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Abstract

This thesis describes the development of “New Reactive Iron Carbonyl Reagents
for Double Carbonylation of Alkynes and New Synthetic Methods Using
Cyclobutenediones and Aromatic Diketones”. It comprises of three chapters. Each
chapter is subdivided into four parts Introduction, Results and Discussion, Conclusions
and Experimental Section along with References. The work described in this thesis is
exploratory in nature and the chapters are arranged in the order investigations were
executed.

The first chapter describes investigations on the reactions of alkynes with iron
carbonyl species, prepared in situ using Fe(CO)s/NaH/Mel and Fe(CO)s/t-BuOK reagent
systems. In the introductory section, a brief review on the cyclocarbonylation reactions of
alkynes with various iron carbonyl reagents is presented.

We have observed that the iron carbonyl complexes prepared in situ using the
Fe(CO)s/NaH/Mel reagent combination and alkynes 1 at 25 °C give the corresponding
cyclobutenediones 2 in 50-65% yields after CuCl,2H,0 oxidation (Scheme 1).

Scheme 1

1). Mel

2). R—=——R" Rjio
1
+
Fe(CO)s + NaH 3). CuCl,.2H,0 '
THF/25 °C R 2 ©
50-65%

We have also investigated the use of alkoxides to prepare the coordinatively

unsaturated iron carbonyl species from Fe(CO)s. We have observed that +-BuOK reacts
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with Fe(CO)s to give reactive iron carbonyl intermediates which in turn reacts with alkynes
1 at 70 °C to give the corresponding cyclobutenediones 2 in 70-93% vyields after
CuCl,.2H,0 oxidation (Scheme 2).
Scheme 2

R"

‘ ‘ 1). Fe(CO)s/t-BuOK R"t iO

THF/70 °C/11 h
R'  2).CuCl,. 2H,0

1 2
70-93%

It was observed that addition of Et;N and acetyl chloride to the alkyne-iron carbonyl
complex formed in the reaction of Fe(CO)s with +-BuOK and alkyne 1a in THF, leads to
the formation of the 1,2-acyloxyferrole complex 3 in good yields 75% (Scheme 3). The

structure of the acyloxyferrole complex 3 was identified by single crystal X-ray analysis.

Scheme 3
1). THE/70 °C/2 h Ph
2). P—==—Ph /25°C/2 h Ph
1
Fe(CO)s 4+ -BuOK 2 > A Fe\(ccgh
3). CH3COCVEL;N/ 25 °C/10h  CH3CO \F/e
CH,COO
3 (CO),
3
75%

We have found that the Fe;(CO)o/t-BuOK reagent system also reacts with alkynes 1
at 75 °C in THF solvent to provide the corresponding cyclobutenediones 2 in 63-90% yields

after CuCl,.2H,0 oxidation (Scheme 4).
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Scheme 4

R"
‘ ‘ 1). Fey(CO)/-BuOK R );ﬁo
(o]
| THEF/75-25 °C/8.5 h " o
R 2). CuCly. 2H,0
1 2
63-90%

We have also observed that the iron carbonyl species prepared in situ using the
Fe(CO)s/t-BuOK/CH3;COOH/CH,Cl, reagent system reacts with alkynes to give a,p-

unsaturated carboxylic acids 4 in 60-78% yields after CuCl,2H,0 oxidation (Scheme 5).

Scheme 5
1). THF/60 °C/45 min. R\ R
0
Fe(CO)s + +-BuOK 2). CH;COOH/ 25 °C/1 h _ o
3). DCM/25°C/1 h HO
4).R' :1 R"/25°C/10h 4
5). CuCl,.2H,0 60- 78%

Investigations carried out on the methods of functionalization of cyclobutenediones
are discussed in chapter 2. In the introductory section, a brief review on the enamine and
iminium ion based secondary amine catalyzed organic transformations are described to
facilitate the discussion. We have observed that 3-alkyl-4-phenylcyclobut-3-ene-1,2-diones
2b undergo stereoselective aldol reaction with various aldehydes in the presence of 20
mol% pyrrolidine to give the alkenyl substituted cyclobutenediones 5 in good yields
(Scheme 6). The stereochemistry of the aldol adduct 5 was confirmed by single crystal X-

ray analysis.



Scheme 6

Pyrrolidi Ar
. yrrolidine |
R\ O (20 mol%) R" Y
| + Ar-CHO > |
PHK O MeOH/25 °C/1 h P O
2b 5
78-91%

Further, we have found that 3,4-diethylcyclobut-3-ene-1,2-dione 2¢ undergoes aldol
reaction with various aldehydes in the presence of 20 mol % of pyrrolidine to provide the
highly conjugated dialkenyl substituted cyclobutenediones 6 in excellent yields (Scheme

7). The structure of 6 was identified by single crystal X-ray analysis.

Scheme 7
Ar H
Pyrrolidine |
CoHs o (20 mol%) H,C 0
+ ArCHO >
MeOH/25 °C/1.5h HAC

C,H; 0 3 | 0

Ar H

2c 6
70-85%

We have observed that acetone undergoes Michael reaction with 3,4-
diphenylcyclobut-3-ene-1,2-dione 2a in the presence of 30 mol% of L-proline to provide

the corresponding 1,4-addition product 7 in 75% yield (Scheme 8).

Scheme 8
H;C._O
Ph o o 1). L-Proline Ph o
(30 mol%)
v M :
H,C~ “CH; DMS0/25°C/5h
Ph ¢} 2). aq.NH,CI Ph OH
2a 7

75%
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Interestingly, = with  3-aryl-4-(trimethylsilyl)cyclobut-3-ene-1,2-diones ~ 2d,
desilylated Michael addition products 8 are formed in 52-75% yields (Scheme 9). The

structure of 8 was identified by single crystal X-ray analysis.

Scheme 9
H,C : ol
. 1). L-Proline
MeSi O j\ (30 mol%) H 0
+
H;C~ “CH;  DMSO0/25 °C/5-15 min.
Ar 0 2). aq.NH,CI Ar 0
2d 8
52-75%

Desilylation is also observed in the reaction of 3-phenyl-4-(trimethylsilyl)cyclobut-

3-ene-1,2-dione 2e, with alkyl magnesium bromides at —40 °C (Scheme 10).

Scheme 10
SiMe3 O THF R 0
Jz\i * RMgbr 40 °C/15 mi
PH 0 - min.  pK 0
2e 2
40-51%

The results on the reactivity pattern of the TiCly/tertiary amine reagent system with
aromatic diketones are discussed in chapter 3. Previously, it was observed in this
laboratory that the 3,4-diphenylcyclobut-3-ene-1,2-dione 2a reacts with TiClsy/N,N-
diethylaniline reagent system to give the corresponding butenolide 9 in 65% yield besides

the 1,4-diketone 10 in 12% yield (Scheme 11).
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Scheme 11

Et,N

» 3
NEt, Ph O NEt,
Ph 0 1). TiCl,/PhNEt,/CH,Cl o
e T O
+ Ph NEt,
M 40 °C-25°C/6 h Ph

(0]
Ph
2). aq. K,CO 0)
2a )- aq. K,CO3 9 10
65% 12%

We have examined the reaction of aromatic diketones such as
acenaphthenequinone, phenanthrenequinone and anthraquinone. Whereas the
phenanthrenequinone and anthraquinone did not react with TiCls/N,N-dialkylaniline
derivatives under ambient conditions, the acenaphthenequinone 11 reacts with N,N-
dialkylaniline in the presence of TiCl, to give the corresponding diarylacenaphthylene 12 in
62-75% yields (Scheme 12). The structure of diarylacenaphthylene 12 was confirmed by
single crystal X-ray analysis.

Scheme 12

R N.
R!
zR'
O DCM/0-25 °C/1.5h O

R, R' = alkyl

12
62-75%

11

A general method of conversion of the readily accessible 1,2-diaryl-1,2-

dihydroacenaphthylene-1,2-diol 13, 9,10-dihydroxy-9,10-diarylphenathrene 15 and 9,10-



xiii

dihydroxy-9,10-diarylanthracene 17 to the corresponding diarylacenaphthylene 14,
phenanthrene 16 and anthracene 18 derivatives has been developed using low valent
titanium species prepared in sifu using the TiCls/Et;N reagent system (Scheme 13).

Scheme 13

OH OH

Ar Ar
0.0 =
1 3

CH2C12/15-30 min.

80-92%

35 31,

CH,Cl,/10-30 min.

TiCly/Et;N ——  "Ti(II) "

Ar. OH 70 88%

LD
HO  “Ar
17

CH,Cl,/5-30 min.

Ar
18
61-85%

The results reported in this thesis are discussed considering mechanisms involved in

these transformations and comparison with literature reports.

Note: Scheme numbers and compound numbers given in this abstract are different

from those given in the chapters.



Chapter 1

New Reactive Iron Carbonyl Reagents for Double

Carbonylation and Hydrocarboxylation of Alkynes



1.1 Introduction

In recent years, the metal carbonyls are increasingly used in organic synthesis.
Many transition metals form stable neutral metal carbonyls, anionic metal carbonyls,
hydrido metal carbonyls and their derivatives.'"™ These carbonyl complexes display unique
reactivities in isomerization, oligomerization, carbonylation and polymerization
processes.™® They have been also used extensively in C-C bond forming reactions.””
Among various transition metal carbonyls, the organoiron complexes have been used in all
these processes.”

We have undertaken efforts to prepare the reactive iron carbonyl reagents from
readily accessible iron carbonyls for developing new organic synthetic methods using
alkynes. The results are discussed in this chapter. A brief review on the reactions of

alkynes and iron carbonyl reagents will be helpful for the discussion.
1.1.1 Reactions of alkynes with iron carbonyl reagents

Organoiron chemistry was started by the discovery of pentacarbonyliron in 1891
independently by Mond '° and Berthelot."! Another milestone was the discovery of the
organometalic complex ferrocene in 1951 by Kealy and Pauson.'? Since this thesis mainly
deals with synthesis and applications of cyclobutenediones prepared by the reaction of
alkynes and iron carbonyls, a review on various reactions reported between iron carbonyl

complexes and alkynes will be helpful for the discussion.



2 Introduction

Reppe first reported that, in the presence of NaOH, Fe(CO)s and acetylene 1 react to
give the iron complex of the formula (HC=CH)H,Fe,(CO)s 2."* The structure of this iron
complex containing two acidic hydrogens was proposed by Steinberg ez al (Scheme 1).'*

An improved method for the preparation of the complex 2 was also reported.'

Scheme 1
H H
NaOH + Fe(CO)s — = 3 (OC)3Fey_JFe(CO),
A A

RI=R2=H HO
OH

2
45%

Later, Hock et al ' also studied the organoiron complexes reported by Reppe.'’
They isolated the iron complex 3 in the reaction of but-2-yne 1 with alkaline solution of
Fe(CO)s., The structure of the iron complex 3 was determined by X-ray crystallographic

data (Scheme 2)."

Scheme 2
o OH
ji?F (CO)
Fe(CO)s Fe(CO);
1 — 2 >~
R R aqalkali . R! \\Fe(CO)
1 OH 3
R'=R?=CH, 3

Tetraphenylferrole iron complex Sa was prepared by the reaction of Br,Fe(CO)4
with 1,4-dilithio-1,2,3,4-tetraphenylbutadiene 4. The 1,4-dilithio-1,2,3,4-tetraphenylbuta

diene 4 was in turn prepared by the reaction of diphenylacetylene 1 with Li ((Scheme 3)."°
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Scheme 3
1 R®
R! R! R _
Rl - R2 Ll / \ BrzFe(CO)4 - \{(‘:\0)3
— - >, . 2 1
1 R Li LiR R R2 FG(CO)3
R'=R%?=Ph 4 5a

The ferrole derivatives 5 were also prepared by the reaction of alkynes 1 with the
benzalacetone iron complex 6 in benzene under refluxing conditions (Scheme 4)."’

Scheme 4

2
\Q)K Rl R
6 -
o Fe(CO);s

R'—=r =R1\\\

C¢Hy/reflux R2 Fe(CO)s
1 1 2 5
R'=R*“=aryl, alkyl
LAy 8-50%

Mono substituted alkynes react with HFe;(CO);;” in acetone to give iron carbonyl
complexes of the type 7. The complex 7 is converted to 8 quantitatively under CO pressure

in 24 h (Scheme 5)."

Scheme 5
R’ co
H RUH,C % - )3
Acetone CH,Cl, W( R
[PPhs][HFe5(CO);,] + R'C=CR2———» e(CO); > /=Fe(CO);3
3 3 11 > 20 °C (OC)5FS
200 OC);Fe— rt to -
rt10 20 °C/2 h (OCKFES ZFe(CO); tio 2070 \S)
1 R'=aryl, alkyl 7 8
R*=H 25-45%

Iron alkoxycarbene 9 reacts with alkynes under slightly elevated CO pressure to

give Fe(CO);-complexed 6-alkoxy-2-pyrones 10 (Scheme 6)."
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Scheme 6

1 t-Bu
R 0 |
-B
:_J\t u N | | 3 atm of(iO . EtO)\(\ R2
(OC)4Fe CH,Cl,/70 °C/1h 1 Fe(CO),

OEt R2 R
9 1 R'=Ph,R*=H 10

39%

Pentacarbonyliron and two equivalents of trimethylsilylacetylene undergo [2+2+1]
cycloaddition reaction to provide the tricarbonyliron complex of 2,5-

bis(trimethylsilyl)cyclopentadienone 11 as a single regioisomeric product at 140 °C

(Scheme 7).20
Scheme 7
O
Rl Rl Rl
| | Fe(CO)s/140 °C _ \ (/
Lo RI=siMe; R=H R? L (33)3
1 11
2 eq 69%

Recently, it was reported that the Fe(CO)s react with N, N-dimethylaminoacetylene
to give the ferrabicyclobutenone complex 122" which on further reaction with one more
equivalent of N,N-dimethylaminoacetylene gives the cyclopentadienone complex 13 at —50
°C in THF.?' The complex 12 undergoes decorbonylation under refluxing conditions in

toluene to give the tricarbonyl iron complex 14 (Scheme 8).*!
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Scheme 8
0
R! R!
R'=—C=C—R> _ \ | /
THF/-50 °C R | R2
1
R!—C=C—R? R OCFe,co Fe(CO)
Fe(CO)s 1 77 C0 ——| R'-R*-NMe, 13
THF/-50°Ct0-30°C g2 0 89%
12 ocC
toluene . OC-~fe-CO
reflux R! ARZ
14
95%

The Fe(CO)s reacts with eneynes 15 in the presence of CO under photochemical

conditions to give the tricarbonyliron benzoquinone complexes 16 and 17 (Scheme 9).*

Scheme 9
Me O Me O
Me (s Me + T
H— . co Fe(CO)s . (0C);Fe— (OC);Fe—0
/\\ THF/-10 °C/hv
O O
15 16 17

The trimetallic product 19 was obtained in the reaction of 2,4-hexadiyne 18 with
Fe3(CO);5 in toluene solvent at refluxing conditions (Scheme 10).”

Scheme 10

(0C);E€

Toluene > (OC);Fé

reflux/16h

Fe;(CO)p, + ———=
18

7%
The 2,4-hexadiyne 18 reacts with Fe(CO)s in THF under photochemical conditions

to give the alkynyl substituted maleoyl iron complex 20 (Scheme 11).**
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Scheme 11
o O
h
Fe(CO)s + - — " 5 | Fe(CO),
THF
18 e}
20

1,6-Diynes 21 react with Fe(CO)s at 135 °C under CO pressure to give the

corresponding cyclopentadienone-Fe(CO); complex 22 (Scheme 12).%

Scheme 12
(COpEe R
— R -7
= Fe(CO)s =0
= R toluene/135 (.)C
21 CO(75-80 psi) 2 R

R = Me or SiMe; 80-87%
1,7-Cyclododecadiyne 23 reacts with Fe(CO)s to give the iron carbonyl complexes

24 and 25 (Scheme 13).%°

Scheme 13
@ racoy Q\@ Ojg
Cco” ' CO
co Fe(CO)3
CO
23 24- (major) 25- (minor)

In the presence of Fe(CO)s diphenylacetylene and diphenylketene 26 undergo

cycloaddition reaction to give the corresponding cyclopentenedione 27 at 150 °C (Scheme

14).7
Scheme 14
1 0
., Pn Fe(CO)s R
R—~R> >:c:o . 0
PH itylene/150 °C 2
memyene R Ph
1 26 Ph
R'=R%?=Ph 27

62%
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It has been reported that Fe,(CO)y reacts with 1,2-bis((trimethylsilyl)ethynyl)-
benzene 28 to give the metallacycle 29 that upon photolysis gives the corresponding metal
free cyclopentadienone 30 (Scheme 15).*

Scheme 15

SiMe:;

=
Fey(CO)y Fe(CO);

~Fe(CO);s hv Me;Si SiMe;

benzene/80 °C/hv
SiMe, Pk Ph
28 29 30
58%

7/ \

SiMe, benzene

The Fe3(CO), reacts with diisopropylacetylene to give the corresponding
tricarbonyliron cyclopentadienone derivative 31 at 176 °C, which on further reaction with

trimethylamine N-oxide gives the metal-free cyclopentadione 32 in 71% yield (Scheme

16).%
Scheme 16
(0] O
Rl 1 Rl 1
., 176°C)2h \ 1/ R Me;NO R
Fey(CO), + R'—R* ——— > \ e
2 2 2 2
R'=R2%=j.p R R R R
1 e Fe(CO),
31 32
71%

The  Fe(CO)s/MesNO  reagent  system  reacts  with  alkynes  and
phenylpropadienylsilane 33 under photochemical conditions to give the substituted
cyclopentenones 34 and 35.>° When the reaction was carried out under thermal conditions,

the product mixture was obtained in only 18% yield (Scheme 17).*°
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Scheme 17
o
Ph Rl Rz
:C:< b Rl— g2 Fe(CO)s/Me;NO .
SiMe3 hv/1 h Ph / Rz Ph / Rl
33 1 . .
SiMe; SiMe;
R'=Ph,R*=H 34 35
54% 12%

Reaction of dicyclopropylacetylene 36 and Fe;(CO);, at 180 °C gives the
corresponding hexacyclopropylbenzene 37 as well as the iron carbonyl derivative of the
cyclopentadienone 38 (Scheme 18).”"

Scheme 18

_ (sealed tube)
Fe;(CO)j, + | > ——< -

180 °C/2 h

36
37 38

20% 30%
The phthalylironcarbonyl complex 40, prepared by the reaction benzocyclobut-
enedione 39 and Fe(CO)s, reacts with alkyne to give the corresponding naphthoquinone 41

(Scheme 19). >

Scheme 19
O Q i R!
Rl — R2

©i _Fe(CO)s <j:‘<l<}?e(c0)4 D U O‘
2
o R

e}
39 40 41
R'=Et, R?>=OFt 74%

Also, the maleoyl iron complexes 42, prepared from their respective

cyclobutenediones and iron carbonyls, react with alkynes to give the corresponding
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benzoquinones 44 (Scheme 20).%%5

Here, intermediate of the type 43 was postulated to
account for the quinone formation. The reaction occurs by insertion of an alkyne to the
maleoyl iron complex 42, giving metallacycle 43 which then undergoes reductive

elimination to yield the corresponding benzoquinone 44 (Scheme 20).

Scheme 20

o
R 0 Rl— Fe((:O)4 R R'
| Fe(CO) ] Reductlve
R 4 insertion ehmmatlon R R2
o

0)

£
R, R!,R2= aryl, alkyl
anyh aly 22-99%

The tricarbonyl[2-ethoxy-3-phenylbuta-1,3-diene-1-one iron (0)] complex 46
obtained in the reaction of Fe(CO)s with 1-bromophenylethene 45 in the presence of n-
butyllithium and triethyloxonium tetrafluoroborate reacts with alkynes to give the

corresponding catechol derivatives 47a and 47b (Scheme 21).**

Scheme 21
1) n—BuLi OH OH
2) Fe(CO)s EtO I EtO

Br. H  3)ELO.BE, \/ THE FO R

= > Fo(CO);—— | | - -

PH H THF/-78 °C/3 h Ph/\( , reflux/24-48 h Phi R2 Ph

25°C/4 h R H
H
45 46 1 47a 47b
35-92 %

In the presence of Fe(CO)s and CO, enyne 48 undergoes cyclocarbonylation to give

the alkenyl substituted benzoquinone derivatives 49a and 49b (Scheme 22).%!
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Scheme 22
o) O
— Fe(CO) =
H—\\_ Me o s o 7 X . OMe
0 THF/-10 °C/hv  OMe OMe OMe _
48
0 (0]
49a 49b
42% 31.5%

Mono aryl alkynes react with Fe;(CO);, to give the tricarbonyliron tropone
complex 50 at 65 °C which on decomplexation in the presence of PPh; affords the

corresponding tropone 51 (Scheme 23).*

Scheme 23
R! RZ? Fe(CO); R' R?
2 1 R2 Rl
Fey(CO),, + RIC=CR? —2onzene ‘ : e >
€3 12 = 0 -
65°C/3h  g! R benzene/100 °C/6h o1 R2
1 0 0
R!=Ph,R*=H 50 51
20% 82%

The Fe(CO)s(acetone) complex prepared by the reaction of Fey(CO)y with acetone
in toluene undergoes intramolecular Pauson-Khand type reaction to provide the bicyclic

cyclopentenone 53 (Scheme 24).%

Scheme 24
Ph
/= Ph Fe(CO)4(acetone)
0] 5 » O 0
AN toluene/145 °C
CO (55psi)/60 h
52 (5psi) 53
87%

An intramolecular Pauson-Khand type reaction of allenyne 54 using an iron
carbonyl complex under photochemical conditions using Fe(CO)s/MesNO was reported. In

this reaction, the bicyclic dienone 55 was obtained in 50% yield (Scheme 25).”
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Scheme 25
:<\/\¢ Fe(CO)s/Me;NO _
:C —
THF/ hv/0.5 h
SMe
SMe
54 55
50 %

Recently, it was reported that the Fe,(CO)y reacts with propargyl-allene 56 to give
the (17°-Fluorenyl)Fe complex 57, which upon oxidation yields the bicyclic lactone 58
(Scheme 26).%*

Scheme 26

(90

™

. Fex(CO)y

O THF/24 h
29

™S

56

52%

1.1.2 Previous work on the preparation and application of reactive iron

carbonyl reagent systems from this laboratory

1.1.2.1 Reaction of NaHFe(CO), reagent system with alkynes

In 1963 Whiting reported that acetylene reacts with the reactive iron carbonyl
species, generated from Fe(CO)s/NaOH reagent system to give a ferrole complex 59. This
complex produced the corresponding cyclobutenediones 60 in low yield 10% after FeCls

oxidation (Scheme 27).*
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Scheme 27

__— 2 1 OH R! 0 .
R—=——R" R\ __ FeCl, Unidetified

1 carbonyl

Fe(CO)s + NaOH —_Fex(CO)g ji + com
pounds
CH3OH R2 OH CH3OH R2 O
R'=R’=H, CH, 59 60

10%
Later, a better method was developed for cyclobutenedione synthesis using the

NaHFe(CO)4/CH;] reagent system.”” The iron carbonyl species generated in this way,
reacts with alkynes to give the corresponding cyclobutenediones 60 (27-42%) and the a,f3-
unsaturated carboxylic acids 61 (10-22%) after CuCl,.2H,0O oxidation (Scheme 28). In
this reaction, the NaHFe(CO)4 was prepared by acidification of Na,Fe(CO)s which in turn

was prepared by the reaction of Fe(CO)s with Na/Naphthalene.

Scheme 28
H H
Fe(CO)s Na/Naphthalene > Na,Fe(CO), % NaHFe(CO),
THF/25 °C 25°C
1). CH;1/0-60 °C
2)RI——=R?
1
3). CuCl,2H,0
R! O R R
R!, R%=aryl, alkyl, H K + >=<
R2 0 HOOC H
60 61
27-42% 10-22%

It was observed that the NaHFe(CO)4 reagent system reacts with alkynes in the
presence of MesSiCl to give the corresponding o,B-unsaturated carboxylic acids 61 with

excellent regio- and stereoselectivities (Scheme 29).41

When the reaction was carried out
at 60 °C, the reactive iron carbonyl species formed from NaHFe(CO)s/Me;SiCl reagent

system gave the corresponding cyclobutenediones 60 with improved yields. Also, it was
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found that the NaHFe(CO)4 reacts with alkynes in the presence of CH,Cl, to give the

corresponding o,B-unsaturated carboxylic acids in good yields 61-*'°

Scheme 29
1). Me;SiCl/25 °C R R’
2).R'—==—R? HOOC H
1 61
3). CuCl,.2H,0 45-54 %
‘ o R 0
1). Me;SiCl/60 °C
NaHFe(CO)4 2). Rl — R2
1 R! 0
3). CuCl,.2H,0 60
51- 63%
1). CH,Cl,,/25 °C
2) R] — RZ R] RZ
1 LS. —
3). CuCL2H,0  HOOC H
61
37- 60%

It was observed that the NaHFe(CO), species, generated using the FeCl;/NaBH4/CO
combination reacts with alkynes to give a complex that yields the corresponding
cyclobutenediones 60 after CuCl,2H,0 oxidation at 25 °C (Scheme 30).** Interestingly, it
was observed that the same reagent system converts the alkynes to the corresponding

benzoquinones 62 and 63 when the above reaction was carried out at refluxing conditions.

Scheme 30
R! 0
1). CH;1/0- 25 °C ji
2).R! — R g7 o
3). CuCl,.2H,0 60
30-37%
Fecl3 M I’IF;(CO)4—> Rl’ R2 = aryl’ alkyl’ H
2. CH;COOH
0 O
1).R' ? R®> R2 R2 R R!
. +
2). reflux 1 1 R R2
3).CuCL2H,0 R R
le} (0]
63

51-80%
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1.1.2.2 Reaction of Fe(CO)s/NaBH,4 reagent system with alkynes

The Fe(CO)s/NaBH,4 reagent system reacts with alkynes in the presence of CH;COOH
to afford the cyclobutenediones 60 in good yields (60-73%) after CuCl,.2H,O oxidation
(Scheme 31).* When the above reaction was carried out in the presence of 4 equiv. of amine,
the corresponding disubstituted benzoquinones 62 and 63 were obtained in moderate to good
yields. It was also observed that the Fe(CO)s/NaBH,4 reagent system gives the cyclic imide 64

from alkynes when the reaction was carried out using large excess of primary amine (10 mol

equiv.)
Scheme 31
R! 0
1). CH;COOH/25 °C_ ji
1; 2 -
2).R = R R? 0
3). CuCl,2H,0 60
60-73%
0
2 0 > R! R’
1). CH;COOH25°Cc R R
Fe(CO)s + NaBH,——> [NaHFe;(CO),,] > "
e(CO)s aBHy [ 3(CO)l 2R ? R2 Rl Rl R R'
3). Amine (4 equiv.) o o
4). CuCl,.2H,0 62 45.61% 63
1). CH;COOH
2).Rl——=R2 Rl R?
! > ﬂ
3)R'NH, (10 equiv)  0F >y~ O
4).CuCl,.2H,0 R
64
55-64 %

1.1.2.3 Reaction of alkyne with Fe3;(CO);2/Amine reagent system

Whereas coordinatively unsaturated iron carbonyl species, prepared using

Fe;(CO);,/amine, react with alkynes under ambient conditions to afford cyclobutenediones
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60 (Scheme 32),** in the presence of excess of amine (10 equiv.), the corresponding cyclic

imides 64 (45-65%) were obtained.®’

Scheme 32

1 2

R R 1).R'——R? 1).R'———r? R! 0

IL - L Fey(CO),, + Amine 1 -

07 >N7 ~O  2).R"NH, (10 equiv.) 2). CuClL,.2H,0 .. o
R 3). CuClL,.2H,0
64 60
45-65% R!, R?=aryl, alkyl, H 28-61%

Alkyne iron carbonyl complexes, prepared using the Fe;(CO);, and amine in THF
react with Et;N and acid chlorides give the acyloxyferrole complexes of the type 65, which
afford the corresponding cyclobutenediones 60 in 60-90 % yields upon reaction with

bromine (Scheme 33).*

Scheme 33

O
B g

1). R'"—=—=—R¥THF R' R 0
1 — 1) Brz/CHzclz
Fe3(CO)12 + Et3N . \ FC\(CO)3 S
2). R"COCI/Et;N R2 \\/co 2).-78°C/1 h y
O Fe

3).25°C/12h 3). aq. NaHSO;

R—(" (Coy, 60

S 60-90%
65
65-76%

/

R!, R%=aryl, aklyl, H

1.1.2. 4 Reaction of alkyne with the Fe(CO)s/Me3;NO reagent system
The Fe(CO)s/MesNO reagent system reacts with alkynes at 25 °C to give the
corresponding cyclobutenediones 60 in moderate to good yields (50-75%) or the

corresponding cyclic anhydrides 66 in good yields after CuCl,.2H,0 oxidation (Scheme

34). Y
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Scheme 34

Introduction

R!, R%=aryl, alkyl, H

The alkyne-iron carbonyl

diphenylacetylene in THF, gives the acyloxyferrole complex 67 (48%) in the presence of

Et;N and CH;COCI (Scheme 35)."

Scheme 35

+ -
Fe(CO)s + Me;N-O

complex,

"Fe(CO)4"

1) Fe(CO)S/Me3N-O RI 0)
(1.2:1) M
2).-20t0 25 °C/10 h 5
R o
3). CuCl,.2H,0 60
50-75%
R! P
1). Fe(CO)s/MesN-O | 0
(1:1.5) RZ
2).-20to 25 °C/10 h 66 (0)
3). CuCl,.2H,0 60-80%

O
wel

.R'——=—R* I
1

-
Fe(CO
2). EGN/ CHyCOCl \\\\(co &
3).25°C/12h O Fe
H3C\\< (CO),
R!=R%*=Ph 0
67
48%

prepared using Fe(CO)s/MesNO and

1.1.2. 5 Other reactions of alkynes with iron carbonyls in the presence of additives

The iron carbonyl species generated from Fe(CO)s and RMgBr reacts with alkynes

to give the corresponding butenolide 68 and cyclobutenediones 69 in moderate yields

(Scheme 36).*
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Scheme 36

Rl
Fe(CO); + RMgBr Iﬁ K

CuCl

R'=R?=Ph, R'= alkyl 68
26-35% 10-13%

It was observed that the iron carbonyl species obtained from Fe(CO)s and TiCly
combination react with alkyne at 25 °C in dichloromethane to give a mixture of
benzoquinones 62 and 63 after CuCl,.2H,O oxidation (35-60%) (Scheme 37). Several 1-

alkynes were converted to the corresponding 2,5- and 2,6-dialkylbenzoquinones.*

Scheme 37
¢} ¢}
1).r! R? R2 R2 R R2
1
FC(CO)S + T1C14 Py +
2). CHyCL/25 °C/10h g1 Rl R R!
3). CuCl,.2H,0 0 0
R!, R*=aryl, alkyl, H 62  35-60% 63

The iron carbonyl species obtained using the Fe;(CO);,/1; reagent system also gives
a mixture of benzoquinones (62a and 63a) in 48% yield with phenylacetylene after CuCl,

.2H,0 oxidation (Scheme 38).49

Scheme 38
Fe3(CO)12/12

0 0
1 2 2 2 1 2
1 THRFeCO) DR R R RT R R

+
(CONFer o 2).THF25°C/12h g1 R R R!
THF:Fe(CO),
I 3)CUC122H20
0 0
Rl=Ph. R= H 62a 48% 63a

The formation of various cyclocarbonylation products from alkynes and iron

carbonyl reagent systems can be explained by considering the mechanistic pathway
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depicted in Scheme 39. The iron carbonyls Fe(CO)s and Fes;(CO);, would first undergo
reaction with promoters to give the reactive unsaturated iron carbonyls like Fe(CO)4 or
Fe,(CO)g or Fe3(CO);;. These species could undergo further reaction with alkynes to give
the maleoyl complex of the type 70 or ferrole complex of the type 71 which could afford
the cyclobutenediones, benzoquinones and cyclic imides under various reaction conditions.
Such intermediate complexes could be also converted to acyloxyferrole complex 67 in the

presence of CH3;COCI and E‘[3N.46’47

Scheme 39
Fez(CO)g
. (or) Promoter
Fey(CO),—Amine o Feco)y, < — FelOs
3 12 . (or) Promoter
Amines Fe3(CO);;  Na/Naphthalene/CH;l
IE?\II;I—I NaBH,/CH;COOH
- 2 1 > Me3NO
R!Cc=CR
COCH
(0] (0] R 0 R2 OH R2 3
R R*H R? = =
I . R'C=CR" [\ Fe(0); (o | Fe(CO);s _ CHCOC [ Fe(CO),
I— . ! \co EGN o \co
H HR! H SO \VER OH\\ SR\
I I 0 550) Fe(CO), CH;0C Fe(CO),
70 3 71
62 63 67
MegNO| |RNH2 CuCl,2H,0
1 p2_
R, R™=aryl, alkyl, H R! R2 R! R2
070" 70 0T\ TTO IJEZ
|
I\ R 0
66 64 60

We have investigated the reactions of Fe(CO)s with the readily accessible NaH and
-BuOK reagents to prepare reactive iron carbonyl reagents for developing new synthetic

methods. The results are described in the next section.



1.2 Results and Discussion

1.2.1 Reaction of alkynes with the Fe(CO)s/NaH/CH;I reagent system

As outlined in the introductory section, iron carbonyls undergo carbonylative
cyclization with alkynes to provide various cyclic products under different reaction
conditions. Among these, we have been interested on the dicarbonylation reaction of
alkynes which provides the 4-membered ring quinones which are known as
cyclobutenediones. The cyclobutenedione 60 and its derivatives have been widely used in
organic synthesis.”” >* In recent years, cyclobutenedione derivatives were used not only to
synthesize organic molecules with biological relevance like growth regulators, potassium
channel openers, drug molecules, sensors> *¢ but also for preparation of organic materials
like NLO materials,”™ anion recognition systems®® and chiral ligands.’’  The
cyclobutenediones are also versatile starting materials for the synthesis of multifunctional
molecules.”®

Even though various approaches are available for the synthesis of cyclobutenedione
and its derivatives,” the use of transition metal reagents is obviously most successful
because these complexes can lead to the formation of several bonds in a single pot
operation. Formation of cyclobutenediones from alkynes and transition metal reagents

involve the intermediacy of metal complexes such as 70, 71 and 72.
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| | OH o)
R R R
—_—
|\ Fe(CO);3 N\ Fe(CO); | Ni(bpy)
AN SN \
R? \\ 'co R? O R2
O Fe OH "Fe(CO), 0
(CO),
70 71 72

Accordingly, it is of interest to examine the preparation of such complexes using
readily accessible reagents. Previously, it was reported from this laboratory that the
NaHFe(CO),4 reagent converts the alkynes to the corresponding complexes of type 70 or 71
in the presence of various additives like Mel or TMSCI. In this conversion, the
NaHFe(CO)4 was prepared using the Na,Fe(CO)s which in turn needs to be prepared using
the Fe(CO)s/Na/Naphthalene reagent system (Scheme 28).*

In continuation of these efforts, we have examined the possibility of the preparation
of reactive iron carbonyl species using the NaH, Fe(CO)s and Mel reagent system. We
have observed that the reactive iron carbonyl species prepared in situ in this way further
reacts with alkynes to give an intermediate that can be converted to the corresponding

cyclobutenediones after oxidation with CuCl,2H,O (Scheme 40).%°

Scheme 40
R! 0
THF/25 °C/5 h
NaH + Fe(CO)s 1 ——
Mel/R'—=—=—R?*/25°C/10h 2 0
1 60
CuCl,.2H,0
51-65%

It has been reported that the Fe(CO)s reagent reacts with NaH to give the
Na[HFe(CO),] species.”’  Subsequent reaction with Mel is expected to produce the
coordinatively unsaturated iron carbonyl species which could react with alkynes 1 to give

the corresponding cyclobutenediones after oxidation with CuCl;2H,O (Scheme 40).
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Several alkynes were converted to the corresponding cyclobutenediones following this
procedure. The yields of this transformation are moderate to good (50-65%). The results
are summarized in Table 1.

