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1. Introduction

As a result of its wide applications, esterificatisrone of the
most fundamental and important reactions in orgahiemistry
and in the synthesis of many natural products, rpheeutical
molecules and fine chemicdisConsequently, considerable
attention has been directed towards the developwofeptactical
and efficient strategies for ester synthés@ne highly efficient
approach is direct C(§p-H oxidative functionalization, thereby
converting alkanes into esters, either as the agtiooor alkoxy

resulted in markedly lower vyields of the C-H estedfion
product. In addition, a higher dosage of oxidan® @juiv.) than
the theoretical amount (1.0 equiv.) was necessagchieve an
optimal result (entries 10~12). Moreover, a mode@hount of
molecular sieves (MS, 4A, 165 mg) was found to becuisite
additive, probably functioning as a desiccant ie tteaction
(entry 13 vs. 10). Notably, a remarkably decreageltl of 3aa
was observed when the reaction time was extended IBmto
24 h (entry 14 vs. 13 and Figure S2). Under thenupéd
conditions, 1a smoothly reacted witiRa (10.0 equiv.) in the

unit®*®> However, the development of direct and selectiveyresence of Cogl10 molo) and DTBP (2.0 equiv.) in DCE (1
methods for alkane functionalization remains iririfancy due to mL) at 120 °C to provide cyclohex-2-en-1-yl benzo@aa) in a

the low reactivity of C(sh—H bonds’ high yield of 82% (entry 14).

A) Thi k, catalyti . ; . . .
) This work, catalytio Table 1. Development of the intermolecular oxidative egieation

CoCl;, (10 mol%) H i i a
o DTBR 20 oquiv) O of benzoic acid4a) with cyclohexenel(a).
Ao ren ———— 5 L Rr2 o} o}
RT "OH DCE(1mL R 7O
hydrocarbons e
4AMS 0 (¢} + )
120 °C cat. [Co']
B) Schulz's work, stoichimetri :
) Schulz's work, stoichimetric OH . O 3aa 4a

(o] H Co(OAc)s AcO. [O]. DTBP
Hac)]\OH * O neat, 104 °C \O ) 10'°zeq”i"' ®—© + ©/
a a
Scheme 1Cobalt-mediated direct esterification of ClisjH bonds. 5a 6a
Yield (%)°

Entry Cat. Solvent - -
Various types of peroxides have been employed dshsto Sad 44 54  6d
ometric oxidants and often as the sources of oxygectionality 1 CoCh - 19 3 13 6
in transition-metdl®’ or metal-free-catalyz8d oxidative 2 CoCh EAC 10 2 6 7
esterification through a radical mechanism. Untilvpna@opper 3 CoC} DCE 29 2 13 6
catalysis using peroxides as oxidants has beenapse into a 4 CoCh CH:CN 28 1 4 6
well-defined methodology for C(&p-H bond esterification.In 5 CoCh PhCR 37 2 17 4
principle, they are related to the classic KharaSohnovsky 6 Cob DCE 27 1 10 5
reaction’ In contrast, no study has been focused on cotbet, 7 Co(OH) DCE 7 1 14 6
other reported Kharasch-Sosnovsky catafysthe ability of 8 Co(OAc) DCE 9 1 13 7
Co(ll) complexes to dissociate peroxides, togethéh much 9 Co(acag) DCE 9 1 13 6
other experimental, mainly kinetic, evidence, had ko the 10° CoCh DCE 46 4 10 6
widely accepted opinion that their function is priiha to 11¢d CoCl DCE 21 3 8 5
generate free radical$However, direct attack on the CsgH o 12¢€ CoCh DCE 17 2 6 3
bond by Co(llll)lzspecies formed in situ may also dperative 13 CoChb DCE 74 1 8 4
(Scheme 1Bj“** Most importantly, the behavior of Co(lll) 14549 CoCh DCE 82 1 6 5

complexes may be significantly different from thaft Cu(ll)  #Reaction conditionsta (0.5 mmol),2a (10.0 equiv.), cat. (5 mol%), DTBP
complexes in the oxidation of alkyl radicals. As \poeisly (2.0 equiv.), solvent (1 mL), 100 °C, 24 h, undegom;" Yields determined
reported by Kocht;” the former favors oxidative substitution by GC with biphenyl as an interal standdrcat. (10 mol%) DTBP (L5
over oxidative elimination. Therefore, we considetecexplore ggﬂ'&’l-gt; dD-ggsPeélé)mae;qiuI\\;'i)e;léwial(:lfl\étégsbgggg iﬁOD"%F}? é‘ég'e_'dl .
the .I|lm|t:.3 and scope of the. cobalt-cata}lyzed” oxieat dichloroethane, EAC = ethyl acetate. ’ ’
esterification of hydrocarbons with carboxylic acids the

presence of a peroxide as the oxidant (Scheme 1A). We next examined the dependence of the C-H bonrdgstre

of the substrate on the selectivity for C—H esteation over C-C
homocoupling when employinga and DTBP with 10 mol%
CoCl, at 120 °C (Table 2). Substrateg (8%, entry 7).2f (1%,
entry 6),2e (79%, entry 5) an@a (82%, entry 1) give the C-H
esterification product in yields that generally re®se with
decreasing C—H bond strength. However, no ester wastddt

by either GC-MS or NMR measurements in the case of
hydrocarbon R—H bonds of comparatively moderatengtre

