


THESTS LIBRARY
4 Michigan State
20 University

This is to certify that the
dissertation entitled

TITANIUM-CATALYZED ADDITIONS OF SUBSTITUTED
HYDRAZINES TO ALKYNES: CATALYST DESIGN,
MECHANISTIC STUDIES, AND APPLICATIONS IN

HETEROCYCLE SYNTHESIS

presented by

SANJUKTA BANERJEE (

has been accepted towards fulfillment
of the requirements for the

Ph. D. degree in CHEMISTRY

Major Professor’s Signature ‘
?/ 2> / S
/ }

Date

MSU is an affirmative-action, equal-opportunity employer

{




PLACE IN RETURN BOX to remove this checkout from your record.
TO AVOID FINES return on or before date due.
MAY BE RECALLED with earlier due date if requested.

| DATE DUE DATE DUE DATE DUE

5/08 K./Proj/Acc&Pres/CIRC/DateDue indd




TITANIUM-CATALYZED ADDITIONS OF SUBSTITUTED HYDRAZINES TO
ALKYNES: CATALYST DESIGN, MECHANISTIC STUDIES, AND
APPLICATIONS IN HETEROCYCLE SYNTHESIS

VOLUME ]

By

Sanjukta Banerjee

A DISSERTATION

Submitted to
Michigan State University
in partial fulfillment of the requirements
for the degree of

DOCTOR OF PHILOSOPHY

Chemistry

2008



ABSTRACT

TITANIUM-CATALYZED ADDITIONS OF SUBSTITUTED HYDRAZINES TO
ALKYNES: CATALYST DESIGN, MECHANISTIC STUDIES, AND
APPLICATIONS IN HETEROCYCLE SYNTHESIS

By

SANJUKTA BANERJEE

The primary focus of this thesis is the development of hydrohydrazination reactions
for alkynes and their applications towards the synthesis of heterocycles.
Hydrohydrazination is the formal addition of a hydrazine to an unsaturated C—C bond
resulting in hydrazone or substituted hydrazine. Hydrohydrazination reactions are closely
related to hydroamination. In hydroamination, amines (instead of hydrazines) are added
across the C—C unsaturation. While hydrohydrazination of alkyne has been developed
only recently, hydroamination has been known since 1950’s and studied extensively. To
cover sufficient background information for hydrohydrazination, hydroamination

reactions are discussed in the first chapter.

In 2002, our group first discovered the hydrohydrazination of alkynes with 1,1-
disubstituted hydrazines leading to the synthesis of N-protected indoles. Here, we have
developed a new pyrrole-based »titanium catalyst that is found to be active for the
monosubstituted hydrazines. In addition, this catalyst is also active for both terminal and
internal alkynes. The design of the catalyst, substrate scope, and applications to different
heterocycles synthesis including compounds containing NH-indoles are discussed in the

second chapter.




Iminohydrazination is the conversion of an alkyne to an o,pf-unsaturated p-
aminohydrazone, making both C—-C and C-N bonds in a single step. This is a new
multicomponent reaction (MCR) between an alkyne, 1,1-disubstituted hydrazine, and
isonitrile in the presence of a catalyst. The design of new Ti-based catalysts, the scope of
the iminohydrazination reaction, mechanistic investigation, and applications towards the

synthesis of pyrazoles are discussed in the third chapter.

Vanadium(V) hydrazido complexes have been found in the active sites of different
nitrogenase enzymes. The metal in these complexes is believed to be simultaneously
coordinated to different donating centers such as N, O, and S. To understand the
structures and functions of the active sites, different vanadium hydrazido complexes have
been synthesized as model compounds. Interesting structural feature involving
contributions from both hydrazido and isodiazene resonance forms has been observed in
one of the model compounds. The synthesis of different vanadium(V) hydrazido

complexes and important structural aspects are discussed in the fourth chapter.



Copyright by
Sanjukta Banerjee
2008



To my mother, Dr. Shyamali Banerjee



ACKNOWLEDGMENTS

First of all, I would like to thank Michigan State University for the support during my
years as graduate student at MSU. I also want to thank the people in the Chemistry

department for their help and generous support.