Table 1. Synthesis of Cyclobutenediones with Fe(CO)s/NaH/Mel reagent system”

Alk yield®
Entry R! e R2 Product® %
H 0]
1 H n-CeHy3 65
n-C 6H 13 (0]
73
H 0]
2 H H—C8H17 55
n-C 8H17 (6]
74
H 0]
n-C 5H 11 (0]
75
Ph 0]
4 Ph Ph K 52
Ph (0]
69
H 0]
5 Ph H M 55
Ph (0]
76
H,;C 0]
6 Ph CH, Ji 56
Ph (0]
77
C,H; O
7 Ph C,H; K 51
Ph (0]
78

* All the reactions were carried out using Fe(CO)s (7.5 mmol), NaH-55% (15 mmol) , Mel (7.5 mmol) and
alkyne (1.25 mmol) in THF (35 mL). ® The product was identified by spectral data (IR, 'H-NMR, *C-NMR
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and Mass) and comparison with reported data.*” © Yields reported are for the isolated products and based on

the amount of alkynes used.

We have examined the use of other reagents like PhCH,Cl, CH;COOH and
Me;SiCl in the place of Mel. In these cases also, the cyclobutenedione 73 was obtained

after CuCl,2H,0 oxidation but in lesser yields (10-55%) (Scheme 41).

Scheme 41
1. Additive
2.Rl——R? R! 0
1
Fe(CO)s + NaH ji
3. CuC122I-(I)20 R2 O
THF, 25°C 73
R'=C¢H;3 R*=H
Additive Yield (%)
1. Mel 65
2. Me;SiCl 55
3. CH;COOH 15
4. PhCH,CI 10

Though, THF was found to be a suitable solvent, CH;CN also gave comparable
results. However, the use of solvents like CHCI; and CH,Cl, gave unidentified mixture of
iron carbonyl products. Presumably, the coordinating solvents may form weak complexes
with the unsaturated species like monomeric Fe(CO)4 or dimeric Fe,(CO)g or Fey(CO)g or
trimeric Fe;(CO),; that help in realizing cleaner reaction.®”

In these reactions, the NaH (6 equiv.), Fe(CO)s (6 equiv.) and Mel (6 equiv.) were
used in larger quantities than the alkynes as the initially formed “Fe(CO),” would also form
dimeric and trimeric iron carbonyl species.

The formation of cyclobutenediones from the NaHFe(CO)s and alkynes can be

explained by considering a mechanistic pathway depicted in Scheme 42. Addition of the
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NaH to the Fe(CO)s in THF would give the NaHFe(CO)4 species which on reaction with
Mel could generate the THF:Fe(CO), along with dimeric and trimeric iron carbonyl spices
that can further react with alkynes followed by CO insertion to give the ferrole complex of
the type 71 or maleoyl complex of the type 70. Such complexes could give the

cyclobutenediones 60 after CuCl,2H,0 oxidation (Scheme 42).

Scheme 42
THF Mel/THF Dimeric and
Fe(CO)s —Nal Nam8—Fe(co>4] TNaHFe(CO)4T>(THF)Fe(CO)4 T rimeric
THE co CH, complexes
R'C=CR?
0
1 1 OH 1
RO O cucL2H,0 RN R Lo
2M h 2 \{i&cé) s R2 \i&o s
R \ 1
: © OHFe(CO), O Fe(CO)s
60 71 70

It may be of interest to point out that the present in situ method of preparation of
coordinatively unsaturated iron carbonyl species has advantages over the erstwhile known
methods since this method avoids the use of Fe;(CO);; or Fey(CO)y which are in turn to be

prepared from Fe(CO)s
1.2.2 Synthesis of cyclobutenediones using the Fe(CO)s/t-BuOK reagent
system

As outlined in the introductory section, it was reported from this laboratory that the

amine oxides and amines react with iron carbonyls to facilitate the formation of reactive
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iron carbonyls species which on further reaction with alkynes give the corresponding
cyclobutenediones after CuCl,.2H,0 oxidation (Scheme 32 and 34).44' 47

Previously, it was reported that the Fe(CO)s reacts with metal alkoxides (--BuOK or
CH;ONa) to give the corresponding [(CO);Fe(COOR)] species at 0 °C.*> Such species
could decompose to give coordinatively unsaturated “Fe(CO),” species as noted earlier

using amine oxides and amines (Scheme 32 and 34).44Y

Fe(0); ROML MRO—CFe(C0),| " > Fe(CO)s eq (1)

CO + ROM
79

Accordingly, we have examined the reaction of Fe(CO)s using metal alkoxides. We
have observed that the reactive iron carbonyl species generated in situ from the --BuOK and
Fe(CO)s regent system at 70 °C react with alkynes to give an intermediate which on
CuCl,.2H,0 oxidation gives the corresponding cyclobutenediones in 70-93% yields.**
There was no reaction when this transformation was carried out at room temperature.

The reaction of diphenylacetylene with the Fe(CO)s/t-BuOK reagent system at 70
°C, gave the corresponding diphenylcyclobutenedione 69 in 90% yield after CuCl,.2H,0
oxidation (Scheme 43).

Scheme 43

1). THF/70 °C/1 h
: + Fe(CO - | (
t-BuOK + Fe(CO)s T CR¥70 °C/10 h » j:
1
RZR2— Ph 3). CuCl,.2H,0/ 25 °C/ 0.5 h 69
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A variety of aryl, alkyl, silyl and alkynyl substituted, non-symmetrical and
symmetrical cyclobutenediones could be synthesized following this method (Scheme 44).
The results are summarized in Table 2. It should be pointed out that under these conditions
the reactive iron carbonyl species are generated without using any electrophile (like Mel,
TMSCI and CH3;COOH) and the products were obtained in higher yields (70-93%)
compared to previously reported methods (25-75%).*" **

Scheme 44
D.R'c=CRr? R! 0
1

t-BuOK + Fe(CO)s THF/70 °C/11 h > : i
R2

2). CuCl,.2H,0 0

60
R!, R? = aryl, alkyl, H, SiMes, alkynyl 70-93%

Table 2. Synthesis of cyclobutenediones with the Fe(CO)s/t-BuOK reagent

system”
Alkyne b ield®
Ent Product yie
ntry R! R2 o
Ph 0]
1 CHs CHs K 90
Ph
69 ©
H O
2 C6H5 H K 78
Ph 0]
76
H,C 0
3 CeHs CH;, K 93
Ph (0]
77

85

~
@
a
s
Q
N
s
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(Table 2 continued...)

Results and Discussion

Alkyne b ield®
yie
Entry R! R2 Product %,
i’l-C3H7 /O
5 CeHs n-C3H; | 82
N
Ph 0
80
-C,H
nC4 9 /O
6 C¢Hs n-C4Hy | 84
N
Ph 0
Ph\ 81
C
QD
c_ 0
7 CeHs C=CC¢Hs | 70
N
Ph 0
82
H 0
8 H n-CeH s j< 73
n—C6H13 O
73
H 0
/4
9 H n-C8H17 | 71
N
n—C8H17 74 O
SiMe, 0
10 Me;Si CeHs Ji 75
Ph 0
83
SiMe; O
11 MeySi  4-CH;3CgHy )i 80
4-CH;H,C{ 0
84
SiMe; O
12 Me;Si  2-CH30C¢H, )i 85

2-CH;0H,C% 0
85
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(Table 2 continued...)

Entry R! Allone R? Product” yizldc
SiMe; 0O
13 Me;Si CH; Ji 70
H,C 0
86
C,H; 0
14 C,Hs C,H; K 72¢
C,H: 0
87
n-C3H, O
15 n-C;H; n-C3H; ji( 82
n-CiH; O
88
n-C4H, 0
16 n-C4H, Cally jz/( 88
n-C4Hg o
89

“ All the reactions were carried out using Fe(CO)s (15 mmol, 6 equiv.), BuOK (15 mmol, 6 equiv.) and
alkyne (2.5 mmol, 1 equiv.) in THF (70 mL). ” The products were identified by spectral data (IR, 'H-NMR,
BC-NMR and Mass) and comparison with the reported data.***” Compound 82 has been also characterized by
single crystal X-ray analysis. ¢ Yields reported are based on the amount of alkynes used. ¢ In entries 13 and 14
experiments, after acetylene addition, the reaction temperature was maintained at 25 °C for 2 h and 60 °C for
8 h.

The formation of silyl substituted cyclobutenediones indicates that this reagent
system tolerates the silyl functional group (Table 1, entries 10-13). The formation of
alkynyl substituted cyclobutenedione 82 (Table 1, entry 7) from 1,3-diynes reveals that
this reagent system reacts with only one alkyne group without affecting the other alkyne
group. This may be due to steric hindrance of the iron carbonyl intermediate for reaction at
the adjacent alkyne moiety. However, the presence of an alkynyl moiety on the

cyclobutenedione 82 would give an additional handle for further synthetic exploitations.
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Such multifunctional derivatives have been previously used in a number of organic

transformations.®> ¢

Figure 1. ORTEP diagram of compound 82

The THF was found to be a good solvent for this transformation. Other solvents
such as CH3CN and acetone also give comparable results. However, use of solvents like
CHCIl; and CH,Cl, gave unidentified mixture of iron carbonyl products. Presumably, the
coordinating solvents may form weak complexes with the coordinatively unsaturated
species like mononuclear Fe(CO)s; or binuclear Fey(CO)y or Fe,(CO)s or trinuclear
Fe;(CO);; which could help in realizing cleaner reaction.”” We have carried out this
reaction with diphenyl acetylene using different ratios of Fe(CO)s and -BuOK, 1:1, 1:1/2
and 1:1/3, respectively. In these cases, the cyclobutenedione 69 was obtained in 90%, 75%
and 65% yields, respectively. We also studied the effect of temperature on the reaction and
found that optimum results were obtained at 70 °C. When the reaction was carried out at

25 °C, no cyclobutenedione product was obtained even after 20 h.
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Table 3. X-ray data collection and structure refinement for 82

Empirical formula Cis Hio Oz

Fw 258.26

Temp., wavelength 298(2), 0.71073 A
Cryst. syst., space group monoclinic, P2(1)/c
Unit cell dimensions a=11.7943(8) A, 0=90°

b=15.0340(11) A, p=97.6640° (10)
c=7.5926(5) A, y =90°

Volume 1334.26(16) A’

Z, calcd. density 4,1.286 mg/m’

Abs. coeff. 0.083 mm’

F(000) 536

Cryst. size 0.50%0.48%x0.46 mm

0 range for data collection 1.74 to 25.95°

Limiting indices -14<h<13, -18<k<18, -9<I<9
Reflns. collected, unique 10070, 2596[R(int)=0.0251]
Refinement method full-matrix least-square on F
Data/restraints/params 2596/0/221

Goodness-of-fit on F* 1.020

Final R indices[I> 20 ()] R;=0.0507, wR,=0.1327

R indices (all data) R1=0.0790, wR,=0.1519

Largest diff. peak and hole 0.337,-0.141 ¢. A”
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When the first step of the reaction (i.e. reaction of ~-BuOK with Fe(CO)s) was
carried out at 70 °C for 2 h and the second step of the reaction (i.e. reaction with alkyne) at
25 °C for 10 h, the cyclobutenedione 69 was obtained in 75% yield. We have also carried
out experiments using the NaOEt and NaOMe bases. These reagents also react with
diphenyl acetylene to give the corresponding cyclobutenedione 69 in 50% and 70% yields,
respectively, after CuCl,.2H,O oxidation. The results are summarized in Table 4.

Table 4. Formation of cyclobutenedione (69) from Fe(CO)s/ROM and diphenyl-

acetylene in different reaction conditions®

Entry = ROM  Fe(CO)s: --BuOK Solvent Temperature yieldb(%)

1 t-BuOK 11 THF 70 °C 90
2 t-BuOK 1:1/2 THF 70°C 75
3 t-BuOK 1:1/3 THF 70°C 65
4 +-BuOK 1:1 CH;CN  70°C 81
5 -BuOK 1: 1 Acetone 70 °C 70
6  MeONa 1:1 THF 70°C 70
7 EtONa 11 THF  70°C 50
8 +-BuOK 1:1 THF 70°C to25°C  75°

“ All the reactions were carried out using Fe(CO)s (15 mmol, 6 equiv.), ROM (R = Me, Et, +-Bu; M = Na, K)
and diphenylacetylene (2.5 mmol, 1 equiv.) in 70 mL solvent ” Yields reported are based on the amount of
alkyne used. ¢ The reaction of +-BuOK with Fe(CO)s was carried out at 70 °C for 2 h and the reaction of

alkyne was carried out at 25 °C for 10 h
We have also made efforts to identify the intermediate species involved in the above

transformation using Et;N and CH3COCI to trap the intermediates. We have observed that
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the corresponding 1,2-diacyloxyferrole complex 90 is formed in 75% yield in this

experiment (Scheme 45).

Scheme 45
OOCCH;,
H
1). THF/ 70 °C/ 2 h 3CCO0_
Fe(CO)s + -BuOK - Q Fe(CO)s
2). Ph—=—=—Ph/25°C/2 h CO
. CHyCOCVEt;N/ 25 °C/ 10 h PhFe

3). CH;COCI/Et3N/ 25 °C Co),

90

The structural assignment of the acyloxyferrole complex 90 was confirmed by
single crystal X-ray analysis. It contains a semi-bridged carbonyl group between Fe(1)-

Fe(2), which was previously considered as stabilizing factor in such complexes.®’
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Figure 2. ORTEP diagram of acyloxyferrole complex 90
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Table 5. X-ray data collection and structure refinement for 90

Empirical formula CasHi6Fe2019

Fw 600.09

Temp., wavelength 298(2), 0.71073 A
Cryst. syst., space group monoclinic, P-21/¢c
Unit cell dimensions a=16.411(3) A, 0=90°

b=18.877(4) A, p=96.75° (3)
c=8.4637(17) A, y =90°

Volume 2603.8(9) A’

Z, calcd. density 4,1.531 mg/m’

Abs. coeff. 1.170 mm™

F(000) 1216

Cryst. size 0.62x0.56%0.46 mm

0 range for data collection 1.65 to 25.94°

Limiting indices -20<h<20, -23<k<23, -10<I<10
Reflns. collected, unique 26466, 5076 [R(int)=0.035]
Refinement method full-matrix least-square on F>
Data/restraints/params 5076/0/345

Goodness-of-fit on F* 1.038

Final R indices[I> 2o (I)] R;=0.0366, wR,=0.0915

R indices (all data) R,=0.0440, wR,=0.0959

Largest diff. peak and hole 0.496,-0.215 ¢. A™
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Previously, the acyloxyferrole complex 67 was isolated when the reaction of
Fe(CO)s/MesNO with diphenylacetylene was run in the presence of Et;N and CH;COCI
(Scheme 46). Accordingly, the formation cyclobutenediones 60 was rationalized
considering the intermediacy of maleoyl complex of the type 70 or ferrole complex of the

type 71 (Scheme 46)."

Scheme 46
1 2 CuCl,.2H,0 RN 0
— H
DR R/THF Fe(CO)3 ji\<<Fe(C0)3 uCly 2H, j;ﬁ
20t025°C/11.5h R2 \ CO R? H R? 0
(c0)3 Fe(CO)2 60
70
50-75 %
Fe(CO)s/Me;NO —
COCH,4
R —
1). R———R /THF ~Fe(CO);
2). CHsCOCVEGN - R GO
201025°C/ 12 h CH;0CO  Fe(CO),
R =Ph 67
48 %

Since the 1,2-diacyloxyferrolecomplex 90 is formed in the present transformation
using ~-BuOK/Fe(CO)s, probably the reaction would go through a different type of double
carbonylation of alkynes with sequential insertion of carbon monoxide at only one end of
the acetylenic carbon in contrast to erstwhile reported methods, in which the carbonylation
takes place at both ends of the acetylenic carbons leading to intermediate of the type 70.
Clearly, the mechanism and the intermediate species proposed in the erstwhile methods are
not tenable for the present transformation. Therefore, the mechanism outlined in the

Scheme 47 may be considered to rationalize this difference.
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Scheme 47

R!C=CR? O Fe,(CO),

0
! Fe(CO ROM , - N
Fe(CO)s ROML M[Ro—c-Fe(CO)Jj’Fe(CO)A;Lﬁ Fep(COYy TN e CONTT20m [ Fe(CO)s
79 CO +ROM CO+ROM R2 91
RO’
OFe(CO),,
R o (CO)FeO R0/ Fe(CO)y
Ji CuCl,. 2H,0 Rl Fe(CO)s Fe%CO)a 47— %CO% - @Fe(m)3
R 0 R2 F (CO)Z Rz Fe(c0),"© 2 Fe(CO)s ® R2
60 93 92
CH;COCVEt;N
FeCly+ xCO
OOCCH; M=Na, K
H;CCOO. _ R=Me, Et, +-Bu
2Fe(CO
a S: )3
R’ Fe(CO)2
90

Previously, it was reported that Fe(CO)s reacts with metal alkoxides (+~-BuOK or
CH;ONa) to give the corresponding [(CO);Fe(COOR)] species at 0 °C.*” We have
envisaged that such species could decompose to give unsaturated iron carbonyl species as
observed earlier using amine oxides and amines.** ** ® Accordingly, in the present case,
addition of ROM to the Fe(CO)s in THF would give the “Fe(CO)4” species through such a
decarbonylation (Scheme 47). These species could further undergo reaction with Fe(CO)s
to give species like Fe,(CO)g via Fe,(CO)y. Such species could further react with alkynes
followed by CO insertion to give the ferracyclopentenedione of the type 94 or ferrole
complex of the type 95 which could give the corresponding cyclobutenediones after
CuCl,.2H,0 oxidation. The formation 1,2-diacyloxyferrole complexes 90 here in contrast

to 1,4-diacyloxyferrole complexes 67 (Scheme 46) could be due to the presence of strong
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base leading to the nucleophilic intermediate 92 favoring another CO insertion in the

adjacent carbon to give the intermediate species 93 (Scheme 47).

1.2.3 Synthesis of cyclobutenediones by the reaction of Fe,(CO)o/--BuOK

reagent system with alkynes

In the mechanism outlined in Scheme 47, the formation of Fe,(CO)y is visualized.
Accordingly, we have examined the reactivity of +-BuOK with Fe,(CO)y. Indeed, we have
observed that the Fey(CO)o/r-BuOK reagent system also converts the alkynes to the
corresponding cyclobutenediones in 63-90% yields under similar reaction conditions.
When the reaction of diphenylactylene was carried out with the Fe,(CO)o/t-BuOK reagent

system, the corresponding diphenylcyclobutenedione 69 was obtained in 88% yield

(Scheme 48).
Scheme 48
R! 0
1).THF/25 °C/0.5 h/65 °C/15 min
+BuOK + Fey(CO)y ) 5 -
— o
2). R CICR /75 °C/8 h R o 0
R!'=R?=Ph 3). CuCl,.2H,0/25 °C/0.5 h 88%

Again, a variety of aryl, alkyl, and silyl substituted, non-symmetrical and
symmetrical alkynes are converted to the corresponding cyclobutenediones following this
method. The products were obtained here in comparable yields (63-90%) but in shorter
reaction times compared to the Fe(CO)s/t-BuOK reagent system. The results are

summarized in Table 6.
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Table 6. Synthesis of cyclobutenediones with the Fe,(CO)o/t-BuOK reagent system®

Alkyne b ield®
Entry R! R2 Product YLA)
Ph 0
1 CHs CeHs K 88
PH 0
69
H 0
2 CeHs H Ji 63
Ph 0
76
C,Hs; 0
3 C,H; C,H; J;/[i 65¢
C,H: 0
87
SiMe; O
4 Me3Si C6H5 M 72
PH 0
83
SIMC3 O
5 Me;Si 4-CH,0C¢H, CM 70
4-CH;OH,C; O
96
SiMe3 O
6 Me;Si 3-CIC¢Hy Cﬂ 7l
3-CIH,C;, O
97
SiMe3 O
. 69
7 Me;Si 1-naphthyl | ]
S
98
H,C 0
86

[o¢]
o
(=)}
T

a
I

=

=
<
N

o
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(Table 6 continued...)

Alkyne Product”

Entry R! R2 yield®

10 CeHs n-C3Hy M 83
90
1 CeHs n-Cy4Hy M

“ All the reactions were carried out using Fe,(CO)y (6 mmol, 3 equiv.), Z-BuOK (8 mmol, 4 equiv.) and alkyne

(2 mmol, 1 equiv.) in THF (50 mL). * The products were formed after CuCl,.2H,0 Oxidation, identified by
spectral data (IR, '"H-NMR, *C-NMR and Mass) and comparison with the reported data.***’ ¢ Yields reported
are based on the amount of alkynes used. ¢ In entry 3 experiment, after alkyne addition, the reaction

temperature was maintained at 25 °C for 1 h and 65 °C for 7 h.

It was reported that the Fe,(CO)y undergoes disproportion in THF to give the
reactive iron carbonyl species Fe(CO), and Fe(CO)s.” However, when the reaction of 1-
phenyl-1-propyne was carried out using Fe,(CO)y in THF then the corresponding
cyclobutenedione 77 was obtained only in 35% yield after CuCl,.2H,0 oxidation (Scheme
49).

Scheme 49

1). R'"C=CCR? R 0
Feo(CO)q 1 > ji

THF/25 °C/3 h

2). CuCl,.2H,0 77

R'=CH; R*-Ph 35%
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Presumably, the reactive species formed are not the same under the Fe,(CO)yo/THF
and Fe,(CO)y/t-BuOK reagent systems.

The simple, convenient and easily scalable synthetic routes described here for the
cyclobutenediones synthesis using the readily accessible and inexpensive Fe(CO)s,
Fe,(CO)y and #-BuOK reagents, should make the method useful for further synthetic
exploitations.

Further, in the present case, the cyclobutenediones were obtained via a new pathway

involving a novel 1,2-dicarbonyliron intermediate 94 (Scheme 47). Previously, formation

of such complexes were reported only in transformations using Ru and Pt complexes

(Scheme 50).”
Scheme 50

Ru3(CO);, (5 mol%) . OH

R O  PEt; (15 mol%) R\S\f(o

0
ji THF/3 atm./160 °C/20 h K o R
R 0 Ol
60 99 100
46-75%

Accordingly, the reactive iron carbonyl species generated using the Fe(CO)s/t-
BuOK and Fe,(CO)y/t-BuOK reagent system are expected to stimulate further research

efforts in this area.

1.2.4 Stereoselective hydrocarboxylation of alkynes using the Fe(CO)s/t-

BuOK/AcOH reagent system

As discussed in the previous section, the Fe(CO)s/--BuOK reagent system

converts the alkynes to the corresponding cyclobutenediones ® and the reaction goes
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through the intermediacy of a,B-unsaturated carbonyl complex 91 as envisaged in Scheme
47. Previously, such intermediates were considered in the hydrocarboxylation of alkynes to
explain the results (Scheme 51).

Scheme 51

Fe(CO)s Na/Naphthalene CH;COOH

» CH,Cl
» Na,Fe(CO);, ———— > NaHFe(CO), 2-2 5 Fe(CO),
THF, 25 °C 25°C

CH;Cl + NaCl
R! 0

NaHFe(CO)s R2I\EG(CO)3

Fe(CO),
101

NaHFe3(CO)11 + Rl — R2 AcOH

2Fe(COy, _NAHFE(CO)

1 2 Rl R2
H o) H o

HO
Fe (CO)y 61
102

Formation of intermediates of the type 101 could be also envisioned in reaction

using the Fe(CO)s/ROM reagent system as outlined in Scheme 52.

Scheme 52
H o+ 2 Fe(CO),
ROM + - CH;COOH ; ROM
Fe(CO)s——— M[R—O—C—Fe(CO), T’R—O—ﬁ—Fe(CO)A‘f»MHFe(CO)4—>MHFC3(CO)11
MOAc 0 R,CO; — R?
1
Fe(CO),
MHFe(CO)s
1
ROM = -BuOK R' R* cucnomo RUORY T CHLCOOH Rﬂo
H>—<FO H>_§<o . \F\e(CO)3
HO Fe (CO)y Fe(CO);

61 102 101
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In order to examine this possibility, we have carried out the reaction of
diphenylacetylene with Fe(CO)s/t-BuOK reagent system in the presence of CH;COOH.

Under these conditions, the corresponding o,p-unsaturated carboxylic acid 6la was

obtained in 30% yield.
Scheme 53
R'———=R?10h
THF/60 °C/45 min. 1 Ph Ph
Fe(CO)s + -BuOK ——» | NaHFe; CO)y - =
CH;COOH/25 °C/1 h CuCl,.2H,0 o o
HO
R'=R?=Ph 6la
30 %

However, when the reaction was carried out using CH,Cl, and CH;COOH, the a,[3-
unsaturated carboxylic acids were obtained in 60-78% yield (Scheme 54). The results are

summarized in Table 7.

Scheme 54
R! R’
R!'———=r? —
THF/60 °C/45 min. 1
Fe(CO) 5 + -BuOK > NaHFe;(CO)y | » H 0
CH;COOH /25 °C/1 h 10 h/25 °C HO
DCM/25 °C/1 h CuCl,.2H,0 61
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Table 7. Regio and stereoselective hydrocarboxylation of alkynes using novel

Fe(CO)s/t-BuOK/AcOH/CH,Cl, reagent system®

Alkyne b
Product yield®
Ent 1 R 0
ry R %
Ph Ph
1 Ph Ph >=< 75
H COOH
6la
2-H;CCsH) C¢H4CH;-2
2 2—CH3C6H5 2—CH3C6H5 — 65
H COOH
61b
4-CH;0C¢H cHsOCH;-4
3 4-CH;0C¢H; 4-CH;0C4H; — 60
H COOH
6lc

}’l-C3H7 C3H7-}’l

4 n-CsH, n-C3H, )=< 65

H COOH
61d

I’l-C4H9 C4H9—n
5 I’l-C4H9 n'C4H9 — 68

H COOH
6le

6 Ph CH; Ph CH; 784

HOOC H
61f (71%)

Ph  CH,
=

H COOH
61g (29%)
H C6H13—n

7 H n-C6H13 62d

I

H  COOH
61h (75%)

H C6H13—n
HOOC H
61i (25%)

“ All the reactions were carried out using Fe(CO)s (7.5 mmol, 6 equiv.), &-BuOK (7.5 mmol, 6 equiv.) and
alkyne (1.25 mmol, 1 equiv.) in THF (25 mL). ® The products were formed after CuCl,.2H,O oxidation,
identified by spectral data (IR, "H-NMR, *C-NMR and Mass) and comparison with the reported data.***"-”’
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¢ Yields reported are for the isolated products and based on the amount of alkynes used. ¢ The regio isomers

ratio was determined by '"H NMR analysis of the crude product mixture.

Symmetrical alkynes undergo stereoselective hydrocarboxylation to give the (E)-
a,B-unsaturated carboxylic acids (entries 1-5). In the case of 1-phenyl-1-propyne (entry
6), the (E)-2-phenylbut-2-enoic acid 61f and (£)-2-methyl-3-phenylacrylic acid 61g are
formed in 71:29 ratio. In the case of 1-octyne, the 2-methyleneoctanoic acid 61h and (E)-
non-2-enoic acid 61i were obtained in 75:25 ratio. Clearly, in the case of unsymmetrical
alkynes, the carbonylation occurs at the highly substituted acetylenic carbon to more extent.
In all these cases, along with ao,B-unsaturated carboxylic acids the corresponding
cyclobutenediones were also isolated as side products (< 5%).

We have also examined the reactivity of diphenylacetylene with the
Fe(CO)s/NaOMe/CH3;COOH/CH,Cl, reagent system. In this case, the (£)-2,3-diphenyl

acrylic acid 61a was obtained in 65% yield (Scheme 55).

Scheme 55
o Ph Ph
THF/60 °C/45 min. R—= K >:<R
Fe(CO)s + NaOMe » NaHFe;(CO);, » H 0
5 o | HO
CH;COOH/25 °C/1 h 10 h/25°C
DCM/25 °C/1 h CuCL.2H,0 61a
65%
R!=R%*=Ph

We have also observed that the Fe;(CO)o/t~-BuOK/CH;COOH/CH,Cl, reagent
system react with diphenylacetylene to give the (E)-2,3-diphenylacrylic acid 61a in 60 %

yield (Scheme 56).
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Scheme 56
1). +-BuOK/ 25 °C/0.5 h R'—==—R?/10n Ph Ph
Fey(CO)g —THE 5 Fe(CO)s €0 'Closh > NaHFe;(CO),, | ! -
2). CH;COOH/25 °C/1 h CuCl,2H,0 ug °©
Fe(CO), 3). DCM/ 25 °C/1 h R'=R2=Ph 61a
60 %

The mechanism for the formation of o,B-unsaturated carboxylic acids 61 from
alkynes and Fe,(CO)s/ROM/AcOH/CH,CIl, reagent system may be considered as envisaged

in Scheme 57.

Scheme 57
H - CH,CI
+ - CH;COOH / -l
Fe(CO)sROM o \|R—0-C—Fe(CO), T“ R—o—ﬁ—Fe(CO)‘t*T»ROM MHFe(CO)4—C> Fe(CO),
MOAc 0 RyCOs CH;C
THF L g
R
+
oo ROM +CO R'=H, CH, Aryl, Alkyl
e2(CO)y Fe(CO), MHEe(CO)s \EG(CO)s R- Al Alky
= t-Bu, Me
R lofe(CO)a M= Na, K
2 Fe(CO), 1 )
MHFe(CO);——————MHFe;(CO),; +R'—=—R
lAcOH
Rl R2 Rl R2
_ CuCly. 2H,0 >_g:
) —
H 0 H o)
Fe,(CO)y HO
102 61

The Fe(CO)s or the Fe(CO)s obtained from Fey(CO)o/THF reagent system would
undergo reaction with alkoxide followed by CH3COOH and CH,Cl, to provide the
Fe(CO)s, Which could react with MHFe(CO)4 to give the [HFe3(CO);] species. These
species after reaction with alkynes would provide the hydrometallation product 102 or iron

complex 101 (Scheme 57). These complexes could give the o,B-unsaturated carboxylic
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acids after CuCl,.2H,0 oxidation. However, the formation of other metal carbonyl species
such as 101 cannot be ruled out.

We have developed a simple, one-pot method for the stereoselective synthesis of a,
B-unsaturated carboxylic acids by using in situ generated reactive iron carbonyl species.
This method of generation of reactive iron carbonyl species by using the readily accessible
reagents -BuOK, AcOH and CH,Cl, is expected to be useful for further synthetic
exploitations. Transition metal mediated hydrocarboxylation reaction are of immense
interest in organic synthesis.”' Hydrocarboxylation of alkynes is an industrially important
reaction for large scale production of acrylic acid derivatives.”” The (E)-a,p-ethylenic
carboxylic acids are not only versatile synthons, but also exist widely in natural products,
for example honeybee,” caffeir acid’”* and in several biologically active molecules.”
Therefore, the method described here for the hydrocarboxylation of alkynes have good

synthetic potential.
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1.3 Conclusions

The iron carbonyl species HFe;(CO);;” prepared using the Fe(CO)s/NaH and CHjsl
reagent system at 25 °C, reacts with alkynes in THF, to give the corresponding
cyclobutenediones in good yield (50-65%) after CuCl,.2H,O oxidation. Also, alkoxides
facilitate the double carbonylation reaction of alkynes using Fe(CO)s. The reaction of iron
carbonyl species, prepared in THF using the Fe(CO)s and +-BuOK at 70 °C, with various
alkynes gives the corresponding cyclobutenediones in good yields (70-93%). The nature of
intermediate alkyne-iron carbonyl complexes involved in the reaction of alkynes with the
Fe(CO)s/t-BuOK reagent system was identified through isolation of the corresponding
acyloxyferrole complex by carrying out the reaction in the presence of CH3;COCI/Et;N.
The 1,2-acyloxyferrole complex was obtained in this transformation in contrast to the 1,4-
acyloxyferrole complex obtained in the hitherto reported methods.

The Fe,(CO)o/t-BuOK reagent system is also useful for the double carbonylation of
alkynes, giving the corresponding cyclobutenediones in good yields (63-90%) in a short
reaction time (8.5 h).

We have also found that the Fe(CO)s/t-BuOK/CH3;COOH/CH,Cl, and Fe,(CO)y/t-
BuOK/CH3COOH/CH,Cl, reagent systems are useful for stereo and regio selective
hydrocarboxylation with alkynes and the corresponding o,B-unsaturated carboxylic acids

were obtained in good yields (60-78%).



1.4 Experimental Section

1.4.1 General information:

'H NMR (400 MHz) and *C NMR (100 MHz) spectra were recorded on Bruker-
Avance-400, respectively in CDCl; and TMS was used as reference (6 = 0 ppm). IR (KBr)
spectra and IR (neat) spectra were recorded on JASCO FT-IR spectrophotometer model
5300 with polystyrene as reference. Mass spectral analyses were carried out on VG 7070H
mass spectrometer using EI technique at 70 eV. Elemental analysis was performed on a
Perkin-Elmer elemental analyzer model-240C and Thermo Finnigan analyzer series Flash
EA 1112. Melting points reported in this thesis are uncorrected and were determined using
a Buchi-510 capillary point apparatus. Analytical thin layer chromatographic tests were
carried out on glass plates (3x10 cm) coated with 250 mp acme’s silica gel-G or GF,s4
containing 13% calcium sulphate as binder. The spots were visualized by short exposure to
iodine vapor or UV light.

All glassware was pre-dried at 140 °C in an air oven for 4 h, assembled hot and
cooled under a steam of dry nitrogen. Unless, otherwise mentioned, all the operations and
transformations of reagents were carried out using standard syringe, septum technique
recommended for handling air sensitive organometallic compounds. Reagents prepared in
situ in solvents were transformed using a double-ended stainless steel (Aldrich) needle
under a stream of nitrogen whenever required.

In all the experiments, a round bottom flask of appropriate size with a side arm, a

side septum, a magnetic stirring bar, a condenser and a connecting tube attached to a
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mercury bubbler were used. The outlet of the mercury bubbler vented inside the fume
hood. All dry solvents and reagents (liquids) used were distilled from appropriate drying
agents just before use. As a routine practice, all organic extracts were concentrated on
Buchi-EL-rotary evaporator. All yields reported are isolated yields of material judged
homogenous by TLC, IR and NMR spectroscopy.

The Fe(CO)s and Fe,y(CO)y reagents were supplied by Fluka, Switzerland and
Aldrich, USA respectively. Aliphatic alkynes supplied by Aldrich, USA, silyl substituted
and diaryl alkynes were prepared following a reported procedure.”® THF was distilled over
sodium benzophenone ketyl system. Et;N supplied by Spectrochem Ltd., India, was
distilled and stored over KOH. DCM was distilled over calcium hydride and stored over
molecular sieves.

