H),
7.41 - 7.25 (m, 6H), 7.24 - 7.21 (m, 1H), 7.09 (dd; 1.1, 5.0
Hz, 1H), 7.01 (dJ = 15.3 Hz, 1H), 6.01 (dJ = 10.1 Hz, 1H),
4.38 (d,J = 10.1 Hz, 1H), 3.79 (s, 3H}*C NMR (126 MHz,
CDCly) 6= 167.8, 1445, 142.3, 140.3, 135.8. 130.1, 129.3,
128.8, 127.4, 126.0, 125.9, 122.1, 120.5, 67.59.9R: 3449
(br), 3024 (w), 2949 (w), 1682 (s) EmHRMS (El) m/z. [M]*
Calcd. for G/H;05S 300.0820; Found 300.0824.

Methyl  (2)-2-(hydroxy(thiophen-3-yl)methyl)-3-(naphthalen-2-
yacrylate (4aj)

Prepared following general procedure E usBag (157 mg,
0.487 mmol), NaBH (73.7 mg, 1.95 mmol) and Ce&iH,O
(363 mg, 0.974 mmol) in 9:1 ratio of THF:MeOH (0.05 19
mL). After work up and purification, (40% £ /HexanesR; =
0.32), compoundtaj was afforded as a yellow oil (27 mg, 17%
yield). '"H NMR (500 MHz, CDC}) 5= 8.06 (s, 1 H) 7.82 - 7.86
(m, 3H) 7.79 (dJ = 7.32 Hz, 1 H) 7.48 - 7.54 (m, 2 H) 7.45 (dd,
J = 8.54, 1.22 Hz, 1 H) 7.33 (dd,= 5.04, 2.90 Hz, 1 H) 7.23
(dd,J=2.59, 1.37 Hz, 1 H) 7.14 (d,= 5.19 Hz, 1 H) 5.97 (d]
=11.29 Hz, 1 H) 4.31 (d] = 11.60 Hz, 1 H) 3.83 (s, 3 HC
NMR (126 MHz, CDC}) &= 168.1, 144.6, 141.3, 133.3, 132.9,
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(500 MHz, CDCJ) 5= 8.08 (s, 1 H), 7.92 - 7.83 (m, 4 H),
7.62 (ddJ=1.7,8.7 Hz, 1 H), 7.53 - 7.48 (m, 2 H), 7.47 -37.4
(m, 2 H), 7.42 - 7.37 (m, 3 H), 6.09 = 11.3 Hz, 1 H), 4.30 (d,
J=11.6 Hz, 1 H), 3.77 (s, 3 HC NMR (126 MHz, CDC}) 5=
168.0, 142.0, 140.1, 134.1, 133.2, 132.7, 132.8.3,2129.2,
128.7,128.2, 128.1, 127.6, 126.1, 125.8, 124.8,9169.9, 52.1.
IR: 3501 (br), 3055 (W), 2949 (w), 1692 (s) tnHRMS (EI)
m/z. [M]* Calcd. for G;H,50; 318.1256; Found 328.1258.

Methyl (2)-2-(hydroxy(3-methoxyphenyl)methyl)-3-
phenylacrylate (4ea)

132.4, 1315, 129.1, 128.4, 128.4, 127.7, 127.5.6,2126.3,
126.2, 120.9, 67.6, 52.PR: 3482 (br), 3051 (w), 2949 (w), 2849
(W), 1694 (s) cril. HRMS (El) m/z [M]* Calcd. for GeH1s05S
324.0820; Found 324.0828.

Methyl (2)-2-(hydroxy(thiophen-3-yl)methyl)-4-methyl pent-2-
enoate (4ak)

Prepared following general procedure D using (Z)-iylefh
methyl-2-(thiophene-3-carbonyl)pent-2-enoaf860 mg, 3.61
mmol), NaBH, (546 mg, 14.4 mmol) and Ce&lH,O (2.69 g,
7.22 mmol) in MeOH (0.1 M, 36 mL). After work up and
purification, (20% E{O/HexanesR; = 0.45), compoundéak and Prepared following general procedure D usBeg (514 mg,
6ak (compound ratio: 2:1yvere afforded as a colorless oil (383 1.74 mmol), NaBH (263 mg, 6.94 mmol) and Ce&iH,O (1.29
mg, 44% yield)'H NMR (500 MHz, CDC}) 8= 7.27 - 7.31 (m, g, 3.47 mmol) in MeOH (0.1 M, 17 mL). After work up and
3.04) 7.23 (dtJ=1.83, 0.92 Hz, 0.93) 7.11 - 7.14 (m, 1.78) 7.02 -purification, (30% EiO/Hexanes,R; = 0.208), compoundiea
7.06 (m, 2.82) 6.75 (dl=10.38 Hz, 1.89) 5.70 (br. s., 1.86) 5.02 was afforded as an off-white oil (314 mg, 61% yieft).NMR