I consider myself very fortunate to have Prof. Aaron L. Odom as my Ph. D. mentor.
He was never tired of discussing science and always listened to my questions with deep
interest (even the silliest one!). He helped me a lot to learn many aspects of inorganic and
organometallic chemistry and to develop the analytical skills necessary to survive in an
experimental lab. I am also indebted to him for doing the hard work of correcting and
proofreading this thesis. “Thank you” Aaron for your guidance, patience, and

understanding. “Sandy” has thoroughly enjoyed her experience working with you.

I express my gratitude to Prof. Mitch Smith, Prof. Robert E. Maleczka, and Prof.

Babak Borhan for serving on my committee and for all their suggestions.

Thanks to Dr. Daniel Holmes and Mr. Kermit Johnson for their assistance in NMR,
and especially for allowing me to reserve extended time slots to perform the Kinetic
SXperiments. A special thank is due Dr. Richard Staples in the crystallography division. I
Am thankful to Bob Rasico, Melissa Parsons, and Bill Flick for their help in the general
Maintenance of the lab. I also want to thank Scott Bankroft in the glass blowing shop,

T, .
©M Geissenger and Diane Karsten in the stockroom, Glenn Wesley and Tom Bartlett in

vi



the machine shop, and Scott Sanderson and Dave Cedarstaff in the electronics shop.
Karen Maki, Beth McGaw, Cindy Sanford in the Business office and Nan Murray,
Wendy Tsuji, Steve Poilios, Debbie Roper, Lisa Dillingham in the Graduate office were

always very supportive and I thank them all.

In the process of working on one of my projects, and also in writing this thesis, I have
received generous assistance from my colleague Dr. Eyal Bernea. He deserves a special
thank you. I am also grateful to all the previous and present Odom group members:
Yahong, Jim, Bala, Kapil, Supriyo, Doug, Steve, Sameer, and Kevin(s) for their support.
I also want to mention all the undergraduates with whom I’ve worked in this lab. I’ve

really enjoyed my experience working with all of you.

I acknowledge my family for support and inspiration. Especially, my mother and
sister Aparajita for all of your loving support. I also like to thank all my friends in and
outside East Lansing. Finally, the patience, inspiration, and encouragement of my

h“Sband, Ujjal, have been crucial to complete this thesis.

Sanjukta Banerjee
East Lansing, Michigan

vii



TABLE OF CONTENTS

LISt OF TADIES ....ooveveveeeirieieieieiririeieiet et tetsesestsse et ste st sa e s sssassssseesasasesassassssssssssssens xi
LISt OF FIGUIES ....cuereeieeeiccicericcrccreereccntn ettt et seseseseesesesassenesesesseneanssenens XV
LiSt OF SCREIMES.....cccueeirieiieirieecietnte ettt et st a s ss et e et ssasastesaessesenasans xviii
LiSt Of ADDIEVIAHONS ....c.veucveievierieteriereeieresseesiesesesessae e sebessses s tebesesesesaesesesesssasassosenns XXi
Hydroamination of AIKYDEs...............c.cccoooveuememrerererineerenererensees e sesesesessesesesesenes 1
L1 IDUOAUCHON ..ottt aecaeses e s s s ses s b sae s ses s s sessesassenssassessenas 1
1.2 Hydroamination with alkali and alkaline earth metals............c.cccceoovrerrerervnneee. 4
1.3 Hydroamination with transition metals (Group 3 and 5) .........cccocovvuvvvrrrerurennne 6
1.4 Hydroamination with late transition metals ...............ccccoovvevverrerereerreesreesreennns 8
1.5 Hydroamination with lanthanides and actinides ..............c...cooo.eererereerrreennenn. 13
1.6 Hydroamination with Group 4 metal cCOmpleXes ...........coevvvererererererererererenenen. 17

1.6.1 Hydroamination of alkynes with Zirconium
1.6.2 Hydroamination of alkynes with Titanium
1.6.3 Research in the Odom group