The X-ray diffraction measurements for compounds 82 and 90 were carried out at
293 K on Bruker SMART APEX CCD area detector system and the data was corrected for
absorption effects using the multiscan technique (SADABS). The data was reduced using
the XTAL program. No absorption correction was applied. The refinement for structures

was made by full matrix least squares on F> (SHELX 97).

1.4.2 Preparation of cyclobutenedione 69 using the Fe(CQO)s/NaH/Mel

reagent system

The Fe(CO)s (1.0 mL, 7.5 mmol) was added dropwise to the NaH (0.33 g, 7.5

mmol) in THF (35 mL) at 25 °C under dry nitrogen and stirred for another 5 h at same



48 Experimental Section

temperature. The above reaction mixture was treated with CHzI (0.46 mL, 1.06 g, 7.5
mmol) at 0 °C under dry N, atmosphere. After 10 min. diphenylacetylene (0.22 g, 1.25
mmol) was added and the contents were further stirred for 10 h at room temperature. The
metal carbonyl complexes were oxidized using CuCl,.2H,0 (2.5 g, 15 mmol) in acetone
(10 mL). Saturated NaCl solution was added and the contents were extracted with ether
(2x40 mL). The combined ether extracts were washed successively with saturated Na,S,05
solution and brine, dried over anhydrous Na,SO4 and concentrated under reduced pressure.
The residue was subjected to column chromatography (silica gel, hexane-EtOAc). Ethyl

acetate (2%) in hexane eluted the 3,4-diphenyl-3-cyclobutene-1,2-dione 69.

1. Mel Ph 0
2. Ph—=—Ph Ji
Fe(CO)s + NaH 375620
THF,25°C  Ph 0
69

Yield : 0.152 g (52%)
mp : 95-96 °C (Lit.”** mp 97 °C)
IR (KBr) : 1780 cm™
'HNMR (400 MHz) & = 8.01-8.04 (m, 4H), 7.61-7.51 (m, 6H) ppm

(Spectrum No. 1)
BC NMR : (100 MHz) 0 = 195.9, 187.2, 133.3, 129.2, 128.1, 127.9 ppm
(Spectrum No. 2)

MS (EI) : m/z 235 (M+1)
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The above procedure was followed for the conversion of other alkynes to

corresponding cyclobutenediones.

1. Mel Ph O
2Ph——H j(
Fe(CO)s + NaH 3755 51,0
THF, 25 °C H .o O
Yield : 0.108 g (55%)
mp : 152-153 °C (Lit.”*" mp 152-153 °C)
IR (KBr) 1768 cm™
'"H NMR : (400 MHz) 6 = 9.56 (s, 1H), 8.02-7.52 (m, 5H) ppm
BCNMR (100 MHz) 6 = 197.8, 196.0, 195.5, 178.3, 134.7, 129.6, 129.4,
127.3 ppm
MS (EI) : m/z 159 (M+1)
1. Mel Ph O

Fo(CO 2Ph—=—=—CH;, ji
«(COs + NaH 375 5500

THF,25°C HC 77 O

Yield : 0.120 g (56%)

mp : 98-100 °C (Lit.”” mp 98-100 °C)

IR (KBr) : 1782, 1765 cm’™

"H NMR : (400 MHz) 6= 8.03-8.01 (m, 2H), 7.61-7.55 (m, 3H), 2.66 (s, 3H)

ppm (Spectrum No. 3)
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BC NMR

MS (EI)

Analysis

Yield
mp
IR (KBr)

"H NMR

BC NMR

MS (EI)

Analysis

Experimental Section

(100 MHz) 6=198.4, 196.9, 193.7, 191.3, 133.5, 129.5, 128.6,

128.5, 12.5 ppm (Spectrum No. 4)
m/z 173 (M+1)

for C;;HgO,

Calculated: C, 76.73%; H, 4.68%

Found: C, 76.66%; H, 4.70%

1. Mel Ph O

Fa(CO 2. Ph—=—=—C,H; ji
«CO)s + NaH 376 om0
THF,25°C ~ CaHs " 0

0.118 g (51%)
64-66 °C (Lit.”"" mp 62 °C)

1778, 1755 cm’™!

(400 MHz) &= 8.01-7.99 (m, 2H), 7.62-7.54 (m, 3H), 3.08 (q, J =

7.6 Hz, 2H), 1.43 (t,J= 7.6 Hz, 3H) ppm

(100 MHz) 6 = 198.7, 198.3, 197.5, 190.3, 133.5, 129.5, 128.5,

128.4,21.1, 10.3 ppm

m/z 187 (M+1)

for C12H;00,

Calculated: C, 77.40%; H, 5.41%

Found: C, 77.51%; H, 5.42%
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1. Mel H 0
2. n-CgH;;—=——H
Fe(CO)S + NaH 3CuC122H20 \(\/Ji
0 0
THF, 25 °C 513

Yield : 0.135 g (65%)
IR (neat) : 1784 cm™
'"H NMR : (400 MHz) 6=9.24 (s, 1H), 2.73 (t, J = 7.2 Hz, 2H), 1.68-1.61 (m,

2H), 1.34-1.23 (m, 6H), 0.80 (t, J = 7.2 Hz, 3H) ppm (Spectrum
No. 5)
BCNMR (100 MHz) & = 208.3, 200.0, 196.7, 184.9, 31.1, 28.8, 27.4, 25.7,

22.2, 13.8 ppm (Spectrum No. 6)

MS (EI) : m/z 167 (M+1)

1. Mel H 0

2. n-C8H17 — H

Fe(CO)s + NaH 3. CuCl, 2H,0 \VKO
THF, 25 °C 774

Yield : 0.133 g (55%)
IR (neat) : 1784 cm™
'THNMR (400 MHz) 5= 9.29 (s, 1H), 2.80 (t, J = 7.6 Hz, 2H), 1.76-1.69 (m,

2H), 1.40-1.28 (m, 10H), 0.88 (t, J = 6.8 Hz, 3H) ppm
BCNMR (100 MHz) & = 208.3, 200.0, 196.6, 184.8, 31.5, 29.1, 28.9, 28.8,

27.4,25.8,22.4,13.9 ppm
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MS (EI)  : m/z 195 (M+1)

1. Mel H 0

21-CsH ——— \ﬁ)i

Fe(CO)s + NaH
3. CuCL.2H,0 o
THF, 25 °C 75

Yield : 0.095 g (50%)
IR (neat) : 1786 cm™
'HNMR  : (400 MHz) 6= 9.20 (s, 1H), 2.81 (t, J = 7.3 Hz, 2H), 1.70-1.83 (m,

2H), 1.27-1.40 (m, 4H), 0.82 (t, J = 7.3 Hz, 3H) ppm

BCNMR (100 MHz) 6= 208.3, 199.9, 196.6, 184.8, 31.2, 27.1, 25.6, 22.1,
13.7 ppm
MS (EI) : m/z 151 (M-1)

1.4.3 Preparation of cyclobutenedione 69 using the Fe(CO)s/t-BuOK

reagent system

The Fe(CO)s (2.0 mL, 15 mmol) was added dropwise to a solution of anhydrous z-
BuOK (1.68 g, 15 mmol) in THF (70 mL) at 25 "C under dry nitrogen. The colour of the
reaction mixture immediately changes from yellow to dark brown. The reaction mixture
was stirred for another 1 h at 70 "C and brought slowly to 25 'C. Diphenylacetylene (0.445
g, 2.5 mmol) was added and further stirred for 10 h at 70 'C. The mixture was brought
slowly to 25 "C. The metal carbonyl complexes were oxidised using CuCL.2H,O (5.1 g, 30

mmol) in acetone (20 mL). Saturated NaCl solution was added and the contents were
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extracted with ether (2x75 mL), dried over anhydrous Na,SO4 and concentrated under
reduced pressure. The residue was subjected to column chromatography (silica gel,

hexane-EtOAc). Ethyl acetate (2%) in hexane eluted the 3,4-diphenyl-3-cyclobutene-1,2-

dione 69.
Ph O
1). PhC=CPh ]Ei
t-BuOK + Fe(CO)s THF/70 °C/11 h g
2). CuCl,.2H,0 69 O
Yield : 0.526 2(90%)

The IR, "H NMR and *C NMR data show 1:1 correspondence with the data of the
compound previously obtained in reaction using the Fe(CO)s/NaH/Mel reagent system.
The above procedure was followed for the conversion of other alkynes to

corresponding cyclobutenediones.

1). PhAC=CH
t-BuOK + Fe(CO)s THF/70 °C/11 h g

2).CuCL2H,0  H 76 O

Yield : 0.308 g (78%)
The IR, "H NMR and *C NMR data show 1:1 correspondence with the data of the

compound previously obtained in reaction using the Fe(CO)s/NaH/Mel reagent system.

Ph O
1). PhC=CMe
tBuOK + Fe(CO)s oot

2).CuCL2H,0 Me 77 O

Yield : 0.400 g (93%)
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The IR, "H NMR and *C NMR data show 1:1 correspondence with the data of the

compound previously obtained in reaction using the Fe(CO)s/NaH/Mel reagent system.

Yield

Ph 0
1). PhC=CC,H
-BuOK + Fe(CO)s THF/70°C/I1h

2). Cuclom,0  Cfls 00

0.395 g (85%)

The IR, "H NMR and *C NMR data show 1:1 correspondence with the data of the

compound previously obtained in reaction using the Fe(CO)s/NaH/Mel reagent system.

Yield
mp
IR (KBr)

"H NMR

BC NMR

MS (EI)

Analysis

Ph 0
1). PhC=CC;H;-n
t-BuOK + Fe(CO)s THE/70 °C/11 h ~

2). CuCL2H,0 "C3H7 g0 O

0.41 g (82%)

60-62 °C

1766 cm™

(400 MHz) & = 8.03-8.01 (m, 2H), 7.61-7.55 (m, 3H), 3.05 (t, J =
7.2 Hz, 2H), 1.95-1.89 (m, 2H), 1.08 (t, J = 7.6 Hz, 3H) ppm

(100 MHz) & = 198.5, 197.9, 197.4, 190.8, 133.5, 129.5, 128.5,
128.4,29.7,19.7, 14.5 ppm

m/z 201 (M+1)

for C3H 1,0,

Calculated: C, 77.98%; H, 6.04%.
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Found: C, 77.96%; H, 6.03%

Ph 0o
1). PhAC=CC,4Hg-n
t-BuOK + Fe(CO)s THF/70 °C/11h
2). CuCL2H,0  "CaHo 81 ©

0.45 g (84%)

49-51°C

1768 cm™

(400 MHz) 6 = 8.01-7.99 (m, 2H), 7.57-7.55 (m, 3H), 3.04 (t, J =
7.2 Hz, 2H), 1.86-1.81 (m, 2H), 1.50-1.44 (m, 2H), 0.97 (t, J = 6.8
Hz, 3H) ppm

(100 MHz) ¢ = 198.5, 198.1, 197.4, 190.6, 133.5, 129.5, 128.5,
128.4,28.1,27.5,23.1, 13.7 ppm

m/z 215 (M+1)

for C14H 40,

Calculated: C, 78.48%; H, 6.59%

Found: C, 78.48%; H, 6.55%

Ph

1).PhC=C—C=CPh
t-BuOK + Fe(CO)s THEF/70 °C/11 h >

2). CuCl,.2H,0 Ph 0

0.451 g (70%)
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mp
IR (KBr)
'H NMR

BC NMR

MS (EI)

Analysis

Yield

Experimental Section

116-118 °C

2189, 1778, 1765 cm’

(400 MHz) 6= 8.29-7.45 (m, 10 H) ppm

(100 MHz) o = 198.1, 192.8, 187.9, 172.9, 134.6, 132.4, 1314,
130.9, 129.4, 129.1, 128.8, 124.7, 120.7, 78.3 ppm

m/z 259 (M+1)

for C1sH;90»

Calculated: C, 83.71%; H, 3.90%

Found: C, 83.63%; H, 3.92%

n-C6H13 O
1).11-C6H13CECH
t-BuOK + Fe(CO)s THF/70°C/11h
0

2). CuCl,.2H,0 H oy

0.303 g (73%)

The IR, 'H NMR and *C NMR data show 1:1 correspondence with the data of the

compound previously obtained in reaction using the Fe(CO)s/NaH/Mel reagent system.

Yield

n—C8H17 O
1) n-C8H17CECMe

THF/70 °C/11 h
2). CuCl,.2H,0

t-BuOK + Fe(CO)s
H 74 O

0.344 g (71%)



Chapter 1 New Reactive Iron Carbonyl Reagents.... 57

The IR, '"H NMR and *C NMR data show 1:1 correspondence with the data of the

compound previously obtained in reaction using the Fe(CO)s/NaH/Mel reagent system.

. Ph, 0
1). PhAC=CSiMej;
t-BuOK + Fe(CO)s THF/70 °C/11 h >

2). CuCl,2H,0 MesSi g3 O

Yield : 0.431 g (75%)

mp : 101-102 °C (Lit.* mp 102.8-103.2 °C)

IR (KBr) : 1774, 1766 cm’™

"H NMR : (400 MHz) & = 7.96-7.94 (m, 2H), 7.60-7.55 (m, 3H), 0.46 (s, 9H)
ppm

BCNMR (100 MHz) & = 202.6, 200.4, 199.3, 197.9, 133.6, 129.5, 129.3,

129.1, -1.83 ppm

MS (EI) : m/z 231 (M+1)

Me;Si 0

1). Me;SiC=CCcH,CH;-4
t+-BuOK + Fe(CO)5 ° -
THF/70 11h
/70°C/ 4-CH;3H,C o
84

2) CuC122H20

Yield : 0.488 g (80%)

mp : 80-82 °C, (Lit.”® mp 89-90 °C)

IR (KBr) : 1761 cm™

'HNMR (400 MHz) 6= 7.88 (d, J = 8 Hz, 2H), 7.37 (d, J = 8 Hz, 2H), 2.46

(s, 3H), 0.46 (s, 9H) ppm (Spectrum No. 7)
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Analysis
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(100 MHz) ¢ = 201.1, 200.5, 199.0, 198.2, 144.9, 130.1, 129.7,
126.5, 22.01, -1.8 ppm (Spectrum No. 8)

m/z 243 (M-1)

for C14H 160,51

Calculated: C, 68.81%; H, 6.60%.

Found: C, 68.81%; H, 6.60 %.

Me3Si O
FBUOK + Fe(CO)s ™ rypm0 °cni n 2CH;OH,CG o O

2) CuCIZZHZO

0.552 g (85%)

99-101 °C

1763 cm’'

(400 MHz) ¢ = 7.92-7.89 (m, 1H), 7.57-7.52 (m, 1H), 7.13-7.09
(m, 1H), 7.02 (d, J= 8.4 Hz, 1H), 3.89 (s, 3H), 0.34 (s, 9H) ppm

(100 MHz) ¢ = 205.4, 201.4, 198.3, 196.8, 156.4, 134.7, 130.3,
120.9, 118.5, 111.2, 55.2, -1.72 ppm

m/z 261 (M+1)

for C14H605Si1

Calculated: C, 64.58 %; H, 6.19 %

Found: C, 64.51%; H, 6.22 %
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H,C 0
1). HyCC=CSiMe; _

THF/70-25 °C/11 h ,

2). CuCl,.2H,0 Me;Siigg O

-BuOK + Fe(CO)s

0.294 g (70%)

1779 ¢cm’
(400 MHz) 5= 2.42 (s, 3H), 0.33 (s, 9H) ppm (Spectrum No.11)
(100 MHz) 5= 208.7, 207.2, 201.2, 200.1, 13.1, -2.31 ppm

(Spectrum No.12)

m/z 169 (M+1)

1). C,H;C=CC,H;
t-BuOK + Fe(CO)s THF/70-25°C/11h
2). CuCl,.2H,0 Gl gy ©

0.248 g (72%)
1766 cm™

(400 MHz) &= 2.69 (q, J = 7.6 Hz, 4H), 1.22 (t, J = 7.6 Hz, 6H)
ppm

(100 MHz) 6= 203.1, 199.5, 19.9, 10.3 ppm

m/z 139 (M+1)

l’l-C3H7 O
1) I’l-C3H7CECC3H7 -
t-BuOK + Fe(CO)s THF/70 °C/11h

2). CuCl,.2H,0 n-CsHy oo O
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Yield
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MS (ET)
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0.340 g (82%)

1768 cm’!

(400 MHz) 6=2.61 (t,J = 7.6 Hz, 4H), 1.68-1.62 (m, 4H), 0.89 (t,

J =8 Hz, 6H) ppm (Spectrum No.13)

(100 MHz) ¢ = 202.7, 199.5, 28.2, 19.4, 13.9 ppm (Spectrum
No.14)

m/z 167 (M+1)

l’l-C4H9 O

1). n-C4HyC=CCyHy-n
-BuOK + Fe(CO)s THF/70 °C/11h

-C,H 0
2). CuCl,.2H,0 a4t o

0.427 g (88%)

1768 cm™

(400 MHz) 6=2.67 (t, J="7.2 Hz, 4H), 1.67-1.62 (m, 4H), 1.36-1.31
(m, 4H), 0. 89 (t, J = 6.4 Hz, 6H) ppm

(100 MHz) 6=1202.9, 199.7, 28.0, 26.2, 22.7, 13.5 ppm

m/z 193 (M-1)

1.4.4 Preparation of acyloxyferrole complex 90

The Fe(CO)s (2.0 mL, 15 mmol) was added dropwise to a solution of anhydrous z-

BuOK (1.68 g, 15 mmol) in THF (70 mL) at 25 "C under dry nitrogen. Then the reaction

mixture was stirred for another 2 h at 70 'C and brought slowly to room temperature.
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Diphenylacetylene (0.445 g, 2.5 mmol) was added and the contents were further stirred for
2 h at room temperature. Then, Et;N (2.1 mL, 15 mmol) and CH;COCI (1 mL, 15 mmol)
were added and the contents were further stirred for 10 h. Ether (100 mL) was added and
the reaction mixture was washed successively with H,O (40 mL), brine (2x50 mL), dried
over Na,SO,4 and concentrated under reduced pressure. The residue was subjected to
column chromatography (silica gel, hexane-EtOAc). Ethyl acetate (2.5%) in hexane eluted
the ferrole complex 90. This complex is relatively stable but on long time standing or

exposure to atmosphere leads to decomposition.

OOCCHj
1). THF/70 °C/2 h H;CCO0_~
Fe(CO)s + +-BuOK > Q Fe(CO)s
2). P—==—Ph/25°C/2 h PH co
0 Ph
3). CH;COCV/Et;N/25 °C/10 h fgo)z
90
Yield : 1.125 g (75%)
mp : 140-142 °C (dec.)
IR (KBr) 2077, 2038, 2000, 1780 cm™
"H NMR : (400 MHz) 6 = 7.21-6.83 (m, 10H), 2.20 (s, 3H), 2.09 (s, 3H) ppm
(Spectrum No.15)
BC NMR : (100 MHz) ¢ = 212.1, 209.0, 204.5, 204.2, 178.5, 167.4, 167.0,

159.4, 147.1, 134.3, 131.6, 129.6, 128.5, 128.0, 127.7, 127.5, 126.2,
125.1, 21.0, 20.3 ppm (Spectrum No.16)
MS (EI) : m/z 601 (M+1), 602 (M+2)

Analysis H for C26H16010F€2
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Calculated: C, 52.04 %; H, 2.69 %

Found: C, 52.02%; H, 2.69 %

Experimental Section

1.4.5 Preparation of cyclobutenedione 69 using the Fe,(CO)y/--BuOK

reagent system

THF (50 mL) was added to the mixture of Fe,(CO)y (2.20 g, 6 mmol) and -BuOK

(0.89 g, 8 mmol) at 25 °C under dry nitrogen. The reaction mixture was stirred for 0.5 h at

25 °C and another 15 min. at 65 C. Diphenylacetylene (0.356 g, 2.0 mmol) was added and

the contents were further stirred for 8 h at 75 ‘C. The mixture was brought slowly to 25°C.

The metal carbonyl complexes were oxidized using CuCl,.2H,O (5.1 g, 30 mmol) in

acetone (20 mL). Saturated NaCl solution was added and the contents were extracted with

ether (2x60 mL), dried over anhydrous Na,SO, and concentrated under reduced pressure.

The residue was subjected to column chromatography (silica gel, hexane-EtOAc). Ethyl

acetate (2%) in hexane eluted the 3,4-diphenylcyclobutene-1,2-dione 69.

-BuOK + Fez(CO)g

1). PhC=CPh

THF/75-25 °C/8.5h
2). CuCl,.2H,0

L
L

Ph

PR

69

O

(0]

Yield : 0.412 g (88%)

The IR, "H NMR and *C NMR data show 1:1 correspondence with the data of the

compound previously obtained in reaction using the Fe(CO)s/NaH/Mel reagent system.
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The above procedure was followed for the conversion of other alkynes to

corresponding cyclobutenediones.

1).PhC=CH NI
t-BuOK + Fe,(CO)q >
THE/TS-25°C85h /N
2). CuCL.2H,0 76

Yield : 0.199 g (63%)
The IR, 'H NMR and *C NMR data show 1:1 correspondence with the data of the

compound previously obtained in reaction using the Fe(CO)s/NaH/Mel reagent system.

C,H; 0
1). C,HsC=CC,H
t-BuOK + Fey(CO), )- CHs =
THF/75-25 °C/8.5 h
C,H: 0
2). CuCl,.2H,0 87

Yield : 0.179 g (65%)
The IR, "H NMR and *C NMR data show 1:1 correspondence with the data of the

compound previously obtained in reaction using the Fe(CO)s/t-BuOK reagent system.

Ph 0
1). PhC=CSiMe,
+BuOK + Fey(CO), - >
THF/75-25°C/8.5h o g o
2). CuCl,.2H,0 83

Yield : 0.331 g (72%)
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The IR, "H NMR and *C NMR data show 1:1 correspondence with the data of the

compound previously obtained in reaction using the Fe(CO)s/t-BuOK reagent system.

Me;Si 0

1). Me;SiC=CCgH,OCH;-4

t-BuOK + Fe,(CO)g >
THF/ 75-25°C/8.5h 4 ci.0H o
2). CuClL,.2H,0 P

Yield : 0.364 g (70%)

mp : 102-104 °C (Lit.”® mp 114-115 °C)

IR (KBr) : 1768, 1751 cm’™

"H NMR : (400 MHz) 6= 7.97 (d, J = 8 Hz, 2H), 7.04 (d, J = 8 Hz, 2H), 3.90

(s, 3H), 0.45 (s, 9H) ppm
BC NMR : (100 MHz) ¢ = 200.2, 198.9, 198.4, 197.7, 164.1, 131.9, 121.9,

114.8, 55.6, -1.79 ppm

MS (EI) : m/z 261 (M+1)
Me3Si O
1). Me3SiC=CC4qH,4CI-3 Q)I(
t-BuOK + Fe,(CO)q >
THF/ 75- 25 °C/ 8.5 h 3-CIH,C; 0
Yield : 0.375 g (71%)
mp : 96-98 °C

IR (KBr) 1759 cm™
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(400 MHz) 6=17.93 (s, 1H), 7.83 (d, J= 7.6 Hz, 1H), 7.57 (d, J = 8
Hz, 1H), 7.52-7.48 (m, 1H), 0.47 (s, 9H) ppm

(100 MHz) ¢ = 204.1, 199.9, 197.8, 197.1, 135.4, 133.2, 130.6,
130.5, 129.1, 127.3, -1.84 ppm

m/z 265 (M+1)

for C13H3Cl10,Si

Calculated: C, 58.97 %; H, 4.95 %

Found: C, 58.85%; H, 4.91 %

t-BuOK  + Fez(co)g >

1.
=(CSiMe,

THF/75-25°C/8.5h
2) Cuc122H20

0.386 g (69%)

100-102 °C

1768 cm’!

(400 MHz) 6= 8.05-7.80 (m, 3H), 7.62-7.53 (m, 4H), 0.34 (s, 9H)
ppm (Spectrum No.9)

(100 MHz) 6=207.9, 203.8, 200.6, 197.4, 133.6, 132.5, 129.6,
128.7,127.4,127.1, 127.0, 126.9, 125.4, 124.9, -2.0 ppm (Spectrum
No.10)

m/z 281 (M+1)
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Analysis for C]7H160zSi
Calculated: C, 72.82 %; H, 5.75 %
Found: C, 72.88 %; H, 5.71 %
Ph 0
+BuOK + Fey(CO)o D PhC=CCH, ji
THF/75-25 °C/8.5 h HyC 0
2). CuCl,.2H,0 77
Yield 0.296 g (86%)

The IR, 'H NMR and *C NMR data show 1:1 correspondence with the data of the

compound previously obtained in reaction using the Fe(CO)s/NaH/Mel reagent system.

1). PhAC=CC,H;

t-BuOK + Fe,(CO)q
THF/75-25°C 8.5 h

2). CuCl,.2H,0

Ph

C,Hg

o
78

Yield 0.309 g (83%)

The IR, '"H NMR and *C NMR data show 1:1 correspondence with the data of the

compound previously obtained in reaction using the Fe(CO)s/NaH/Mel reagent system.

1). PhAC=CC;H;-n

t-BuOK + Fey(CO)g
THF/75-25°C/8.5h

2). CuCl,.2H,0

Ph

n—C3H7

o
80

Yield 0.340 g (85%)
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The IR, '"H NMR and *C NMR data show 1:1 correspondence with the data of the

compound previously obtained in reaction using the Fe(CO)s/t-BuOK reagent system.

Ph 0
1). PhC=CC,H,-

~BuOK + Fe,(CO), A0
THF/75-25°CI85h . 1ig 0
2).CuCl,.2H,0 81

Yield : 0.385 g (90%)
The IR, "H NMR and *C NMR data show 1:1 correspondence with the data of the

compound previously obtained in reaction using the Fe(CO)s/t-BuOK reagent system.

1.4.6 Synthesis of (E)-2,3-diphenylacrylic acid 61a by using the Fe(CQO)s/t-

BuOK/AcOH/CH,Cl, reagent system

The Fe(CO)s (1.0 mL, 7.5 mmol) was added drop wise to a solution of anhydrous #-
BuOK (0.84 g, 7.5 mmol) in THF (25 mL) at 25 °C under dry nitrogen. The contents were
stirred for 45 min. at 60 'C and brought slowly to 25 “C. Acetic acid (0.43 mL, 7.5 mmol)
was added and the contents were stirred for 1 h at 25 °C. Dichloromethane (5 mL) was
added and the contents were stirred for another 1 h. Then diphenylacetylene (0.22 g, 1.25
mmol) was added and further stirred for 10 h. The metal carbonyl complexes were
oxidized using CuCl,.2H,0 (2.55 g, 15 mmol) in acetone (10 mL). Saturated NaCl solution
was added and the contents were extracted with ether (2x40 mL), dried over anhydrous

Na,SO4 and concentrated under reduced pressure. The residue was subjected to column
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chromatography (silica gel, hexane-EtOAc). Ethyl acetate (10%) in hexane eluted the (E)-

2,3-diphenylacrylic acid 61a.

1). THF/60 °C/45 min.
Fe(CO) + 1Buok D CH:COOHRS°C/lh Ph _ Ph
3). DCM/25 °C/1 h T o
4). P—==—Php25°c/ionh ~ HO
CuCl,.2H,0 6la
Yield : 0.210 g (75%)
mp : 168-170 °C (Lit.** mp 172-173 °C)
IR (KBr) : 1678 cm™
'HNMR (400 MHz) 5= 7.95 (s, 1H), 7.35-7.05 (m, 10H) ppm
BCc NMR : (100 MHz) 6 = 173.2, 142.5, 135.3, 134.3, 131.7, 130.9, 129.8,

129.5, 128.7, 128.3, 128.1 ppm
MS (EI) : m/z 225 (M+1)
The above procedure was followed for the conversion of other alkynes to the

corresponding a,B-unsaturated carboxylic acids.

1). THF/60 °C/45 min. O O
2). CH;COOH/25 °C/1 h
Fe(CO); + +BuOK > =
(CO)s 3). DCM/25°C/1 h HiC H o CHs
4). 2-CH;Ph—==—Ph-CH;-2 /25 °C/10 h HO
CuCl,.2H,0 61b
Yield : 0.204 g (65%)

mp : 164-165 °C
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(400 MHz) 5= 8.16 (s, 1H), 7.20-6.60 (m, 8H), 2.38 (s, 3H), 2.09

(s, 3H) ppm

(100 MHz) ¢ = 172.9, 140.8, 138.1, 136.7, 134.8, 133.5, 131.6,

130.3, 130.2, 130.0, 129.2, 128.9, 128.1, 125.9,
19.6.ppm

m/z 253 (M+1)

for C17H160;

Calculated: C, 80.93%; H, 6.39%

Found: C, 80.85%; H, 6.32%

125.6, 20.1,

0,
Fe(CO); + +BuOK _2)-CH;COOH25°C/Th

MeQ OMe
1). THF/60 °C/45 min. O O

'

3). DCM/25°C/1h H 0
4). 4-OMePh—==—Ph-OMe-4/25 °C/10 h HO
CUC12.2H20 61c

Yield
mp
IR (KBr)

"H NMR

0.213 g (60%)
204-206 °C (Lit.”* mp 213-214 °C)

1666 cm’

(400 MHz, ((CD;3),S0)) 5= 7.66 (s, 1H), 7.06 (d, J = 8.8 Hz, 2H).

7.02 (d, J = 8.8 Hz, 2H), 6.93 (d, J = 8.8 Hz, 2H), 6.76 (d, J = 8.8

Hz, 2H), 3.77 (s, 3H), 3.69 (s, 3H) ppm (Spectrum No.17)
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BC NMR

MS (EI)

Yield

IR (neat)

'H NMR

BC NMR

MS (EI)

Yield

IR (neat)

Experimental Section

(100 MHz, ((CD3),SO)) & = 168.9, 159.9, 158.6, 138.6, 132.0,
130.8, 130.4, 128.7, 127.1, 114.1, 113.9, 55.2, 55.1.ppm (Spectrum
No.18)

m/z 283 (M-1)

1). THF/60 °C/45 min.

-C,H H--
7). CHycooHs°c/1h Oty Lt

Fe(CO)s + -BuOK

3). DCM/25 °C/1 h - H 0
4).n-C3H,C=CC3H7-n 25°C/10n ~ HO
CuCl,.2H,0 61d

0.127 g (65%)

1682 cm’'

(400 MHz) 6=6.90 (t, J = 7.2 Hz, 1H), 2.26 (t, J = 8 Hz, 2H), 2.20-
2.15 (m, 2H), 1.51-1.39 (m, 4H), 0.94 (t, J = 7.6 Hz, 3H), 0.90 (t, J
=7.2 Hz, 3H) ppm

(100 MHz) 6 = 173.9, 145.5, 131.8, 30.8, 28.4, 22.4, 21.9, 13.9,

13.8 ppm

m/z 155 (M-1)

1). THF/60 °C/45 min.

-C,H Ho-
2). CHyCOOH/25 °c/1n "Catle  Catlorn

Fe(CO)s + +-BuOK

3). DCM/25 °C/1 h T H 0
4)n-CHgC=CCHgn 25 °Crion HO
CuCl,.2H,0

0.156 g (68%)

1682 cm’!
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"H NMR (400 MHz) 6=6.90 (t,J=7.2 Hz, 1H), 2.28 (t, /= 7.2 Hz, 2H),
2.23-2.17 (m, 2H), 1.43-1.31 (m, 8H), 0.92 (t, J = 3.6 Hz, 3H), 0.89
(t,J=3.6 Hz, 3H) ppm (Spectrum No.19)
BC NMR (100 MHz) 6=173.8, 145.4, 131.9, 31.5, 30.8, 28.4, 26.2, 22.7,
22.4,13.9, 13.8.ppm (Spectrum No.20)
MS (EI) m/z 185 (M+1)
1). THF/60 °C/45 min.
Fe(CO), + 1Buok - CHaCOOH/2S °C/1 h =H3C _ Ph N Ph>:giH3
3). DCM/25°C/1 h H o H o
4). P—=——CH3 /25°C/10h  HO HO
CuCl,.2H,0 61f 6lg
Compound 61f
Yield 0.112 g (55.4%)
mp 135-137 °C (Lit.””® mp 138-139 °C)
IR (KBr) 1684 cm™
'"H NMR (400 MHz) 6= 7.46-7.25 (m, 6H), 1.84 (d, J= 6.8 Hz, 3H) ppm
(Spectrum No.21)
BC NMR (100 MHz) 6=172.7, 142.8, 134.4, 134.2, 129.8, 128.0, 127.6,
15.7 ppm (Spectrum No.22)
Compound 61g
Yield 0.046 g (22.6%)

mp

70-72 °C (Lit.””* mp 76-80 °C)
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'"H NMR : (400 MHz) 6= 7.85 (s, 1H), 7.46-7.36 (m, 5H), 2.12 (s, 3H) ppm
(Spectrum No.23)

BC NMR : (100 MHz) 6= 1744, 141.1, 135.6, 129.9, 128.7, 128.5, 127.6, 13.7
ppm (Spectrum No.24)

MS (EI) : m/z 163 (M+1)

1). THF/60 °C/45 min.

o n-CeHy; H
Fe(CO)s + tBuOK 2 CH;COOHDs°C/ih T\ el mCethis

p— —+ —_—

3). DCM/25 °C/1 h H 0 H o
4).n-C¢H 3C=CH /25°C/10h  HO HO
Compound 61h
Yield : 0.091 g (46.5%)
IR (neat) : 1697 cm™
'"H NMR : (400 MHz) 6= 6.27 (d, J= 1.2 Hz, 1H), 5.64 (d, J= 1.2 Hz, 1H).

2.30 (t, J = 7.2 Hz, 2H), 1.50-1.44 (m, 2H), 1.34-1.26 (m, 6H), 0.89
(t, /= 6.8 Hz, 3H) ppm

BC NMR : (100 MHz) ¢ = 173.1, 140.3, 126.9, 31.6, 31.5, 28.9, 28.3, 22.6,
14.1ppm

Compound 61i

Yield : 0.030 g (15.5%)



Chapter 1 New Reactive Iron Carbonyl Reagents.... 73

'HNMR (400 MHz) 6= 7.11 (dt, J= 15.6, 7.2 Hz, 1H), 5.84 (d, J = 15.6 Hz,
1H), 2.25 (m, 2H), 1.50-1.45 (m, 2H), 1.36-1.28 (m, 6H), 0.90 (t, J

= 6.8 Hz, 3H) ppm

BC NMR : (100 MHz) 6=172.3, 152.6, 120.6, 32.3, 31.6, 28.8, 27.8, 22.5,
14.1 ppm
MS (EI) : m/z 155 (M-1)

1.4.7 Synthesis of (E)-2,3-diphenylacrylic acid 61a by using novel
Fe,(CO)o/t-BuOK/AcOH/CH,Cl, reagent system.

To a solution of Fe,(CO)y (1.10 g, 3 mmol) in THF (25 mL), ~BuOK (0.67 g, 6
mmol) was added under dry nitrogen and stirred for 0.5 h at 25 °C and for 0.5 h at 60 "C.
The contents were brought slowly to 25 'C and acetic acid (0.34 mL, 6.0 mmol) was added
and stirred for 1 h. Then dichloromethane (5 mL) was added and stirred for 1 h.
Diphenylacetylene (0.178 g, 1.0 mmol) was added and the contents were further stirred for
10 h. The metal carbonyl complexes were oxidized using CuCl,.2H,0 (2.55 g, 15 mmol)
in acetone (10 mL). Saturated NaCl solution was added and the contents were extracted
with ether (2x40 mL), dried over anhydrous Na,SO4 and concentrated under reduced
pressure. The residue was subjected to column chromatography (silica gel, hexane-

EtOAc). Ethyl acetate (10%) in hexane eluted the (£)-2,3-diphenylacrylic acid 61a.
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1). THF/25 °C- 0.5 h/60 °C-0.5 h
2). CH;COOH/25 °C/1 h Ph Ph
Fez(CO)g + t-BuOK 3 > —
3). DCM/25 °C/1 h o o
4). Ph—==—Ph /10 h/25 °C HO
CuC12.2H20 61a

Yield : 0.134 g (60%)
The IR, 'H NMR and *C NMR data show 1:1 correspondence with the data of the
compound previously obtained in reaction using the Fe(CO)s/r-BuOK/AcOH/CH,Cl,

reagent system.
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Chapter 2

Conversion of Cyclobutenediones to New

Functionalized Organic Compounds



2.1 Introduction

2.1 Reactions of carbonyl compounds catalyzed by L-proline and

secondary amines

In recent years, organocatalysis has been widely used in organic synthesis.'”
Organocatalysis offers many advantages for synthetic organic chemistry. In contrast to
many metal catalysts, most organocatalysts are stable to air and water, easily handled
experimentally, relatively nontoxic and readily separated from the crude reaction mixture.