2. Results and discussion

First, we identified effective precatalysts and dtads for
the intermolecular esterification of unactivatedHCbonds by
evaluating the reactivity of benzoic acida( 0.5 mmol) and
cyclohexeneda, 10.0 equiv.) with various cobaltous salts (0~30
mol%) and t-BuOOt-Bu (DTBP). As shown in Table 1, the

des(;red dallyllc ester .c3éclcl>)hex-2-e.n-1_-fyl btenzoa&az:I V\]ff,sl such agd (entry 4),2c (entry 3) an®b (entry 2), under identical
produced, ' accompane y a significant amount ofl'{ conditions. Instead, the respective C—C homocogpfiroduct

bi(cyclohexane)]-2,2'-diene 5§). In addition, side products for 2d and 2¢ and 1 4-dih
,4-dihydronaphthalene/naphthalene Zbr
methyl benzoatedg) and 3-methyicyclohex-1-enéd) were also (formed upon the dehydrogenation of the startingensdl) were

detected, the proportion of which varied with theditans used. . o : :

.k ) . the main products (Table S1). No significant improeat in the
The:[ co3mb|n§f|on ﬂ?f Co%lalrtld DTBE was .c(:jrug|al for.cie(tjtaly?s selectivity of the ester was detected for the inddpat reaction
(entry 3), while other cobaltous salls provided YIelds o ¢ 2g in PhCR (entry 8), thus disfavoring a negative effect
3aa (entries 6~9). Independently investigating the ctiea -

- . = caused by the chlorinated solvent.

efficiency as a function of the catalyst amountidated that a
certain loading of catalyst was required for higlestivity
towards the ester (entry 10 vs. 3 and Figure Sl).eikample,
introducing either less than 5 mol% or more thamt#% CoC}



Table 2. Cobalt-catalyzed oxidative esterification of vasoD(sp)—

H bonds with2a.?
(0]
o
+ R-R

CoCl, (10.0 mol%)
DTBP (2.0 equiv.)
—_—

o]
OH
©)‘\ + R-H

DCE (1 mL)
1.0eq 10.0 eq 4A MS
1a 2 120°C, 18h 3a 5
H H H H H H H
glselesiosionlogie
Entry R-H [Ec_aT ,E(E}-El] Yield (%)°°
1 2a 82 3aa(82/80)
2 2b 83 3ab(N.D.)
3 2c 84 3ac(N.D.)
4 2d 86 3ad(N.D.)
5 2e 87 3ae(79/78)
6 2f 90 3af (1)
7 29 97 3ag(8)
8° 29 97 3ag(3)
o 2b 83 3ab (33/32)
10 2d 86 3ad (30/26")

& Reaction conditionsia (0.5 mmol),2 (10.0 equiv.), CoGI (10 mol%),
DTBP (2.0 equiv.), DCE (1 mL), MS (4A, 165 mg), 120, 18 h, under
argon;® Yields determined by a combination of GC-MS (usihg peak area
normalization method) antH NMR (with CH,Br, as an internal standard);
Yields calculated based dre; ¢ Isolated yield;® PhCE (1 mL) used as a
solvent;'12 h; N.D. = not detected.

In addition, moderate yields @&ab (32%) and3ad (26%)
were generated when the reaction time was reduced®tb 1
(Table 2, entries 9 and 10). We speculated thatetlesters were
sensitive to the reaction conditions and readilgotieposed over
time. The full conversion ddaly3ad (isolated) was detected by a
combination of GC-MS anH NMR after reaction for 18 h at
120 °C in the presence of Ce@ITBP, with none of the desired
compound formed. The same decomposition was foun8da
albeit at a slower rate. After reaction for 18 h unakentical
conditions, 40% o8aaremained (Figure S4).

A range of carboxylic acid derivative$)(was then examined
in the coupling reaction witl2a under the optimized reaction
conditions (Table 3). The results demonstrated &eacttronic
variations in the substituents at thara-position of 1a did not
affect the reaction efficiency. The correspondiygl@hex-2-en-
1-yl benzoate substituted with methoxy, nitro, cyamal chloro
groups was obtained in satisfactory vyields. In siir a
significant steric effect was observed when introdgci
substituents into theneta- and ortho-positions. Taking chloro-
substituted benzoic acid as an example, the el gecreased
sharply with increased steric hindrance at the hemcsite,
displaying an order opara- (85%) > meta- (72%) > ortho-
(22%). With the twometa-positions fully substituted by chloro
groups, a yield of only 41% of the ester was obtirdiphatic
carboxylic acids could also be employed as facilestrates that
provided the corresponding ester in acceptabledyielThe
expected intramolecular esterification was not detédn the
case of eitherlj or 1k. In fact, the self-esterification ofj
proceeded poorly in the absence2afunder identical conditions,
generating 5-phenyldihydrofuran-2(3H)-one in a yielfd 21%
(Scheme S4). Finally, various heteroaromatic acidigh the
exception of piperidine-4-carboxylic acid, were fdumo be
tolerated in this catalytic system, and they aféakdtheir
cyclohex-2-en-1-yl carboxylates in moderate yields.