L7 Concluding REMATKS ..............oorrrevveeeeenereeerseesseeeeeesssessesessesseesmsssesseesessseen
L8 RELEIONCES w.vvoreevveeeeesereseneessesseesessssssees s ssssssss s sesssmessssseesssesesssnese s 30
l'lydl'ollydrazination of alkynes with monosubstituted hydrazines ................... 34
2.1 IDEOAUCHON ...eveeeeeeeeeeeeeeeeeesssesssssmssnassesesssseesseeesesesesseessseesssesmesssessssesesesssseeeees 34
2.1.1 Hydrohydrazination with Titanium ............ccccccverirrrrrnirnnersesssseneanens 35
2.1.2 Hydrohydrazination with Cobalt ...............cccrveeviiunmnincninnreiccnrrercerenene 41
2.1.3 Hydrohydrazination with Manganese.............c.cccoceveernirnnieieieeneeneeecene 45

viii



2.1.4 Hydrohydrazination with Palladium..........c..cccccoiinininininniinncccceeeenene 46
2.1.5 Hydrohydrazination With Zinc............c.ccccececenininennennerceneee e 46
2.2 Synthesis Of NH-INAOIES.......cccooeiiriririniiieieeeeeeseeeeeesees e saenenne 50
2.3 Aim of the CUITENt PrOJECT ......couiuiiueiiieeeiriceeeteeeteice ettt et seae e enee 51
2.4  Results and DiSCUSSION.......coueiieeiietiiciieiceieeeteccrecereceeseeeessreesssesessseesssneens 52
2.5 Concluding REmMArks ..........ccooeeirieiririnenieeietnceeseeses e seeeresee e sesessenne 66
2.6 EXPerimental ...........ccccooiiriiimiiinienieentieiccei ettt aens 67
2.7 RELEIENCES ...ttt e et s eeease e e e essssseeessssaeeesnsnneeens 87
Iminohydrazination of alkynes: scope, mechanistic investigation, and
applications towards pyrazole synthesis ..................ccccooviivninnnnininninininnn 91
1 TR0 R 115 (07 1T £ o o TR 91
3.2  Results and DiSCUSSION.....ccciivieueereeeieieeeeeeeeeeeeeeeeeeranseeeeeeeeesssssssreeeesesssssssnnns 94
3.2.1 Iminohydrazination ReSUlLs.............ccccocerverrurrrinriinienieinernreeiereneenesneseeseesaeens 94
3.3 Mechanistic INVEStIZAtION .......ccccveeeerevereereiereieeee ettt e s aeneanas 101
3.3.1 Pathway via 1,2-INSErtiON .......cccceiiirierreerieiene e ceeeeestes e et esae e esaessesssenne 101
3.3.2 [2 +2]-cycloaddition mechanism...........cccceveeeirieriienieninneeneeseesreseeseesseesaenne 102
3.3.3 KiNEUC StUAIES ..cuveeeeeeieeeeeeeeeeeeeeteeceeece e ceeteessressaaeseaeeeessessssseesnsesensesns 109
3.3.4 Overall mechanism for Iminohydrazination reaction...............cocceveeeveeerinenne 118
3.3.5 Experimental observations on regioselectivities .............ccecurrerrerrerecrererrnnnnns 118
34 Applications of the Iminiohydrazination reaction towards the synthesis
OFf PYTAZOIES ...ttt 122
3.4.1 Background information............cccceveeueeiirernieerenieneseseesseeeeeessessessessessesnens 122
3.4.2 Results and DiSCUSSION .....c.eeeueeeuieeierreeeeeneeteeeeeceeeteesereeeeeseeseesssessseesees 123
35 Multicomponent Coupling Reactions of alkynes,
monosubstituted hydrazines, and isonitriles............cccecieevieeieiciienienieeeeeenee 130
3.6 ConclUding REMATKS ........ceeoeeeeeeeeneeeeseeeeeeseeseeseesseeeseseessseessessesessesssseesenenas 136
3.7 EXPEIMENLAL ...oooooooeeeeeeeeeeeeeeeeeeeeee e ssas s ssenseee 137
38 REAETENCES covvvovveeeeeeeeeseeeseeseesesseessesses s sses s sses s s es s sees s sees s s s ees s 166
Synthesis of Vanadium(V) hydrazido(2-) thiolate imine
ALKOXEAE COMPIEXES ...........eoeeeeeeceerceeneeeneeeseeeeeesessseesssssesasesseseseseraeseseseseemssesens 169
1 IITOAUCHION cevorreeeeee oo eeeeseessesesseseseesseseeseseesseeseesesseseseesressesesnes 169
4.2 Hydrazido versus isodiazene bonding in MNNR, complexes............ccccu.... 171