Among various organic catalysts, L-proline and secondary amines have been widely
used.” As discussed in chapter 1, methods have been developed for cyclobutenedione
synthesis using iron carbonyls and alkynes. We became interested to examine the reactivity
pattern of cyclobutenediones in the presence of L-proline and pyrrolidine reagents.
Organocatalysts with secondary amine functionality are useful in either enamine catalysis
through forming catalytic quantities of an active enamine nucleophile or iminium catalysis
by forming catalytic quantities of an activated iminium electrophile. A brief review on L-
proline and secondary amines catalyzed organic transformations will be helpful for the

discussion.
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2.1.1 L-Proline catalyzed aldol reactions

2.1.1.1 L-Proline catalyzed intramolecular aldol reactions

One of the extensively studied organocatalyzed reaction is the aldol condensation of
aldehydes and ketones. The aldol reaction is among the most commonly applied C-C bond
forming reactions.” The versatility of this reaction stems from its utility in constructing
chiral building blocks via the stereoselective formation of C-C bonds for the synthesis of
structurally complex molecules, namely natural products or non-natural drug molecules.
For example, in the presence of L-proline 1 the triketones 2 and 3 undergo intra molecular
aldol reaction to furnish the corresponding aldols 4 and 5 in good yields with high

enantioselectivity (Scheme 1).5’6

Scheme 1
0 O
/‘% o
LS
DMF/t/20h O OH
4
D\ 100 % yield
N~ ~COOH 0 0 93% ee
H O
1 Ise
(6] 3 ~ 0
DMF/it/72 h OH
5
52% yield
74% ee

It was reported that the acylic 4-substituted 2,6-heptandiones 6, achiral heptanedials

8, hexanedial 10, dicarbonyl compounds 12 undergo intramolecular aldol reaction in the
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presence of L-proline catalyst to provide the corresponding cyclohexenone derivative 7,

anti-aldols 9, 5-enolexo aldols 11 and 2,3-dihydrobenzofuranols 13 (Chart 1).”"!

Chart 1

O (@)
ﬁﬁ )
6 Ph 7 Ph

DMEsd . <30%yield
47% ee
OHC CHO OH
U OHC,, ©
%
9
CH,Cly/rt 95% yield
10: 1 dr
& 99% ee
N~ ~COOH
H HC CHO OHC, OH OHC, OH
1 |G AR
10 79%ee 11 37% ee
CH;CN/rt/7 h 85% yield
2:1dr
! 0 2 OH
A G O o
DMF/rt 74 96% yield
73-99 % dr

76-87% ee
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2.1.1.2 L-Proline catalyzed intermolecular aldol reactions
In the presence of a catalytic amounts of L-proline (typically 20-30 mol %) in
DMSO, acetone undergoes aldol reaction with aromatic and a-branched aldehydes, to

provide the corresponding aldols 16 in good yields and enantioselectivities (Scheme 2)."?

Scheme 2
o 0 L-Proline 0 OH
+ 20-30 mol %
(excess) DMSO/rt
14 15 16
54-97%
R- aryl, alkyl 65-99% ee

Unmodified ketones undergo aldol reaction with 4-oxoazetidine-2-carbaldehydes 17
in the presence of catalytic amount of L-proline or D-proline, to give the corresponding y-
amino-a-hydroxy ketones 19 with good yields and diastereoselectivities (Scheme 3).?

Scheme 3
0 O

N A

OH A} 7 LS OH
HRH H = O () HRH H 18 HRH H O
N. <. 10 mol % L-Proline, it _/—N 10 mol % D-Proline, rt /Nt
o R 0

o R' 7 R'
19 17 19 :
up to 100 % yields up to 91% yields
dr.r. : up to 100/0 dr.r. : up to 85/15

Several other intermolecular asymmetric transformations have been reported

(Chart 2).'*'7 %
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Chart 2

0 0
é .\ ©)‘\COOE‘[ o o
?}&OOEt

DMSO/rt
22
79% yield
(0] 96% ee, >20:1dr
o) P/OE‘[
A+ ¢ OFt 9 %Mok,
14 23 _ )‘\A©
t/-30 °C/rt
neat/-30 "C 24
o 65% yield
(0] 87% ee
)J\‘ + HJ\O
O OH
D\ 250H 26 >
N COOH — DMSO/1t OH
1 27
60% yield
(0] (0] 99% ee

e OH O
28 > Bo,N_ A

DMSO/it :
29
88% yield
HOJ\ o 30:1% de
0. _0 + HJ\\ O OH
\30& IR M
> 0.0 R
DMF/2 °C/3-6 d N
R= alky, alkoxy, aryl 32
31-97 % yield
1.5:1-98:2 % dr
)
o j)\ 25-97 % ee
HJ\‘ + BtOOC” “COOEt O OH
4 H COOEt
33 3 - : COOEt
CH,Cl,/0 °C 35
90% yield

90% ee

87
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2.1.1.3 L-Proline catalyzed self aldol reactions

In the presence of catalytic amount of L-proline, acetaldehyde 36 undergoes
enantioselective self-aldolization reaction to provide the 5-hydroxy-(2E)-hexenal 37, an

aldol trimer of acetaldehyde, with up to 90% ee in low yield (Scheme 4)."

Scheme 4
o L-Proline 0 OH
(2.5 mol %) M
3 HJ\ THF/0 °C -
36 37
10% yield
90% ee

The 2,2-dimethyl-1,3-dioxan-5-one (DHA) 30 and a-oxyaldehyde 39 undergo self-

aldolization to afford the corresponding aldol adduct 38 and 40 in better yields under

L-proline catalysis (Scheme 5).'*?!

Scheme 5
HOH
0.__0 O OH
\\K - /O
30 . . 07\
DME/2 °C/6d 0._0O
\‘K
[ s
COOH —— 57% yield
E o 94% ee
1 H
OBn O OH
39 > H/U\/k/OBn
0 z
CH,C1,/0 °C OBn
40
73% yield
98% ee

4:1 dr
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2.1.2 L-Proline and secondary amine catalyzed Michael reactions

The C-C bond formation by conjugate addition of nucleophiles to the fS-position of
o, f-unsaturated carbonyl compounds (Michael reaction) are frequently used in organic
synthesis.”> In the case of carbonyl compounds, in organocatalytic Michael addition
reactions, the donors are activated via formation of enamine or enol intermediates and the
acceptors are activated via formation of iminium ion intermediates. Among different
Michael acceptors, nitroalkenes, alkylidene malonate and vinyl ketones are the most
commonly used because of their high reactivity and the possible further conversion of the
product to other useful functionalities.

The unactivated symmetric ketones 42 react with nitroolefins 41 to furnish the y-
nitro ketones 43 in high yields and good diastereoselectivities but only with low

enantioselectivities (Scheme 6).%*

Scheme 6
2 L-Proline 0 R!
R TNOZ . 9 (15-20 mol %) = _NO,
R! bk MeOH/rt/1-8 d R} R} R2
41 42 43

74-97 % yield
0-76% ee
10:1- 20:1 dr

It has been reported that acetone 14 undergoes proline catalyzed Michael addition
reaction with aromatic alkylidene malonate 44 and cyclohexenone 46 in DMSO solvent.
The corresponding Michael adducts 45 and 47 were formed respectively in 90% (14% ee)

and 15% (20% ee) yields (Scheme 7).%
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Scheme 7

= COzMe )J\/:\‘/C02M€
44

-

CO,Me
0 DMSO 45

P 90% yield
& 14 14% ee
COOH ———— 0

N
. 0
1 )
(35 mol %) )J\ (;\l\
A\ O

46 .
DMSO 47
15% yield
20% ee

Simple aldehydes 31 undergo Michael addition reaction with vinyl ketones 48 in the
presence of (§)-2-[bis(3,5-dimethylphenyl) methyl|pyrrolidine catalyst 49 to give the 5-keto

aldehydes 50 in good yields and good enantioselectivity (Scheme 8).2°

Scheme 8
O\/Ar
N CH
H Ar .
0 49
)S Q (20 mol %) 0 0 Ar=
0
H + \)J\ R —> H J\‘/\/U\ R
R HFIP(1 eqiv.) R CH;
31 48 THF/1t/30-96 h 50 u
. 30- 93 % yie
R, R*=alkyl 50- 82 % ee

a,B-Unsaturated aldehydes 51 undergo self-condensation to give the trisubstituted
cyclohexadienes 52 in good yields and moderate enantioselectivity under proline catalysis

(Scheme 9).%’
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Scheme 9

L-Proline R
. N
RJ%A (1.5 equiv.) _ o
O EoOHM/1624h R

51 52
R= alkenyl, aryl 47- 89% yield
40- 62% ee

2.1.3 L-Proline catalyzed Mannich reaction

Aliphatic 31 and aromatic aldehydes 53 and amines 54 and N-PMP-protected a-
imino glyoxylates 56 undergo Mannich reactions to afford the f-amino carbonyl

compounds 55 and 57 in the presence of L-proline catalyst (Scheme 10).%*%

Scheme 10
OMe
(0]
(0]
HJ\+A L+ o nyTMP
r H NH, B
R H Y Ar
31 53 54 _ ]
DMSO/rt 55
35-92 % yield
& 3:1t020:1dr
N~ COOH 61-99% ee
H (0]
1 J\ N E/PMP o unMP
H H
R EtO,C" H HJ\;ACOZEt
31 56 R
dioxane/rt 57
45-89 % yield
1:1to 19:1dr
91-99% ee

2.1.4 Other organocatalytic transformations
It has been reported that L-proline is also useful as a catalyst for a-amination of

aldehydes. Simple aldehydes 31 and a mixture of acetone and aldehydes undergo reaction
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with azodicarboxylates 58 to give the corresponding a-hydrazino aldehydes 59 and B-amino

alcohols 60 (Scheme 11).°" '

Scheme 11

(0]
H
31

R

O /CbZ
Cbz
R HJJ\;N‘N/
R H

0
A

14

(0]
+ HJ\\
R

59
>90% yield
>95% ee

N. N/Cbz

R H

ey

60

75-85% yield

13-99 % ee
55:45-15: 85 syn:anti

Cyclohexanone 20 reacts with nitrosobenzene 61 in the presence of L-proline in

DMEF solvent to give the a-aminoxylated ketone 62 with good yields and enatioselectivity

(Scheme 12).32

Scheme 12
(0]
Q
ij TN
20 61
R, R'= alkyl

0)

L-Proline 0
(30 mol %) é "NHPh
DMF/0 °C
55h 62
79 % yield
99 % ee

In the presence of catalytic quantities of pyrrolidine 64 (5 mol %) and acetic acid, a,

o-dialkylaldehydes 63 undergo aldol reaction with aryl aldehydes (Scheme 13).*> The
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corresponding quaternary carbon containing aldol products 65 were obtained in good

yields. It was observed that L-proline is a poor catalyst for this reaction.”

Scheme 13
¥
0 64 O OH
HJ\(R' + ArCHO (5 mol %) = Hip~Spar
R’ “ AcOH/DMSO/rt o
74-96 %

The 1,3-indandione 67 reacts with aromatic aldehydes and o,B-unsaturated ketones
66 in the presence of pyrrolidine 64 to give the corresponding spiro compounds 68 in

excellent yields with syn-selectivity (Scheme 14).%*

Scheme 14
o 0 Pyrrolidine Ar Q)
(30 mol %)
+ » O
Ar-CHO + ¥
I )J\/\Ar ¢© MeOH
e} Ar O
53 66 67 68
90-98%

In the presence of catalytic amounts of piperidine 69 and 4A molecular sieves,
aliphatic aldehydes 70 reacts with nitro alkanes 71 to give the (E)- or (£)-nitro alkenes (72
or 73) in good yields.*> Simply by changing reaction conditions (solvent and temperature),
it is possible to control the stereochemical outcome of the reaction (Scheme 15).%°

Scheme 15

Q H R
R\ R o iveridi 4A° M.S./Piperidine
~ 4A° M.S /Piperidine ’)LH + RONO, penidine ¢

L

H NO, ~ PhCHy/reflux/4 h CH,Clyrt/30 min ~ R' NO;
72-E 70 7 73-Z.
79- 96% R, R'= alkyl 86-95%
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Acyclic o,p—unsaturated ketones 74 undergo oxa-Diels—Alder reaction with
aldehydes in the presence of 30 mol % pyrrolidine 64 and AcOH to give the substituted

tetrahydropyran-4-ones 75 in good yields with >95% diastereoselectivity (Scheme 16).*°
Scheme 16

0 o Pyrrolidine (30 mol %) o
)J\ AcOH (30 mol %)
| + Ar” H

CH,Cl,/rt ﬁj :
R 74 53

R" "O” "Ar
75
55-80%

90:10-95:5dr
In the presence catalytic quantity of piperidine 69, cyclohexyl isocyanide 76 react

with various aldehydes and 1,3-dicarbonyl compounds 77 to give the 5-hydroxy-2H-pyrrol-

2-one 78 derivatives in moderate to good yields (Scheme 17). ¥’
Scheme 17

R2
e HO./—
2 Piperidine
Cy-NC +ArCHO + ﬁ R - 7N ©
R toluene/rt Cy
76 53 77 78
50-86%
Ar=aryl R'= alkyl R’= alkyl or alkoxy ’

Polyhydroquinoline derivatives 80 were obtained in good yields from aldehyde,

dimedone 79, acetoacetate ester or acetylacetone 77 and ammonium acetate in the presence
of L-proline 1 catalyst (Scheme 18).**

Scheme 18
0 O Ar O
e L-Proline 2
(10 mol %) r R
+ ArCHO + R? > N~ OR!
0 o R NH,OAc/tt H
79 53 77 80

83-95%
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2-Aminoacetophenone 81 reacts with aryl aldehyde in the presence of 30 mol % of
L-proline to give the substituted 2-aryl-2,3-dihydroquinolin-4(1H)-ones 82 in good yields.
The efficiency of the catalyst was established using a variety of electron-deficient to

electron-rich aryl aldehyde substrates (Scheme 19).%

Scheme 19
o) O
L-Proline
N H\fo (30 mol %)
NH, Ar MeOH/rt/48 h E Ar
81 53 82
79-93 %

In the presence of L-proline 1, o-phenylenediamines 83 and aryl aldehydes 53
undergo condensation in chloroform solvent at ambient temperature to give the 2-aryl-1-
arylmethyl-benzimidazoles 84 in moderate to excellent yields via the corresponding
iminium ion intermediate (Scheme 20).*°

Scheme 20

L-Proline R N

R J@[NHZ (10 mol%) I N\>—Ar

+ Ar—CHO > R

R NH, CHCly/rt N )

83 53 84
32-95%

5-Amino-1-phenyl-3-methylpyrazole 85 and aldehydes 15 undergo reaction with
tetronic acid 86 in the presence of catalytic amount of L-proline to give the 3-methyl-1-
phenyl-4-substituted-4,8-dihydrofuro[30,40:5,6]Jpyrido[2,3-c]pyrazole derivatives 87 in

ethanol and the products were obtained in moderate to good yields (Scheme 21).*!
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Scheme 21
H,C 0 L-Proline H;C R o
‘a RCHO + i:/( Omb%) T T o
N. + 0 > N
N~ NH 0 EtOH/80 °C NN
Ph ph H
85 15 86 87
59-97%

Cyclic and acyclic ketones participate in Diels—Alder reaction with 1,2,4,5-
tetrazines 88 in the presence of catalytic amount of L-proline, to give the corresponding
adducts 90 in high yields. The transformation was explained via formation of an enamine

intermediate (Scheme 22).*

Scheme 22
j\\r Ar
S v L-Proline (5 mol % R"
NON HL R Gmol”e) N6
NN Rhgr pmsonoocc  Naphge
Ar 25-180 min. Ar
88 89 90
75-98 %

Tertiary aromatic amines 91, formaldehyde 92 and 2-naphthols 93 undergo
Mannich type reactions in the presence of 20 mol % of L-proline to produce the

corresponding diarylmethane derivatives 94 in moderate to good yields (Scheme 23).*

Scheme 23
II'\{IZ
ARG
R~ Ry
N .
L-Proline
OH OH
e O
EtOH/rt
91 92 93 94

74-82%

Aldehydes undergo aldol condensation reaction with 1,3-dicarbonyl compounds 95

in the presence of catalytic amount of L-proline to give the corresponding conjugated
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enones 96 and dienones 98. In these reactions, only one isomer was obtained with most of

the 1,3-dicarbonyl compounds and aldehydes (Scheme 24).**

Scheme 24

O O 0 o
95 Ri L-Proline (10 mol%) R
> -

R
RCHO

96
15 60-90%
0O 0

O 0O

95 L-Proline (10 mol% ) R
+ | 1
O
kL

|

|
R
97 R 98
72-93%
In the presence of catalytic quantities of L-proline and triethylamine (TEA), various

ketones and a wide range of aldehydes undergo aldol condensation to produce the

corresponding (E)-o,B-unsaturated ketones 100 in excellent yields (Scheme 25).%

Scheme 25
2 R? 13
0o R Rz) L-Proline (15 mol %) HQW Ar
HM + ArCHO —— o~ N
R TEA (30 mol % ), rt 0
99 53 100
R!, R?=H, OH, R =H, CH,OH 60- 98 %

In the presence of 15 mol % of L-proline, aryl aldehydes 53, aryl methyl ketone 101
and NH4OAc undergo condensation reaction to give the symmetrically substituted pyridine
derivatives 102. When this reaction was carried out in the presence of indan-1,3-dione 68,

highly substituted pyridine derivatives 103 were obtained (Scheme 26)."
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Scheme 26
Ar
L-Proline
H_O (15mol %) | N
¥ 4 R—COCH; | NH,0AC > P
Ar EtOH/rt/3- 4 h R N R
53 101 102
82-93%
0 oo
L-Proline X
H 0 (15mol %) _ |
. ¥+ R—COCH; + NH,0AC > _
Ar EtOH/rt/2- 4 h R® N
0
68 53 101 103
83-92 %

2,4,5-Trisubstituted imidazoles 105 were obtained in the three component
cyclocondensation of 1,2-dicarbonyl compound 104, aldehyde 15 and ammonium acetate in
the presence of 15 mol % of L-proline in methanol solvent. In this process, the products
were obtained in high yields and purified by non-chromatographic methods. When the
above reaction was carried out in the presence of primary amine 106, the N-substituted

imidazole derivatives 107 were obtained in good yields (Scheme 27).*

Scheme 27
Ar
A0 L-Proline (15 mol% N
I + R—CHO + NHOAc “Proline (15 mo °)= / »\
A o MeOH/60 °C Arm N R
H
104 15 105

42-90%

A

r
Ar ) L-Proline (15 mol%) /i N
+ R=CHO + NH,OAc + R—NH, > »\R
N
|

0 g Ar
a0 MeOH/60 °C
104 15 106 R

76-86%
The results of our studies using the readily accessible cyclobutenedione derivatives

in organocatalytic transformations are presented in the next section.



2.2 Results and Discussion

2.2.1 Stereoselective synthesis of alkenyl cyclobutenediones

As outlined in chapter 1, cyclobutenediones and its derivatives are important
synthons, useful in the synthesis of compounds for medicinal chemistry and material

48,49

science applications. A large number of cyclobutenedione derivatives and related

compounds have been prepared in order to synthesize novel bioactive agents with improved

pharmacological properties.”®!

As discussed in chapter 1, we have developed several
methods to access cyclobutenediones using iron carbonyl reagents and alkynes. In
continuation of these efforts, we have explored the development of new organic
transformations using cyclobutenediones in the presence of organic catalysts.

As discussed in the introductory section, various aldehydes and ketones undergo
aldol reaction in the presence of amine catalysts. However, there has been no report on
organo catalytic aldol reaction involving cyclobutenediones. Therefore, we have examined
aldol condensation reaction of cyclobutenediones with aromatic aldehyde catalyzed by
pyrrolidine.

Initially, the aldol condensation reaction of 3-methyl-4-phenylcyclobutenedione 108

and benzaldehyde in MeOH solvent was investigated. We have observed that catalytic

amount of pyrrolidine 64 (20 mol %) catalyzes the reaction to give the desired

condensation product in 88% yield at 25 °C (Table 1, entry 1).
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Scheme 28

Ar H

0 0
R Pyrrolidine (64) R
+  Ar-CHO " »
ol o MeOH/25 °C/1 h oL o
108 53 As=Ph,R= T 112

The reaction was carried out in various solvents like CH;OH, C,HsOH, DMSO,
CH,Cl,, CHCl; and THF. In all the cases, the products were obtained in comparable yields
(Table 1, entries 1-6). To optimize the catalyst loading, the conversion was carried out
using 10 mol %, 20 mol %, and 30 mol % of pyrrolidine. The results are summarized in
Table 1. A 20 mol % loading of pyrrolidine was sufficient to push the reaction forward.
Use of higher amount of catalyst did not lead to significant change in the product yield. We
have also examined the transformation using other organic catalysts like piperidine 69,
morpholine 111 and L-proline 1. In all the cases, the products were obtained in similar
yields (Table 1, entries 1, 9, 10 and 11). However, in the case of pyrrolidine (20 mol %),
the products were obtained in good yields in shorter reaction time in methanol. The results

are summarized in Table 1.
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Tablel. Stereoselective olefination on 3-methyl-4-phenyl-cyclobutene-1,2-dione

108 using various organic catalysts in different solvents.”

Ar H
O
O
R Catalyst R
+ ArCHO >
solvent
Ph o
Ph o R=H
108 53 112
Entry Catalyst Solvent mol (%) Time yiel db(% )

1 Pyrrolidine(64) MeOH 20 lh 88
2 Pyrrolidine EtOH 20 1h 86
3 Pyrrolidine DMSO 20 1h 82

Pyrrolidine THF 20 1.5h 85

Pyrrolidine CH,Cl, 20 1.5h 83
6 Pyrrolidine CHCl, 20 1.5h 85
7 Pyrrolidine MeOH 10 2h 80
8 Pyrrolidine MeOH 30 1h 88
9 Piperdine(69) MeOH 20 1h 80
10 Morpholine(111) MeOH 20 1h 75
11 L-Proline(1) MeOH 20 8h 78

* All the reactions were carried out using cyclobutenedione 108 (0.5 mmol) aldehyde 53 (1.5 mmol), 3
equiv.) and catalyst at 25 °C. ® Yields reported are for the isolated products and based on the amount of

cyclobutenedione (108) used.
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After establishing the optimal reaction conditions required, the generality of this
condensation reaction was examined. A number of alkenyl substituted cyclobutenediones
derivatives were synthesized in good yields (Table 2). A variety of functional groups such
as alkoxy, halide and amine are tolerated in this transformation. The results are
summarized in Table 2. The substituted benzaldehyde derivatives having electron donating
and withdrawing groups afforded the products in good yields (Table 2, entries 9 and 10).
The structures of the condensation products 112 and 122 were confirmed by single crystal

x-ray analysis.

122

Figure 1. ORTEP diagrams of compounds 112 and 122
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Table 2. X-ray data collection and structure refinement for 112

Empirical formula

Fw
Temp., wavelength
Cryst. syst., space group

Unit cell dimensions

Volume

Z, calcd. density
Abs. coeff.
F(000)

Cryst. size

6 range for data collection

Ci3H120,
260.28
208(2), 0.71073 A

orthorhombic, pbca
a=14.163(3) A, 0=90°

b=8.1161(17) A, p=90°

¢=23.806(5) A, y =90°

2736.6(10) A®
8,1.263 mg/m’
0.082 mm™

1088
0.40x0.32x0.24 mm

1.71 to 25.94°

Limiting indices -17<h<13, -9<k<9, -29<1<28

Reflns. collected, unique 14223, 2660 [R(int)=0.0507]
Refinement method full-matrix least-square on F*
Data/restraints/params 2660/0/181

Goodness-of-fit on F* 1.017

Final R indices[[> 20 (I)] R;=0.0531, wR,=0.1023
R indices (all data) R;=0.0992, wR,=0.1191

Largest diff. peak and hole 0.121,-0.095 ¢. A”
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Table 3. X-ray data collection and structure refinement for 122

Empirical formula

Fw
Temp., wavelength
Cryst. syst., space group

Unit cell dimensions

Volume

Z, calcd. density

Abs. coeff.

F(000)

Cryst. size

0 range for data collection
Limiting indices

Reflns. collected, unique
Refinement method
Data/restraints/params
Goodness-of-fit on F*
Final R indices[I> 20 ()]
R indices (all data)
Largest diff. peak and hole

CioH 140,

274.30

100(2), 0.71073 A
monoclinic, P-21/¢c
a=12.878(2) A, 0=90°
b=14.943(3) A, B=93.491° (3)
c=7.2161(12) A, y=90°

1386.0(4) A’

4,1.315 mg/m’

0.084 mm

576

0.40x0.12x0.08 mm

1.58 to 25.00°

-15<h<15, -17<k<17, -8<I<8
12898, 2448[R(int)=0.0726]
full-matrix least-square on F*
2448/0/191

1.210

R;=0.0785, wR,=0.1635
R;=0.0955, wR,=0.1715
0.321,-0.331e. A”
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Table 4. Stereoselective synthesis of alkenyl cyclobutenediones using pyrrolidine

catalysts in methanol solvent *

- Ar_-H
o Pyrrolidine | o
R 20 mol ¢
/j;f + ArcHo —Z0mol%) - RTY
pr o MeOH/25 °C/1 h ot o
108-110 53 112-123
R:H, CH3, l’l-C3H7
Entry R Ar-CHO Product” yield®
%
o
1 H O-—cHo m 88
108 c°
al O 112
I
2 H CI<)—CHO 7 0 85
& °

Br O |
3 H Br<)—CHO T 0 82
D (6]

|
4 H Me~<)—CHO 1 83

Et
O |
5 H Et<C)—CHO e 85
o
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(Table 4 continued...)

Entry R Ar-CHO Product” yield®
0,

Me,
6 H Wa¥ad

78
; " MeO)—CHO %
g H E0<CHO %0
9 H MCZN_Q_CHO 90

10 H F3C{)—cHOo 91

|

11 CH, O-cno My f° 85

109 5 ©
122
12 @_C | 0
n-C3Hy HO n-C3H7” Y 80
0
110 ¥
123

* All the reactions were carried out using cyclobutenedione (0.5 mmol) aldehyde (1.5 mmol, 3 equiv.) and

pyrrolidine (20 mmol % ) in MeOH (2.5 mL) at 25 °C for 1 h. ® The products were identified by spectral
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data (IR, '"H-NMR, "*C-NMR and Mass). ¢ Yields reported are for the isolated products and based on the

amount of cyclobutenedione used.

This transformation is also successful with dialkyl cyclobutenedione 124. In these
experiments, highly conjugated dialkenyl substituted cyclobutenediones are obtained in
excellent yields. Initially, we have carried out this reaction using 3,4-
diethylcyclobutenedione 124 (0.5 mmol) and benzaldehyde (2 mmol) with 20 mol % of

pyrrolidine. The corresponding 3,4-distyrylcyclobutene-1,2-dione 125 was obtained in

85% yield (Scheme 29).
Scheme 29
Ar H
0
Et o) Pyrrolidine Me
M (20 mol %)
ArCHO » Me
o MeOH/25 °C/1.5 h | ©
Et o)
Ar H

85%

The structure of 3,4-bis((E)-1-phenylprop-1-en-2-yl)cyclobutene-1,2-dione 125 was

also confirmed by single crystal x-ray analysis.

Figure 2. ORTEP diagram of compound 125.
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Table 5. X-ray data collection and structure refinement for 125

Results and Discussion

Empirical formula

Fw

Temp., wavelength
Cryst. syst., space group

Unit cell dimensions

Volume

Z, calcd. density

Abs. coeff.

F(000)

Cryst. size

6 range for data collection
Limiting indices

Reflns. collected, unique
Refinement method
Data/restraints/params
Goodness-of-fit on F*
Final R indices[I> 2o (I)]
R indices (all data)
Largest diff. peak and hole

C2His Oy

314.36

100(2), 0.71073 A
orthorhombic , pbca
a=12.851(4) A, a=90°
b=13.648(5) A, B=90°
c=18.969(6) A, y =90°

3327.0(19) A®

8, 1.255 mg/m’
0.079 mm™

1328
0.42x0.34x0.24 mm

2.15t0 26.01°

-15<h<15, -16<k<16, -23<I<23
32135, 3251 [R(int)=0.0610]

full-matrix least-square on F*

3251/0/219
1.174

Ri=0.0614, wR,=0.1391
Ri=0.0691, wRy= 0.1441
0.232,-0.218 ¢. A”
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We have also carried out this reaction with various aldehydes. The corresponding
substituted 3,4-distyrylcyclobutene-1,2-diones were obtained in good yields (Scheme 29).

The results are summarized in Table 6.

Table 6. Synthesis of 3,4-distrylcyclobut-3-ene-1,2-diones using pyrrolidine
catalyst”

Entry ArCHO yield®

b
Product %

85

82

75

70

“ All the reactions were carried out using cyclobutenedione 124 (0.5 mmol) aldehyde (2 mmol, 4 equiv.) and
pyrrolidine (20 mmol %) in MeOH (3 mL) at 25 °C for 1.5 h. ” The products were identified by spectral data
(IR, "H-NMR, "*C-NMR and Mass). ¢ Yields reported are for the isolated products and based on the amount of
cyclobutenedione (124) used.
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The y-olefination of cyclobutenediones (Scheme 28 and 29) can be explained by
considering a tentative mechanism outlined in Scheme 30. The reaction of the dienolate
intermediate 129 with the iminium ion derived from aldehyde to give the product (112-123)
via the intermediate 130 may be considered (path A, Scheme 30). However, the
alternative mechanism as outlined in Path B involving the reaction of the intermediate 133
to give the product (112-123) via the intermediate 134 cannot be also ruled out (Scheme
30).

Scheme 30
D Ar. N@ Ar H
N 0 '
RN A7 H HR.,
| i bﬁj;/( R 0 U‘ R (6]

Path A R O
[ +> 129 130

H
R @ Q LGN R ‘13
e LD D
131 132 133

The stereoselectivity of the present transformation is excellent and only one isomer

was obtained in all cases. This observation may be rationalized considering the transition
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states 130 or 130A and 134 or 134A (Scheme 31). Thus, the intermediates 130 and 134 are
favored over the intermediates 130A and 134A, leading to compounds 112-123 as the only
products (Scheme 31). It is of interest to note that such condensation reactions of
aldehydes with certain 1,3-dicarbonyl compounds gave only one geometrical isomer
(Scheme 24).

Scheme 31

The mild and efficient methods for the preparation of highly conjugated mono- and
di-alkenyl substituted cyclobutenediones using aldehydes and cyclobutenediones under
amine catalysis have good synthetic potential. The mildness of the reaction conditions
allows rapid and easy preparation of functionalized cyclobutenediones in high yields under

very benign reaction conditions.
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The derivates of alkenyl substituted cyclobutenediones are of interest in medicinal
chemistry ** and some of these cyclobutenedione derivatives have also proven application
as organic optical materials.” Accordingly, the method described here has considerable
potential for the synthesis of bioactive molecules and donor-acceptor cyclobutenedione
derivates for material science applications. Previously, such cyclobutenedione derivatives
were prepared using palladium reagents>> and through methods employing strong Lewis or

bronsted acids (Scheme 32).>*

Scheme 32

OMe

Bu;Sn 0 |
N K (PhyP),Pd(CH,Ph)Cl — O/<

0 O  CuI/DMF25°C/2 h O
N )\ 137

MeO
I
135 136
Ph O
Ph O H
+ ArCHO AICI'; or HzSO4 ~
Ar 0
138
108 or 109 -

Ar= C6H5, C6H4CH3 etc.
These reported methods suffer from harsh reaction conditions, long reaction times,
expensive reagents and lower yields compared to the organocatalytic methods described

here.
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2.2.2 New Cyclobutenediones via Michael Reaction

The Michael addition is one of the most useful carbon-carbon bond-forming

. . . . . 2355
reactions widely used in organic synthesis.”™

Direct Michael-type conjugate addition
reactions are amongst the most simple, efficient and atom-economical process in organic
synthesis. Generally, these reactions are carried out using stoichiometric amounts of
inorganic bases such as sodium ethoxide, potassium tert-butoxide, potassium hydroxide,
sodium metal, LDA, sodium hydride or n-butyllithium.”® Strong basic conditions can,
however, lead to side reactions. Recently, excellent enantioselective Michael reactions
have been developed using transition metal catalysts and these procedures are also not free
from disadvantages.”’ Organocatalysis has been recognized as having special features such
as being environmentally benign and having atom economy and convenient synthetic
operation. As discussed in the introductory section, several Michael addition reactions
were reported using L-proline catalyst. However, to the best of our knowledge, there has
been no report on organocatalytic Michael addition reaction involving cyclobutenediones.
We have examined L-proline catalyzed Michael addition reaction of cyclobutenedione
derivatives.

Initially, we have carried the reaction of acetone and diphenylcyclobutenedione 139
in the presence of L-proline (30 mol %) catalyst in DMSO solvent at room temperature.

The corresponding 1,4-addition product 140 that exists in enol form was isolated.

Unfortunately, compound 140 was obtained as recemic mixture, presumably, because of
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formation of 1:1 ratio two enantiomers (Scheme 33). Also, recemization due to

rearrangements of the corresponding enols 141 cannot be ruled out (Scheme 33).

Scheme 33
HC_O HO__CH,
[\ "N
N COoH PHi 0—~—H
Ph 0 o - H PH OH
1
e, + |
(o)
i o M€ cH; DZMSOI\/gc(f/Sh HC o HO o,
-89-N Ph OH Ph O—H
139 14 -\ L _
Ph 0 PH 0
140 141

75 %
Conjugate addition is one of the most important bond forming strategies available to

synthetic organic chemists. This is mainly due to the broad spectrum of donors and
acceptors that can be employed in this reaction. Therefore, we have further examined the
reactivity of substituted cyclobutenediones with acetone in the presence of L-proline (30
mol %). Surprisingly, in the case of silyl substituted cyclobutenedione, the Michael
addition takes place with concomitant desilylation. Interestingly, the Michael addition
products obtained exists in an enol form (Scheme 34).