3

Table 3. C(sp)-H esterification of2a with carboxylic acid

derivatives’

CoCl, (10 mol%)
@ DTBP (2.0 equiv.) 0
OH DCE (1mL) R1J\°
10.0 equiv. 4A MS
2a 120°C, 18h

3aa (R = H), 81%" (80%") 3ia (n = 1), 65%° (63%)
3ba (R = p-OMe), 80%" (78%¢) 3ja (n = 2), 61% (58%")
3ca (R = p-CN), 87% (84%¢) 3ka (n = 4), 61%° (58%)

3da (R = p-NOy), 89%P (87%) /@
o

3ea (R = p-Cl), 87%" (85%")
3na, 24%° (22%%)

3fa (R = m-Cl), 74%P (72%%)

3ga (R = 0-Cl), 25%P (22%¢)
3ra, 0%¢

3ha, 42% (41%%)

R)OI\OQ

3la (R = Me), 26%°
3ma (R = Et), 26%°

SR

3qa, 65%¢ (63%¢)

o Q

30a (X = 0), 79%° (76%Y)

3pa (X = S), 83%° (80%Y)
# Reaction conditionsi (0.5 mmol),2a (10.0 equiv.), CoGI (10 mol%),
DTBP (2.0 equiv.), DCE (1 mL), MS (4A, 165 mg), 12G, 18 h, under
argon;” Yields determined by GC with biphenyl as an in#érstandard®
Yields determined b§H NMR with CH,Br, as an internal standarbisolated
yield.

In these experiment, a slightly faster rate of degosition of
DTBP with increasing CoGlloading was observed for the
reaction (Figure S3), indicating that an inducedoseposition
occurred to concomitantly generate [30t-Bu and t-BuOs,
which was in agreement with Kochi's observatiofis The
subsequent reaction pathway was highly dependenthen t
reactivity of [Cd']Ot-Bu since both the C-Hs bonds in
hydrocarbons and carbon radicals are potentialigtiee in the
presence of cobaltic complexgs?

R1C(O)0R2ﬁ

[Co"OCO)RY -t BuOH

Py

t-BuOH RIC(O)OH (1)

CoCl, t-BuOOt-Bu

1/2 t-BuOOt-Bu

ﬁ - Me,C(0)

t-BuOs — > Me-

+[Co'"lOC(O)R: +R%
- CoCl,

R1C(O)OMe (4) R2Me (6)
byproduct

R2H (2
( )t BuO-

[Co'"Ot-Bu

Scheme 2.Proposed catalytic cycle for cobalt-catalyzed atice
esterification of hydrocarbons with carboxylic acid

To better illustrate the fate of theBuOe radical and
[Co(l11)]Ot-Bu concomitantly formed upon the reaction of Cp(ll
with DTBP in the catalytic process, we employeas the single
substrate for oxidation. The reaction of DTBP (3.6hal) with
2a (5.0 equiv.) in the presence of Ce@0 mol%) at 120 °C for
24 h gavebain a yield of 35%, along with a small amount6af
(Scheme S3). The desired etherte8t{butoxy)cyclohex-1-ene,
formed upon ligand transfer was not detected atsafyjgesting
the limited reactivity of [Co(lll)]J@Bu as a single electron
transfer reagent. Indeed, both competitive and peddent
experiments revealed that the cobaltic salts forinesitu, such
as [Co(ll)]&x-Bu and [Co(lI]OC(O)Ph, did not engage in
hydrogen atom abstraction (HAA) of an R—H bond in lastate
under these conditions (Table S2 and S3).

We therefore hypothesized that [Co(llI}}Bu rapidly reacted
with the carboxylic acid to form [Co(lll)]OC(O)R areBuOH,
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while t-BuOe undergoes facile HAA with hydrocarbons to effectively created a synthetic route fodamascenone that

generate a carbon radical (Scheme 2). Subsequéntycarbon
radical reacted with [Co(ll)]OC(O)R, which releasdt tester
product and regenerated a [Co(ll)] species to cetapithe
catalytic cycle.

H H

O CHj
CoCl; (10 mol%)
ae

o
OH 2e DTBP (2.0 equiv.) 3
+ or I or
DCE (1 mL)
D ppD 4AMS, 120 °C O CDy D
la D
CD; 0 0O1h o D
KIE =1.9+0.5 D
D D D D
D D
2e-dyp 3ae-dg

Scheme 3Kinetic isotope effect study on competitive edteation
of 2evs. 2e-d;.

Labeling experiments of the independent reactidnsacand

2evs. 2e-d10 were conducted in separated vessels to estimate tlg?

kinetic isotope effect (KIE). In these experimerttg value of
the KIE was calculated from the initial rate of esieation of 2e
with larelative to that oRed;, (Scheme 3 and Figure S7). The
obtained value was remarkably 1.9(5), indicatingt tiiae
cleavage of the benzyl C—H bond was the turnovetihignistep.

o]
1a (1.1 equiv.) _
0 CoCly (10.0mol%)
_~_ DTBP (2.0 equiv.) TsOH (20 mol%)
—_—

sen

—_—
DCE (1 mL) 0.0 toluene (10 mL)
4AMS 50°C, 12h
2h 120°C, 18h 5 3ah yield: 74%  -damascenone
yield: 61%

Scheme 4Synthetic route t@-damascenone.