(d, J=5.49 Hz, 0.95) 4.26 - 4.34 (m, 1.42) 3.73 (s, 53Bp (s,
2.87) 2.80 - 2.89 (m, 2.99) 1.71 - 1.78 (m, 1.0@01- 1.53 (m,
2.01) 1.11 (dJ=6.71 Hz, 6.01) 1.07 (d=6.41 Hz, 6.00) 0.89 (d,
J=6.41 Hz, 3.02) 0.85 (d=6.41 Hz, 2.97)"*C NMR (126 MHz,
CDCL) &= 175.5, 167.9, 151.1, 144.8, 143.0, 129.7, 126.0
125.9, 125.8, 125.4, 121.3, 120.3, 71.3, 67.3,,53186, 50.6,
36.2, 27.5, 26.2, 23.4, 22.2, 22.1, 21R: 3451 (br), 3107 (w),
2957 (m), 2868 (W), 1694 (s) EmHRM S (El) m/iz [M]* Calcd.

for C;.H;605S 240.0820; Found 240.0820.

Methyl (2)-2-(benzo[ b] thiophen-3-yl (hydroxy)methyl)-3-
phenylacrylate (4ba)

Prepared following general procedure D usihbg (500 mg,
1.55 mmol), NaBH (235 mg, 6.20 mmol) and CeglH,O (1.16
g, 3.10 mmol) in MeOH (0.1 M, 16 mL). After work up and
purification, (20% EtOAc/Hexane$} = 0.41), compoundiba
was afforded as a colorless oil (109 mg, 22% vyield)NMR
(500 MHz, CDC}) 8= 7.96 - 7.92 (m, 1 H), 7.90 - 7.84 (m, 1 H),
7.40 - 7.30 (m, 6 H), 7.30 - 7.27 (m, 2 H), 6.150%(m, 1 H),
4.30 (d,J = 11.6 Hz, 1 H), 3.85 (s, 3 HC NMR (126 MHz,
CDCl;) 6= 168.3, 141.7, 140.8, 137.8, 137.3, 134.0, 131.3
129.4,129.3, 128.7, 124.5, 124.1, 123.3, 123.3,7156.9, 52.3.
IR: 3501 (br), 3061 (w), 2951 (w), 2847 (w), 1694 (s)'cm
HRMS (EI) mvz [M]" Calcd. for GgH;405S 324.0820; Found
324.0824.

Methyl (2)-2-(benzofuran-2-yl(hydroxy)methyl)-3-phenylacrylate
(4ca)

Prepared following general procedure D usBtg (500 mg,
1.63 mmol), NaBH (247 mg, 6.53 mmol) and CegilH,O (1.22
g, 3.26 mmol) in MeOH (0.1 M, 16 mL). After work up and
purification, (20% EtOAc/Hexane®x = 0.32), compoundica
was afforded as a pale yellow solid (307 mg, 61%dyidm.p. =
99-100 °C]'H NMR (500 MHz, CDC}) = 8.01 (s, 1 H) 7.54 -
7.57 (m, 1 H) 7.47 - 7.51 (m, 1 H) 7.37 - 7.45 (mH)p7.20 -
7.30 (m, 3 H) 6.73 (s, 1 H) 5.95 @@= 11.29 Hz, 1 H) 4.48 (dd,
J=11.44, 1.07 Hz, 1 H) 3.84 (s, 3 H’C NMR (75 MHz,
CDCly) & = 167.9, 157.9, 154.9, 143.1, 133.7, 129.5, 129.5
129.3, 128.6, 128.3, 124.0, 122.8, 121.0, 111.3,41(65.6, 52.3
IR: 3489 (br), 3063 (w), 2951 (w), 1694 (s) tnHRMS (EI)
m/z. [M] " Calcd. for GgH,60,308.1049; Found 308.1048.

Methyl (2)-2-(hydroxy(naphthalen-2-yl)methyl)-3-phenylacrylate
(4da)

Prepared following general procedure D usBug (259 mg,
0.819 mmol), NaBH (546 mg, 14.4 mmol) and Ce&lH,O
(2.69 g, 7.22 mmol) in MeOH (0.1 M, 8.2 mL). After wouap
and purification, (40% EO/Hexanes,R; = 0.444), compound
4da was afforded as a white oil (99.6 mg, 38% vieft). NMR

(500 MHz, CDC}) 3= 7.96 (s, 1 H) 7.34 - 7.39 (m, 5 H) 7.24 -
7.28 (M, 1 H) 7.03 (d)=1.22 Hz, 1 H) 6.95 - 6.98 (m, 1 H) 6.82
(dd, J=8.24, 2.44 Hz, 1 H) 5.84 (d=9.16 Hz, 1 H) 4.07 (d,
J=10.68 Hz, 1 H) 3.80 (s, 3 H) 3.76 (s, 3 F'C NMR (126
MHz, CDCL) 5= 168.0, 159.8, 144.5, 141.9, 134.2, 132.2, 129.4,
129.3, 129.1, 128.7, 117.7, 112.7, 111.3, 69.62,552.1.IR:
3507 (br), 3024 (w), 2951 (w), 2835 (W), 1694 (s)'cHRMS
(El) m'z. [M]" Caled. for GgH14O, 298.1205; Found 298.1205.