Scheme 34

O\COOH H3C

N OH
. L H /
Me;Si O 0 (30 mol%) 1 H 0
GRS
A o H;C™ CH; DMS0/25°C/15 min.
r 2. aq.NH,CI Ar 0
142 14 148
Ar=Ph

75 %
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This product 148 was also characterized by single crystal X-ray analysis. It exists in
enol form and there is a strong intramolecular hydrogen bonding interactions (-O-H.....O

distance 1.852 A°).

Figure 3. ORTEP diagram of compound 148

We have also examined this reaction using DMF solvent in place of DMSO. In this
case, the corresponding desilylated cyclobutenedione derivative was obtained only in 45%
yield. Runs using other catalysts like pyrrolidine, piperidine in the place of L-proline gave
only unidentifiable mixture of products. We have also carried out this reaction using 20
mol % L-proline, but 30 mol % of L-proline gave better results. After establishing the
optimal reaction conditions, the reaction was carried out using different silyl substituted
cyclobutenediones. The corresponding enolic cyclobutenedione derivatives were obtained
in moderate to good yields (Table 8). In the case of chloro substituted cyclobutenediones
(entries 4 and 6) the reaction was completed in 5 min. after adding the cyclobutenedione to

the reaction mixture.
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Table 7. X-ray data collection and structure refinement for 148

Results and Discussion

Empirical formula

Fw

Temp., wavelength
Cryst. syst., space group

Unit cell dimensions

Volume

Z, calcd. density

Abs. coeff.

F(000)

Cryst. size

0 range for data collection
Limiting indices

Reflns. collected, unique
Refinement method
Data/restraints/params
Goodness-of-fit on F*
Final R indices[I> 26 (I)]
R indices (all data)
Largest diff. peak and hole

C13H1003

214.21

298(2), 0.71073 A
orthorhombic , Pna2(1)
a= 8.4940(9) A, a=90°
b=121.048(2) A, B=90°
c=5.9259(6) A, y =90°
1059.43(19) A’

4, 1.343 mg/m’

0.096 mm™'

448

0.40%0.28%0.20 mm
1.94 to 25.95°
-10<h<10, -25<k<25, -5<I<7
5664, 1720 [R(int)=0.0276]
full-matrix least-square on F
1720/1/147

1.060

R1=10.0423, wR,= 0.0955
R1=10.0569, wR,=0.1018
0.133,-0.159 ¢. A
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Table 8. Reaction of acetone with cyclobutenediones in the presence of L-proline *

H;C OH
MesSi o L-Proline | 0
Acetone H
DMSO0/25 °C/5- 15 min
Ar O Ar O
. b yield®
Entry dione Product o,
O SR
| SiMe, — 75
= - ™
(6) (6] (0] (0]
142 148
H;C H;C
i D)
5 SiMe, = 60
i i OH
(6) (6] (0] (6]
143 149
H,CO, H,CO
H
SIS GV I
3 SiMes
= = >
[6) (0]
cl O 14 © cl 150
G R w T
SiMes —
= - ™
O (6]
0 145 0 151
O Qe s
5 H;C SiMe;  HsC =
n ™
O (6] (0] (0]
146 152
. o0 QU pn
Cl SiMe, Cl — 55
= n@
0 1470 0" 1530

“ All the reactions were carried out using cyclobutenedione (0.5 mmol), acetone (0.3 mL) and L-Proline (30
mmol % ) in DMSO (4 mL) at 25 °C. ” The products were identified by spectral data (IR, "H-NMR, *C-NMR

and Mass). © Yields reported are for the isolated products and based on the amount of cyclobutenedione used.
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The 1,4-addition of acetone to silylcyclobutenedione in the presence L-proline can
be explained by considering a tentative mechanism outlined in Scheme 35.

Scheme 35

@ COOoH @COOH
N N

@
-H,O COO — COOH
— H e OH 2 N
—_ I . \]®
)J\ DMSO0, 25 °c H;C J\ /&
H;C H,C 4}

{3 o
+ COO” .

(N N ) o=

H
H,C o H3c&>
Me3si Me3Si O
-
Ar OH

Ar o
154a
Ar= aryl
o H OH
H5C
(7 H 0
D
Ar O—H Ar
154d

The use of enamines in Michael addition reactions is well established. Accordingly,
the enamine generated from acetone and L-proline is expected to react with
cyclobutenedione at the silyl substituted carbon to give the intermediate species 154a. This
on further rearrangement could give the intermediate 154b, which could undergo
desilylation followed by hydrolysis to give the enolic substituted cyclobutenedione
derivatives (Scheme 35). This enol form may be more stable due to extended conjugation

and intramolecular hydrogen bonding.
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The new cyclobutenedione derivatives obtained via organocatalytic Michael
reaction described above have considerable potential for further synthetic exploitations in

view of their multifunctional character.

2.2.3 Conversion of silyl substituted cyclobutenediones to alkyl

substituted cyclobutenediones by using Grignard reagent

Previously, it was reported that alkynyl magnesium reagents react with
diphenylcyclobutenedione 139 to give various addition products (Eq. 1).°** Also, addition
of alkynyl magnesium compounds to cyclobutanedione 159 yields 1,4-diketones after

MnQO,; oxidation (Eq. 2). 38

o)
139 155 156 157 158
R= ==—Ph 549 =—Si(CHy); 25% =—C(CH3); 54%
H O Rl—=—MgBr
ji —Eq.2
H 0
159 160 161

95%
We bacame interested in the reaction of alkyl magnesium reagents with 3-phenyl-4-
trimethylsilylcyclobutenedione 142 to compare the reactivity pattern with the above
mentioned reactions. Initially, we have carried out this reaction at room temperature and

obtained unidentifiable mixture of products. Fortunately, when the reaction was carried out
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at -40 °C, new desilylated cyclobutenedione derivatives 109, 110, 162-164 were obtained in

moderate yields (Scheme 36).

Scheme 36
Me3 Sl O

. 0,
);ﬁ + RMgBr THF/15 min./-40 °C

PH o
142

R O
PH O

Yield up to 51%

Table 9. Synthesis of phenyl alkyl substituted cyclobutenediones by using Grignard

reagent

b yield"
Entry Alkyne Product %
Ph O
1 C,HsMgBr ji 45
H
C2Ms g9 ©
Ph 0
2 n-C3H;MgBr j;ﬁ 46
I’l-C3H7 (0]
Ph 162 O
3 n-C4H9MgBr EI 51
n—C4H9 O
110
Ph O
4 n-CsH; MgBr ji 40
n-CsH O
5 11163
Ph O
5 n-CgH,;MgBr j( )
i’l-C6H13 O
164

* All the reactions were carried out using cyclobutenedione 142 (1 mmol) Grignard reagent (1 mmol) in

THF (15 mL) at —40 °C. ° The products were identified by spectral data (IR, '"H-NMR, *C-NMR and

Mass) © Yields reported are for the isolated products and based on the amount of cyclobutenedione (142)

used.



Chapter 2 Conversion of Cyclobutenediones to... 121

The formation of alkyl phenyl cyclobutenediones from 3-phenyl-4-(trimethylsilyl)
cyclobutenedione and Grignard reagent can be explained by considering the mechanism
outlined in Scheme 37. The Grignard reagent could undergo reaction at the carbonyl
carbon followed by rearrangement and desilylation to give the new cyclobutenediones via
the intermediates 165 and 166 (Scheme 37). The aromaticity of the cyclobutenedione

moiety would be driving force for such a transformation.

Scheme 37

Me-Si SlMe )

€351 Me,Si ngBr R OSiMe;
Sl m =
O"MgBr P OMgBr
SiMe;MgBr
BrMg-O-0O-SiMe;
Ph (0]

However, the intermediacy of the unstable antiaromatic dioxycyclobutadiene 167
cannot be ruled out as it would be expected to react with molecular oxygen to give the
aromatic cyclobutenedione along with oxygenated trimethylsilyl magnesium bromide

(Scheme 37).
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2.3 Conclusions

3-Alkyl-4-phenylcyclobutenediones undergo stereoselective aldol condensation
reaction with various aldehydes to provide the alkenyl substituted cyclobutenediones in 78-
91% yields under ambient reaction conditions. The 3,4-diethylcyclobutenediones
undergoes double aldol condensation reaction with various aldehydes under similar reaction
conditions to give the dialkenyl substituted cyclobutenedione derivatives in 70-85% yields.

Diphenylcyclobutenedione undergoes Michael addition with acetone in the presence
of L-proline catalyst to provide the corresponding 1,4-addition product in 75% yield. The
3-aryl-4-trimethylsilylcyclobutenediones also undergo 1,4-addition reaction to provide the
corresponding aryl alkyl substituted cyclobutenediones in 52-75% yields with concomitant
desilylation.

Several new functionalized, highly conjugated cyclobutenedione derivatives are
accessed through transformations described here. These methods have good potential for
further synthetic exploitations, since the products are important class of multifunctional

organic synthons.



2.4 Experimental Section

2.4.1 General information:

The general information given in the section 1.4 is also applicable to the
experiments described in this section. The cyclobutenediones were prepared by following a
reported procedure.”

2.4.2 Preparation of (E)-3-phenyl-4-styrylcyclobut-3-ene-1,2-dione 112

To a mixture of 3-methyl-4-phenyl-cyclobutene-1,2-dione 108 (0.086 g, 0.5 mmol)
and benzaldehyde (0.15 mL, 1.5 mmol) in 2.5 mL of MeOH catalytic amount of pyrrolidine
(8.2 pL, 20 mol %) was added. The reaction mixture was stirred for 1 h at room
temperature. It was treated with SmL of saturated ammonium chloride solution and
extracted with ethyl acetate (3x10 mL). The combined organic layer was dried over
anhydrous Na,SO4 and concentrated under reduced pressure. The residue was subjected to
column chromatography (silica gel, hexane-EtOAc). Ethyl acetate (3%) in hexane eluted

the (E)-3-phenyl-4-styrylcyclobut-3-ene-1,2-dione 112.

O O CHO Pyrrolidine

_ N (20 mol %)
MeOH/25 °C/1h

H;C 0
108
Yield : 0.114 g (88%)
mp : 148-150 °C (Lit.** mp 160 °C)

IR (KBr) : 1759 cm™
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'"H NMR : (400 MHz) 6= 8.30 (d, J = 14.8 Hz, 1H), 8.09-8.07 (m, 2H), 7.68-
7.45 (m, 9H) ppm (Spectrum No. 25)
BC NMR : (100 MHz) 6=196.7, 195.9, 184.2, 183.4, 146.1, 134.9, 133.2,

131.4, 129.4, 129.2, 129.0, 128.7, 128.4, 115.2 ppm (Spectrum No.

26)
MS (EI) : m/z 261 (M+1).
Analysis : for CisH 120,

Calculated: C, 83.06%; H, 4.65%
Found: C, 83.25%; H, 4.59%
The above procedure was followed for the condensation of other aldehydes with 3-

alkyl-4-phenyl-cyclobutene-1,2-dione.

R
O 0 CHO Pyrrolidine

_ (20 HlOl %)
MeOH/25 °C/1h

H,C 0
108 Cl
Yield : 0.125 g (85%)
mp : 171-173 °C (Lit.>** mp 185 °C)
IR (KBr) : 1759 cm™
'THNMR (400 MHz) 5= 8.25 (d, J = 15.6 Hz, 1H), 8.09-8.06 (m, 2H), 7.62-

7.56 (m, SH), 7.48 (d, J = 15.6 Hz, 1H), 7.43-7.41 (m, 2H) ppm



Chapter 2 Conversion of Cyclobutenediones to... 125

BC NMR : (100 MHz) ¢ = 196.6, 195.8, 183.8, 183.7, 144.4, 137.4, 133.4,
129.8, 129.5, 128.9, 128.4, 115.7 ppm

MS (EI) : m/z 295 (M+1)

Analysis : for Ci3H;:ClO,
Calculated: C, 73.35%; H, 3.76%

Found: C, 73.51%; H, 3.71%

Pyrrolidine
(20 mol %) .
MeOH/25 °C/1h

Yield : 0.138 g (82%)

mp : 166-168 °C

IR (KBr) 1747 cm™

"H NMR : (400 MHz) 6= 8.26 (d, J = 15.6 Hz, 1H), 8.10-8.08 (m, 2H), 7.62-

7.54 (m, 7H), 7.51 (d, J = 15.6 Hz, 1H) ppm (Spectrum No. 27)

BC NMR : (100 MHz) 6=196.5, 195.8, 183.85, 183.81, 144.5, 133.8, 133.3,
132.5, 129.9, 129.5, 128.9, 128.4, 125.8, 115.7 ppm (Spectrum No.
28)

MS (EI) : m/z 339 (M+2)

Analysis : for CigH;;BrO,
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Calculated: C, 63.74%; H, 3.27%

Found: C, 63.85%; H, 3.21%

H5C
Pyrrolidine
(20 mol %) .
MeOH/25 °C/1h
Yield : 0.114 g (83%)
mp : 156-158 °C (Lit.** mp 163 °C)
IR (KBr) : 2914, 1751, 1736 cm’™
"H NMR : (400 MHz) 5= 8.33 (d, J= 15.6 Hz, 1H), 8.12-8.10 (m, 2H), 7.61-

7.60 (m, 5H), 7.50 (d, J = 15.6 Hz, 1H), 7.29-7.27 (m, 2H), 2.44 (s,
3H) ppm (Spectrum No. 29)

BC NMR : (100 MHz) 6=196.8, 195.8, 184.4, 182.8, 146.3, 142.2, 133.0,
132.2,129.9,129.4, 129.1, 128.8, 128.3, 114.2, 21.6 ppm
(Spectrum No. 30)

MS (EI) : m/z 275 (M+1)

Analysis : for C19H 40,
Calculated: C, 83.19%; H, 5.14%

Found: C, 83.31%; H, 5.08%
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C,Hs
Pyrrolidine
(20 mol %) .
MeOH/25 °C/1 h
C,H;s
Yield : 0.122 g (85%)
mp : 118-120 °C
IR (KBr) : 2966, 2926, 1751cm’™
'HNMR (400 MHz) 5= 8.32 (d, J= 15.6 Hz, 1 H), 8.10-8.08 (m, 2H), 7.63-

7.57 (m, 5SH), 7.48 (d, J = 15.6 Hz, 1H), 7.30-7.28 (m, 2H), 2.70 (q,
J=7.6 Hz, 2H), 1.27 (t, J= 7.6 Hz, 3H) ppm

BC NMR : (100 MHz) ¢ = 196.8, 195.8, 184.4, 182.8, 148.5, 146.4, 133.0,
132.5,129.4, 129.1, 128.9, 128.7, 128.3, 114.3, 28.9, 15.1 ppm

MS (EI) : m/z 289 (M+1)

Analysis : for Cy0H 60,
Calculated: C, 83.31%; H, 5.59%

Found: C, 83.45%; H, 5.51%
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Yield
mp
IR (KBr)

'H NMR

BC NMR

MS (EI)

Analysis

Experimental Section

O 0 CHO Pyrrolidine

_ (20 mol %)
MeOH/25 °C/1h ~

0.118 g (78%)
126-128 °C

2959, 2926, 1766 cm™

(400 MHz) 6=8.32 (d, J = 15.6 Hz, 1H), 8.10-8.08 (m, 2H), 7.63-
7.57 (m, 5H), 7.48 (d, J = 15.6 Hz, 1H), 7.33-7.31 (m, 2H), 3.01-
2.91 (m, 1H), 1.28 (d, J = 6.8 Hz, 6H) ppm

(100 MHz) & = 196.8, 195.8, 184.4, 182.9, 153.1, 146.4, 133.0,
132.6, 129.4,129.2,128.9, 128.3, 127.3, 114.4, 34.2, 23.6 ppm

m/z 303 (M+1)

for C,1H;30,

Calculated: C, 83.42%; H, 6.00%

Found: C, 83.35%; H, 6.12%

MeO
O 0 CHO Pyrrolidine
u (20 mol %)
* MeOH/25 °C/T h
H;C 0

108 OMe




Chapter 2

Yield
mp
IR (KBr)

'H NMR

BC NMR

MS (EI)

Analysis

Yield
mp

IR (KBr)

Conversion of Cyclobutenediones to... 129

0.119 g (82%)
140-142 °C (Lit.>* mp 156 °C)

2978, 1763, 1751 cm™

(400 MHz) 5= 8.31 (d, J = 15.6 Hz, 1H), 8.09-8.08 (m, 2H), 7.67-
7.57 (m, 5H), 7.39 (d, J = 15.6 Hz, 1H), 6.97 (d, J = 8.4 Hz, 2H),
3.87 (s, 3H) ppm

(100 MHz) & = 197.1, 195.7, 184.5, 182.1, 162.5, 146.2, 132.8,
130.8, 129.4, 129.3, 128.2, 127.7, 114.7, 113.0, 55.5 ppm

m/z 291 (M+1)

for C19H 403

Calculated: C, 78.61%; H, 4.86%

Found: C, 78.45%; H, 4.92%

Pyrrolidine
(20 mol %) .
MeOH/25 °C/1 h

0.122 g (80%)
136-138 °C

2978, 2924, 1763, 1743 cm’'
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(400 MHz) 6= 8.28 (d, J=15.6 Hz, 1H), 8.08-8.06 (m, 2H), 7.64-
7.55 (m, 5H), 7.36 (d, J=15.6 Hz, 1H), 6.94 (d, J = 8.4 Hz, 2H),
4.08 (q,J=7.2 Hz, 2H), 1.44 (t, J= 7.2 Hz, 3H) ppm (Spectrum
No. 31)

(100 MHz) 6=197.1, 195.7, 184.5, 182.0, 161.9, 146.3, 132.8,
130.8, 129.4, 129.3, 128.2, 127.5, 115.2, 112.8, 63.8, 14.7 ppm
(Spectrum No. 32)

m/z 303 (M-1)

for CooH 1603

Calculated: C, 78.93%; H, 5.30%

Found: C, 78.81%; H; 5.41%

Pyrrolidine
(20 mol %)
MeOH/25 °C/1h"

MezN

NMe2

0.136 g (90%)
215-217 °C (Lit.>* mp 227 °C)

1755, 1728 cm’™!
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(400 MHz) 6= 8.28 (d, J=15.6 Hz, 1H), 8.08-8.06 (m, 2H), 7.58-
7.54 (m, 5H), 7.22 (d, J = 15.6 Hz, 1H), 6.67 (d, J=9.2 Hz, 2H),
3.06 (s, 6H) ppm (Spectrum No. 33)

(100 MHz) 6=197.7, 195.3, 184.5, 179.5, 152.6, 147.5, 132.2,
131.2,129.8,129.2, 127.9, 122.7, 111.9, 109.8, 40.0 ppm
(Spectrum No. 34)

m/z 304 (M+1)

for C,0H{7NO,

Calculated: C, 79.19%; H, 5.65%; N, 4.62

Found: C, 79.10%; H, 5.61%; N, 4.75

Pyrrolidine
(20 mol %) .
MeOH/25 °C/1 h

F;C

0.149 g (91%)

140-142 °C

1768, 1747 cm™

(400 MHz) 6= 8.30 (d, J = 15.6 Hz, 1H), 8.09 (d, J = 8 Hz, 2H),
7.79 (d, J = 8 Hz, 2H), 7.70 (d, J = 8 Hz, 2H), 7.62-7.58 (m, 4H)

ppm
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(100 MHz) ¢ = 196.3, 195.8, 184.6, 183.4, 143.6, 138.2, 133.6,
1323 (q, J = 32 Hz), 129.6, 128.8, 128.7, 128.6, 126.1 (q, J = 4
Hz), 123.7 (q, /=271 Hz), 117.4 ppm

m/z 329 (M+1)

for CioH;{F;0,

Calculated: C, 69.51%; H, 3.38%

Found: C, 69.38%:; H, 3.45%

O 0 CHO Pyrrolidine

u (20 mol %)
* McOH/25 °C/1 h

C,H 0
109

0.117 g (85 %)

96-98 °C

2968, 1765 cm’

(400 MHz) 6 = 8.02 (s, 1H), 7.89-7.86 (m, 2H), 7.56-7.36 (m, 8H),
2.31 (s, 3H) ppm (Spectrum No. 35)

(100 MHz) 6= 196.1, 195.7, 190.2, 186.2, 141.6, 135.3, 132.3,
130.3,129.3, 128.9, 128.8, 128.6, 128.0, 127.1, 16.9 ppm
(Spectrum. No. 36)

m/z 275 (M+1)



Chapter 2

Analysis

Yield
mp
IR (KBr)

'H NMR

BC NMR

MS (EI)

Analysis

Conversion of Cyclobutenediones to... 133

for C19H1402
Calculated: C, 83.19%; H, 5.14%

Found: C, 83.31%; H, 5.08%

Q)

n-C4H9

0] CHO Pyrrolidine  4-C;H; O

_ (20 mol %) ‘

+

MeOH/25 °C/1 h | 0
0
110 O 123

0.121 g (80 %)

semi solid

2962, 2934, 1786, 1768 cm™

(400 MHz) 6= 7.96-7.93 (m, 2H), 7.76 (s, 1H), 7.58-7.38 (m, 8H),
2.81 (t,J=17.6 Hz, 2H), 1.47-1.37 (m, 2H), 0.81 (t, / =7.2 Hz, 3H)
ppm

(100 MHz) ¢ = 196.5, 196.0, 191.5, 186.9, 139.2, 135.1, 133.0,
132.6, 129.7, 129.0, 128.7, 128.4, 128.3, 30.4, 22.1, 13.6 ppm

m/z 303 (M+1)

for C,1H;30,

Calculated: C 83.42%; H, 6.00%

Found: C, 83.31%; H, 5.92%
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2.4.3 Preparation of 3,4-bis((E)-1-phenylprop-1-en-2-yl)cyclobutene-1,2-
dione 125

To a mixture of 3,4-diethylcyclobutenedione 124 (0.069 g, 0.5 mmol) in 3 mL of
MeOH solvent and catalytic amount of pyrrolidine (8.2 pL, 20 mol %), benzaldehyde (0.2
mL, 2 mmol) was added. And the reaction mixture was stirred for 1.5 h at room
temperature. The reaction mixture was treated with 5 mL of saturated ammonium chloride
solution and extracted with ethyl acetate (3x10 mL). The combined organic layer was dried
over anhydrous Na,SO4 and concentrated under reduced pressure. The residue was
subjected to column chromatography (silica gel, hexane-EtOAc). Ethyl acetate (3%) in

hexane eluted the 3,4-bis((E)-1-phenylprop-1-en-2-yl)cyclobutene-1,2-dione 125.

0 0
C,H; o) CHO Pyrrolidine
(20 mol %) _
M ! @ MeOH/25 °C/1.5h ™
CHS ,, O

Yield : 0.133 g (85 %)
mp : 118-120 °C
IR (KBr) : 1743 cm™
"H NMR : (400 MHz) 6= 17.74 (s, 2H), 7.54-7.39 (m, 10H), 2.37 (s, 6H) ppm

(Spectrum No. 37)
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(100 MHz) 6=196.1, 189.7, 140.7, 135.6, 130.3, 129.2, 128.7,
127.2, 17.4 ppm (Spectrum No. 38)

m/z 315 (M+1)

for CoH 30,

Calculated: C, 84.05%; H, 5.77%

Found: C, 84.18%; H, 5.71%

The above procedure was followed for the reaction of other aldehydes with 3,4-

diethylcyclobutenedione 124.

C,Hs

C,Hg

124

CHO Pyrrolidine

0 (20 mol %)

MeOH/25°C/1.5h
0

CH,4

Yield
mp
IR (KBr)

'H NMR

BCc NMR

MS (EI)

Analysis

0.140 g (82 %)

156-158 °C

2922, 1745 cm™

(400 MHz) 5= 7.74 (s, 2H), 7.46 (d, J = 8 Hz, 4H), 7.27 (d, J=8
Hz, 4H), 2.42 (s, 6H), 2.38 (s, 6H) ppm

(100 MHz) & = 196.2, 189.3, 140.8, 139.6, 132.8, 130.4, 129.4,
126.3,21.5, 17.6 ppm

m/z 343 (M+1)

for C24H2202
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Calculated: C, 84.18%; H, 6.48%

Found: C, 84.05%; H, 6.55%

Pyrrolidine
(20 mol %)

MeOH/25 °C/1.5 h

MeO OMe

0.140 g (75 %)

164-166 °C

2961, 1739 cm™

(400 MHz) 6=17.72 (s, 2H), 7.52 (d, J = 8.8 Hz, 4H), 6.96 (d, J =
8.8 Hz, 4H), 3.86 (s, 6H), 2.36 (s, 6H) ppm (Spectrum No. 39)
(100 MHz) 6=196.2, 188.9, 160.4, 140.5, 132.3, 128.5, 125.0,
114.2,55.4, 17.8 ppm (Spectrum No. 40)

m/z 373 (M-1)

for C,4H2,04

Calculated: C, 76.99%; H, 5.92%

Found: C, 76.88%; H, 5.97%

Csz
Csz
Yield
mp
IR (KBr)
'H NMR
BC NMR
MS (EI)
Analysis
C,H;
C,H;
124

O

(20 mol %)
+ >
MeOH/25 °C/1.5h

(6]

CHO Pyrrolidine

NMez
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Yield : 0.140 g (70%)

mp : 156-158 °C

IR (KBr) : 2922, 1743 cm’™

'HNMR (400 MHz) 5=7.74 (s, 2H), 7.51 (d, J = 8 Hz, 4H), 6.72 (d, J = 8

Hz, 4H), 3.05 (s, 12H), 2.37 (s, 6H) ppm

BC NMR : (100 MHz) ¢ = 196.4, 187.5, 150.7, 141.3, 132.6, 124.0, 122.7,
111.7,40.1, 18.2 ppm

MS (EI) : m/z 401 (M+1)

Analysis : for Cy6HasN20»
Calculated: C, 77.97%; H, 7.05%; N, 6.99%

Found: C, 77.91%; H, 7.15%; N, 6.85%

3.4.4 Reaction of acetone with the diphenylcyclobutenedione 139 in the

presence of L-proline catalyst

To a solution of L-proline (0.017 g, 30 mol %) in DMSO (1.5 mL), acetone (0.5
mL) was added at 25 °C and stirred for 15 min. Diphenylcyclobutenedione (0.117 g, 0.5
mmol) in DMSO (1.5 mL) was added dropwise and the contents were stirred for 5 h. The
reaction mixture was treated with 5 mL of saturated NH4Cl solution and extracted with
ethyl acetate (3x10 mL). The combined organic extract was washed with brine solution
and dried over anhydrous Na,SO4. The solvent was removed and the residue was subjected
to column chromatography (silica gel, hexane-EtOAc). Ethyl acetate (20%) in hexane

eluted the 2-hydroxy-4-(2-oxopropyl)-3,4-diphenylcyclobuten-2-one 140.
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Oeon - T,
0 N COOH pp 0
0) 1. H
H +
H3;C” “CH3 DMSO0/25°C/5h
0 5 A NH.Cl PK OH
139 - 2q-NHy 140

0.109 g (75%)

148-150 °C

3449, 1753, 1712 cm™

(400 MHz) 5= 9.34 (s, 1H), 7.71-7.24 (m, 10H), 3.45 (s, 2H), 2.1

(s, 3H) ppm

(100 MHz) ¢ = 206.6, 188.9, 147.9, 144.2, 139.4, 130.9, 130.0,
129.2, 128.9, 128.7, 127.5, 126.5, 62.9, 45.4, 31.5 ppm

m/z 293 (M+1)

2.4.5 Reaction of acetone with 3-phenyl-4-(trimethylsilyl)-cyclobutene-

1,2-dione 142 in the presence of L-proline catalyst

To a solution of L-proline (0.017 g, 30 mol %) in DMSO (2 mL ), acetone (0.3 mL)

was added and stirred for 15 min. at 25 °C. 3-Phenyl-4-(trimethylsilyl)-cyclobut-3-ene-1,2-

dione (0.115 g, 0.5 mmol) in DMSO (2 mL) was added dropwise. The contents were

stirred for 15 min. The reaction mixture was treated with 5 mL of saturated NH4Cl solution

and extracted with ethyl acetate (3x10 mL). The combined organic extract was washed

with brine solution and dried over anhydrous Na,SO4. The solvent was removed and the



Chapter 2 Conversion of Cyclobutenediones to... 139

residue was subjected to column chromatography (silica gel, hexane-EtOAc). Ethyl acetate

(20%) in hexane eluted the (Z)-3-(2-hydroxyprop-1-enyl)-4-phenylcyclobutene-1,2-dione

148.
CHs O
CHs O
& . f MesSi™ |, O - 5
N7 TCOOH 1,e” Ncp, DMSO0/25 °C/15 min. |
1 H;C~ “OH
148
Yield : 0.080 g (75%)
mp : 152-154 °C
IR (KBr) : 3449, 1753, 1712 cm™
'HNMR (400 MHz) 5= 11.45 (s, 1H), 8.03-8.01 (m, 2H), 7.57-7.52 (m, 3H),
5.84 (s, 1H), 2.23 (s, 3H) ppm (Spectrum No. 41)
BC NMR : (100 MHz) 6=202.9, 188.6, 182.4, 178.5, 176.9, 133.0, 129.4,
129.3, 128.3, 92.9, 23.3 ppm (Spectrum No. 42)
MS (EI) : m/z 213 (M-1)
Analysis : for C13H 905

Calculated: C, 72.89%; H, 4.71%
Found: C, 72.95%; H, 4.66 %
The above procedure was followed for the reaction of acetone with other

cyclobutenediones.
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(0] Me-Si
€331 143 o H

CH; DMSO0/25 °C/15 min.

+
COOH ¢

0.068 g (60%)
148-150 °C

3437,1761, 1707 cm’

(400 MHz) 5= 11.46 (s, 1H), 7.93 (d, J = 7.2 Hz, 2H), 7.34 (d, J =

7.2 Hz, 2H), 5.81 (s, 1H), 2.45 (s, 3H), 2.22 (s, 3H) ppm (Spectrum

No. 43)

(100 MHz) 6= 202.5, 188.8, 181.8, 178.6, 176.3, 144.3, 130.1,

128.3,126.8, 92.9, 23.2, 22.0 ppm (Spectrum No. 44)
m/z 229 (M+1)

for C14H 1,05

Calculated: C, 73.67%; H, 5.30%

Found: C, 73.55%; H, 5.38 %

— EZ;:’

H,CO,
O H,CO,
o {J
H 0

O MesSiq1qq4 O H

+ 0

COOH
H,C "CH3 pvso/25 °C/15 min., |
3C 150 OH
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0.079 g (65%)
150-152 °C

3472, 1766, 1699 cm’!

(400 MHz) 5= 11.49 (s, 1H), 8.02 (d, J = 8.8 Hz, 2H), 7.03 (d, J =
8.8 Hz, 2H), 5.78 (s, 1H), 3.90 (s, 3H), 2.21 (s, 3H) ppm

(100 MHz) 6 = 201.9, 188.9, 180.7, 178.0, 175.8, 163.5, 130.6,
122.4,114.9, 92.8, 55.6, 23.2 ppm

m/z 245 (M+1)

for C14H 1,04

Calculated: C, 68.85%; H, 4.95%

Found: C, 68.71%; H, 4.86%

Cl
Qo
o )
] ?
O\ . /[(J)\ MesSit 145 O H | o
N~ COOH y.c DMSO0/25 °C/5 min.
H 3 CH, 3 OH
1 151

0.064 g (52%)
134-136 °C

3491, 1761, 1712 cm™

(400 MHz) 5= 11.47 (s, 1H), 7.96 (d, J= 8.8 Hz, 2H), 7.52 (d, J=

8.8 Hz, 2H), 5.80 (s, 1H), 2.24 (s, 3H) ppm
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BC NMR : (100 MHz) ¢ = 202.6, 188.2, 182.3, 177.5, 176.7, 139.2, 129.8,
129.4,127.7,92.9, 23.3 ppm

MS (ED) : m/z 249 (M+1)

Analysis : for C3HoClO3
Calculated: C, 62.79%; H, 3.65%

Found: C, 62.59%; H, 3.71%

H,C O o O
m H3C O
Me;Si ) " I
0 146 0
(A« I o |
N COOH ¢~ ey, DMSO25 C/IS min. Ny
1 152
Yield : 0.066 g (58%)
mp : 132-134 °C
IR (KBr) : 3540, 1747, 1712 cm’
'HNMR (400 MHz) 5= 11.46 (s, 1H), 7.81 (s, 1H), 7.80-7.78 (m, 1H), 7.45-

7.37 (m, 2H), 5.84 (s, 1H), 2.44 (s, 3H), 2.23 (s, 3H) ppm

BC NMR : (100 MHz) ¢ = 202.9, 188.7, 182.4, 178.8, 176.7, 139.2, 133.9,
129.3,129.2, 128.8, 125.4,92.9, 23.3, 21.4 ppm

MS (EI) : m/z 229 (M+1)

Analysis : for C14H 1,05
Calculated: C 73.67%; H, 5.30%

Found: C, 73.75%; H, 5.22%



Chapter 2 Conversion of Cyclobutenediones to... 143

Cl O 0 Cl O 0
|| , ||
O\ o MesSi” |40 O | 0
N~ ~COOH +H CJ\CH DMSO0/25°C/5min.  HCOH
H ’ 3 153
1
Yield : 0.068 g (55%)
IR (KBr) 3443, 1745, 1714 cm™
'"HNMR (400 MHz) 5= 11.46 (s, 1H), 7.96 (s, 1H), 7.93-7.91 (m, 1H), 7.57-

7.49 (m, 2H), 5.84 (s, 1H), 2.28 (s, 3H) ppm

BC NMR : (100 MHz) ¢ = 202.9, 188.0, 182.7, 177.9, 176.4, 135.4, 132.6,
130.7, 130.6, 127.7, 126.2, 92.9, 23.4 ppm

MS (EI) : m/z 247 (M-1)

Analysis : for C13HyCl0O;
Calculated: C, 62.79%; H, 3.65%

Found: C, 62.85%; H, 3.61%

2.4.6 Preparation of 3-ethyl-4-phenylcyclobut-3-ene-1,2-dione 110
Magnesium turnings (Immol, 0.024 g) were treated with bromoethane (1 mmol,
0.07 mL) in THF (5 mL) for 1 h at 25 °C. The ethyl magnesium bromide prepared in this
way was added slowly to the solution of 3-phenyl-4-(trimethylsilyl)-cyclobutene-1,2-dione
(0.230 g, 1 mmol) in THF (10 mL) at —40 °C. The contents were stirred for 15 min at the

same temperature. The reaction mixture was brought to room temperature and quenched
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with saturated NH4Cl solution (5 mL) and extracted with diethyl ether (3x10 mL). The
combined organic extract was washed with brine solution and dried over anhydrous
Na,SO4.  The solvent was removed and the residue was subjected to column
chromatography (silica gel, hexane-EtOAc). Ethyl acetate (3%) in hexane eluted the 3-

ethyl-4-phenylcyclobutenedione 110.

Ph O Ph 0]
C,HsMgBr
) THF/-40 °C/15 min. CH o
Me;Si 142 (0] oHs 109
Yield : 0.083 g (45%)

The IR, 'H NMR and *C NMR data show 1:1 correspondence with the data of the
compound previously obtained in the reaction of ethyl phenyl acetylene with the
Fe(CO)s/NaH/Mel reagent system (Chapter 1).

The above procedure was followed for the addition of other Grignard reagents to 3-

phenyl-4-(trimethylsilyl) cyclobutenedione 142.