43  Vanadium(V) hydrazido(2—) cOmpleXxes.........ccccvverreeererenrnenerreeeereernnennens 173
4.4 Titanium hydrazido(2—) COMPIEXES .......cccevirerrrrrinrerirerrrinenereeeeeseeneereseeneas 177
4.5 Aim Of the CUITENt PTOJECE .....covevurereercieereenireereeeereeerereseeeeseese e seseseseenens 183
4.6 Results and DiSCUSSION.........ccoverirerrrtrirteieererteiente ettt sesse e seeenes 184
4.7 Concluding REMArks ........ccccocvvirvnerieriininenirietreseeseeeeseeseeseesasseassessessnns 189
4.8  EXPETMENtAL ....c.coceruieiririiiiriieeieeneceteeeeesesteete st se s e see e e aetassessasaessesneen 190
4.9 REfEIENCES .....cueevernieieeiieee sttt se et sbs e ase s e sassenens 201
A ppendix
A Crystallographic information .............cceceeeeierineiinieneinesiesesseseesesseessessesenes 205
B Kinetic reaction PlOts ..........coeoceiruereieiruemeenirinicrenieeesesesseseneeeeeessese e sesesenes 303
C "Hand PCNMR SPECtta e 312



Table 2.1
Table 2.2
Table 2.3
Table 3.1
Table 3.2
Table 3.3
Table 3.4

Table 3.5

Table A1.1

Table A1.2

Table A1_3
Table A1 4
Table A1 5

Table 51 ¢

Table 4y 7

LIST OF TABLES

Hydrohydrazination of alkynes with phenylhydrazine........................... 58
Hydrohydrazination with substituted phenylhydrazines.........cc.cccccevcceneeneenns 62
Hydrohydrazination with diynes and enyne ..........cccccoeoveeeerencereveenreeceennenns 65
Examples of alkyne Iminohydrazination .............cccceceveuceeneencneecccnnneencs 98
Rate Constants and conditions for kinetic experiments.............cccco..... 114
Observed rate constant vs catalyst concentration .............ccceeveeerveerennes 117
Iminohydrazination of phenylacetylene by different catalysts.............. 120

Effect of p-substituents on arylhydrazine on pyrazole formation......... 128

Crystal data of Hoenp (4) .....c.coeeeveirenineeineeteiere et ssesee e enas 205

Atomic coordinates (x 104) and equivalent isotropic displacement
parameters (Az X 103) for Haenp. U(eq) is defined as one third
of the trace of the orthogonalized LU ) S 206

Bond lengths (A) and angles (°) for Hoenp ..........coevueeeeeeeecuennensenennns 207

Anisotropic displacement parameters (A2 x 103) for Hpenp. The
anisotropic displacement factor exponent takes the form:

2pit [h2a* 2 UM et 2K a* b U e 211
Hydrogen coordinates (x 104) and isotropic displacement parameters

(A2 x 103) £OF HENP c.veeeeieeee ettt sttt saesenens 212
Torsion angles (°) for Hoenp........coccouriveiiinicnineneeeeeeereeenes 213
Hydrogen bonds (A) and angles (°) for Hpenp.........cc.ccovveeveerereerrenenes 214

xi



Table A2.1

Table A2.2

Table A2.3

Table A2.4

Table A2.5

Table A3.1

Table A3.2

Table A3.3

Table A3.4

Table A3.5

Table A4.1

Table A4.2

Table A4.3

Crystal data for Ti(bap)(NMe2)3 (28).....ccceecireniennenerirecirceeeereeenes 215