Methyl (2)-2-((3,4-dimethoxyphenyl) (hydroxy)methyl)-3-
phenylacrylate (4fa)

Prepared following general procedure D usBfig (262 mg,
0.803 mmol), NaBH (121.5 mg, 3.21 mmol) and Ce&lH,O
(598 mg, 1.61 mmol) in MeOH (0.1 M, 8.0 mL). After warp
and purification, (50% EO/HexanesR; = 0.174), compoundfa
was afforded as a white oil (101 mg, 39% yieft§).NMR (500
MHz, CDCk) 8= 7.95 (s, 1 H), 7.40 - 7.33 (m, 5 H), 7.07 {&;
1.2 Hz, 1 H), 6.87 - 6.84 (m, 1 H), 6.84 - 6.81 (nt})15.82 (dd,
J=0.6,11.6 Hz, 1 H), 4.11 (d,= 11.6 Hz, 1 H), 3.88 - 3.86 (m,
6 H), 3.78 (s, 3 H)*C NMR (126 MHz, CDC}) 5= 168.2,
149.1, 148.2, 141.7, 135.3, 134.2, 132.2, 129.3.11,2128.8,
128.7, 117.3, 110.8, 109.1, 69.6, 55.8, 55.8, 9R1.3491 (br),
3057 (w), 2953 (w), 2835 (w), 1694 (s) ¢nHRMS (El) m/z
[M]™ Calcd. for GgH,q05328.1311; Found 328.1317.

4.5. Reaction Optimizations

4.5.1. Procedure for Catalyst Screening

To a round bottom flask charged with the approprigteis
acid catalyst (10 mol %), and a magnetic stir maCH,CI, (1
mL) at the appropriate temperature under nitrogemosphere
was added a solution of allylic alcohtda (1.0 equiv.) in CHCI,
(0.1 M). The reaction was monitored via TLC and \a#d to
cool to room temperature once the reaction reacoatpletion,
concentrated under reduced pressure and purifiedfldsh
chromatography on silica gel using EtOAc/Hexanes as th
mobile phase.

4.5.2. Procedure for Optimization of Catalyst
Loading

To a round bottom flask charged with x mol % Ca(}bIfx
mol % n-Bu,;NPF;, and a magnetic stir bar in @El, (1 mL) at
40 °C under nitrogen atmosphere was added a solatiatlylic
alcohol 4aa (1.0 equiv.) in CHCl, (0.1 M). The reaction was
monitored via TLC and allowed to cool to room tengpere
once the reaction reached completion, concentratader
reduced pressure and purified by flash chromatdgyram silica
gel using EtOAc/Hexanes as the mobile phase.

4.5.3. Procedure for Solvent Screening
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To a round bottom flask charged with 10 mol % Ca@\Tf  Methyl 6-(p-tolyl)-6H-cycl openta[ b] thiophene-5-carboxylate
10 mol %n-Bu,NPR, and a magnetic stir bar in the appropriate(5ac-1)
solvent (1 mL) at appropriate temperature underogén
atmosphere was added a solution of allylic alcofad (1.0
equiv.) in appropriate solvent (0.1 M). After 1 h 4%in, the
reaction mixture was allowed to cool to room tempemt
concentrated under reduced pressure and purifiedfldsh
chromatography on silica gel using EtOAc/Hexanes as
mobile phase.

The general procedure was followed using a 4:1 mextfr
allylic alcohol 4ac and compoundac (51 mg, 0.18 mmol) in
benzene (3.6 mL), Ca(NJf (10.7 mg, 0.018 mmoly-Bu,NPF;
(6.9 mg, 0.018 mmol). After work up and purificatiof20%

t EtOAc/Hexanes, R= 0.56), compoundac-I was afforded as a
yellow oil (25.1 mg, 66% yield).I¢omeric Ratio = 6.5:1) Yield
calculated based on starting material NMIR.NMR (300 MHz,