Encouragingly, the esterification @h at the allylic position
of the ring, rather than the linear one, proceestadothly using
this newly developed protocol, generatBah in a yield of 61%
when reacting2h with a slight excess dfa under the standard
reaction conditions (Scheme 4). Th&ah dehydrocarboxylated
readily using the conditions reported by Delmdhdhereby
generating the desired produptdamascenone, in a good yield
(74%). In contrast with the reported two-step dehgdmation
method, requiring an initial oxidative brominatioand a
subsequent dehydrobrominatinwe offer here a synthetic
pathway that avoids the use of N-Bromosuccinimide $NB
which has the potential to im-prove the product sjpeadion.

3. Conclusions

In summary, we have introduced a cobalt-catalyzedative
esterification of allylic/benzylic C(Sp-H bonds with a variety of
carboxylic acids to produce the corresponding gsteducts. The
limitations of hydrocarbon structure were identifiechich were
partially due to ester instability under the reactconditions. We
speculated that the ester was significantly decaibted. We are
currently investigating this further for more soleVvidence.
Mechanistic studies of this newly developed cobattlyzed
oxidative esterification of allylic/lbenzylic C&pH bonds
indicated that the hydrocarbon C—-H bond activatioas the
turnover-limiting step, and the transient [Co(I0}}Bu species
did not engage in HAA of a-@4 bond. The developed method

avoided the use of NBS.
4. Experimental section

4.1. General procedure for C—H esterification of 2a with various
carboxylic acids (1)

A DCE solution (1 mL) was prepared under argon cangjst
of carboxylic acids (0.5 mmol), 2a (534, 5.0 mmol, 10.0
equiv.), CoC} (6.5 mg, 0.05 mmol, 10.0 mol%), DTBP (188,
1.0 mmol, 2.0 equiv.), and molecular sieves (4A,.Q689) in a
sealed reaction tube with a stirbar. The mixture thas heated
to 120C and reacted for 18h, thereafter being filteremugh
diatomite to remove the catalyst. The residue wadsaeted by
diethyl ether (3 x 5mL). Afterwards, the combined aig
filtrate was dried by N&O, overnight and concentrated. The
respective ester was afforded through purificatign cblumn
chromatography on silica gel.

4.2. General procedure for C—H esterification of various
hydrocarbons (2) with 1a.

A DCE solution (1 mL) was prepared under argon cangjst
la (61.4 mg, 0.5 mmol), hydrocarbons (5.0 mr6Ip equiv.),
CoCl, (6.5 mg, 0.05 mmol, 10.0 mol%), DTBP (132, 1.0
mmol, 2.0 equiv.), and molecular sieves (4A, 165@) im a
sealed reaction tube with a stirbar. The mixture thas heated
to 120C and reacted for 18h, thereafter being filteremugh
diatomite to remove the catalyst. The residue wadseted by
diethyl ether (3 x 5mL). Afterwards, the combined aoig
filtrate was dried by N&O, overnight and concentrated. The
respective ester was afforded through purificatign cblumn
chromatography on silica gel.

4.3. Procedure for synthesis of 3ah

A DCE solution (1 mL) was prepared under argon cangjst
of 2h (96.6 mg, 0.5 mmol), 1a (67.5 mg, 0.55 mnidl, equiv.),
CoCl, (6.5 mg, 0.05 mmol, 10.0 mol%), DTBP (132, 1.0
mmol, 2.0 equiv.), molecular sieves (4A, 165.0 mygprisealed
reaction tube with a stirbar. The mixture was theatdée to
12FC and reacted for 18h, thereafter being filterecbugh
diatomite to remove the catalyst. The residue waseted by
diethyl ether (3 x 5mL). Afterwards, the combined aig
filtrate was dried by N&O, overnight and concentrated, which
was purified by column chromatography on silica (@eltroleum
ether/ethyl acetate 30:1) and providah in a yield of 61%.

4.4, Procedure for synthesis of S-damascenon

A reaction tube was charged wilah (156.2 mg, 0.5 mmol),
toluene (10 mL). After the addition of TsOH (17.4 rAgmol%),
the reaction mixture was stirred at 8D under argon for 12h.
The products were extracted by diethyl ether (3 X.)priThe
combined organic extract was dried by,81@, overnight and
concentrated, then purified by column chromatogyap silica
gel (CHCI,) and provide@-damascenone in a yield of 74%.