Ph 0] Ph O
n-C3H,MgBr
THF/-40 °C/15 min. CoH o
Me;Si n-
€351 142 o 37 162
Yield : 0.092 g (46%)

The IR, "H NMR and *C NMR data show 1:1 correspondence with the data of the
compound previously obtained in the reaction of 1-phenyl-1-pentyn with the Fe(CO)s/¢-

BuOK reagent system (Chapter 1)
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Ph O Ph O
n—C4H9MgBr
THF/-40 °C/15 min.
Me3 Si O n'C4H9 (0]

142 110

0.109 g (51%)

The IR, '"H NMR and *C NMR data show 1:1 correspondence with the data of the

compound previously obtained in the reaction of 1-phenyl-1-hexyne with the Fe(CO)s/t-

BuOK reagent system (Chapter 1)

Yield

IR (KBr)

'H NMR

BCc NMR

MS (EI)

Ph 0] Ph 0]
n-CsHl lMgBr

THF/-40 °C/15 min
Me3Si (0] n-CSHH (6]
142 163

0.091 g (40%)

1751 cm™

(400 MHz) 5= 8.02-8.00 (m, 2H), 7.59-7.56 (m, 3H), 3.05 (t, J =

7.6 Hz, 2H), 1.89-1.82 (m, 2H), 1.46-1.36 (m, 4H), 0.91 (t,J="7.2
Hz, 3H). ppm

(100 MHz) § = 198.5, 198.1, 197.4, 190.6, 133.5, 129.5, 128.5,
32.0,27.7,25.7,22.3,13.9. ppm

m/z 227(M-1)

Ph O Ph 0]
n-C6H13MgBr

THF/-40 °C/15 min. ol o
MesSi o n-Cellyis
142 164
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MS (EI)
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0.101 g (42%)

1766 cm’'

(400 MHz) 6= 8.03-8.01 (m, 2H), 7.59-7.57 (m, 3H), 3.05 (t,J =

7.6 Hz, 2H), 1.89-1.81 (m, 2H), 1.45-1.32 (m, 6H), 0.89 (t, J =

6.8 Hz, 3H). ppm

(100 MHz) ¢ = 198.5, 198.1, 197.4, 190.5, 133.4, 129.4, 128.5,
31.4,29.6,27.8,26.0,22.4, 14.0. ppm

m/z 243 (M+1)

for C16H 130,

Calculated: C, 79.31%; H, 7.49%

Found: C, 79.15%; H, 7.41%
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Chapter 3

Synthetic Methods Based on Reactions of Aromatic
Diketones and Diols with the Amine/TiCl; Reagent

System



3.1 Introduction

Titanium reagents have been used in a multitude of reactions in organic, inorganic
and polymer chemistry. Several titanium reagents have become very much popular in
organic synthesis due to their availability, inexpensiveness, the possibility of adjusting
reactivity and selectivity by ligands."® The widespread applications of titanium reagents are
due to their unique ability in functional group transformations and also in attaining better
chemo, regio and stereoselectivities.

In recent years, the deoxygenative-reductive coupling reactions of carbonyl
compounds (eg.: McMurry reaction) have been widely employed in synthesis using the low
valent titanium (LVT) species, produced by the reduction of TiCls with metals and metal
hydrides.lb The Cp,TiCl,/(CH;3);Al (The Tebbe’s reagent) and the TiCly/CH,Br,/Zn
reagent systems have been used for the Wittig-type olefination of carbonyl compounds.**®
The Reetz reagent, Me,TiCl,, has been employed in gem-dimethylation of carbonyl
compounds.2C Several reports show that the transmetalation of organolithium or
organomagnesium reagents with titanium reagents leads to better chemo-, regio- and
stereoselectivities.'”

More recently, the TiCly/trialkylamine reagent system has been extensively
employed in the preparation of titanium enolates for synthetic applications.” Also, the
TiCly has been used as Lewis acid for arylation as well as acylation of aromatic

compounds.” We have undertaken research efforts on developing methods for the synthesis
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of conjugated electron rich molecules by the arylation reaction of titanium reagents with
cyclobutenediones and other diketones. Accordingly, it is of interest to briefly review the
literature reports on these topics including previous reports from this laboratory.
3.1.1 Reactions of TiCl/Et;N reagent system via titanium enolates

The TiCl4/R3N reagent system has been widely used for the preparation of titanium
enolates for applications in aldol and related reactions.® For example, it was reported that
the ketones 1 and diester 2 react in the presence of TiCls/pyridine reagent to give the

Knoevenagel condensation product 3 (Scheme 1).

Scheme 1
)OJ\ COOC2H5 TiC14/pyridine R1 COOC2H5
+ - —
R TR COOC,H; THF R COOC,Hj
1 2 3

81-97%

It has been also reported that the direct Claisen condensation products 5 and 8 were

obtained intra and inter molecular reactions with esters (Scheme 2).”

Scheme 2
0
COOMe TiCly/BuzN COOMe
COOMe >
TMSOTf (Cat.)
4 5
o 95%
R)J\OM i
0 ¢ COOM
/\)J\ ’ >~ K e
Ph OMe  TiCl,/Bu;N P
6 TMSOTT (Cat.) 8

54-57%
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Evans et al.* reported that the enantiomerically pure oxazolidinone 9 and
isobutyraldehyde react in the presence of TiCly and tertiary amine base to give the
corresponding syn aldol product 11a in good yield with excellent selectivity via the

corresponding titanium enolate 10 (Scheme 3).

o O OH o O OH
o ©O 0  OTiCl; o)J\ N)J\_/\F o)I\N)KA/H/
PR )f\ 1. TiCl, O)I\N)\/Me i-PrCHO_ \{  Me { Me

T base > Bn Bn

O N
Me 2. base \ (

Bn Bn 11a 11b
9 10 'Evans' syn 'non-Evans' syn

base i-Pr,NEt yield 84% 11a:11b =94:6
base TMEDA yield 83% 11a:11b =98:2

Scheme 3

Interestingly, the amount of base has remarkable effect in the titanium-mediated
asymmetric aldol reaction. For example, the reaction of N-propanoylthiazolidinethione 12
with benzaldehyde in the presence of 1 equiv. of (-)-sparteine afforded ‘non-Evans’ syn aldol

product 13a, whereas 2 equiv. of (-)-sparteine gave ‘Evans’ syn aldol product 13b (Scheme

4).°
Scheme 4
S (0] OH
a) 1 equiv. TiCly )J\ Ph
b) 1 equiv. (-)-sparteine M
{ e
S 0 A ¢) PhCHO Bn
)J\ )J\/ 'non-Evans' syn 13a
S N > +
\—< B a) 1 equiv. TiCly OH
Bn b) 2 equiv. (-)-sparteine -
12 T Ph

S O
¢) PhCHO 3 N: e
path A yield 52%  13a:13b=>99:1 Bn

path B yield 62%  13a:13b=<1:99 'Evans' syn 13b
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It has been reported that the TiCls/NR3 reagent system is useful in the preparation of
the dI-C, symmetric 2,3-diphenylsuccinic acid esters 15 from methyl phenylacetate 14.
The reaction is highly chemo and diastereoselective (Scheme 5).* This reaction proceeds
through the formation of the corresponding titanium enolates, followed by oxidative

coupling with concomitant formation of the titanium (III) species.

Scheme 5
Ph,__COOMe Ph,, ~COOMe
¢ PR >COOMe PR >COOMe
14
dl 15 meso
83%
dl - meso
99:1
TiCly/Et;N Ph. OTICl Ph Ph
Ph-CH,-COOCH; Y=( ’ 2 ¢
; H  OCH; \ H;COOC  COOCH,
o= TiCl
Et;NHCI 16 s

Also, the asymmetric version of the oxidative coupling of 17 using the

TiCly/DABCO reagent system gives the product 18 with high selectivity (Scheme 6).”"

Scheme 6

0
Pha_ COX
Q TiCl, \[ % = Q»I(I)J\

Ph —_— o
X DABCO PR" "COX /
17 18 H3Cj\\
(S.8) CH;

69%, >99%d.e
The dicarboxylic acid 19d, formed in the oxidative coupling reaction of

phenylacetate 19a in the presence of TiCly/Et;N was used for the synthesis of chiral 3,4-

diphenylpyrrolidine 19f (Scheme 7)."°
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Scheme 7
o o Ph.  Ph
TiCl,/Et;N - KOH/CH;0H /
Ph-CHy-COOC,H; —————» —— > yoocd  COOH
C,H;00C  COOC,Hs
19a 19b 19¢
75% 92%
Resolution using (S)-proline
NaBH4/IZ
Ph,  Ph
[ ; RNH, Ph  Ph TsCUEt;N Ph  Ph
N - y e
& TsOH,C  CH,OTs HOH,C  CH,OH
19f 19¢ 19d
83-90% 90% 90%

Enrichment using (S)-proline
and boric acid

The chiral binaphthyl phenylacetate 20 on reaction with TiCls/Et;N reagent gives

the corresponding diastereoselective cyclic compound 22 (Scheme 8)."'

Scheme 8
) )
p O)J\/ Ph TiCly/Et;N - 2o Ph
O ‘v
JORS IR NGO
0 o)
2 TiCly/EtsN -
R)-(+) ) OTiCly (R,R,R) - (-) isomer
L J PN Yield = 80%, >99% de
Et;NHCI 0 2TiCl,
OY\
O Z TPh
O OTiCl,

Facile synthesis of the aryl-3-pyrrolidine carboxylates 24 from readily accessible y-
imino esters 23 via intramolecular cyclization mediated by the TiCls/Et;N reagent system

has been reported (Scheme 9).!2
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Scheme 9
COOMe
- st
Ar IS - 'Ar
NN COOMe ™ CH,Cl/0-25 °C N
23 24
69-76%

Reaction of benzaldehyde imines 26 and esters 25 with the TiCls/R;N reagent

system produced the syn-B-amino esters 27 stereoselectively (Scheme 10)."

Scheme 10
NHR? 2
MeOOC NR?  TiCl/Et;N = NHR
j + — % > MeOOC._A. . MeOOC. -
R Ph 1 I,
25 26 27 J (minor)
1 anft (Iminor
syn (major) 78-87 %
95:5 to 100:0

3.1.2 Reactions of TiCl,/R;N reagent system with imines and iminium ions

The reactivity of the TiCls/Et;N reagent system with other organic substrates
containing acidic hydrogens have been reported. For example, the reaction of aromatic
ketimines 28 with TiCls/EtsN produced the corresponding 2,5-disubstituted pyrroles 29

through oxidative coupling followed by aromatization reactions (Scheme 11)."*

Scheme 11
H;C TiCly/Et;N ﬂ\
/EN_R 4 3 AI' II\I AI'
Ar 0-25°C R
28 29
63-90%

Also, it was found that ketoximes 30 react with the TiCls/NEt; system to give the

corresponding tetrasubstituted pyrroles 31 (Scheme 12)."
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Scheme 12
R R

TlCl4/Et3N Arﬂ\Ar

RH,C
>:N—OH s N
At 0-25°C i
30 31
55-81%

The hydrazones 32 undergo intramolecular oxidative coupling in the presence of

TiCly/R3N reagent system to give the corresponding 1,2-dihydropyridazines 33 (Scheme
13).'6

Scheme 13

Ar

RH,C CHR  TiCl/Et;N
0-25°C Ar

NH

T
0
z
M
\
=
3 :z?i/?—w

32 R=H, CH,
50-55%

The TiCly reacts with tertiary amines like (CH3);N to give the corresponding

iminium salt 34 and TiCl;.'”

+ ~ + -
2 (CHy);N + 2TiCl, —> 2TiCl; + 2 (CHy),N—CH, Cl + 2 (CH;);NHCI eq- (1)

34
Such iminium ions that are expected to be formed using higher amines can be

trapped with benzophenone to give the corresponding aldehydes. 170, ¢
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Scheme 14

Y

:\\
n
=g

/

o)

C

TiCl,

thC:O
36

TiCl,

Y

Y

Ph,C=0
36

TiCl,

Ph,C=0
36

Y

Introduction

=
=

CHO

=
=
an)

37a
78%
Ph CHO

37b
23%
CHO
Ph —

Ph
37¢

25%

Also, it was found that the reaction of N, N-diisopropyloctylamine 38 with

benzophenone in the presence of TiCly leads to the formation of the corresponding

cyclobutanone 41 in low yield (12%) in addition to the unsaturated aldehydes 39 and 40

(Scheme 15).18

Scheme 15

)\ TiCl,
N >CH;; ——————

Ph
0

Ph
38
36

Ph

CgH,3~_CHO

39
32%

Ph

+

CHO (0]
C,H, |
| +
Ph Ph Ph" Ph
40 41
21% 12%

The iminium ions 43, prepared in situ by the oxidation of N,N-diisopropyl-N-

benzylamine 42 using iodine, react with diaryl ketones in the presence of TiCls/R3N to give

the corresponding 3,3-diarylcyclobutanones 46 in 49-86% yields.(Scheme 16).'*
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Scheme 16

1
~ 1 )\Itl/\Ph i-PINCH,Ph___ o
2 >
)N\ e )\ O

)J\ . A CAr!
Ar Ar] Ar Ar 46

42 43 44 L 45 . 49-86 %

When the above reaction was carried out in the presence of B,Hs the 3,3-
diarylcyclobutanone iminium ions 45 formed in situ is reduced to the corresponding 3,3-
diarylcyclobutylamines 47 (Scheme 17).'®

Scheme 17
)\ﬂ?z\ )\N/\Ph

)\ TiCly
N >pn b i-Pr,NCH,Ph i' B,H, 42
- —_—
1

—_—
)\ ArCOAr!
Ar Ar Ar Arl

42 45 47
51-73 %

3.1.3 Oxidation reactions using TiCl,/Et;N reagent system
As discussed in the previous section, the TiClsy oxidizes trialkyl amines to the
iminium ion and gets reduced to TiCl; species. The TiCls/Et;N reagent system also

oxidizes the simple propargyl alcohols to the corresponding aldehydes 49 (Scheme 18)."”

Scheme 18
OH  TiCl/R;N 0
——— > =
48 CH,Cl, o N
89-98%

1,2-Diphenylethane-1,2-diols 50 are oxidized by the TiCls/Et;N reagent in CH,Cl,

solvent to provide the corresponding 1,2-diketones in 63-86% yields (Scheme 19).%
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Scheme 19

Ar—C—C—Ar > Ar—ﬁi—g—Ar
| | 0,
on On CH,C1,/0-25 °C/6 h 5 O
50 51
63-86%

The TiCls/amine reagent system has been also used in the oxidation of certain other
alcohols. For example, the TiCly/pyridine reagent combination is useful for the oxidative
cleavage of methyl diphenyltartrate 52 to methyl phenylglyoxalate 53 besides the hydroxy

ester 54 (Scheme 20).”'

Scheme 20
Ph
HO. | COOMe Ph
TiCly/Pyridine ~ Ph< _~COOMe |
COOMe > +  HO—CHCOOMe
HO™L THF/25 °C 0
52 53 54
77% 21%

3.1.4 Reductive coupling reactions using TiCl,/Et;N reagent system

Lower valent titanium species generated in sifu from the TiCls/Et;N reagent system

reacts with aromatic aldehydes 55 to produce the corresponding 1,2-diarylethane-1,2-diols

56 (Scheme 21).%
Scheme 21
TiCl,/Et;N
Ar.__OH
j\ Ti(IID) I
Ar” TH  CH,CL/0°C/1h Ar” OH
55 0°Crt/5h 56

58 -71%
dl:meso = 74:26 t0100:0

The Ti (IIT) species obtained from TiCls/Et;N reagent system has been utilized for

imine 57 coupling to obtain the corresponding vicinal d/-diamines 58 (Scheme 22).%
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Scheme 22
TiCly/EtzN

R Ar<__NHR

N Ti(TIn) . :[

. >

Ar ) CHZOCIZ/O C/1h A NHR

57 0°C-rt/Sh 58
60-65%

dl:meso =33:67 to 85:15

Also, the reaction of benzhydrol 59 with TiCl; species prepared using the

TiCl/Et;N reagent system gives the tetraphenylethane 60 in 48% yield (Scheme 23).%

Scheme 23

TiCl,/EtN
OH ¢
Ti(IIT) o
O O CH,Cl,/0-25 °C/24 h O O
59 60
48%
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Low-valent titanium reagents prepared using TiCls/Et;N or TiClsy/Zn reacts with

propargyl alcohols 61 to give the corresponding 1,5-diynes 62 (Scheme 24).**

Scheme 24
OH

' RTI—’I\ Rl Rl //

T1C14/Et3N CH2C12 . 61

or 5 Ti(IID) 1
TiCly/Zn 0°C/th 0-25°C/6 h R R
, 62

R, R'= aryl, alkyl 58-74%

Interestingly, the reaction of propargyl alcohol 63 gives the enediyne product 64 in

62% yield (Scheme 25).%*
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Scheme 25
TiCl/Et;N
A -
OH ¢ Ph =
/\ Ti(III) |
& Ph 0 >
- CH,Cl,/ 0-25°C/ 6 h =~ "Ph
63 Ph 64

62%

However, the propargyl alcohol 65 is converted to the corresponding allenynes 66

(Scheme 26).%*
Scheme 26
TiCly/Bu;N Ph -Ph
I
i
OH T, oy Seoph
Ph%'\Ph o ™
N CH,C1,/0-25 °C/6 h Ph &
6 66  Ph
51-61%

3.1.5 Reaction of TiCl,/ArNR, reagent system

In the presence of TiCly, N,N-dialkylanilines 67 undergo oxidative coupling to
provide the corresponding benzidine 69 products in good yields. This transformation can
be rationalized considering the intermediacy of the corresponding aryl titanium species 68.
The aryl titanium species prepared in situ in this way react with HCOOCH3 electrophile to

give the coupled product 71 (Scheme 27).%
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Scheme 27
TiCl,
R,N —_— [{2N4<;>7TiC13 —>R2NNR2
CH,Cl,/0-25 °C/8 h
67 68 69
HCOOCH,; 57-92%
70
NR,

R,N - NR,

34%

The reaction of the TiCly/ArNR, system was examined with various electrophiles
(Chart 1). In the reaction with diaryl ketones and benzaldehyde the expected electrophilic
addition products 77 and 78 were obtained. Reaction with chlorodiphenylphosphine gave

the corresponding electrophilic substitution product 79 (Chart 1).%

Chart 1
R. .R N
N N
R 0 N NR,
T OH
R. .R e — > Ph~ “Ph
N 72

~ Ph H
PR e — —_— | |
“ R 75 P H
- ) 78 ~
T NPEs 91%
= N
R™ N R TiCly PPh,Cl Ph,P—AINR,
74 73 76 79
57-92% 72%

Interesting pattern of reactivity was observed in the reactions of TiCls/N,N-

dialkylarylamine reagent system with several other organic substrates (Chart 2). *°
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Chart 2
R R
r—N N—R
R R
0
Ar'
0 0
o1 OFt OEt
(68-89%) HO
r
ILI + 0 (@) OEt o 70
R™ -8 (52- 54%)
OH TiCl, 07 gy OEt
————
Ar TiCl,
(22 28%) EtO
0 (61- 64%)
Ar'
Ar' NR,
<—
Ar NR; ™ Ticy, — R,NAr-H— 819,
93 TiCl,
(81- 90%) 67
RZN NR2 AI‘IOMG (
O O 70 85%)
e
Ar” Ar TiCl, R—/{
94
—»
(81- 90%) TiCl, NR,
HC(OM
R,N O CHO (86 o)

O T

95
(74-82%)

Cross coupling reaction takes place in the case of phenyl-2-octyn-1-ol 96. The

corresponding arylalkyne 97 was obtained in 68% yield (Scheme 28).%’
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Scheme 28

Et\N, Et

Et
THCHﬁ/Zi:::>F_q¢
Et
I 67b _
CeHpy—— Ph CeHpy—=—"7"Ph
CH,C1,/-40°C/6 h o

% H 97
68%

However, in the reaction wusing the propargyl alcohol and N,N-
dimethylnapthylamine 72a at —40 °C, the corresponding tetraarylallene 98 was obtained in
76% yield besides the diaryl compound 99 (Scheme 29).*’

Scheme 29

e\
Ph /Ph Me
e “ ke Y
HO Ph 72a Ph Mé Me
- aRale
Ph CH,Cl,/-40 °C/6 h Q
Me—N

65 Me 98 99
76% 12%

The N,N-dialkylarylamines also undergo cross coupling reaction with arylacetic
acid esters 100 in the presence of TiCls to produce the corresponding a-arylated products

101 in good yields (Scheme 30). **

Scheme 30

OR" R\N'R

R

R. .R 0o

N 100

TiCly

CH,CL/0t025°C/5h R OR

o}
67 101

88-90%
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In the reaction of chiral enone (4S5)- 102 with N,N-dimethylaniline the

corresponding 1,4-addition product 103 is obtained in 28% yield along with the

homocoupled benzidine product 69a.*

Scheme 31

Me- NMez

_Me
Me._ _.Me
O 5

S 0o =
S)]\NJJ\/\Ph 67a S)]\NJJ\/\Ph +

\_< TiCly/CH,Cl, \_<
Bn 0-25°C/6 h Bn NMe,

(45)-102 (5,5)-103 69a
28%, dr=100:0

The cyclopropyl diester 104 reacts with N,N-diethylaniline 67b in the presence of

TiCly, to provide the corresponding addition product 105 in 84% yield (Scheme 32).29b

Scheme 32
Et
Et—N
Eis -t
COOMe TiCl,/CH,CL, COOMe
COOMe * 0°C1025°C/6h O COOMe
67b MeO gﬁ 9

It was observed that the diphenylcyclobutenedione 106 reacts with TiCly and N, N-
diethylaniline reagent system at -40 °C to provide the butenolide 107 in 65% yield along

with the 1,4-diketone 108 (12%) (Scheme 33).>*



Chapter 3 Synthetic Methods Based on Reactions of Aromatic Diketones... 169

Scheme 33
Et,N
) 0
NEt, Ph O NEt,
Ph O 1. TiCl/PhNR,/CH,Cl, Ph +
j( -40 °C t0 25 °C/6 h 0 Ph O NEt,
PH O 2 aq.K,CO; P 3 0
106 107 108
65% 12%

When the reaction was carried at —78 °C, the formation of the corresponding 1,2-

addition 109 products (32-48%) were observed (Scheme 34)3%

Scheme 34
Ph 0 , Ph 0
1. T1C14/PhNR2/CH2C12 _
-78 °C/6 h - O NR,
106 109
32-48%

We have examined the reaction of the aryl titanium species prepared in situ using
the TiCls/ArNR, reagent system with acenaphthenequinone, phenanthrenequinone and

anthraquinone. The results are discussed in the next section.



3.2 Results and Discussion

3.2.1 Reaction of acenaphthenequinone with the TiCl,/Et;N/arylamine

reagent system

As discussed in the introductory section 3.1.1. N,N-dialkylaniline derivatives reacts
with diphenylcyclobutenedione in the presence of TiCly at -40 °C to give the corresponding

butenolide along with the 1,4-diketone (Scheme 33).>"

We have examined the reactivity of
the TiClsy/N,N-dialkylarylamine reagent system with 1,2-diones like acenaphthenequinone
and phenanthrenequinone. Whereas the phenanthrenequinone did not react with the
TiClsy/N,N-dialkylaniline reagent system under ambient reaction conditions, the
acenaphthenequinone (1 mmol) reacts with N,N-diethylaniline (3 mmol) and TiCls (3
mmol) to give the corresponding 1,2-diarylacenaphthylene 114 in 45% yield along with

N,N, N, N-tetraethylbenzidines besides some unidentifiable mixture of products.

Scheme 35

Ft Bt
e
0 0 O Et
Et
O

DCM/0-25 °C/3 h O

Et/N\Et
110 114 69b
45% 12%

Initially, we have carried out this transformation using acenapthenequinone 110 (1

mmol), N,N-diethylaniline (3 mmol) and TiCly (3 mmol) without using Et;N. This
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transformation may involve initial arylation of carbonyl groups followed by deoxygenation
to give the diaryl product 114.

Scheme 36

PhNE,/TiCl,
NEt,
Ph
Et,N, 'NEt, Ph BN, N

: Ph NEt P
CL;TiO ' OTiCls 69 CLTiO ' OTiCl,

¢ O — sy O
(2

11 112
110
2TiOCl,
Et,N. NEt,
Ph Ph

114
45%

Surprisingly, the corresponding 1,2-diarylacenaphthylene derivative 114 is obtained
in 75% yield when Et;N was also used along with the arylamine in this transformation.
Several other dialkylarylamines are converted to the corresponding 1,2-
diarylacenaphthylenes in good vyields (62-75%, Table 2) by reaction with
acenaphthenequinone using Et;N/TiCly. When the reaction of N,N-diethylaniline and
acenaphthenequinone with BusN or i-Pr,NEt was carried out in the place of Et;N, the

product was obtained only in 60% and 55% yield, respectively.
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Scheme 37

{ R
R/N

N.
R'
o__p SEPY
R
lllll 1&(:u/£h3rq/<i::::>»-p¢ liiil
C .
DCM/0-25 °C/1.5 h

110 113- 119
62-75%
R, R' = alkyl

The structure of the 1,2-diarylacenaphthylene 113 was confirmed by single crystal

X-ray data. Two independent molecules are present in the unit cell.

Figure 1. ORTEP diagram of compound 113
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Table 1. X-ray data collection and structure refinement for 113

Empirical formula Cs¢ Hsnp Ny
Fw 781.02
Temp., wavelength 100(2), 0.71073 A
Cryst. syst., space group monoclinic, P2(1)/c
Unit cell dimensions a=16.397(2) A, 0=90°
b=9.4410(13) A, B=94.170° (2)

c=26.943(4) A, y =90°

Volume 4159.9(10) A°

Z, calcd. density 4,1.247 mg/m’
Abs. coeff. 0.073 mm’

F(000) 1664

Cryst. size 0.42%0.31%0.24 mm

6 range for data collection 1.52 to 25.00°
-19<h<19, -11<k<I11, -32<I<32

37434, 7323 [R(int)=0.0673]

Limiting indices
Reflns. collected, unique

Refinement method full-matrix least-square on F>

Data/restraints/params
Goodness-of-fit on F*
Final R indices[I> 20 ()]
R indices (all data)
Largest diff. peak and hole

7323/0/549

1.169

R;=0.0748, wRy=0.1563
R,= 0.0876, wR,= 0.1620
0.332,-0.317 e. A
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Table 2. Formation of 4,4’-(acenaphthylene-1,2-diyl)bis(N,N-dialkylaniline) in the

reaction of acenaphthenequinone with the TiCly/Et;N/arylamine reagent system.”

. c
Entry Aryl amine Product” Yield (%)

Hyc N N.oy
O e
N, 62

CH, lfii

67a

s 75

67b
Gt o
n-C3Hy™ 114 N‘C3H7-n
TN el S :
e OGO
67¢ cH
B s CH;
CaHls O N‘CzHS
O =~ .
4
\
s 99
67d 116
HoCyn HoC yon
C,HsN \

L O MTa_gtes

117 CsHyy-n

Hy Cs-n
C,Hs5~ N<
O O C,H; 67
CoHs
o O
C5Hll-n

C,H ' N
ne O O \C2H5
66

67g




Chapter 3

Synthetic Methods Based on Reactions of Aromatic Diketones... 175

* All the reactions were carried out using acenaphthenequinone 110 (1 mmol), TiCl, (3 mmol), aryl amine (3

mmol) and Et;N (3 mmol). ° The products were identified by spectral data (IR, "H-NMR *C-NMR and Mass).

¢ Yields reported are for the isolated products and based on the amount of acenaphthenequinone 110 used.

The formation of diarylacenaphthenes from acenaphthnequinone and N,N-

dialkylaryl amine can be explained by considering the tentative mechanism outlined in

Scheme 38. According to this, the aryl titanium species generated from the aryl amine and

TiCly undergoes reaction with acenaphthenequione to give the intermediate 111 which is

converted to intermediate 112 by reaction with TiCl; species produced in situ. Homolysis

of the carbon oxygen bond in 112 would give the 1,2-diarylacenaphthylene product with

concomitant formation of oxygen containing titanium species.

Scheme 38

O, 0]

(L amo oma,
OO Ar ' Ar

Et3N/T1C14 CIZQ CTIC]Z
(¢} 0O
TiCly Ar . Ar

111 112

TiCl,

113-119
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3.2.2 Conversion of 1,2-diarylacenaphthylene-1,2-diols to 1,2-diarylace-

naphthylene derivatives using the TiCl,/Et;N reagent system

As discussed in the previous section, the arylamine/Et;N/TiCly reagent system is
useful for the synthesis of 4,4’-(acenaphthylene-1,2-diyl)bis(V, N-dialkylaniline) derivatives
113-119. However, it is of interest to devise a general method of synthesis of various
polycyclic aromatic hydrocarbons from the corresponding diols which are readily
accessible via Grignard reaction.***®

Initially, we have examined this transformation using the 1,2-diphenyl-1,2-dihydro
acenaphthylene-1,2-diol (1 mmol) 120, TiCl; (2 mmol) and Et;N (4 mmol) in
dichloromethane solvent. In this experiment, the corresponding 1,2-diphenyl-
acenaphthylene 127 was obtained in 90% yield (Scheme 39). We have carried out this
experiment with different amines like BusN and i-Pr,NEt in place of Et;N. It was found

that the Et;N gave better yields (Table 3). In reactions using BusN and i-Pr,NEt, the 1,2-

diphenylacenaphthylene 127 was obtained in 78% and 70% yields, respectively.

Scheme 39
TiCly/EN
0 0 OH OH ¢ Ph Ph
NG G =
A e Tic,
— 2
O () oowesvcissomn
110 120 127
78% 90%

We have also studied the generality of this transformation and synthesized several

1,2-diarylacenaphthylene derivates. The results are summarized in Table 3.
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Table 3. Synthesis of 1,2-diarylacenaphthenes from 1,2-diphenyl-1,2-dihydro-

acenaphthylene-1,2-diol by using TiCls/Et;N reagent system®

Entry Diol Product” Time (min.) Yield(%)°
OH OH O O
1 = 30 90
2 e
120 127
OH OH O O
2 _ 30 92
e e
121 o 128 o
3 o OOH “ = =) - 30 88
O O
122 pe 129 -
3
4 F;C Q OOH CFs O a O 30 85
2 e
123 cr130 (g
F;C CF;
OH OH FoC O L O
5 @ g ’ ] CF, 30 83
rd (I on 0
124 131
Me‘IlEI/Ie I\I{/II;/I
\ OH OH e e
6 x:'N‘\me O s O 15 80
e OO
125 B3 Et
Et- N.
Et, OH OH t C Y B
7 Et'NEt g 15 88
J e
126 114

“ All the reactions were carried out using diaryldiol (1 mmol), TiCl, (2.0 mmol) and Et;N (4.0 mmol) at 25 °C.
» The products were identified by spectral data (IR, 'H-NMR "*C-NMR and Mass). ¢ Yields reported are for

the isolated products and based on the amount of diol used.
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It appears that the electronic effect plays some role in the rate of this transformation.
Whereas in the case of N,N-diaklylaniline derivatives, the products were obtained in good
yields in a short reaction time (15 min.) (Table 3, Entries 6 and 7), in other cases the
transformation required 30 min. for completion.

The formation of 1,2-diarylacenaphthylenes from the corresponding diols can be
explained by the mechanism outlined in Scheme 40. The reactive lower valent titanium
species Ti(IIl) generated in situ using the TiCly/EtsN reagent system would undergo
reaction with the diol in the presence of Et;N, to give the titanium species 112, Which
could then produce the hydrocarbon and OTiCl, species as envisaged in Scheme 40.

Scheme 40

+ H — .
amicl, —28N . ER=C—cH,Cl +2TiCk

_ + -
E,NHCI + EtuN=CHCH,CI

Clz@ (ict, Ar Ar
OH OH o 0
RS RN —
Ar . AT OOTICLR BN ' OO
O wma U0 e

112

The derivates of acenaphthylenes are useful as synthetic intermediates for the
synthesis of various polycyclic aromatic hydrocarbons with unusual properties.>'”* The
discovery of fullerenes has motivated attention to the synthesis and properties of polycyclic
aromatic hydrocarbons with integrated five-membered rings, thus representing partial

structure of these nanospheres.® Therefore, the method described here for the synthesis of
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diaryl acenaphthylenes from readily accessible acenaphthenequinone by using
TiCls/EtsN/aryl amine reagent system has good synthetic potential.

Previously, diarylacenaphthylene derivatives were synthesized from the
corresponding diols in moderate yields after long reaction time under harsh reaction

conditions (Scheme 41).°*°°

Scheme 41
Ar Ar Ar Ar
PN _
HCI/CHCl, Nal/acetone OO
- R—— —_—
Ar. Ar reflux OO reflux
HO ' OH 132 133
54-75%

oohmy o

Ar=aryl 1). TiCl,/Z0/THF OO
2). reflux/17-19h
133
78-82%

Recently, some 1,2-diarylacenaphthylenes were synthesized via Suzuki—Miyaura
cross coupling reaction by using the expensive Pd reagents (Scheme 42).*°

Scheme 42

Br Br Ar Ar

i 10 mol % Pd(PPh i
+ ArB(OH), mol % Pd(PPhs)s
6 equiV. K2CO3

refulx, 18 h
82-96 %

The procedure described here using the TiCly/EtsN reagent system compares

favorably with these reported procedures.
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3.2.3 Synthesis of 9,10-diarylphenanthrenes using the TiCl,/Et;N reagent

system

The 9,10-dihydro-9,10-diarylphenanthrene can be readily accessed by the reaction of
9,10-phenanthrenequinone with aryl lithium reagents and Grignard reagents.***** We have
examined the reaction of the low valent titanium prepared in situ using the TiCly/Et;N
reagent system with the 9,10—dihydroxy-9,10—-diphenylphenathrene. In this case, the

corresponding 9, 10-diphenyllphenanthrene 140 was obtained in 80% yield.

Scheme 43
TiCl,/ EtsN
N ph Ph Ph Ph
O PhLi HO O OH TiCl, O
Q Q Q Q DCM/0-25 °C/30 min. O Q
135 136 140

75% 80 %

We synthesized several 9,10-diarylphenanthrene derivatives from the corresponding
9,10-dihydroxy,9,10-diarylphenanthrene derivatives by following this procedure using the
TiCl/EtsN reagent system in 70-88% yields (Table 4). Here also, the amine substituted
phenanthrene derivatives were obtained in shorter reaction time (10 min.) and other diaryl

phenanthrenes were obtained in 30 min.
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Table 4. Formation of 9,10-diarylphenanthrenes from 9,10-dihydroxy-9,10-diarylphena-
threne derivatives by using the TiCly/Et;N reagent system”

Ar Ar
(0]

QO DCM/ 0-25 °C/30 min.

70 - 88%
Entry Diol Product’ Time(min.)  Yield(%)°
! HO O 30 80
136 140
HO OH 30 85
2 50 OO
N ;o
o/ 0] (0] 0
30 88

w
jan
(3
(Jg
T

—
73
o

—

Y

(5]

£
j/\
g
z

g
®
g
®

70

~
jan
Pk
e
jan)

=)

139 143

“ All the reactions were carried out using diaryl diol (0.5 mmol) TiCl, (1 mmol.) and Et;N (2 mmol) at 25 °C.
’ The products were identified by spectral data (IR, 'H-NMR, "*C-NMR and Mass). ¢ Yields reported are for

the isolated products and based on the amount of diol used.
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The formation of 9,10-diarylphenanthrene from the corresponding diols can be also
explained by considering the mechanism outlined in Scheme 44 similar to that considered

earlier (Scheme 40).