4.6. Dehydrative Nazarov-type Cyclizations CDCly) 8= 7.70 (dJ = 1.9 Hz, 0.14 H), 7.61 - 7.55 (m, 1.95 H),

_ _ 7.47 - 7.43 (m, 0.96 H), 7.36 - 7.33 (m, 0.16 H),07-3.24 (m,
General Procedure F: To a round bottom flask charged with 10 5 54 H), 7.13 (d)) = 4.8 Hz, 1.01 H), 7.10 - 7.04 (m, 0.49 H),

mol % Ca(NT$),, 10 mol %n-Bu;NPF;, and a magnetic stir bar 7.00 (s 0.33 H). 4.88 - 4.84 0.15 H). 3.76 33m. 2.00 H
in benzene (1 mL) at 40 °C under nitrogen atmosphes added 5’74 (S3 71 (m )é 04 H) 3 7O(rn?,) 69 m )(’) a1 H)§2($: 305 H;,
a solution of allylic alcoho# (1.0 equiv.) in benzene (0.05 M). 5 4 (s '0.46 I,-I)BIC NMR '(75 MHz CI’DCj;) 5= 1651 1503

After 1.75 h, the reaction mixture was allowed to ct:_n_)room 148.7. 1473, 139.0, 131.1, 130.2, 129.3. 128.8.712127.5,
temperature, concentrated under reduced pressdneuaified by 1226, 51.1, 37.1, 214R: 3076 (W), 3022 (W), 2947 (w), 1703

flash chromatography on silica gel using EtOAc/Hexaeshe (s) cnit. HRMS (E1) m/z: [M]* Calcd. for GaHy0,S 270.0715;

mobile phase. Found 270.0715.
Methyl 6-phenyl-4H-cyclopenta[ b] thiophene-5-carboxylate (5aa- Methyl 6-(4-bromophenyl)-4H-cycl openta[ b] thiophene-5-
1) carboxylate (5ad-1)

The general procedure_ F was followed using allylmhbl The general procedure F was followed using allylanhbl 4ad
4aa (72 mg, 0.263 mmol) in benzene (5.3 mL), Ca()T€15.8 (37 mg, 0.105 mmol) in benzene (2.1 mL), Ca@)T(6.3 mg,
mg, 0.026 mmol),n-BuNPF, (10.2 mg, 0.026 mmol). After g 414 mmol) n-Bu,NPF, (4.1 mg, 0.010 mmol). After work up

work up and purification, (20% EtOAc/Hexanes; R 0.44), and purification, (20% EtOAc/Hexanes; R 0.57), compound
compound5aa-I was afforded as a white solid (47.1 mg, 70%5ad-lpwas afforde(d as a white solid (24_f2 mg, 63% yidJFl)dl)p.

yield). [m.p. = 82-85 °CiH NMR (500 MHz, CDC}) §=7.65-  Z7{5- 159 “CPH NMR (500 MHz, CDCl) 3 = 7.57 - 7.61 (m. 2
7.69 (M, 2 H), 7.41 - 7.49 (m, S H), 7.14 = 488 Hz, L H),  \y"7 51 755 (m, 2 H), 7.46 (d,= 4.88 Hz, 1 H), 7.14 (d] =
3.76 (s, 2 H), 3.72 (s, 3 H)'C NMR (126 MHz, CDC) 3 = ,'gg 117 1 (1) 374 (s, 2 H), 3.72 (s. 3 HC NMR (126 MHz,
1649, 1502, 1488, 147.2, 134.1, 1303, 120BA2128.7, (0“5 - 1oa 1401, 148.9, 1467 133.0, 1313, 1305,
1280, 122.6, 51.1, 37.IR: 3028 (w), 2947 (W), 2841 (W), 1701 13077 150's 1535 129 7. 3103 (). 2047 (w). 2841 (w)
(5) oni’. HRMS (EN) miz: [M] Caled. for GeHi,0,S 256.0558:  1gg7 (o) ol HRMS (B1) miz. [M]" Galed. for GHLBIOS

Found 256.0561. 333.9663; Found 333.9657.

l\éeth;l/lI Efj-phmyl-GH-cycIopenta[b] thiophene-5-carboxylate-6-d Methyl 6-(4-(trifluoromethyl)phenyl)-4H-
cyclopenta] b] thiophene-5-carboxylate (5ae-|

(5aa-11-d) | [b] thioph boxylate ( )

The general procedure F was followed using allylcohbl The : .
. general procedure F was followed using allylicohol
4aa-d (60 mg, 0.233 mmol) in benzene (4.6 mL), CaTf 4ae (34 mg, 0.099 mmol) in benzene (2.0 mL), Ca@)T(6.0