Atomic coordinates (x 104) and equivalent isotropic displacement
parameters (A2 x 103) for Ti(bap)(NMe3)3. U(eq) is defined as one

third of the trace of the orthogonalized U SO 216
Bond lengths (A) and angles (°) for Ti(bap)(NMe3)3 «....ccvveverrerrenenen. 217

Anisotropic displacement parameters (A2 103) for Ti(bap)(NMe>)s.
The amsotroplc dlsplacement factor ex?onent takes the form:

—2p [h a* U + ..+2hka*b*U ] ............................................ 219
Hydrogen coordinates (x 104) and isotropic displacement parameters

(A% X 10°) £OF TH(BAPYINMER)3 errrereeoesees oo 220
Crystal data for Ti(NNMes)(dap)(nacnac) (36).........cccceevveerecvrcereereenen 222

Atomic coordinates (x 104) and equivalent isotropic displacement
parameters (A2 x 103) for Ti(NNMe3)(dap)(nacnac). U(eq) is defined
as one third of the trace of the orthogonalized U” tensor ..., 223

Bond lengths (A) and angles (°) for Ti(NNMej)(dap)(nacnac) 224

Anisotropic displacement parameters (AZ x 103) for
Ti(NNMe;)(dap)(nacnac). The anisotropic displacement factor
exponent takes the form: —2 pi2 [h2 a*2 Ul ! +...+2hka*b* Ulz]... 227

Hydrogen coordinates (x 104) and isotropic displacement parameters
(A2 x 10°) for TIONNMe)(dap)(NaCNAC) ..vvoveroeeroeoesoesoeeseessee 228

Crystal data for Ti(dap)3(NNMe3),(NHNMe3) (37)..covvvveveereereeee 231

. . 4 . . o
Atomic coordinates (x 10 ') and equivalent isotropic displacement

parameters (A” x 10°) for Tiy(dap)3(NNMe2)o(NHNMe,). U(eq) is
defined as one third of the trace of the orthogonalized U” tensor-....... 232

Bond lengths (A) and angles (°) for Tiz(dap)3(NNMe),(NHNMes) 233

xii







Table A4.4

Table A4.5

Table A4.6

Table AS.1

Table AS5.2

Table A5.3

Table.AS.4

Table AS.5

Table AS5.6

Table A6.1

Table A6.2

Table A6.3

Table A6.4

Anisotropic displacement parameters (A2 x 103) for
Tiz(dap)3(NNMey)2(NHNMej3). The anisotropic displacement factor
exponent takes the form: —2 pi2 [h2 a"‘2 U” +...+2hka*b* U]2]...245

Hydrogen coordinates (x 104) and isotropic displacement parameters

(A2 x 10%) for Tix(dap)3(NNMe2)y(NHNME2) ..o 247
Torsion angles (°) for Tiy(dap)3(NNMej)2(NHNMe))....ccevveeeeceeensee 249
Crystal data for 3-mesitylpyrrole (43) .......cc.coceveeenrcnnninenncneneeeenene 259

Atomic coordinates (% 104) and equivalent isotropic displacement
parameters (A2 x 103) for 3-mesitylpyrrole. U(eq) is defined as one

third of the trace of the orthogonalized LU s S 260
Bond lengths (A) and angles (°) for 3-mesitylpyrrole .. . . . . . 261

Anisotropic displacement parameters (A2 x 103) for 3-mesitylpyrrole.
The amsotroplc dlsplacement factor ex?onent takes the form:

—2p [h +? U + .+2hka*b*U ] ............................................ 263

Hydrogen coordinates (x 104) and isotropic displacement parameters

(A2 x 103) fOr 3-mMESitylPYITOIE.........cvevrererereeerereeaerserenesesssesenesaene 264

Torsion angles (°) for 3-mesitylpyrrole .........cccoeevnecnvneennienennenes 265
. 3-mes

Crystal data for Ti(dap 2(NMe2)2 (45) oo 266

Atomic coordinates (x 104) and equivalent isotropic displacement
parameters (Az x 103) for Henp. U(eq) is defined as one third
of the trace of the orthogonalized LU TS T S 267