Scheme 44
, 2 EN v_H [ + 2TiCl
2TiCl, Et,N=C—CH;Cl + 3
+ —_
Et;NHCI
Ar Ar Ar A Ar Ar
HO OH CLTi0 O~ TiCl
2
S0 o TR OO
O =8

20TiCl,
144

Phenanthrene belongs to an important skeleton of organic compounds due to its
presence in core structure in natural products > with interesting biological activities such as
anti malarial,®® anti cancer’ and emetic activity."’ Some phenanthrene derivatives exhibit
properties like photoconductivity and electroluminescence and hence are useful structural
motifs in material science.*!

Recently, some 9,10-diarylphenanthrene derivatives 146 were synthesized in 22-
98% yields from 9,10-dihydroxy-9,10-diaryl-9,10-dihydrophenanthrene derivatives 145

using Zn/HCl in acetic acid solvent under reflux conditions (Scheme 45).*

Scheme 45
Ar Ar Ar Ar
HO OH
. Zn/HCl O Q
X O Q X AcOH/reflux
145 Ar= aryl X=H, Br 146
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The present procedure described here using the TiCls/Et;N reagent system under

ambient conditions compares favorably with this reported procedure.

3.2.4 Synthesis of 9,10-diarylanthracenes using the TiCl,/Et;N reagent

system

As anticipated, the low valent titanium reagent prepared in situ using the TiCls/Et;N
reagent system is also useful for the synthesis of 9,10-diarylanthracene derivatives. Again,
the 9,10-dihydroxy-9,10-diarylanthracene derivatives were readily accessed by Grignard
reaction. The corresponding 9,10-diphenylanthracene was obtained in 82% yield in the

conversion using low valent titanium species prepared in sifu using the TiCls/Et;N reagent

system (Scheme 46).
Scheme 46
TiCl,/Et;N
0 OH
e (010 e — COC
—_—
DCM/0-25 °C/30 min.
HO Ph
0 Ph
147 148 151
45% 82%

Several other 9,10-diarylanthracene derivatives were prepared in 61-85% yields
form the corresponding 9,10-dihydroxy-9,10-diarylanthracene derivatives following this

procedure and the results are summarized in Table 5.
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Table 5.

Formation of 9,10-diarylanthracenes

anthracenes by using TiCls/Et;N reagent system”

Results and discussion

from 9,10-dihydroxy-9,10-diaryl-

Ar Ar
OH
D@ @ g O
HO DCM/ 0- 25 °C/ 5- 30 min.
Ar Ar
61-85%
Entry Diol Product’ Time (min.)  yield(%)°

OH
NOg®
HO

148

151

o o)
OH
. D) CO0 » s
HO
O 0

149
SN

OH

. CLIC

152
/\N/\

5 61
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“ All the reactions were carried out using diaryldiol (0.5 mmol) TiCly(1 mmol) and Et;N (2 mmol) at 25 °C. b
The products were identified by spectral data (IR, "H-NMR *C-NMR and Mass). ¢ Yields reported are for the
isolated products and based on the amount of diol used.

Again, the deoxygenation reaction with the low valent titanium species is faster
with the 9,10-diols synthesized with N, N-dialkylamine derivatives (5 min.).

Here, the formation of diarylanthracene from the corresponding diaryldiol can be
explained by considering the reactive low valent titanium species and homolysis of the C-O

single bond (Scheme 47).

Scheme 47

aticl, —2E6N 2TiCl

— + _
ENHICT + Et;N=CHCH;Cl

Ar CICIZ

O‘O 2TiCly/2 B3N O‘I]

Ets NHCl e OTICIZ Ar

T1C12
154
The derivatives of anthracenes act as donor-aceptor type compounds showing
interesting properties in electron transfer and photosynthetic reactions. They are also useful
basic materials in non-linear optics.*
Previously, such anthraquinone derivatives were prepared using aryl lithium

compounds followed by further reduction with KI/NaH,PO, in acetic acid at 80 °C

(Scheme 48).*
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Scheme 48
R'Ar OHR®
AL KINaH,PO,/AcOH
R3HO Ar R4
B 12- 930/
Ar=aryl Rl, RZ, R?, R*= H, Cl, OBu o

Recently, some 9,10-diarylanthracenes were synthesized by using expensive Pd
reagents via Suzuki—Miyaura cross crosscoupling reaction from 9,10-dibromoanthracene

and arylboronic acids in THF/toluene solvent mixture at 85 °C (Scheme 49). *°

Scheme 49
Ar
Br
Pd(PPhs), (7 mol %) OOO
AI'-B(OH)Z + OOO N3.2CO3 >
THF/toluene/85 °C/3-12 h Ar
Br
158 159
56-99%

Again, the method described here using the TiCls/Et;N reagent system compares

favorably with these reported procedures.
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3.3 Conclusions

We have developed a method for synthesis of several new functionalized diaryl
acenaphthylene derivatives via a single pot operation from easily accessible starting
materials using the TiCly and N,N-dialkylarylamine derivatives under ambient reaction
conditions.

We have also developed a simple, general one pot method for the synthesis of 1,2-
diarylacenaphthene, 9,10-diarylphenanthrene and 9,10-diarylanthracene derivatives from
the corresponding dihydroxy derivatives using the low valent titanium species prepared in
situ using the TiClsy/Et;N reagent system under ambient reaction conditions. The
procedures described for these conversions have good synthetic potential for further

synthetic exploitations.



3.4 Experimental Section

3.4.1 General information:

The general information given in the section 1.4 is also applicable to the
experiments outlined in this section. THF was distilled over sodium benzophenone ketyl
system. TiCly was supplied by LOBA chemicals India. Et;N, N,N-diethylaniline and N, N-
dimethylaniline supplied by Spectrochem (P) Ltd., India, were distilled and stored over
anhydrous KOH. DCM was distilled over calcium hydride and stored over molecular

sieves.

3.4.2 Reaction of TiCly/arylamine reagent system with acenaphthene-

quinone 110

To a mixture of acenaphthenequinone (0.182 g, 1 mmol) and N, N-diethylaniline
(0.48 mL, 3 mmol) in CH,Cl, (10 mL), TiCls (0.66 mL of 1:1 solution of TiCls/CH,Cl,, 3
mmol) in CH,Cl, (10 mL) was added dropwise at 0 °C under N, atmosphere. The contents
were stirred for 3 h at 25 °C. A saturated aqueous K,COjs solution (10 mL) was added and
stirred for 0.5 h. The reaction mixture was filtered through a Buchner funnel. The organic
layer was separated and the aqueous layer was extracted with CH,Cl, (2x25 mL). The
combined organic extract was washed with brine solution and dried over anhydrous
Na;SO4. The solvent was removed and the residue was chromatographed on a silica gel

column. The product 114 was eluted using hexane/ethyl acetate 97:3.
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F2Hs CoHs
C,Hs™ N\C °
(6} 0 C2H5\N,C2H5 O O 2Hs
9 ric,
- © DCM/3h/0-25 °C an
110 114
Yield : 0.201 g (45%)
mp : gummy
IR (neat) : 3038, 2970, 1608 cm’
'"H NMR : (400 MHz) 6= 7.85-7.83 (m, 4H), 7.65-7.61 (m, 2H), 7.52-7.49 (m,

4H), 6.77 (d, J = 8.4 Hz, 4H), 3.45 (q, J = 6.8 Hz, 8H), 1.27 (1, J =
6.8 Hz, 12H) ppm

BC NMR : (100 MHz) 6 = 146.5, 141.0, 135.9, 131.0, 128.5, 128.1, 127.5,
126.2, 123.0,122.7,111.4,44.2, 12.7 ppm

MS (EI) : m/z 447 (M+1)

Analysis : for C3,H34N»
Calculated: C, 86.05%; H, 7.67%; N, 6.27%
Found: C, 86.15%; H, 7.72%; N, 6.37%

3.4.3 Reaction of TiCly/arylamine/Et;N reagent system with acenaphth

enequinone 110

To a solution of acenaphthenequinone (0.182 g, 1 mmol) in DCM (10 mL), TiCly
(0.66 mL of 1:1 solution of TiCly/CH,Cl,, 3 mmol) was added at 0 °C and stirred for 5 min.

under N, atmosphere. A mixture of N,N-dimethylaniline (0.38 mL, 3 mmol) and Et;N
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(0.42 mL, 3 mmol) in DCM (10 mL) was added dropwise for 0.5 h at 0 °C and further
stirred for 1.5 h at 0-25 °C. A saturated aqueous K,COj solution (10 mL) was added and
the contents were stirred for 0.5 h. The reaction mixture was filtered through a Buchner
funnel. The organic layer was separated and the aqueous layer was extracted with CH,Cl,
(2x25 mL). The combined organic extract was washed with brine solution and dried over
anhydrous Na,SO4 The solvent was removed and the residue was chromatographed on a

silica gel column. The product 113 was eluted using hexane/ethyl acetate 97:3.

CH,

CH; CH,
H,c N N<
0 0 CH; CHj
' TiCl/Et;N/ @N

OO DCM/0-25 °C/1.5 h OO
110 3
Yield : 0.242 g (62%)
mp : 206-208 °C
IR (KBr) : 3040, 2922, 1606 cm’
'HNMR  : (400 MHz) 5= 7.81 (d, J = 8 Hz, 2H), 7.76 (d, J = 8 Hz, 2H), 7.60-

7.56 (m, 2H), 7.46-7.43 (m, 4H), 6.79 (d, J= 8.4 Hz, 4H), 3.02 (s,
12H) ppm (Spectrum No. 45)

BC NMR : (100 MHz) 6= 149.3, 141.0, 136.4, 130.9, 128.6, 128.3, 127.7,
126.5, 123.9, 123.2, 112.3, 40.5 ppm (Spectrum No. 46)

MS (EI) : m/z 391 (M+1)

Analysis : for CogHoeN»
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Calculated: C, 86.12%; H, 6.71%; N, 7.17%
Found: C, 86.08%; H, 6.65%; N, 7.25%
The above procedure was followed for the reaction of other arylamines with

acenaphthenequinone.

C,Hs No
Q 0 C,Hs C,Hs
TiCly/Et;N/ N
' CoHs s
OO DCM/0-25 °C/1.5h OO

110 114

Yield : 0.334 g (75%)
The IR, '"H NMR and "*C NMR data show 1:1 correspondence with the data of the

compound obtained in the previous procedure.

CaHyn CsHyen

}’l-C3H7/N N\
0 0 C3Hon C3Hyn
TiCly/Et;N/ @—N
. C3Hyn s
O DCM/0-25 °C/1.5 h OO

115

Yield : 0.362 g (72%)

mp : gummy

IR (neat) : 3038, 2959, 1606 cm™

'HNMR (400 MHz) 5= 7.80-7.76 (m, 4H), 7.59-7.55 (m, 2H), 7.42 (d, J =

8.4 Hz, 4H), 6.68 (d, J = 8.4 Hz, 4H), 3.30 (t, J = 7.6 Hz, 8H), 1.73-

1.64 (m, 8H), 0.98 (t, 7.4 Hz, 12H).ppm
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BC NMR

MS (EI)

Analysis

Experimental Section

(100 MHz) ¢ = 147.0, 141.2, 136.0, 131.0, 128.6, 128.2, 127.6,
126.2, 123.1, 122.6, 111.3, 52.9, 20.6, 11.5 ppm

m/z 504 (M+1)

for C36H42N>

Calculated: C, 86.01%; H, 8.42%; N, 5.57%

Found: C, 85.91%; H, 8.51%; N, 5.48%

Q

110

0)

Yield
mp
IR (KBr)

'H NMR

BC NMR

MS (EI)

Analysis

CH; CH,
cH N No
CH; CoHs
TiCl,/Et;N/ QN
= 9
DCM/0-25 °C/1.5 h OO
116
0.284 g (68%)
118-120 °C

3043, 2968, 1608 cm™

(400 MHz) 6= 7.81-7.61 (m, 4H), 7.60-7.56 (m, 2H), 7.44 (d, J =
8.4 Hz, 4H), 6.76 (d, J = 8.4 Hz, 4H), 3.45 (q, J = 6.8 Hz, 4H), 2.98,
(s, 6H), 1.19 (t, /= 6.8 Hz, 6H) ppm (Spectrum No. 47)

(100 MHz) 6= 147.8, 141.0, 136.3, 131.0, 128.6, 128.3, 127.7,
126.4, 123.4, 123.2, 112.0, 46.8, 37.5, 11.6 ppm (Spectrum No. 48)
m/z 419 (M+1)

for C30H;30N»

Calculated: C, 86.08%; H, 7.22%; N, 6.69 %
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Found: C, 85.91%; H, 7.32%; N, 6.60%

C Hy-n
4 9™ C2H5
Csz
0 0 Csz C4H9 n
TiCl4/Et3N/
' C4H9 n
OO DCM/0-25 °C/1.5 h OO
110
117

Yield
IR (neat)

'H NMR

BCc NMR

MS (EI)

Analysis

0.352 g (70%)

3038, 2959, 1606 cm™

(400 MHz) 6= 7.80-7.75 (m, 4H), 7.58-7.54 (m, 2H), 7.42 (d, J =
8.4 Hz, 4H), 6.70 (d, J = 8.4 Hz, 4H), 3.42 (q, J = 6.8 Hz, 4H), 3.31
(t,J=7.6 Hz, 4H), 1.68-1.60 (m, 4H), 1.45-1.36 (m, 4H), 1.22 (t,J =
6.8 Hz, 6H), 1.00 (t, J = 7.2 Hz, 6H) ppm (Spectrum No. 49)

(100 MHz) 6= 146.8, 141.0, 135.9, 131.0, 128.5, 128.2, 127.5,
126.1, 123.0, 122.6, 111.3, 50.1, 44.9, 29.8, 20.4, 14.0, 12.5 ppm
(Spectrum No. 50)

m/z 504 (M+1)

for C36H4oN»

Calculated: C, 86.01%; H, 8.42%; N, 5.57%

Found: C, 86.22%; H, 8.35%; N, 5.49%
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Experimental Section

I\,?sHl 11 CHs
C,Hs™ No
CoHs CsHyy-n
TiCly/Et;N/ N
CsHyyn s
DCM/0-25 °C/1.5h OO
118

Yield
IR (neat)

'H NMR

BCc NMR

MS (EI)

Analysis

0.356 g (67%)

3038, 2970, 1608 cm™

(400 MHz) 6= 7.80-7.76 (m, 4H), 7.56-7.55 (m, 2H), 7.44-7.40 (m,
4H), 6.70 (d, J = 8.8 Hz, 4H), 3.42 (q, J = 6.8 Hz, 4H), 3.30 (t, J =
7.2 Hz, 4H), 1.68-1.64 (m, 4H), 1.44-1.28 (m, 8H), 1.22 (t, J= 6.8
Hz, 6H), 0.96 (t, /= 6.8 Hz, 6H) ppm

(100 MHz) 6 = 146.8, 141.2, 136.0, 131.1, 128.6, 128.2, 127.6,
126.2, 123.1, 122.7, 111.4, 50.5, 44.9, 29.5, 27.4, 22.7, 14.2, 12.5
ppm

m/z 532 (M+1)

for C3gHueN»

Calculated: C, 85.99%; H, 8.74%; N, 5.28%

Found: C, 85.91%; H, 8.82%; N, 5.15%

C2H4C1
CHs N

Csz
CHC
TiC14/Et3N/©— 2 O O “CHC
C2H5

DCM/0-25 °C/1.5 h OO

119
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Yield
IR (neat)

'H NMR

BC NMR

MS (EI)

Analysis

Synthetic Methods Based on Reactions of Aromatic Diketones... 195

0.340 g (66%)

3040, 2968, 1608 cm

(400 MHz) 6= 7.85-7.58 (m, 6H), 7.45 (d, J = 8.4 Hz, 4H), 6.73 (d,
J=28.4 Hz, 4H), 3.69 (s, 8H), 3.47 (q,J= 7.2 Hz, 4H), 1.25 (t, J =
7.2 Hz, 6H) ppm (Spectrum No. 51)

(100 MHz) 6= 145.8, 140.8, 136.1, 131.2, 128.4, 128.2, 127.6,
126.4, 123.8, 123.2, 111.5, 52.3,45.3, 40.5, 12.6 ppm (Spectrum
No. 52)

m/z 515 (M), 517 (M+2)

for C3,H3,N>Cl,

Calculated: C, 74.55%; H, 6.26%; N, 5.43 %

Found: C, 74.66%; H, 6.21%; N, 5.36 %

3.4.4 Reaction of TiCl/Et;N reagent system with 1,2-diaryl-1,2-dihydro-

acenaphthylene-1,2-diols

The 1,2-diphenyl-1,2-dihydroacenaphthylene-1,2-diol 120 was synthesized via the

reaction of Grignard reagent, prepared using bromobenzene (0.84 mL, 8 mmol) and Mg

(0.192 g, 8 mmol) with acenaphthenequinone (0.364 g, 2 mmol) in THF (25 mL) following

a slightly modified reported procedure.**® Yield : 0.527 g (78%); mp : 150-152 °C (Lit.**

mp : 154-155 °C); IR (KBr) = 3830, 3454 cm™; '"H NMR : § = 7.87 (d, J = 8 Hz, 2H), 7.63-

7.59 (m, 2H), 7.32-7.30 (m, 8H), 7.21-7.19 (m, 4H), 2.15 (s, 2H) ppm; °C NMR : & =

145.5, 140.7, 137.2, 130.9, 128.9, 128.0, 127.9, 127.7, 125.2, 121.7, 89.9 ppm.
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To a solution of diol 120 (1 mmol, 0.338 g) and Et;N (4 mmol, 0.56 mL) in DCM
(15 mL), TiCly (0.44 mL of 1:1 solution of TiCly/CH,Cl,, 2 mmol) DCM (5 mL ) was
added dropwise for 5 min. at 0 °C under N, atmosphere. The contents were stirred for 0.5
h at 0-25 °C. It was quenched with saturated NH4CI solution. The organic layer was
separated and the aqueous layer was extracted with CH,C1, (2x25 mL). The combined
organic extract was washed with brine solution and dried over anhydrous Na,SO, The
solvent was removed and the residue was chromatographed on silica gel column. The

product 127 was eluted using hexane/ethyl acetate 97:3.

ot o Q. 2
O TiCl,/E,N s
OO DCM/0-25 °C/30 min. O

120 127
Yield : 0.274 g (90%)
mp : 162-163 °C (Lit.** mp 162-163 °C)
IR (KBr) 3059, 1479, 1427 cm’
"H NMR : (400 MHz) 5= 7.88 (d, J = 8.4 Hz, 2H), 7.75 (d, J = 7.2 Hz, 2H),

7.63-7.59 (m, 2H), 7.47-7.44 (m, 4H), 7.39-7.29 (m, 6H) ppm
BCNMR (100 MHz) & = 139.9, 138.0, 135.2, 130.8, 128.4, 128.2, 128.1,
127.8, 127.3, 127.1, 124.0 ppm

MS (EI) : m/z 305 (M+1).
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The above procedure was followed for the conversion of other diaryl diols to

corresponding diarylacenaphthylenes.

ey

OH OH

Ul
. O CHs  TiciyEsN

O DCM/0-25 °C/30 min. O

121 128

Yield
mp
IR (KBr)

'H NMR

BC NMR

MS (EI)

Analysis

0.305 g (92%)
120-122 °C

3036, 2914, 1481, 1431 cm’!

(400 MHz) 5=7.87 (d, J = 8.4 Hz, 2H), 7.76 (d, J = 6.8 Hz, 2H),
7.63-7.59 (m, 2H), 7.40-7.39 (m, 4H), 7.23-7.20 (m, 4H), 2.43 (s,
6H) ppm

(100 MHz) 6=140.2, 137.7, 136.8, 132.4, 129.9, 129.2, 128 .4,
128.3, 127.8, 127.1, 123.8, 21.4 ppm

m/z 333 (M+1)

for Co6Hao

Calculated: C, 93.94%; H, 6.06%

Found: C, 93.76%; H, 6.12%

(The starting diol 121 was prepared by following a similar procedure used earlier

for the preparation of the diol 120. Yield : 0.549 g (75%); mp : 182-184 °C (Lit.*** mp :

184-186 °C); IR (KBr) = 3513, 3418 cm™; '"H NMR : & = 7.93 (d, J = 8 Hz, 2H), 7.70-7.64
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(m, 2H), 7.40-7.35 (m, 2H), 7.18-7.16 (m, 8H), 2.43 (s, 6H), 2.27 (s, 2H) ppm; *C NMR :

d=145.6,137.7,137.6, 137.1, 130.9, 128.7, 128.6, 127.6, 125.1, 121.6, 89.7, 21.1 ppm)

H;CO

OCH;
OH OH O O

H;CO O . O OCH;  TiCl/Et;N s

OO DCM/0-25 °C/30 min. OO

122 129
Yield : 0.320 g (88%)
mp : 106-108 °C (Lit.** mp 106-107 °C)
IR (KBr) : 3040, 2955, 1541, 1491 cm™
'HNMR (400 MHz) 5=7.84 (d, J=8.0 Hz, 2H), 7.71 (d, J = 6.8 Hz, 2H),

7.60-7.56 (m, 2H), 7.39 (d, J = 8.8 Hz, 4H), 6.92 (d, J = 8.8 Hz, 4H),
3.85 (s, 6H) ppm (Spectrum No. 53)

BCNMR (100 MHz) & = 158.7, 140.3, 136.9, 131.2, 128.3, 128.2, 127.8,
127.7,127.0, 123.6, 113.9, 55.2 ppm (Spectrum No. 54)

MS (EI) : m/z 365 (M+1).

(The starting diol 122 was prepared by following a similar procedure used earlier
for the preparation diol of the 120. Yield : 0.557 g (70%); mp : 154-156 °C (Lit.**® mp :
159-160 °C); IR (KBr) = 3551, 3489 cm™; '"H NMR : § = 7.89 (d, J = 8 Hz, 2H), 7.65-7.61
(m, 2H), 7.35-7.34 (m, 2H), 7.18-7.16 (m, 4H), 6.87 (d, J = 8.8 Hz, 4H), 3.85 (s, 6H), 2.22
(s, 2H) ppm; C NMR : & = 159.4, 145.7, 137.1, 132.7, 131.1, 129.1, 128.9, 125.2, 121.7,

113.4, 89.6, 55.3 ppm)
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)

CF;
OH OH O ‘
O CF; TiCly/Et;N

F3C

O DCM/0-25 °C/30 min. O O

123 130

Yield 0.374 g (85%)

mp 166-168 °C

IR (KBr) 3057, 1614, 1433, 1323 cm’™

'"H NMR (400 MHz) 6=17.95 (d, J= 8 Hz, 2H), 7.76 (d, J = 6.8 Hz, 2H),
7.67-7.65 (m, 6H), 7.54 (d, J = 8 Hz, 4H) ppm (Spectrum No. 55)

BC NMR (100 MHz) ¢ = 138.9, 138.5, 137.8, 130.2, 129.4 (q, J = 32 Hz),
128.6, 128.1, 128.0, 125.6, 125.5, 124.4, 124.3 (q, J = 271 Hz) ppm
(Spectrum No. 56)

MS (EI) m/z 441 (M+1)

Analysis for Co6H14Fs

Calculated: C, 70.91%; H, 3.20%

Found: C, 70.85%; H, 3.28%

(The starting diol 123 was prepared by following a similar procedure used earlier

for the preparation of the diol 120. Yield : 0.739 g (78%); mp : 164-166 °C; IR (KBr) =

3539, 3468 cm™; "H NMR : 8 = 7.95 (d, J = 8.4 Hz, 2H), 7.69-7.59 (m, 6H), 7.39-7.26 (m,

6H), 2.14 (s, 2H) ppm; °C NMR : 5 = 144.9, 144.4, 137.2, 131.4, 130.2 (q, J = 32 Hz),

129.1, 128.4, 125.5, 124.7 (J = 40 Hz), 124.1 (q, J = 270 Hz), 121.8, 89 ppm)
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CF3 CF;
F3C CF,
OH OH O O
O ' O TiCly/Et;N FiC CF,
F5C OO CFs pemy 0- 25 °C/30 min. Ose
124 131
Yield 0.478 g (83%)
mp 160-162 °C
IR (KBr) 3057, 1618, 1539 cm™
"H NMR (400 MHz) 6=8.02 (d, J = 8.4 Hz, 2H), 7.90-7.70 (m, 10H) ppm
BC NMR (100 MHz) 6 = 137.7, 136.9, 136.4, 132.3 (q, J = 33 Hz), 129.9,
129.0, 128.8, 128.3, 127.8, 124.8, 123.0 (q, J = 271 Hz), 121.4 ppm
MS (EI) m/z 578 (M+2)
Analysis for C28H12F12

Calculated: C, 58.36%; H, 2.10 %

Found: C, 58.45%; H, 2.16 %

(The starting diol 124 was prepared by following a similar procedure used earlier

for the preparation of the diol 120. Yield : 0.878 g (72%); mp : 172-174 °C; IR (KBr) =

3557, 3433 cm™; '"H NMR : 8 = 8.03 (d, J = 8.4 Hz, 2H), 7.95 (s, 2H), 7.80-7.73 (m, 6H),

7.39 (d, J = 6.8 Hz, 2H), 2.29 (s, 2H) ppm; >C NMR : & = 143.9, 142.0, 137.5, 132.2,

130.9 (q, J= 33 Hz), 129.4, 128.7, 126.8, 123.4 (q, J = 271 Hz), 122.2, 121.7, 88.3ppm)
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Cr,

"0
TiCl/Et;N

OH OH

125

O,
N
\

CH,

H;C,
O

H,C

DCM/0-25 °C/15 min.

113

Yield 0.312 g (80%)

The IR, 'H NMR and *C NMR data show 1:1 correspondence with the data of the

compound obtained using the TiCly/arylamine/Et;N reagent System

(The starting diol 125 was prepared by following a similar procedure used earlier

for the preparation of the diol 120. Yield 0.636 g (75%); mp : 208-210 °C; IR (KBr) =

3528, 1520 cm™; 'H NMR: & = 7.88 (d, J = 8 Hz, 2H), 7.66-7.62 (m, 2H), 7.40 (d, J= 7.2

Hz, 2H), 7.15-7.13 (d, J = 8.4 Hz, 4H), 6.71 (d, J = 8.4 Hz, 4H), 2.98 (s, 12H), 2.29 (s, 2H)

ppm; PC NMR: & = 150.2, 146.2, 137.2, 131.0, 128.7, 128.6, 128.0, 124.9, 121.7, 111.9,

89.9, 40.5 ppm)

CoHs

"0

OH OH

CHs
4
SOl

126

C,Hs
M)

CoH;

TiCl/E;N

DCM/ 0-25 °C/15 min.

CoHs

N<
oy

Yield 0.392 g (88%)

The IR, '"H NMR and "*C NMR data show 1:1 correspondence with the data of the

compound obtained using the TiCls/arylamine/Et;N reagent system.
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(The starting diol 126 was prepared by following a similar procedure used earlier
for the preparation of the diol 120. Yield : 0.672 g (70%); mp : 168-170 °C; IR (KBr) =
3528, 2966, 1520 cm™; "H NMR : & = 7.89 (d, J = 8.4 Hz, 2H), 7.66-7.62 (m, 2H), 7.40 (d,
J=6.8 Hz, 2H), 7.10 (d, J= 8.4 Hz, 4H), 6.65 (d, J= 8.4 Hz, 4H), 3.40 (q, /= 6.8 Hz, 8H),
2.44 (s, 2H), 1.22 (q, J = 6.8 Hz, 12H) ppm; °C NMR : & = 147.3, 146.1, 137.0, 128.7,

128.5,126.9, 124.5, 121.5, 110.8, 89.8, 44.1, 12.5 ppm)

3.4.5 Reaction of TiCl/Et;N reagent system with 9,10-diaryl-9,10-

dihydrophenanthrene-9,10-diol

The 9,10-diphenyl-9,10-dihydrophenanthrene-9,10-diol 136 was synthesized via the
reaction of phenyllithium reagent prepared using bromobenzene (0.48 mL, 2.3 equiv., 4.6
mmol) and »-Buli (1.76 mL, 2.2 equiv.,, 2.5 M in hexane, 4.4 mmol) with
phenanthrenequinone (0.416 g, 2 mmol) in 25 mL THF following a reported procedure.42
Yield : 0.546 g (75%); mp : 180-182 °C (Lit.** mp : 181-182 °C); 'HNMR : 6 =7.94 (d, J
= 7.6 Hz, 2H), 7.51- 7.18 (m, 16H), 2.23 (s, 2H) ppm; °C NMR : § = 141.3, 140.0, 133.7,
129.1, 128.7, 128.2, 127.9, 127.7, 126.6, 123.2, 80.8 ppm.

To a solution of the diol 136 (0.5 mmol, 0.182 g) and Et;N (2 mmol, 0.28 mL) in
DCM (10 mL), TiCl4 (0.22 mL of 1:1 solution of TiCls/CH,Cl,, 1 mmol) in DCM (2.5 mL)
was added dropwise for 5 min. at 0 °C under N, atmosphere. The contents were stirred for
0.5 h at 0-25 °C. It was quenched with saturated NH4C1 solution. The organic layer was
separated, and the aqueous layer was extracted with CH,C1, (2x15 mL). The combined

organic extract was washed with brine solution and dried over anhydrous Na,SO, The
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solvent was removed and the residue was chromatographed on a silica gel column. The

product 140 was eluted using hexane/ethyl acetate 98:2.

Yield
mp
IR (KBr)

'H NMR

BC NMR

MS (EI)

Q Q DCM/0- 25 °C/30 min.

140

136

0.132 g (80%)

242-244 °C (Lit.*** mp 238-239 °C)

3047, 1485, 1439 cm™

(400 MHz) 6= 8.84 (d, J = 8 Hz, 2H), 7.71-7.50 (m, 6H), 7.26-7.18
(m, 10H) ppm

(100 MHz) & = 139.6, 137.2, 131.9, 131.1, 130.0, 127.9, 127.6,
126.6, 126.5, 126.4, 122.5 ppm

m/z 331 (M+1)

The above procedure was followed for the conversion of other diaryl diols to the

corresponding diarylphenanthrene derivatives.

TiCl,/Et;N

HO OH
OOQ DCM/0- 25 °C/30 min. O Q
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Yield
mp
IR (KBr)

'H NMR

BC NMR

MS (EI)

0.152 g (85%)

Experimental Section

256-58 °C (Lit.** mp 261-263 °C)

3026, 2922, 1682, 1504 cm’!

(400 MHz) 5= 8.82 (d, J = 8.4 Hz, 2H), 7.67- 7.47 (m, 6H), 7.08

(m, 8H), 2.35 (s, 6H) ppm

(100 MHz) 6 = 137.2, 136.6, 135.8, 132.2, 130.9, 129.9, 1284,

127.9, 126.5, 126.2, 122.5, 21.3 ppm

m/z 359 (M+1)

(The starting diol 137 was prepared by following a similar procedure used earlier to

prepare the diol 136. Yield : 0.486 g (62%); mp : 150-152 °C (Lit.* mp : 149-151 °C); 'H

NMR : § = 7.96 (d, J = 8 Hz, 2H), 7.55-7.25 (m, 10H), 7.30 (d, J = 8 Hz, 4H), 2.30 (s, 2H),

2.26 (s, 6H) ppm; °C NMR : & = 141.5, 137.3, 137.0, 133.6, 128.9, 128.8, 128.4, 127.7,

126.4, 123.0, 80.7, 20.8 ppm)

Yield
mp

IR (KBr)

H,CO,

U,

Y

138

OCH;

H,C0 OCHj

TiCly/Et;N

OH

DCM/0- 25 °C/30 min. QOQ

142

0.172 g (88%)

264-268 °C (Lit.* mp 274-275 °C)

3059, 2951, 1608, 1506 cm™
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'H NMR

BC NMR

MS (EI)

Analysis
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(400 MHz) 6= 8.80 (d, J = 8.4 Hz, 2H), 7.68-7.47 (m, 6H), 7.06 (d,
J=28.8 Hz, 4H), 6.80 (d, /= 8.8 Hz, 4H), 3.80 (s, 6H) ppm
(Spectrum No. 57)

(100 MHz) 6=157.9, 137.1, 132.3, 132.1, 132.0, 129.9, 127.8,
126.5,126.3, 122.5, 113.1, 55.1 ppm (Spectrum No. 58)

m/z 391 (M+1)

for CosH2,05

Calculated: C, 86.13%; H, 5.68 %

Found: C, 86.32 %; H, 5.61 %

(The starting diol 138 was prepared by following a similar procedure used earlier to

prepare the diol 136. Yield : 0.509 g (60%); mp : 161-163 °C (Lit.** mp 163-164 °C); 'H

NMR : 6 =795 (d, J = 8 Hz, 2H), 7.55-7.26 (m, 10H), 6.73 (d, J = 8.4 Hz, 4H), 3.72 (s,

6H), 2.27 (s, 2H) ppm; >C NMR : § = 158.9, 141.7, 133.6, 132.0, 129.2, 129.0, 128.6,

126.5, 123.1, 113.5, 80.6, 55.0 ppm)

Yield

mp

C,H
C,H; C,H; B CoHs 2 ‘i\J—CZHS
C,Hs—N, N—C,Hs CoHs—N

O TiCl/Et;N O
HO OH
QOQ DCM/0- 25 °C/10 min. Q Q

139 143

0.165 g (70%)

214-216°C



206

IR (KBr)

'H NMR

BC NMR

MS (EI)

Analysis

Experimental Section

2964, 1612, 1514 cm’!

(400 MHz) 6=8.79 (d, J= 8.4 Hz, 2H), 7.77 (d, J= 8 Hz, 2H),
7.65- 7.46 (m, 4H), 6.98 (d, J= 8 Hz, 4H), 6.61(d, J = 8 Hz, 4H),
3.33(q,J = 6.8 Hz, 8H), 1.14 (t, J= 6.8 Hz, 12H) ppm (Spectrum
No. 59)

(100 MHz) 6= 146.2, 137.7, 132.8, 132.0, 129.9, 128.1, 127.3,
126.3, 125.8, 122.3, 111.7, 44.4, 12.5 ppm (Spectrum No. 60)
m/z 473 (M+1) ppm

for C34H;3¢N>

Calculated: C, 86.40 %; H, 7.68 %; N, 5.93%

Found: C, 86.25%; H, 7.76 %; N 5.85%

(The starting 9,10-bis (4-(diethylamino) phenyl)-9,10-dihydrophenanthrene-9,10-

diol 139 was synthesized via reaction of Grignard reagent prepared using 4-bromo-N,N-

diethylaniline (8 mmol, 1.82 g) and magnesium turnings (8 mmol, 0.192 g) with

phenanthrenequinone (2 mmol, 0.416 g) in 30 mL THF. Yield : 0.556 g (55%); mp 170-

172 °C; IR (KBr) =3528 cm™; '"H NMR : & = 7.91 (d, J = 8.4 Hz, 2H), 7.58 (d, J= 7.6 Hz,

2H), 7.42-7.38 (m, 2H), 7.28-7.25 (m, 6H), 6.48 (d, J = 8.4 Hz, 4H), 3.26 (q, J = 7.2 Hz,

8H), 2.37 (s, 2H), 1.20 (t, J = 7.2 Hz, 12H) ppm; *C NMR : & = 147.0, 142.5, 133.7, 128.9,

128.7,128.0, 126.8, 126.1, 122.7, 111.1, 80.7, 44.1, 12.6 ppm)
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3.4.6 Reaction of TiCl/Et;N reagent system with 9,10-diaryl-9,10-

dihydroanthracene-9,10-diol

The 9,10-diphenyl-9,10-dihydroanthracene-9,10-diol 148 was synthesized via
reaction of Grignard reagent prepared using bromobenzene (0.84 mL, 8 mmol) and
magnesium turnings (8 mmol, 0.192 g) in 30 mL THF with anthraquinone (2 mmol, 0.416
g) in 60 mL 1,4-dioxane. Yield: 0.328 g (45%); mp 242-244 °C; IR (KBr) = 3576 cm™'; 'H
NMR : & = 7.51-7.23 (m, 18H), 2.69 (s, 2H) ppm; °C NMR : & = 148.1, 140.6, 128.5,
128.4, 128.1, 126.8, 126.6, 74.4 ppm

To a solution of the diol 148 (0.5 mmol, 0.182 g) and Et;N (2 mmol, 0.28 mL) in
DCM (10 mL), TiCly (0.22 mL of 1:1 solution of TiCls/CH,Cl,, 1 mmol) in DCM (2.5 mL)
was added dropwise for 5 min. at 0 °C under N, atmosphere. The contents were stirred for
0.5 h at 0-25 °C. It was quenched with saturated NH4CI solution. The organic layer was
separated and the aqueous layer was extracted with CH,C1, (2x15 mL). The combined
organic extract was washed with brine solution and dried over anhydrous Na,SO4 The
solvent was removed and the residue was chromatographed on a silica gel column. The
product 151 was eluted using hexane/ethyl acetate 98:2.