4.5. NMR characterization of products

Table 2.3aa 'H NMR (600 MHz, CDC}, 298 K): & = 8.05
(ddm, %3, = 8.3 Hz,%Jy, = 1.3 Hz, 2H0-Ph), 7.54 (ddm>J,, =
7.6 Hz,*Jy= 1.3 Hz, 1Hp-Ph), 7.43 (ddmJ,y, = 8.3 Hz,* 3y =
7.6 Hz, 2H,m-Ph), 5.99 (m, 1H, =CH), 5.83 (m, 1H, =CH), 5.50
(m, 1H, OCH), 2.14 (dmiJy, = 19.1 Hz, 1H, CH), 2.04 (dm,
Jun=19.1 Hz, 1H, Ch), 1.98 (m, 1H, CH), 1.89 (m, 1H, Ch),
1.84 (m, 1H, CH), 1.71 (m, 1H, CH). *C{*H} NMR (151 MHz,
CDCl;, 298 K): & = 166.4 (C=0), 133.0p(Ph), 132.9 (=CH),



130.9 (-Ph), 129.7 if+/o-Ph), 128.4 if+/o-Ph), 125.9 (=CH),
68.7 (OCH), 28.6, 25.1, 19.1 (GH

Table 2.3ab: 'H NMR (600 MHz, CDC}, 298 K):& = 8.15
(d, %34y = 7.8 Hz, 2H-Ph), 7.62 (m3Jyy = 7.8 Hz, 1Hp-Ph),
7.50 (t,%Juy = 7.8 Hz, 2HmM-Ph), 7.46 (d2Jy4 = 7.2 Hz, IHmM
Ph), 7.34 (t*J.4, = 7.8 Hz, 1IHMPh), 7.26 (q°Juy = 7.8 Hz, 2H,
o-Ph), 6.36 (t,°Juy = 4.2 Hz, 1H, OCH), 3.02(m, 1H, GH
2.89(m, 1H, CH), 2.21(m, 2H, CH), 2.16(m, 1H, CH), 1.98(m,
1H, CHy). *C{*H} NMR (151 MHz, CDC}, 298 K): 5 = 166.3
(C=0), 138.1 (Ph), 134.8 (Ph), 133.0 (Ph), 130.8),(RR9.8
(Ph), 129.7 (Ph), 129.2 (Ph), 128.4 (Ph), 128.2,(R26.2 (Ph),
70.7 (OCH), 29.3 (Ch), 29.2 (CH), 19.2 (CH).

Table 2.3ad: 'H NMR (600 MHz, CDC}, 298 K): 5 = 8.01
(d, %34 = 7.8 Hz, 2H0-Ph), 7.47 (dd®Jy, = 13.8 Hz ),y = 7.8
Hz, 2H,m-Ph), 7.36 (t3Jyy = 7.2 Hz, 2HmM-Ph), 7.27 (m, 2Ho-
Ph), 7.20 (mH, p-Ph), 6.36 (dd3J,, = 6.6 Hz,*J,, = 4.2 Hz,
1H, OCH), 3.14(m, 1H, Ch|, 2.90(m, 1H, CH), 2.59(m, 1H,
CH,), 2.20(m, 1H, CH). *c{*H} NMR (151 MHz, CDC}, 298
K): 5 = 166.6 (C=0), 144.5 (Ph), 141.2 (Ph), 132.9 (RB).5
(Ph), 129.8 (Ph), 129.0 (Ph), 128.4 (Ph), 126.9,(P25.8 (Ph),
124.9 (Ph), 79.0 (OCH), 32.6 (GK30.4 (CH).

Table 2.3ae 'H NMR (600 MHz, CDC}, 298 K):& = 8.10
(m, 2H,0-Ph), 7.56 (m, 1Hp-Ph), 7.47 (m, 2Ho-Ph), 7.45 (m,
2H, mPh), 7.33 (m, 2Hm-Ph), 7.32 (m, 1Hp-Ph), 6.15 (q>Juu
= 6.6 Hz, 1H, OCH), 1.69 (dJ., = 6.6 Hz, 3H, CH). “*C{*H}
NMR (151 MHz, CDC}, 298 K):& = 165.9 (C=0), 141.9 (Ph),
133.0 p-Ph), 130.7 itPh), 129.8 ifr/o-Ph), 128.7 if/o-Ph),
128.5 (Ph), 128.0 (Ph),126.2 (Ph), 73.0 (OCH), 2218).

Table 3.3ba: 'H NMR (600 MHz, CDC}, 298 K):& = 8.00
(dm, *J= 9.0 Hz, 2H, Ph), 6.90 (dmJu= 9.0 Hz, 2H, Ph),
5.97 (m, 1H, =CH), 5.81 (m, 1H, =CH), 5.46 (m, 1H, OCH3$53
(s, 3H, OCH), 2.13 (dm,"J; = 18.4 Hz, 1H, Ch), 2.02 (dm,
13y =18.4 Hz, 1H, CH), 1.96 (m, 1H, Ch), 1.86 (m, 1H, Ch),
1.83 (m, 1H, CH), 1.69 (m, 1H, CH). *C{*H} NMR (151 MHz,
CDCl,, 298 K): 8 = 166.1 (C=0), 163.3-Ph"9), 132.7 6-/m-
Ph), 131.7 (=CH), 126.&¢/m-Ph), 123.4i(PH=°), 113.6 (=CH),
68.4(OCH), 55.5 (OCH), 28.56, 25.1, 19.1 (CM