Bond lengths (A) and angles (°) for Ti(dap’ "),(NMe2)y 269

Anisotropic displacement parameters (Az x 103) for
Ti(dap3-mes)2(NMe2)2. The anisotropic displacement factor exponent
takes the form: ~2 pi° [h>a*> U'' +..+ 2hka* b* U' X 279

xiii




Table A6.5

Table A6.6

Table A7.1

Table A7.2

Table A7.3

Table A7.4

Table A7.5

Table A7.6

Hydrogen coordinates (x 104) and isotropic displacement parameters

(A% x 10%) for Ti(dap ™)y NME0)2 oo 281
. . 3-mes

Torsion angles (°) for Ti(dap IINMED)D et 283

Crystal data of VINNMe)(TIP)(dmpe)(I) (49)......coeevvercrvenrrecerereeanens 288

Atomic coordinates (x 104) and equivalent isotropic displacement
parameters (A” x 10°) for V(NNMe,)(TIP)(dmpe)(1). U(eq) is
defined as one third of the trace of the orthogonalized U” tensor...... 289

Bond lengths (A) and angles (°) for V(NNMe)(TIP)(dmpe)(I) 290

Anisotropic displacement parameters (A2 x 103) for
V(NNMe,)(TIP)(dmpe)(I). The anisotropic displacement factor
exponent takes the form: -2 pi2 [h2 a*2 U1 : +...+2hka*b* Ulz] ...296

Hydrogen coordinates (x 104) and isotropic displacement parameters

(A2 x 10%) for VONNMe)(TIPYAMPENT) crrverereeereersesrsesses e 297
Torsion angles (°) for VINNMe)(TIPY(AMPE)(T) crevrvvroerreererren 299
Xiv

-



LIST OF FIGURES

“Images in this dissertation are presented in color”

Figure 1.1

Figure 1.2

Figure 2.1

Figure 2.2

Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5

Figure 3.6
Figure 3.7

Figure 3.8
Figure 3.9
Figure 3.10

Figure 3.11

Figure 4.1

Scandium-based metal complexes for intramolecular hydroamination ... 6

Tantalum catalysts (neutral and cationic) for intramolecular
hydroamination ..........ccoceceeieeecerinrerireietr e 7

ORTERP representation (50% probability level) of Hyenp (4) ................ 53

Synthesis of Ti(enp)(NMej); (5) and comparison with
Ti(dap)2(NMe2)2 (1) et ereet et see e s et aeseeaan 54

Solid-state structure of Ti(NMe>)3(bap) (28) from X-ray diffraction.... 97

Structure of hydrazido(2—) complex 36 from X-ray diffraction........... 105

Possible resonance forms of 36. (For simplicity, the other ligands
Are NOt SNOWI) ....coiieiiiiecicectecteeeec et eee e es e e e estesseessessnesanessenss 106

ORTEP representation of Tiz(dap)3(p2:r|],nz-NNMez)z(m :nl-NHNMe;;_)

(37) at 50% probability level .........cccooeceeeecreieeeecree e, 108
Representative plot for the catalysis with Ti(dap),(NMej), (1).......... 110
Representative plot for the catalysis with 36..............cccoeveecrrnineennnne. 112
Representative plot for reaction of 36 with 1,1-dimethylhydrazine..... 113

Representative plot for the catalysis with 10 mol% of 36 and Hdap ... 115

Dependence of &, on catalyst concentration ............cccceeveveevenrennenenne. 117
ORTERP representation of 3-mesitylpyrrole (43) .......cccccooecvreerrerenenee. 132
ORTEP representation of Ti(dap- ™ ),(NMe3)3 (45) vrrorovoro. 134
Hydrazido(2-) vs isodiazene resonance forms...........cccoceevivvivvvienennn 171