OH

O ‘ O TiCly/EtsN OOO

DCM/0-25 °C/30 min.
HO

148 151
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Yield : 0.135 g (82%)

mp : 242-244 °C (Lit.* mp 248-250 °C)

IR (KBr) 3024, 1489, 1386 cm™

'HNMR (400 MHz) 6= 7.74-7.71 (m, 4H), 7.65-7.50 (m, 10H), 7.37-7.34
(m, 4H) ppm

BC NMR (100 MHz) & = 139.1, 137.1, 131.4, 129.9, 128.4, 127.5, 126.9,
125.0 ppm

MS (EI) : m/z 331 (M+1)

The above procedure was followed for the conversion of other diaryl diols to the

corresponding diarylanthracene derivatives.

OCH3 OCH3

OH

TiCl/E;N
O‘O DCM/0-25 °C/30 min.

HO

OCH, OCH;
149 152
Yield 0.166 g (85%)
mp 270-272 °C (Lit.* mp 274 °C)
IR (KBr) 1604, 1512, 1390 cm™
"H NMR (400 MHz) 5= 7.75-7.73 (m, 4H), 7.40-7.32 (m, 8H), 7.14 (d, J =

8.8 Hz, 4H), 3.97 (s, 6H) ppm (Spectrum No. 61)
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BC NMR : (100 MHz) 6=159.0, 136.7, 132.4, 131.1, 130.3, 127.0, 124.9,
113.9, 55.4 ppm (Spectrum No. 62)
MS (EI) : m/z 391 (M+1) ppm
(The starting diol 149 was prepared by following a similar procedure used earlier to
prepare the diol 148. Yield 0.432 g (51%); mp : 248-250 °C; IR (KBr) =3562, 3468 cm’';
"H NMR: & = 7.42-7.36 (m, 8H), 7.28-7.26 (m, 4H), 6.84 (d, J= 9.2 Hz, 4H), 3.80 (s, 6H),

2.62 (s, 2H) ppm; °C NMR: & = 158.3, 140.9, 140.2, 128.24, 128.21, 127.8, 113.3, 74.3,

55.2 ppm)
CaHls~ | ~CoHls CoHs - Cofls
TiCl/Et;N O O O
DCM/0-25 °C/15 min.
N

150 153
Yield : 0.144 g (61%)
mp : > 250 °C
IR (KBr) 2972, 1606, 1518 cm’
"H NMR : (400 MHz) 6= 7.89-7.87 (m, 4H), 7.33-7.30 (m, 8H), 6.90 (d, J =

8.8 Hz, 4H), 3.50 (q, J = 7.2 Hz, 8H), 1.30 (t, J = 7.2 Hz, 12H) ppm

(Spectrum No. 63)
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BC NMR : (100 MHz) 6= 147.0, 137.2, 132.3, 130.5, 127.4, 125.6, 124.5,
111.4,44.4,12.8. ppm (Spectrum No. 64)
MS (EI) : m/z 473 (M+1)
Analysis : for C34H36N»
Calculated: C, 86.40 %; H, 7.68 %; N 5.93
Found: C, 86.22 %; H, 7.61 %; N 6.03
(The starting diol 150 was prepared by following a similar procedure used earlier to
prepare the diol 148. Yield 0.556 g (55%) ; mp : 222-224 °C; IR (KBr) =3553, 3427 cm’';
"HNMR : 8 = 7.52-7.49 (m, 4H), 7.29-7.27 (m, 4H), 7.21 (d, J= 8 Hz, 4H), 6.61 (d, J=8
Hz, 4H), 3.34 (q, J= 7.2 Hz, 8H), 2.59 (s, 2H), 1.22 (t, J = 7.2 Hz, 12H) ppm; *C NMR : &

=146.6, 141.7, 134.1, 127.9, 127.8, 127.7, 110.9, 74.5, 44.2, 12.6 ppm)



3.5 References

(a) Reetz, M. T. Organotitanium reagents in organic synthesis, Springer-Verlag,
Berlin, 1986. (b) Organometallics in Synthesis A Manual, M. Schlosser (Ed), John
Wiley & Sons, 2002, p 817. (¢c) McMurry, J. E. Chem. Rev. 1989, 89, 1513.

(a) Titanium and Zirconium derivatives in organic synthesis: A review with
procedures by Seebach, D.; Weidmann, B.; Wider, L. in Modern Synthetic Methods
1983, Ed. Scheffold, R. Wiley, New York, 1983, p 217. (b) Takai, K.; Hotta, Y.;
Oshima, K.; Nozaki, H. Tetrahedron Lett. 1978, 19, 2417. (c¢) Reetz, M. T.;
Westermann, J.; Steinbach, R. J. Chem. Soc., Chem. Commun. 1981, 237.

Pastor, I. M.; Yus, M. Tetrahedron 2001, 57, 2365 and references cited there in.

(a) Periasamy, M. ARKIVOC 2002 (VII), 151. (b) Harrison, C. R. Tetrahedron Lett.
1987, 28, 4135. (c) Evans, D. A.; Clark, J. S.; Metternich, R.; Novack, V. J,;
Sheppard, G. S. J. Am. Chem. Soc. 1990, 112, 866. (d) Evans, D. A.; Rieger, D. L.;
Bilodeau, M. T.; Urpi, F. J. Am. Chem. Soc. 1991, 113, 1047. (e) Crimmins, M. T.;
King, B. W.; Tabet, E. A. J. Am. Chem. Soc. 1997, 119, 7883. (f) Yoshida, Y.;
Hayashi, R.; Sumihara, H.; Tanabe, Y. Tetrahedron Lett. 1997, 38, 8727 and
references cited therein.

Reddy, M. N. Ph.D Thesis, 2005, University of Hyderabad, Hyderabad, India.

(a) Lehnert, W. Tetrahedron Lett. 1970, 11, 4723. (b) Lehnert, W. Tetrahedron.

1974, 30, 301.



212

10.

11.

12.

13.

14.

15.

16.

17

18.

19.

20.

21.

References

Yoshida, Y.; Matsumoto, N.; Hamasaki, R.; Tanabe, Y. Tetrahedron Lett. 1999, 40,
4227.

Crimmins, M. T.; Chaudhary, K. Org. Lett. 2000, 2, 775.

(a) Matsumura, Y.; Nishimura, M.; Hiu, H.; Watanabe, M.; Kise, N. J. Org. Chem.
1996, 61, 2809. (b) Kise, N.; Tokioka, K.; Aoyama, Y.; Matsumura, Y. J. Org.
Chem. 1995, 60, 1100. (c) Kise, N.; Kumada, K.; Terao, Y.; Ueda, N. Tetrahedron
1998, 54, 2697.

Rao, V. D.; Periasamy, M. Synthesis 2000, 703.

Rao, V. D.; Periasamy, M. Tetrahedron: Asymmetry 2000, 11, 1151.

Suresh, S.; Periasamy, M. Tetrahedron Lett. 2004, 45, 6291.

Periasamy, M.; Suresh, S.; Ganesan, S. S. Tetrahedron Lett. 2005, 46, 5521.
Periasamy, M.; Srinivas, G.; Bharathi. P. J. Org. Chem. 1999, 64, 4204.

Periasamy, M.; Srinivas, G.; Seenivasaperumal, M. J. Chem. Res. 2004, 270.
Srinivas, G. Ph. D. Thesis, 2002, University of Hyderabad, Hyderabad, India.

(a) Antler, W.; Laubengayer, A. W. J. Am Chem. Soc. 1955, 77, 5250. (b) Bharathi,
P.; Periasamy, M. Org. Lett. 1999, I, 857. (c). Periasamy, M.; Jayakumar, K. N.;
Bharathi, P. Chem. Commun. 2001, 1728.

Periasamy, M.; Jayakumar, K. N.; Bharathi, P. J. Org. Chem. 2005, 70, 5420.

Han, Z.; Shinokubo, H; Oshima, K. Synlett 2001, 1421.

Bharathi, P. Ph. D. Thesis, 2000, University of Hyderabad, Hyderabad, India.

Clerici, A.; Clerici, L.; Porta, O. J. Org. Chem. 1995, 60, 480.



Chapter 3 Synthetic Methods Based on Reactions of Aromatic Diketones... 213

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Periasamy, M.; Srinivas, G.; Bharathi, P.; Karunakar, G. V. Tetrahedron Lett. 1999,
40,75717.

Karunakar, G. V. Ph. D. Thesis, 2005, University of Hyderabad, Hyderabad, India
(a) Karunakar, G. V.; Periasamy, M. Tetrahedron Lett. 2006, 47, 3549.

Periasamy, M.; Jayakumar, K. N.; Bharathi, P. J. Org. Chem. 2000, 65, 3548.

(a) Kishorebabu, N. Ph. D. Thesis, 2006, University of Hyderabad, Hyderabad,
India. (b) Periasamy, M.; Kishorebabu, N.; Jayakumar, K. N. Tetrahedron Lett.
2007, 48, 1955.

Karunakar, G. V.; Periasamy, M. J. Org. Chem. 2006, 71, 7463.

Periasamy, M.; KishoreBabu, N.; Jayakumar, K. N. Tetrahedron Lett. 2003, 44,
8939.

(a) Suresh. S. Ph. D. Thesis, 2005, University of Hyderabad, Hyderabad, India.

(b) Selva Ganesan, S. Ph. D. Thesis, 2009, University of Hyderabad, Hyderabad,
India

(a) Mukkanti A. Ph. D. Thesis, 2004, University of Hyderabad, Hyderabad, India
(b) Shyam Raj, D. Ph. D. thesis, 2009, University of Hyderabad, Hyderabad, India
(a) Wu, Y.-T.; Siegel, J. S. Chem. Rev. 2006, 106, 4843. (b) Tsefrikas, V. M.; Scott,
L. T. Chem. Rev. 2006, 106, 4868. (c) Echavarren, A. M.; Gomez-Lor, B.;
Gonzalez, J. J.; de Frutos, O. Synlett 2003, 585.

(a) Neudorff, W. D.; Schulte, N.; Lentz, D.; Schliiter, A. D. Org. Lett. 2001, 3,

3115. (b) Gourdon, A. Eur. J. Org. Chem. 1998, 2797.



214 References

33, (a) Rabideau, P. W.; Sygula, A. Acc. Chem. Res. 1996, 29, 235. (b). Mehta. G.; Rao,
H. S. P. Tetrahedron 1998, 54, 13325.

34, Bachmann, W. E.; Chu, E. -1. J. Am. Chem. Soc., 1936, 58, 1118.

35. Schank, K.; Beck, H.; Buschlinger, M.; Eder, J.; Heisel, T.; Pistorius, P.; Wagner,
C. Helv. Chim. Acta 2000, 83, 801.

36. Kurata, H; Takehara, Y; Kim, S; Sakai, K; Matsumoto, K; Kawase, T; Oda, M.
Synlett 2007, 2053.

37. (a) Floyd, A. J.; Dyke, S. F.; Ward, S. E. Chem. Rev. 1976, 76, 509. (b) Cragg, G.
M.; Newman, D. J. J. Nat. Prod. 2004, 67, 232. (c) Li, Z.; Jin, Z.; Huang, R.
Synthesis 2001, 2365.

38. Colwell, W. T.; Brown, V.; Christie, P.; Lange, J.; Reece, C.; Yamamoto, K;
Henry, D. W. J. Med. Chem. 1972, 15, 771.

39. (a) Banwell, M. G.; Bezos, A.; Burns, C.; Kruszelnicki, I.; Parish, C. R.; Su, S.;
Sydnes, M. O. Bioorg. Med. Chem. Lett. 2006, 16, 181. (b) Wei, L.; Brossi, A;
Kendall, R.; Bastow, K. F.; Morris-Natschke, S. L.; Shi, Q.; Lee, K.-H. Bioorg.
Med. Chem. 2006, 14, 6560.

40. Cannon, J. G.; Khonje, P. R.; Long, J. P. J. Med. Chem. 1975, 18, 110.

41. (a) Lewis, F. D.; Burch, E. L. J. Phys. Chem. 1996, 100, 4055. (b) Lewis, F. D;
Barancyk, S. V.; Burch, A. L. J. Am. Chem. Soc. 1992, 114, 3866. (c) Machado, A.

M.; Munaro, M.; Martins, T. D.; Da’vila, L. Y. A.; Giro, R.; Caldas, M. J.; Atvars,



Chapter 3 Synthetic Methods Based on Reactions of Aromatic Diketones... 215

42.

43.

44,

45.

46.

T. D. Z.; Akcelrud, L. C. Macromolecules 2006, 39, 3398. (d) Liu, R.; Farinha, J. P.
S.; Winnik, M. A. Macromolecules 1999, 32, 3957.

He, B.; Tian, H.; Geng, Y.; Wang, F.; Mullen. K. Org. Lett. 2008, 10, 773.

(a) Marcus, R. A. Angew. Chem., Int. Ed. Engl. 1993, 32, 1111. (b) Paddon-Row,
M. N. Acc. Chem. Res. 1994, 27, 18. (c) Huber, R. Angew. Chem., Int. Ed. Engl.
1989, 28, 848. (d) Deisenhofer, J.; Michel, H. Angew. Chem., Int. Ed. Engl. 1989,
28, 829. (e) Williams, D. J. Angew. Chem., Int. Ed. Engl. 1984, 23, 690. (f) Kanis,
D. R.; Ratner, M. A.; Mark, T. J. J. Am. Chem. Soc. 1992, 114, 10338. (g) Kaino,
T.; Tomaru, S. Adv. Mater. 1993, 5, 172. (h) Gritzel, M.; Kalyanasundaram, K.
Curr. Sci. 1994, 66, 706. (1) Babu, K. S. C.; Srivasta, O. N.; Rao, G. V. S. Curr. Sci.
1994, 66, 715. (j) Nalwa, H. S.; Kakuta, A. Appl. Organomet. Chem. 1992, 6, 645.
(a) Smet, M.; Dijk, J. V.; Dehaen, W. Tetrahedron 1999, 55, 7859. (b) Kim, Y.-H;
Bark, K.-M; Kwon, S-K. Bull. Korean Chem. Soc. 2001, 22, 975

Kotha, S.; Ghosh, A. K.; Deodhar, K. D. Synthesis 2004, 549.

(a) Moricnoni, E. J.; Connor, W. F. O.; Kuhn, L. P.; Keneally, E. A.; Wallenberger,
F. T. J. Am. Chem. Soc. 1959, 81, 6472. (b) Hussaini, S. S.; Raj, A. R. N.; Hugq, C.
A. M. A. Tetrahedron Lett. 2007, 48, 775. (¢) Varea, T.; Medio, M.; Ballesteros. R.;
Oniga, O.; Asensio, G. Terrahedron 1995, 51, 10093. (d). Kanno, K.; Liu, Y.;

Lesato, A.; Nakajima, K.; Takahashi, T. Org. Lett. 2005, 7, 5453.



Appendix I

(Representative Spectra)



Representative Spectra

216
Spectrum No 1 (chapter 1) *H NMR Spectrum (400 MHz, CDCl;)
Ph @) )
|
. Ph g9 O
|
| ]

Spectrum No 2 (chapter 1) 13C NMR Spectrum (100 MHz, CDCl,)

i S L)

Ph O




217

Appendix 1

Spectrum No 3 (chapter 1) *H NMR Spectrum (400 MHz, CDCl;)
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Representative Spectra

Spectrum No 5 (chapter 1) *H NMR Spectrum (400 MHz, CDCl;)

Spectrum No 6 (chapter 1) 13C NMR Spectrum (100 MHz, CDCl,)

n e
i~ = 2
P s -
> L= . T - A LR
H — e o e
L) 1 J
L l Wil
W WA
VI




219 Appendix 1

Spectrum No 7 (chapter 1) *H NMR Spectrum (400 MHz, CDCl;)
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Spectrum No 9 (chapter 1) *H NMR Spectrum (400 MHz, CDCl,)
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Spectrum No 11 (chapter 1) *H NMR Spectrum (400 MHz, CDCl,)
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Spectrum No 13 (chapter 1) *H NMR Spectrum (400 MHz, CDCl,)
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Spectrum No 15 (chapter 1) *H NMR Spectrum (400 MHz, CDCl,)
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Spectrum No 17 (chapter 1) *H NMR Spectrum (400 MHz, DMSO-d,)
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Spectrum No 19 (chapter 1) *H NMR Spectrum (400 MHz, CDCl,)
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Spectrum No 23 (chapter 1) *H NMR Spectrum (400 MHz, CDCl,)
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Spectrum No 25(chapter 2) *H NMR Spectrum (400 MHz, CDCl,)
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Spectrum No 27 (chapter 2) *H NMR Spectrum (400 MHz, CDCl,)
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Spectrum No 29 (chapter 2) *H NMR Spectrum (400 MHz, CDCl,)
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Spectrum No 31 (chapter 2) *H NMR Spectrum (400 MHz, CDCl,)

ELS r

L o
T e T R =

Heee =35
bt L P

[ |

i i |

= S 3
| | LR f |
=1 P B - 15
Y = I 1| |f| | | |
i G I R & |

Spectrum No 32 (chapter 2) 33C NMR Spectrum (100 MHz, CDCl,)

o (R R TR S A R .
= £

e e )
| =\ 1Y NS |




Representative Spectra 232

Spectrum No 33 (chapter 2) *H NMR Spectrum (400 MHz, CDCl,)
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Spectrum No 35 (chapter 2) *H NMR Spectrum (400 MHz, CDCl,)
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Spectrum No 37 (chapter 2) *H NMR Spectrum (400 MHz, CDCl,)

e
(=)

| L,
| -
I
(| H.C
.| il 3 | ©
‘ \ 125
r
|
.."__nll' I-.J A e
i B b K.

Spectrum No 38 (chapter 2) 33C NMR Spectrum (100 MHz, CDCl,)

N N
s
|
H,C O
H,C | o
oy
! | 125
|
PR R — R — -




235 Appendix 1

__Spectrum No 39 (chapter 2) *H NMR Spectrum (400 MHz, CDCl,)
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Spectrum No 41 (chapter 2) *H NMR Spectrum (400 MHz, CDCl,)
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Spectrum No 43 (chapter 2) *H NMR Spectrum (400 MHz, CDCl,)
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Spectrum No 45 (chapter 3) *H NMR Spectrum (400 MHz, CDCl,)
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Spectrum No 47 (chapter 3) 'H NMR Spectrum (400 MHz CDCl,)
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Spectrum No 49 (chapter 3) 1H NMR Spectrum (400 MHz, CDCL,)
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Spectrum No 51 (chapter 3) *H NMR Spectrum (400 MHz, CDCl,)
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Spectrum No 53 (chapter 3) *H NMR Spectrum (400 MHz, CDCl,)
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Spectrum No 55 (chapter 3) *H NMR Spectrum (400 MHz, CDCl,)
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Spectrum No 57 (chapter 3) *H NMR Spectrum (400 MHz, CDCl,)
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Spectrum No 59 (chapter 3) *H NMR Spectrum (400 MHz, CDCl,)
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Spectrum No 61 (chapter 3) *H NMR Spectrum (400 MHz, CDCl,)
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Spectrum No 63 (chapter 3) *H NMR Spectrum (400 MHz, CDCl,)
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Table 1. Atomic coordinates (x 10*) and equivalent isotropic displacement parameters (A
x 10%) for 82 (Chapter 1, Section 1.2.2). U (eq) is defined as one third of the trace of the

orthogonalized Ujj tensor.

atom X y z U(eq)
O(1) 5565(2) 9328(1) 1645(2) 94(1)
0O(2) 7953(2) 8449(1) 512(2) 94(1)
C() 5608(2) 7675(1) 1791(2) 58(1)
C(2) 6984(2) 6420(1) 1031(2) 61(1)
C(3) 6581(2) 7310(1) 1286(2) 56(1)
C4) 4598(2) 7343(1) 2325(2) 61(1)
C(5) 2636(2) 6824(1) 3233(2) 55(1)
C(6) 5966(2) 8610(2) 1524(3) 67(1)
C(7) 7086(2) 8199(2) 980(3) 67(1)
C(8) 3713(2) 7107(1) 2767(3) 60(1)
C©) 2530(2) 6010(1) 4053(3) 70(1)
C(10) 1684(2) 7354(2) 2812(3) 66(1)
C(r1) 6374(2) 5672(2) 1438(3) 77(1)
C(12) 8001(2) 6310(2) 311(3) 75(1)
C(13) 537(2) 6269(2) 3992(4) 86(1)
C(14) 638(2) 7072(2) 3188(3) 80(1)
C(15) 1476(2) 5742(2) 4432(4) 84(1)
C(16) 6780(3) 4840(2) 1127(4) 97(1)
c(17) 7778(3) 4739(2) 398(4) 102(1)

C(18) 8381(3) 5470(2) -9(4) 96(1)
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Table 2. Atomic coordinates (x 10*) and equivalent isotropic displacement parameters
(A x 10%) for 90 (Chapter 1, Section 1.2.2). U(eq) is defined as one third of the trace of
the orthogonalized Ujj tensor.

atom X y z U(eq)
Fe(1) 1556(1) 5716(1) 2154(1) 38(1)
Fe(2) 2318(1) 5159(1) 4592(1) 39(1)
O(1) - 200(1) 5322(1) 1677(3) 77(1)
0(2) 1859(2) 5701(2) -1136(3) 95(1)
0(@3) 1087(2) 7214(1) 2288(4) 98(1)
O4) 1996(2) 3895(1) 6397(3) 112(1)
O(5) 3422(1) 5712(1) 7258(3) 82(1)
O(6) 851(1) 5833(2) 5554(3) 84(1)
O(7) 3076(1) 6569(1) 3297(2) 43(1)
O(8) 2341(2) 6937(1) 5224(3) 80(1)
0(9) 4058(1) 5419(1) 3592(2) 40(1)
O(10) 4280(1) 5915(1) 1275(2) 66(1)
C() 1506(1) 4098(1) 1784(3) 41(1)
C(2) 1995(1) 4730(1) 2343(2) 37(1)
C(3) 2676(1) 5920(1) 2992(3) 36(1)
C4) 3224(1) 5349(1) 3040(2) 34(1)
C(5) 479(2) 5448(2) 1851(3) 51(1)
C(6) 2867(1) 4677(1) 2663(2) 35(1)
C(7) 1394(2) 5604(2) 4995(3) 55(1)
C(8) 5377(2) 5853(2) 3414(5) 77(1)
C) 3382(1) 4027(1) 2622(3) 42(1)
C(10) 4534(2) 5752(1) 2593(3) 47(1)

C(11) 2846(2) 7050(1) 4365(3) 52(1)
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C(12) 836(2) 3873(1) 2503(3) 54(1)
C(13) 4060(2) 4044(2) 1781(3) 55(1)
C(14) 1256(2) 6635(2) 2283(4) 59(1)
C(15) 3206(2) 3403(1) 3360(3) 54(1)
C(16) 1728(2) 57192) 136(3) 55(1)
c(17) 2119(2) 4381(2) 5672(3) 66(1)
C(18) 1243(2) 3153(2) -110(4) 70(1)
C(19) 1700(2) 3734(1) 448(3) 52(1)
C(20) 4404(2) 2859(2) 2534(5) 82(1)
C21) 3715(2) 2822(2) 3320(4) 73(1)
C(22) 2979(2) 5503(2) 6246(3) 51(1)
C(23) 585(2) 2935(2) 639(4) 76(1)
C(24) 4569(2) 3461(2) 1749(5) 77(1)
C(25) 385(2) 3297(2) 1933(4) 70(1)
C(26) 3323(2) 7710(2) 4296(4) 82(1)

Table 3. Atomic coordinates (x 10%) and equivalent isotropic displacement parameters (A
x 10%) for 112 (Chapter 2, Section 2.2.1). U (eq) is defined as one third of the trace of the

orthogonalized Uij tensor.

atom X y z U(eq)
o0Q) 5834(1) 1886(2) 5135(1) 77(D)
o(1) 5110(1) 557(2) 3906(1) 79(1)
c() 4200(1) 2825(2) 4911(1) 53(1)
c) 5135(2) 2017(3) 4855(1) 59(1)
c@3) 2966(2) 1666(3) 3570(1) 60(1)
C4) 4794(2) 1373(3) 4283(1) 60(1)

C(5) 3823(1) 3843(2) 5357(1) 51(1)
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C(6) 3886(1) 2231(2) 4401(1) 56(1)
C(7) 2150(2) 1680(3) 3200(1) 56(1)
C(8) 2889(2) 4360(3) 5369(1) 62(1)
C(9) 4409(2) 4304(3) 5797(1) 66(1)
C(10) 3037(2) 2325(3) 4080(1) 64(1)
c(11) 2200(2) 919(3) 2677(1) 72(1)
C(12) 1309(2) 2434(3) 3348(1) 64(1)
C(13) 1439(2) 938(3) 2321(1) 84(1)
C(14) 621(2) 1701(3) 2469(1) 81(1)
C(15) 4068(2) 5267(3) 6229(1) 78(1)
C(16) 2557(2) 5309(3) 5804(1) 70(1)
C(17) 557(2) 2457(3) 2987(1) 75(1)
C(18) 3150(2) 5762(3) 6231(1) 75(1)

Table 4. Atomic coordinates (x 10*) and equivalent isotropic displacement parameters
(A x 10°) for 122 (Chapter 2, Section 2.2.1). U(eq) is defined as one third of the trace of

the orthogonalized Uij tensor.

atom X y z U(eq)
O(1) 589(2) -1639(1) 1506(3) 26(1)
0O(2) 3052(2) -1323(1) 724(3) 26(1)
C() -1897(2) 1246(2) 3754(4) 19(1)
C(2) -2860(2) 1438(2) 4371(4) 23(1)
C(3) -3587(2) 766(2) 4571(4) 24(1)
C4) -3344(2) -104(2) 4125(4) 21(1)
C(5) -2385(2) -300(2) 3515(4) 18(1)

C(6) -1621(2) 356(2) 3330(4) 16(1)
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C(7) -628(2) 63(2) 2693(4) 16(1)
C(8) 296(2) 488(2) 2630(4) 15(1)
C(9) 1130(2) -33(2) 1921(4) 16(1)
C(10) 1189(2) -1021(2) 1552(4) 18(1)
C(11) 2326(2) -871(2) 1126(4) 18(1)
C(12) 2134(2) 104(2) 1416(4) 15(1)
C(13) 2832(2) 845(2) 1058(4) 15(1)
C(14) 3899(2) 690(2) 1207(4) 19(1)
C(16) 4210(2) 2163(2) 105(4) 22(1)
C(17) 3164(2) 2323(2) -62(4) 20(1)
C(15) 4591(2) 1347(2) 740(4) 21(1)
C(18) 2460(2) 1675(2) 413(4) 16(1)
C(19) 526(2) 1421(2) 3321(4) 18(1)

Table 5. Atomic coordinates (x 10*) and equivalent isotropic displacement parameters
(A x 10%) for 125 (Chapter 2, Section 2.2.1). U(eq) is defined as one third of the trace of
the orthogonalized Uij tensor.

atom X y z U(eq)
O(1) 71(1) 2262(1) 6613(1) 52(1)
0O(2) 66(1) 133(1) 5861(1) 58(1)
C() 3778(2) -1730(1) 5074(1) 40(1)
C(2) 4187(2) -2519(2) 4713(1) 46(1)
C@3) 3575(2) -3074(2) 4271(1) 50(1)
C4) 2540(2) -2836(2) 4180(1) 47(1)
C(5) 2123(2) -2051(1) 4542(1) 38(1)

C(6) 2730(1) -1479(1) 4995(1) 33(1)
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C(7) 2214(1) -684(1) 5378(1) 35(1)
C(8) 2607(1) 170(1) 5618(1) 33(1)
C(9) 1881(1) 797(1) 5991(1) 33(1)
C(10) 721(1) 715(1) 6028(1) 40(1)
C(11) 727(1) 1700(1) 6411(1) 38(1)
C(12) 1887(1) 1656(1) 6391(1) 31(1)
C(13) 2624(1) 2299(1) 6736(1) 32(1)
C(14) 2226(1) 3147(1) 6985(1) 35(1)
C(15) 2706(2) 3947(1) 7380(1) 34(1)
C(16) 2036(2) 4555(1) 7758(1) 43(1)
C(17) 2400(2) 5330(2) 8156(1) 53(1)
C(18) 3443(2) 5524(2) 8181(1) 55(1)
C(19) 4118(2) 4944(2) 7804(1) 60(1)
C(20) 3762(2) 4161(2) 7409(1) 49(1)
C21) 3691(2) 525(2) 5461(1) 47(1)
C(22) 3723(2) 1968(2) 6851(1) 48(1)

Table 6. Atomic coordinates (x 10*) and equivalent isotropic displacement parameters
(A x 10°) for 148 (Chapter 2, Section 2.2.2). U(eq) is defined as one third of the trace of

the orthogonalized Ujj tensor.

atom X y z U(eq)
c) 6330(2) 8239(1) 9962(4) 43(1)
C(12) 6024(3) 8346(1) 8000(5) 55(1)
c@3) 5596(3) 8954(1) 7391(5) 64(1)
C4) 6011(3) 9461(1) 8720(6) 66(1)

C(5) 6850(3) 9362(1) 10682(6) 69(1)
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C(6) 7282(3) 8755(1) 11299(5) 61(1)
C(7) 7349(2) 7612(1) 10707(4) 49(1)
C(8) 8317(3) 7411(1) 12635(6) 60(1)
C(9) 7968(3) 6728(1) 11933(4) 56(1)
C(10) 7050(2) 6986(1) 10014(4) 49(1)
c(11) 6205(3) 6685(1) 8285(4) 52(1)
C(12) 6065(3) 6053(1) 7997(5) 54(1)
C(13) 5148(3) 5766(1) 6137(6) 76(1)
o(1) 9071(2) 7663(1) 14107(4) 89(1)
0(2) 6729(2) 5611(1) 9285(4) 70(1)
0(3) 8257(2) 6198(1) 12613(4) 72(1)

Table 7. Atomic coordinates (x 10*) and equivalent isotropic displacement parameters
(A x 10°) for 113 (Chapter 3, Section 3.2.1). U(eq) is defined as one third of the trace of

the orthogonalized Ujj tensor.

atom X y z U(eq)
C() 846(2) 3345(3) 3831(1) 17(1)
C(2) 2224(2) 3211(3) 680(1) 18(1)
C@3) 2605(2) 3279(3) 1170(1) 17(1)
C4) 1400(2) 3190(3) 582(1) 17(1)
C(5) 482(2) 2390(3) 3480(1) 19(1)
C(6) 871(2) 3195(3) 977(1) 17(1)
C(7) 856(2) 3212(3) 1896(1) 15(1)
C(8) 1504(2) 3282(3) 2309(1) 16(1)

C(9) 1268(2) 3253(3) 1455(1) 14(1)
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C(10)
c(11)
C(12)
C(13)
C(14)
C(15)
C(16)
C(17)
C(18)
C(19)
C(20)
C21)
C(22)
C(23)
C(24)
C(25)
C(26)
C(27)
C(28)
C(29)
C(30)
C(31)
C(32)
C(33)
C(34)
C(35)
C(36)
C(37)

1302(2)
12(2)
2111(2)
3068(2)
4055(2)
7102)
3295(2)
29(2)
1663(2)
-394(2)
-127(2)
1440(2)
908(2)
4425(2)
2249(2)
3663(2)
4643(2)
5950(2)
5620(2)
2346(2)
2141(2)
2053(2)
3420(2)
2002(2)
4382(2)
2427(2)
2764(2)
2662(2)

3288(3)
3118(3)
3331(3)
3457(3)
2766(3)
2375(3)
2656(3)
3134(3)
4224(3)
3082(3)
2680(3)
4258(3)
4511(3)
4492(3)
3366(3)
4354(3)
3712(3)
4950(4)
2980(3)
6990(3)
7030(3)
9552(3)
11675(3)
8320(3)
11590(3)
8204(3)
7221(3)
8128(3)

2833(1)
951(1)

1562(1)
2370(1)
3040(1)
2997(1)
2794(1)
1860(1)
3184(1)
1382(1)
4432(1)
3669(1)
4639(1)
2444(1)
2114(1)
2204(1)
2879(1)
2992(1)
3553(1)
741(1)

1230(1)
1178(1)
-381(1)
1466(1)
504(1)

457(1)

-856(1)
61(1)

Appendix 11

16(1)
21(1)
14(1)
16(1)
22(1)
18(1)
18(1)
19(1)
18(1)
23(1)
24(1)
18(1)
24(1)
21(1)
14(1)
19(1)
24(1)
37(1)
29(1)
16(1)
17(1)
18(1)
18(1)
17(1)
20(1)
16(1)
18(1)
16(1)
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C(38) 2425(2) 6924(3) -398(1) 17(1)
C(39) 3776(2) 12904(3) -188(1) 18(1)
C(40) 1711(2) 7065(3) 2224(1) 21(1)
C(41) 2270(2) 9490(3) 692(1) 17(1)
C(42) 3106(2) 9079(3) -319(1) 18(1)
C(43) 4025(2) 10374(3) 307(1) 21(1)
C(44) 3478(2) 8117(3) -1676(1) 27(1)
C(45) 3170(2) 8526(3) -828(1) 18(1)
C(46) 1981(2) 5704(3) -368(1) 18(1)
C(47) 4253(2) 12898(3) 266(1) 19(1)
C(48) 2269(2) 5055(3) -1214(1) 23(1)
C(49) 3081(2) 6346(3) -1694(1) 24(1)
C(50) 1920(2) 4765(3) -778(1) 22(1)
C(51) 2704(2) 6332(3) -1269(1) 21(1)
C(52) 1500(2) 9643(3) 2159(1) 30(1)
C(53) 5092(2) 14059(3) 934(1) 28(1)
C(54) 3516(2) 10381(3) ~133(1) 18(1)
C(55) 3533(2) 8995(3) -1246(1) 21(1)
C(56) 4169(2) 15476(3) 395(1) 28(1)
N(1) 5387(2) 3885(4) 3139(1) 44(1)
N(2) 640(1) 3327(3) 4325(1) 19(1)
N(3) 1840(2) 8371(2) 1961(1) 22(1)

N(®4) 4598(2) 14136(2) 467(1) 23(1)
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