(13'k5 mg, 0'823 "?][T‘O')_"BWNZEOF; (Sé.ooxg/,HO.OZS mmﬁc;% ﬁter mg, 0.010 mmol)n-BuyNPF; (3.8 mg, 0.010 mmol). After work
work up and purification, (20% Et c/nexanes; A4), up and purification, (20% EtOAc/Hexanes,R0.55), compound
cpmpouncBaa—II-d was afforded as a white solid (41.9 mg, 70%¢ga0 | was afforded as a white solid (21.6 mg, 67% yidtd)p. =
yield). [m.p. = 94-96 °CfH NMR (500 MHz, CDC}) 5 = 7.74 133-134 °CI'H NMR (500 MHz, CDCY) 3 = 7.70 - 7.78 (m, 4
(s, 1 H), 7.37 (dJ = 5.2 Hz, 1 H), 7.31 - 7.21 (M, 3 H), 7.13 - 1}y "7 45 (4 1= 458 Hz, 1 H), 7.16 (A} = 4.58 Hz, 1 H), 3.78 (s,
7.08 (m, 3 H), 3.70 (s, 3 H}.C NMR (126 MHz, CDC)) 6 = 2'H), 3.72 (s, 3 H).l3C NMR (126 MHz, CDCJ) & = 164.7,
163.9, 154.7, 145.9, 143.8, 137.9, 137.4, 129.8B.612127.7, 149.1, 148.8. 146.6, 137.9, 130.9, 130.6, 129.5.112125.0,
127.1, 119.9, 51.3R: 3080 (W), 3024 (W), 2947 (), 2839 (W), 1550 122 8 51.3, 37.2R: 3107 (W), 2951 (w), 1701 (s) ¢

1703 (s) cril. HRMS (EI) m/z: [M]" Calcd. for GsHi,DO,S HRMS (EI) m/z: [M]" Calcd. for GgH1,F;0,S 324.0432; Found
257.0621; Found 257.0630. 324.0417

Methyl 6-(4-methoxyphenyl)-4H-cycl openta[ b] thiophene-5- Methyl

carboxylate (Sab-1) 6-(2-methoxyphenyl)-6H-cyclopenta[ b] thiophene-5-

carboxylate (5af-11)

The general procedure_ F was followed using allylimolbl o general procedure F was followed using allylaohbl 4af
4ab (59 mg, 0.194 mmol) in benzene (3.9 mL), Ca()T11.6 (54 mg, 0.18 mmol) in benzene (3.6 mL), Ca(N,T{10.7 mg,
mg, 0.019 mmol)n-Bu,NPF; (7.5 mg, 0.019 mmol). After work  g18 mmol),n-Bu,NPF; (6.9 mg, 0.018 mmol). After work up
up and purification, (20% EtOAc/Hexanes,=R0.33), compound  gnd purification, (20% EtOAc/Hexanes; R 0.46), compound
5ab-I was afforded as an off-white solid (45.4 mg, 82%djie  55f-1| was afforded as a white oil (38.0 mg, 75% vyield).
[m.p. = 117-120 °C{H NMR (500 MHz, CDCJ) 5= 7.65 - 7.69  (Isomeric Ratio = 8:1)H NMR (300 MHz, CDC}) 3 = 7.83 (dd,
(m, 2 H), 7.45 (dJ = 4.88 Hz, 1 H), 7.13 (d] = 4.88 Hz, 1 H), J=0.7, 2.0 Hz, 1.00 H), 7.45 - 7.35 (m, 0.37 H)77.2.17 (m,
6.97 - 7.01 (m, 2 H), 3.87 (s, 3 H), 3.72 - 3.75 Gntd). °C  2.33 H), 7.12 - 7.08 (m, 0.14 H), 7.02 (dd, J = 6.6, Hz, 1.25
NMR (126 MHz, CDC}) 6 = 165.1, 160.1, 150.0, 148.7, 147.3, H), 6.95 (d, J = 8.2 Hz, 1.09 H), 6.80 - 6.74 (m, 24)55.34 (d,
130.4, 130.2, 128.1, 126.3, 122.6, 113.4, 55.21,537.1.1R: J=2.1Hz, 0.97 H), 3.99 (s, 3.22 H), 3.80 (s, 0.403W4 (d, J =
3105 (w), 3007 (W), 2947 (w), 2839 (w), 1701 (s)tHRMS 0.6 Hz, 3.49 H), 3.67 (d, J = 0.7 Hz, 0.44"%¢ NMR (75 MHz,
(E1) m/z: [M]" Calcd. for GeH1405S 286.0664; Found 286.0677. CDCl) & = 164.3, 157.1, 154.3, 144.8, 141.6, 138.9, 128.8,

128.1, 126.8, 126.5, 120.6, 119.7, 110.6, 55.44,547.7.IR:



3080 (w), 2947 (w), 2835 (w), 1703 (s) CnHRMS (EI) m/z:
[M] ™ Calcd. for GgH140,:S 286.0664; Found 286.0663.