XV



Figure 4.2

Figure 4.3

Figure B1.1

Figure B1.2

Figure B1.3

Figure B2.1
Figure B2.2

Figure B2.3
Figure B3.1
Figure B3.2

Figure B3.3
Figure B4.1
Figure B4.2
Figure B4.3

Figure BS.1
Figure B6.1
Figure B6.2

Figure B6.3

Figure C.1

Figure C.2

ORTERP representation of the cationic part in 49..........cc.cccoceevevcrennennn. 187
(a) Hydrazido(2-) vs isodiazene resonance forms in vanadium

complex. (b) Structure 0f 52 ........cccceeivereeirrerirerieeeee et 188
Kinetic plot for Run 1 with 10% Ti(dap)a(NMe3)s (1). ccovevereneccennnnee 303
Kinetic plot for Run 2 with 10% Ti(dap),(NMej)2 (1). .coveeveveevcreneencne 304
Kinetic plot for Run 3 with 10% Ti(dap)2(NMe2)2 (1). ceeevcvervicccncnne 304
Kinetic plot for run 1 with 10% 36 ..........cccocervenenninicneecercreenene 305
Kinetic plot for run 2 with 10% 36 ..........cccocoeercnnnnicrrecnceecreeneee 305
Kinetic plot for run 3 with 10% 36 ...........ccocooieriininrnecececceeceeeees 306
Kinetic plot for run 1 with 36 + 10 MeaNNH; reaction..........cc.cue..... 306
Kinetic plot for run 2 with 36 + 10 Me;NNHj reaction..........c.ccee... 307
Kinetic plot for run 3 with 36 + 10 MeaNNHj reaction..........c.coueuuee. 307
Kinetic plot for run 1 with 10% 36 + 10% Hdap reaction.................... 308
Kinetic plot for run 2 with 10% 36 + 10% Hdap reaction.................... 308
Kinetic plot for run 3 with 10% 36 + 10% Hdap reaction.................... 309
Kinetic plot for run 1 with 10% 37 .....ccoooioiniiicirceeccecreeeceeene 309
Kinetic plot with 15% Ti(dap)2(NMep)2 -.ccveveirerrerirreneenneeranenennnnne 310
Kinetic plot with 5% Ti(dap)2(NMe2)2 ...cocevvirviinienrnnreeeereeneeeersennens 310
Kinetic plot with 2.5% Ti(dap)2(NMe2)2 ....ccccuceineunurenenriecrercncnnereneens 311
]H and I3C NMR spectra of compound 2. .........cccocoverevirrenenrecrereenene 312
|H and I3C NMR spectra of compound 4. ..........ccovueverecerinnnennenens 313

xvi



Figure C.3

Figure C.4

Figure C.5

Figure C.6

Figure C.7

Figure C.8

Figure C.9

Figure C.10

Figure C.11

Figure C.12

Figure C.13

Figure C.14

Figure C.15

Figure C.16

Figure C.17

Figure C.18

Figure C.19

Figure C.20

]H and 13C NMR spectra of compound §. .........cccceenerennccencnnncncenene 314

1}-l and 13C NMR spectra of compound 7. .........cccorueeeeeeninnercreerereenne 315
IH and 13C NMR spectra of compound 13 and 14...............cccoeuenneee. 316
1 13

Hand ~C NMR spectra of compound 15. ........ccccovenrvcnnencnnnncncnn. 317
1 13

Hand ~C NMR spectra of compound 17. ........cccoevevnevcnnvencnnncncnnes 318
1 13

Hand ~C NMR spectra of compound 20. ...........ccccevvverevreerenecnnnees 319
"H and ">C NMR spectra of compound 21 ..o 320
1 13

Hand ~“C NMR spectra of compound 24. .............cccooeeeeceecrereennnnen. 321
]H and 13C NMR spectra of compound 25. .........cccccovmevnncncnennnenne. 322
lH and 13C NMR spectra of compound 35. .........cccoeeirerceereneeeeeene 323
1 13

Hand ~C NMR spectra of compound 38. ..........c.ccoovevemeveereeerenenen. 324
"1 and ">C NMR spectra of compound 39. ..o 325
1 13

Hand ~C NMR spectra of compound 40. .............cccccecevrevirernnnnene. 326
1 13

Hand ~“C NMR spectra of compound 41. ............ccccuvvemreceeeceenenenen. 327
1 13

Hand ~C NMR spectra of compound 42. ............ccccoeeevevercerenrenenen. 328
1 13