Table 3.3ca 'H NMR (600 MHz, CDC}, 298 K): 5 = 8.13
(dm, Juu= 8.4 Hz, 2H, Ph), 7.72 (dnJ.,= 8.4 Hz, 2H, Ph),
6.03 (m, 1H, =CH), 5.81 (m, 1H, =CH), 5.51 (m, 1H, OCH}42
(dm, "Jyn = 17.7 Hz, 1H, CH), 2.04 (dm,"Jyy = 17.7 Hz, 1H,
CH,), 1.97 (m, 1H, CH), 1.89 (m, 1H, Ch), 1.82 (m, 1H, CH),
1.71 (m, 1H, CH). *C{*"H} NMR (151 MHz, CDC}, 298 K):&
= 164.6 (C=0), 134.7ih"™), 133.6 (=CH), 132.20(/m-Ph),
130.2 o-/m-Ph), 125.1 (=CH), 118.1-Ph™"), 116.3 (CN), 69.7,
(OCH), 28.4, 25.0, 18.9 (GM

Table 3.3da: 'H NMR (600 MHz, CDC}, 298 K): & = 8.27
(dm, 3 = 9.0 Hz, 2H, Ph), 8.21 (dmJ= 9.0 Hz, 2H, Ph),
6.05 (m, 1H, =CH), 5.83 (m, 1H, =CH), 5.54 (m, 1H, OCHJ},62
(dm, 3y = 17.9 Hz, 1H, CH), 2.06 (dm,'Jyy = 17.9 Hz, 1H,
CH,), 2.00 (m, 1H, CH), 1.91 (m, 1H, Ch), 1.84 (m, 1H, CH),
1.73 (m, 1H, CH). *C{*"H} NMR (151 MHz, CDC}, 298 K):&
= 164.4 (C=0), 150.6PH"%?, 136.4 (i-PF™), 133.8 6-/m-Ph),
130.8 (=CH), 125.10¢/m-Ph), 123.6 (=CH), 69.9 (OCH), 28.4,
25.0, 18.9 (CH).

Table 3.3ea 'H NMR (600 MHz, CDC}, 298 K):5 = 7.98
(dm, 33y = 9.0 Hz, 2H, Ph), 7.40 (dmi)yy = 8.4 Hz, 2H, Ph),
6.01 (m, 1H, =CH), 5.82 (m, 1H, =CH), 5.50 (m, 1H, OCH},52
(dm, "Jyn = 17.8 Hz, 1H, CH), 2.04 (dm,"Jy = 17.8 Hz, 1H,
CH,), 1.97 (m, 1H, CH), 1.87 (m, 1H, Ch), 1.83 (m, 1H, CH),
1.71 (m, 1H, CH). *C{*"H} NMR (151 MHz, CDC}, 298 K):&
= 165.5 (C=0), 139.3i4Ph), 133.3 (=CH), 131.10¢/m-Ph),

5
129.4 {-Ph), 128.8 ¢-/m-Ph), 125.6 (=CH), 69.1, (OCH), 28.5,
25.1, 19.0 (CH).

Table 3.3fa: 'H NMR (600 MHz, CDC}, 298 K):5 = 8.02 (s,
1H, o-PH™), 7.93 (dm 3= 7.9 Hz, 1H0-/p-Ph), 7.51 (dm>J.
= 8.7 Hz, 1H,0-/p-Ph), 7.37 (ddm3Juy = 8.7 Hz,%Juy= 7.9 Hz,
1H, m-Ph), 6.02 (m, 1H, =CH), 5.82 (m, 1H, =CH), 5.50 (m, 1H,
OCH), 2.15 (dm%Jy, = 18.0 Hz, 1H, Ch), 2.04 (dm,'Jy, = 18.0
Hz, 1H, CH), 1.97 (m, 1H, Ch), 1.87 (m, 1H, CH), 1.83 (m,
1H, CHy), 1.71 (m, 1H, CH. *C{*H} NMR (151 MHz, CDC},
298 K): & = 165.1 (C=0), 134.5i4h), 133.3, 132.9 (Ph/=CH),
132.7 {-Ph), 129.8, 129.7, 127.9, 125.5 (Ph/=CH), 69.2 (OCH),
28.5, 25.1, 19.0 (CH\.

Table 3.3ga '"H NMR (600 MHz, CDC}, 298 K): 3 = 7.80
(dm, 334y = 7.8 Hz, 1H,0-PH©), 7.43 (dm2J,= 8.4 Hz, IHM
PHY, 7.39 (ddm2Jy = 7.8 Hz,%Jy = 7.0 Hz, 1Hm-Ph), 7.30
(ddm, %3y = 8.4 Hz,*J,y = 7.0 Hz, 1Hp-Ph), 6.02 (m, 1H, =CH),
5.86 (m, 1H, =CH), 5.53 (m, 1H, OCH), 2.13 (didy, = 17.9 Hz,
1H, CHy), 2.03 (dm;J,y = 17.9 Hz, 1H, Ch), 1.97 (m, 1H, Ch),
1.93 (m, 1H, CH), 1.83 (m, 1H, CH, 1.71 (m, 1H, CH.
®C{"H} NMR (151 MHz, CDC}, 298 K): 5 = 165.6 (C=0),
133.7 {-Ph), 133.4, 132.4, 131.4, 131.1 (Ph/=CH), 13i-Bh),
126.7, 125.4 (Ph/=CH), 69.6 (OCH), 28.4, 25.1, 1€}