Methyl
(5ag-1V)

5-methoxy-1-(thiophen-3-yl)-1H-indene-2-car boxyl ate

The general procedure F was followed using allylcohbl
4ag (78 mg, 0.256 mmol) in benzene (5.1 mL), Ca()T€15.4
mg, 0.026 mmol)n-Bu,NPF; (9.9 mg, 0.026 mmol). After work
up and purification, (20% EtOAc/Hexanes,; R 0.545),
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(d,J = 8.2 Hz, 1.13 H), 7.66 (d} = 8.2 Hz, 1.12 H), 7.56 -
7.50 (m, 1.07 H), 7.48 (d,= 4.9 Hz, 0.40 H), 7.43 (ddd,= 1.2,
6.7, 7.9 Hz, 1.32 H), 7.36 (dddi= 1.2, 6.7, 8.2 Hz, 1.20 H), 7.33
-7.31 (m, 0.21 H), 7.18 (dd,= 1.4, 2.9 Hz, 1.01 H), 7.13 (dd,
=3.1, 4.9 Hz, 1.01 H), 7.01 (dd= 1.8, 8.5 Hz, 0.06 H), 6.90 -
6.89 (m, 0.04 H), 6.87 (dd,= 1.4, 5.0 Hz, 0.04 H), 6.64 (ddi=
1.4, 5.0 Hz, 0.98 H), 5.39 (d,= 1.8 Hz, 1.00 H), 5.06 - 5.04 (m,
0.04 H), 3.96 (s, 0.34 H), 3.81 (s, 0.73 H), 3.78(86 H), 3.72
(s, 0.97 H), 3.71 (s, 0.51 H), 3.66 (s, 0.13'’g NMR (126

compound5ag-1V was afforded as an off-white solid (58.2 mg, MHz, CDCL) 6 = 165.0, 164.4, 150.2, 148.8, 147.4, 146.0, 142.9,

79% yield). [m.p. = 101-119 °CH NMR (500 MHz, CDC})
5=7.69 (dJ=1.8 Hz, 1 H), 7.19 (d = 8.2 Hz, 1 H), 7.17 (dd,
J=2.9,5.0Hz, 1 H),7.13 (dd,= 1.1, 2.9 Hz, 1 H), 7.05 (d,=
2.4 Hz, 1 H), 6.87 (dd] = 2.4, 8.2 Hz, 1 H), 6.69 (dd,= 1.4,

41.5, 140.9,
131.8, 130.4,
27.8, 127.7,
125.7, 125.3,

139.0,
129.6,
127.5,
125.2,

138.9,
129.4,
127.1,
124.0,

137.5,
129.1,
126.8,
123.3,

133.5,
128.8,
126.6,
122.8,

133.8.213132.9,
128.8.412128.2,
126.5.212126.0,
122.2.212121.2,

50 Hz, 1 H), 4.98 (dJ =1.8 Hz, 1 H), 3.84 (S, 3 H), 3.74 (S, 3 H) 51.5, 51.3, 51.2, 50.5, 39_.9, 37I1R: 3103 (W), 30?5 (W), 2947
Bc NMR (126 MHz, CDCJ) & = 164.6, 159.3, 142.2, 141.8, (w), 2843 (w), 1703 (s) cih HRMS (EI) m/z: [M]" Calcd. for

141.5, 140.9, 138.1, 126.7, 125.3, 124.9, 121.8.611108.3,

55.4, 51.5, 49.9.R: 3103 (W), 2949 (w), 2835 (w), 1705 (s) tm

! HRMS (El) m/z: [M]" Calcd. for GH1,0,S 286.0664; Found
286.0662.

Methyl 6-(thiophen-2-yl)-4H-cycl openta[ b] thiophene-5-
carboxylate (5ah-1)

The general procedure F was followed using allylcohbl
4ah (71 mg, 0.255 mmol) in benzene (5.1 mL), Ca()T€15.3
mg, 0.026 mmol)n-Bu,NPF; (9.9 mg, 0.026 mmol). After work
up and purification, (20% EtOAc/Hexanes,; R 0.692),

compoundSah-I was afforded as a reddish-brown oil (44.2 mg,

66% yield).'"H NMR (500 MHz, CDC}) & = 7.99 (d,J = 3.66

Hz, 1 H) 7.51 (dJ = 5.19 Hz, 1 H), 7.47 (dd,= 4.88, 0.61 Hz, 1
H), 7.15 - 7.19 (m, 1 H), 7.11 (d,= 4.88 Hz, 1 H), 3.82 (d] =

0.61 Hz, 3 H), 3.75 (s, 2 H}*C NMR (126 MHz, CDC})) 5 =

164.9, 148.7, 146.0, 142.1, 134.9, 131.0, 130.4.612127.3,
126.9, 122.3, 51.3, 37.8R: 3099 (w), 2945 (w), 1692 (s) ¢m
HRMS (El) m/z: [M]" Calcd. for GH,40,S, 262.0122; Found
262.0127.

Methyl
(5ai-1)

(E)-6-styryl-4H-cyclopenta] b] thiophene-5-carboxylate

The general procedure F was followed using allylcohbl
4ai (45.8 mg, 0.153 mmol) in benzene (3.1 mL), Ca@\T({o.2
mg, 0.015 mmol)n-Bu,NPF; (5.9 mg, 0.015 mmol). After work
up and purification, (15% EtOAc/Hexanes,; R 0.411),

compoundbai-l was afforded as a yellow solid (9.4 mg, 22%

yield). [m.p. = 96-101 °C{H NMR (500 MHz, CDC}) & = 8.29
(d,J=16.48 Hz, 1 H) 7.65 (d,= 7.63 Hz, 2 H) 7.50 (d} = 4.88
Hz, 1 H) 7.37 - 7.42 (m, 3 H) 7.33 - 7.35 (m, 1 H) 7(d3J =
4.88 Hz, 1 H) 3.86 (s, 3 H) 3.68 (s, 2 )C NMR (126 MHz,

CDCly) & = 165.5, 149.2, 147.4, 142.2, 136.6, 136.5, 130.2

130.1, 128.9, 128.8, 127.4, 122.1, 121.3, 51.35.3R: 3059
(w), 3024 (w), 2949 (w), 2845 (w), 1690 (s) CMHRMS (EI)
m/z: [M]" Calcd. for G;H1,0,S 282.0715; Found 282.0718.

Methyl 6-(naphthal en-2-yl)-6H-cyclopenta] b] thiophene-5-
carboxylate (5aj)

The general procedure F was followed using allylwohbl
4aj (27.4 mg, 0.085 mmol) in benzene (1.7 mL), Ca@)\Ts.1
mg, 0.008 mmol)n-Bu,NPF; (3.3 mg, 0.008 mmol). After work
up and purification, (20% EtOAc/Hexanes; R 0.48), a four
compound isomeric mixture was afforded as a reddiskn oil
(18.4 mg, 71% yield). (Isomeric Ratio = 20 : 7.8.5: 1; Alkene
ratio = 2.0:1 trisubstituted5§j-11/5aj-1V) to tetrasubstituted
(5aj-1/58j-111)) 'H NMR (500 MHz, CDC}) & = 8.17 (s, .36 H),
7.94 - 7.89 (m, 1.21 H), 7.87 (dd= 4.9, 8.2 Hz, 2.56 H), 7.80
(d,J=1.8 Hz, 1.02 H), 7.75 (dd,= 1.8, 8.5 Hz, 0.49 H), 7.71

C10H140,S 306.0715; Found 306.0713.

Methyl 3-phenyl-1H-benzo[ b] cyclopenta[ d] thiophene-2-
carboxylate (5ba-1)

The general procedure was followed using allylic htdatba
(54 mg, 0.167 mmol) in benzene (3.3 mL), Ca(N;T{10 mg,
0.017 mmol),n-Bus;NPF; (6.5 mg, 0.017 mmol). After work up
and purification, (25% EtOAc/Hexanes; R0.673), compound
5ba-lI was afforded as a yellow solid (26.8 mg, 53% yid]ah\.p.
=104-113 °C'H NMR (500 MHz, CDC}) = 7.81 - 7.86 (m, 2
H), 7.71 (ddJ = 7.93, 1.53 Hz, 2 H), 7.40 - 7.52 (m, 4 H), 7.31 -
7.36 (m, 1 H), 3.96 (s, 2 H), 3.76 (s, 3 HC NMR (126 MHz,
CDCl;) & = 164.7, 150.8, 146.9, 144.6, 143.7, 134.4, 133.8,
130.0, 129.0, 128.8, 128.0, 124.9, 124.5, 123.8,8151.3, 36.9.
IR: 3057 (w), 2949 (w), 2845 (w), 1701 (s) ¢nHRMS (EI)
m/z: [M]* Calcd. for GgH;40,S 306.0715; Found 306.0708.

Methyl
(5da-I11)

1-phenyl-1H-cyclopenta[ b] naphthal ene-2-carboxylate

The general procedure F was followed using allylcohbl
4da (99 mg, 0.311 mmol) in benzene (6.2 mL), Ca()T€18.7
mg, 0.031 mmol),n-Buy,NPF; (12.0 mg, 0.031 mmol). After
work up and purification, (15% EtOAc/Hexanes, &R 0.404),
compoundsda-I1 was afforded as a white solid (69.6 mg, 75%
yield). [m.p. = 145-147 °C|H NMR (500 MHz, CDC}) 5 = 7.90
(d,J =8.24 Hz, 2 H) 7.88 (d] = 1.83 Hz, 1 H) 7.70 (d] = 8.54
Hz, 2 H) 7.43 (dddJ = 8.16, 6.79, 1.22 Hz, 1 H) 7.35 (ddbs
8.32, 6.94, 1.22 Hz, 1 H) 7.21 - 7.30 (m, 3 H) 7.18619 (m, 2
H) 5.22 (d,J = 1.83 Hz, 1 H) 3.77 (s, 3 HC NMR (126 MHz,
CDCly) & = 164.3, 146.9, 142.7, 141.1, 139.4, 138.1, 133.5,
129.3, 128.8, 128.7, 128.5, 128.4, 126.8, 126.6.9,2123.9,
121.1, 55.6, 51.4R: 3055 (w), 3026 (w), 2949 (w), 1705 (s) tm
! HRMS (El) m/z: [M]* Calcd. for G;H;¢0, 300.1150; Found
300.1148.