Table 3.3ha: 'H NMR (600 MHz, CDC}, 298 K):5 = 7.90 (d,
“J4 = 8.4 Hz, 2H,0-Ph), 7.53 (dJ,4,= 8.4 Hz, 1Hp-Ph), 6.03
(m, 1H, =CH), 5.81 (m, 1H, =CH), 5.50 (m, 1H, OCH), 2.d&(
YJyu = 19.8 Hz, 1H, CH), 2.05 (dm,"Jyy = 19.8 Hz, 1H, CH),
1.97 (m, 1H, CH), 1.88 (m, 1H, CH), 1.83 (m, 1H, Ch), 1.72
(m, 1H, CH). C{*H} NMR (151 MHz, CDC}, 298 K): § =
164.0 (C=0), 135.3, 133.7, 132.7, 132.4, 128.2, APBh/=CH),
69.8 (OCH), 28.2, 25.0, 19.0 (GH

Table 3.3ia: '"H NMR (600 MHz, CDC}, 298 K):8 = 7.29 (m,
2H, m-Ph), 7.21 (m, 2Hep-Ph), 7.20 (m, 1Hp-Ph), 5.94 (m, 1H,
=CH), 5.69 (m, 1H, =CH), 5.26 (m, 1H, OCH), 2.96'8;, = 7.7
Hz, 2H, CH“™), 2.63 (tm,*J., = 7.7 Hz, 2H, CH™, 2.08 (dm,
1Jun = 18.2 Hz, 1H, Ch), 1.98 (dm,"Jyy = 18.2 Hz, 1H, CH),
1.84 (m, 1H, CH), 1.71 (m, 1H, Ch), 1.68 (m, 1H, Ch), 1.62
(m, 1H, CH). “C{'H} NMR (151 MHz, CDC}, 298 K): 8 =
172.7 (C=0), 140.7i{Ph), 132.8, 128.6, 128.5, 126.3, 125.8
(Ph/=CH), 68.2 (OCH), 36.4, 31.2, 28.4, 25.0, 19.04CH

Table 3,3ja: '"H NMR (600 MHz, CDC}, 298 K):& = 7.28 (m,
2H, mPh), 7.19 (m, 1Hp-Ph), 7.18 (m, 2Hp-Ph), 5.95 (m, 1H,
=CH), 5.70 (m, 1H, =CH), 5.27 (m, 1H, OCH), 2.65 (m, 2H,
CH,), 2.33 (m, 2H, CH), 2.09 (dm,"Jyy = 18.9 Hz, 1H, CH),
1.99 (dm,"Jyy = 18.9 Hz, 1H, CH), 1.96 (m, 2H, CH), 1.87 (m,
1H, CHy), 1.73 (m, 1H, CH), 1.72 (m, 1H, CH), 1.64 (m, 1H,
CH,). “C{'H} NMR (151 MHz, CDC}, 298 K): 5 = 173.3
(C=0), 141.6i¢Ph), 132.8, 128.6, 128.5, 126.1, 125.9 (Ph/=CH),
68.0 (OCH), 35.3, 34.2, 26.8, 28.5, 25.0, 19.0 {CH

Table 3,3ka: 'H NMR (600 MHz, CDC}, 298 K):5 = 7.28
(m, 2H,m-Ph), 7.18 (m, 1Hp-Ph), 7.17 (m, 2Hp-Ph), 5.95 (m,
1H, =CH), 5.69 (m, 1H, =CH), 5.27 (m, 1H, OCH), 2.62 (i, 2
CH,), 2.30 (m, 2H, Ch), 2.09 (dm,"J,; = 16.8 Hz, 1H, CH),
1.99 (dm,"J,= 16.8 Hz, 1H, CH), 1.86 (m, 1H, Ch), 1.72 (m,
2H, CH), 1.66 (m, 5H, Ch), 1.38 (m, 2H, CH). *C{*H} NMR
(151 MHz, CDC}, 298 K):5 = 173.6 (C=0), 142.74h), 132.7,
128.5, 128.4, 125.9, 125.8 (Ph/=CH), 68.0 (OCH), 3347,
31.2,28.9, 25.1, 28.5, 25.0, 19.0 (§H

Table 3,3na 'H NMR (600 MHz, CDC}, 298 K):8 = 7.69 (d,
$Jun= 16.2 Hz, 1H, =CH™), 7.52 (m, 2Hm-Ph), 7.38 (m, 1Hp-
Ph), 7.37 (m, 2Hp-Ph), 6.45 (dJ,= 16.2 Hz, 1H, =CH),
6.00 (m, 1H, =CH), 5.79 (m, 1H, =CH®), 5.41 (m, 1H,
OCH), 2.13 (dm™Jyy = 20.0 Hz, 1H, Ch), 2.02 (dm,'Jyy = 20.0
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Hz, 1H, CH), 1.95 (m, 1H, Ch), 1.81 (m, 2H, CH), 1.68 (m,
1H, CH,). *C{*H} NMR (151 MHz, CDC}, 298 K):5 = 166.8
(C=0), 144.6, 118.8, 134.7, 132.9, 130.3, 129.0,.2,2826.0
(Ph/=CH), 68.3(0OCH), 28.6, 25.1, 19.1 (§H