Methyl 5-methoxy-1-phenyl-1H-indene-2-carboxylate (5ea-I1)

The general procedure F was followed using allylcohbl
4ea (73 mg, 0.245 mmol) in benzene (4.9 mL), Ca()T€14.7
mg, 0.024 mmol)n-Bu,NPF; (9.5 mg, 0.024 mmol). After work
up and purification, (15% EtOAc/Hexanes,; R 0.320),
compound5ea-11 was afforded as an off-white solid (52.6 mg,
77% yield). [m.p. = 131-137 °CH NMR (500 MHz, CDC}) &
=7.77(dJ=1.8Hz,1H),7.30-7.23 (m, 3 H), 7.15 - 7.08 4m,
H), 6.87 (ddJ = 2.4, 8.2 Hz, 1 H), 4.84 (d,= 1.8 Hz, 1 H), 3.86
(s, 3 H), 3.73 (s, 3 HPC NMR (126 MHz, CDCJ) 5= 164.6,
159.3, 142.8, 142.6, 142.4, 141.4, 138.6, 128.5,8,2126.8,
125.0, 114.7, 108.2, 55.5, 54.9, 51lR: 3028 (w), 2953 (w),
2835 (w), 1707 (s) cth HRMS (El) m/z: [M]* Calcd. for
C1gH1605 280.1099; Found 280.1098.
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Methyl
(5fa-11)

Tetrahedron
5,6-dimethoxy-1-phenyl-1H-indene-2-carboxyl ate

The general procedure F was followed using allylcohbl
4fa (50 mg, 0.152 mmol) in benzene (3.1 mL), Ca@)r{o.1
mg, 0.015 mmol)n-Bu,NPF; (5.9 mg, 0.015 mmol). After work
up and purification, (20% EtOAc/Hexanes,7#R0.24), compound
Sfa-11 was afforded as a colorless oil (32.3 mg, 68% vyield)
NMR (500 MHz, CDCJ) 8= 7.73 (d,J = 1.53 Hz, 1 H) 7.22 -
7.30 (M, 3 H) 7.10 (d) = 6.71 Hz, 2 H) 7.06 (s, 1 H) 6.77 (s, 1
H) 4.79 (dJ=1.22 Hz, 1 H) 3.95 (s, 3H) 3.82 (s,3H) 3.70 (s, 3
H). *C NMR (126 MHz, CDGJ)) 3= 164.6, 150.2, 148.9, 144.1,
141.7, 140.1, 138.7, 133.5, 128.5, 127.9, 126.§,.5,0105.9,
56.1, 55.6, 51.3LR: 2949 (w), 2833 (w), 1701 (s) 6mHRMS
(EIN m/z: [M]" Calcd. for GgH;50,4 310.1205; Found 310.1201.

4.7. Attempted [4+2] cycloadditions.

General Procedure G: To a round bottom flask charged with a
magnetic stir bar under nitrogen atmosphere wascadd®lution
of 5aa-l (1.0 equiv.) in solvent (0.2 to 0.5 M) at room
temperature. Alkene or diene (1 to 1.8 equiv.) was tadded.
The reaction stirred at reflux for 18 h and waswadld to cool to
room temperature. An aliquot of the reaction was raked
concentrated under reduced pressure. A crude NMR btaged
of the reaction mixture.

Rxn 1: General procedure G was followed usibga-l (1.0
equiv., 73 mg), maleic anhydride (1.8 equiv., 54,ragd toluene
(0.5 M, 0.55 mL). No product formed. 5.

Rxn 2: General procedure G was followed usiBga-l (1.0
equiv., 108 mg)n-butyl vinyl ether (1.0 equiv., 0.6 mL), and
benzene (0.2 M, 2.1 mL). No product formed.

Rxn 3: General procedure G was followed usibga-l (1.0
equiv., 73 mg), 2,5-dimethylfuran (1.8 equiv., &), and
toluene (0.2 M, 1.5 mL). No product formed.

4.8. |somerization probing.

Procedure: Two flasks (5 mL) containing stir bars were put
under a nitrogen atmosphere. To one was added 1QenNTf,
and to each 1 mL of benzene was added. They werehtbated
to 40 °C with stirring. To each was added a 2.2:ib i@t 5aa-1 to
5aa-Il dissolved in benzene, enough to make two 3 0nl M
solutions when added to their flasks. The reactivae allowed
to stir for two hours, with aliquots of 0.15 mL beitaken every
15 minutes. Each aliquot was immediately cooled aonr
temperature while being concentrated under reducedspre.
Once all aliquots had been taken, each was dissatv&@DCl;
and an NMR was taken immediately without further peetion.
Ratios of products were determined by NMR.
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