Table 3,30a 'H NMR (600 MHz, CDC}, 298 K):& = 7.56
(m, 1H, CHY, 7.16 (m, 1H, CH), 6.49 (m, 1H, CHY), 6.01 (m,

1H, =CH), 5.80 (m, 1H, =CH), 5.49 (m, 1H, OCH), 2.13 (dm,

"Jyu = 18.1 Hz, 1H, CH), 2.02 (dm,"Jyy = 18.1 Hz, 1H, CH),
1.96 (m, 1H, CH), 1.86 (m, 1H, Ch), 1.81 (m, 1H, Ck), 1.69
(m, 1H, CH). C{*H} NMR (151 MHz, CDC}, 298 K): § =

158.7 (C=0), 146.3 (Fu/=CH), 145.2Ru), 133.3, 125.5, 117.8,

111.9 (Fu/=CH), 69.0 (OCH), 28.5, 25.0, 19.0 (CH

Table 3,3pa: '"H NMR (600 MHz, CDC}, 298 K):& = 8.0 (s,
1H, CHY), 7.41 (s, 1H, CH), 6.74 (s, 1H, CH), 5.98 (m, 1H,
=CH), 5.78 (m, 1H, =CH), 5.44 (s, 1H, OCH), 2.12 (ddy, =
17.9 Hz, 1H, CH), 2.02 (dm,"Jyy= 17.9 Hz, 1H, Ch), 1.94 (m,
1H, CHy), 1.81 (m, 2H, CH), 1.68 (m, 1H, Ch). **C{*"H} NMR

(151 MHz, CDC}, 298 K):3 = 163.0 (C=0), 147.8, 143.7, 132.9,
125.9 (Fu/=CH), 120.0Fu), 110.0 (Fu/=CH), 68.4 (OCH), 28.5,

25.0, 19.1 (CH).

Table 3,3ga: 'H NMR (600 MHz, CDC}, 298 K):5 = 7.79
(dd, *J = 3.6 Hz,%Ju= 1.2 Hz, 1H, CH™), 7.53 (dd 23 = 4.8
Hz, ®J4= 1.2 Hz, 1H, CH™), 7.06 (ddJ= 4.8 Hz,*)= 3.6

Hz, 1H, CH™), 5.99 (m, 1H, =CH), 5.82 (m, 1H, =CH), 5.47 (m,

1H, OCH), 2.13 (dm%Jyy = 17.8 Hz, 1H, CH), 2.02 (dm,"Jyy=

17.8 Hz, 1H, CH), 1.95 (m, 1H, Ck), 1.87 (m, 1H, Ch), 1.81
(m, 1H, CH), 1.68 (m, 1H, CH. “C{'H} NMR (151 MHz,

CDCl, 298 K): 6 = 162.1 (C=0), 134.6i{Thio), 133.3, 133.1,
132.3, 127.8, 125.6 (Thio/=CH), 69.1 (OCH), 28.5, 23.9.0
(CH,).

Scheme 43ah: '"H NMR (600 MHz, CDC}, 298 K):5 = 8.06
(m, 2H,0-Ph), 7.57 (m, 1Hp-Ph), 7.45 (m, 2Hm-Ph), 6.81 (m,
1H, =CH), 6.19 (m, 1H, =CH), 5.50 (m, 1H, OCH), 2.11 (#d, 1
CH,), 1.96 (m, 3H, CH"), 1.92 (m, 1H, CH), 1,73 (m, 1H,
CH,), 1.58 (s, 3H, CH), 1.54 (m, 1H, Ch), 1.11 (s, 3H, Ch),
1.08 (s, 3H, Ch). *C{'"H} NMR (151 MHz, CDC}, 298 K):5 =
200.5 (C=0), 166.5 (C=0), 146.7, 146.0, 134.0, 13330.6,
129.8, 128.5, 128.0 (Ph/=CH/=C), 71.8 (OCH), 35.9,(84.1,
28.8 (CH) 27.8, 25.6, 18.7, 18.0 (GH

Scheme 4B-damascenonH NMR (600 MHz, CDCJ, 298
K):(1 6.81 (dm>Jy = 15.7 Hz, 1H, =CH°) 6.17 (dqJy = 15.7
Hz, “Jyq = 1.6 Hz, 1 H, =CI¥°), 5.83 (dmJyy = 9.6 Hz, 1 H,
=CH®), 5.78 (dm>2J = 9.6 Hz, 1 H, =CH™), 2.09 (dd 33,y =
4.2 Hz,*Jyy = 1.6 Hz, 2H, CH), 1.92 (ddm2Jy, = 6.9 Hz,"Jy =
1.6 Hz, 3 H, CH"™"), 1.62 (s, 3 H, CK™), 1.02 (s, 6 H,
2xCH,). “C{'H} NMR (151 MHz, CDC}, 298 K): 11201.2
(C=0), 146.5 (CM°), 139.4 (=C§™), 134.7 (=CH™), 128.2
(=Cd"), 128.1 (=CH"™), 127.4 (=CH9, 39.5 (CH), 33.9
(CMe,), 26.4 (XCHj), 19.6 (CH®), 18.6 (CH™").
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