Hand “C NMR spectra of compound 44. ............cccooveerirecerencnnenene. 329
1 13

Hand ~C NMR spectra of compound 45. ...........ccococovevevnnrreenenene 330
1 13

Hand ~“C NMR spectra of compound 46. ...............cceveerererrreerennne. 331

Xvii



Scheme 1.1

Scheme 1.2

Scheme 1.3

Scheme 1.4

Scheme 1.5

Scheme 1.6

Scheme 1.7

Scheme 1.8

Scheme 1.9

Scheme 1.10

Scheme 1.11

Scheme 1.12

Scheme 1.13

Scheme 1.14

Scheme 2.1

Scheme 2.2

Scheme 2.3

Scheme 2.4

LIST OF SCHEMES

Hydroamination of alkenes and alkynes generating amines..................... 2
Thermodynamics for addition of ammonia and ethylamine to ethylene .. 3
Indole synthesis via hydroamination of vinylarenes by alkali metals ...... 4

Mechanistic pathway for hydroamination of alkynes by lanthanides..... 14

Intermolecular hydroamination with actinides ...........cecceeeeevenrenenveeenne 15
Mechanistic pathway of hydroamination of alkynes by actinides.......... 16
Mechanistic pathway for catalytic hydroamination of alkynes .............. 18
Synthesis of first titanium-based hydroamination catalyst..................... 20
Synthesis Of (£)-MONOMOTINE .........ccceeveeeererrerereeeseeeeeeeeereeeneseesaeseens 21
Intermolecular hydroamination of alkyne with CpyTiMe; .................... 22
Synthesis of a-amino esters via hydroamination pathway ..................... 25
Synthesis of Ti(dpma)(INME2)7 ...coceeirvierrirnirieirteneeeeseeseeseesesaesaneneens 27
Proposed mechanistic pathway for hydroamination of alkyne............... 27
Synthesis of Ti(APmM)(INME2)7 ...cuerurmiereniiiininietreete ettt seeans 28

Titanium-catalyzed hydrohydrazination of alkynes and synthesis of
N-substituted iNdOLE ........ccooririrereenecniretrrerree st sae e e eas 35

Proposed mechanistic pathway for the hydrohydrazination reaction
using 1,1-disubstituted hydrazines...........cc.cocereveecrenrevereeenencnerenenenennns 37

Cp-based titanium-catalyzed hydrohydrazination of alkynes and
synthesis of substituted N-methylindoles...........c.ccceeveververveevrecrerrecrernne. 38

Cp-based titanium-catalyzed hydrohydrazination of alkynes and
synthesis of substituted N-methyltryptamines.............cccceveererrcerrerennnnee. 38

Xviii




Scheme 2.5

Scheme 2.6

Scheme 2.7

Scheme 2.8

Scheme 2.9

Scheme 2.10

Scheme 2.11

Scheme 2.12

Scheme 2.13

Scheme 3.1

Scheme 3.2

Scheme 3.3

Scheme 3.4

Scheme 3.5

Scheme 3.6

Scheme 3.7

Scheme 4.1

Scheme 4.2

Scheme 4.3

Scheme 4.4

Synthesis of tryptamine derivatives by aryloxo-based Ti-catalyst ......... 40
Proposed mechanism for Co-catalyzed hydrohydrazination of olefin.... 42

Synthesis of NH-indole by zinc salts ..........cecerveeeevereeeneneeereeseeeeeneenne 47

Synthesis of pyrazoline and pyrazole by Zn(OTf);-catalyzed

hydrohydrazination ............cccceececeireccninineceninneecicseeneesnenens 48
Synthesis of pyridazinones via hydrohydrazination using ZnClj .......... 49
Synthesis 0f Hpenp (4)...ccccveveeeirirenineeceereeet et sene 53
Reaction of 2-hexyne with phenylhydrazine catalyzed by §................... 56

Hydrohydrazination of 5-chloropent-1-yne with phenylhydrazine ........ 61
Possible pathways to 24 and 25 ...........c.ccoeiiiininiicniiincinceenne 64
Ugi 4-COMPONENt TEACLION ......covrueneenieeeuieeecreecneeceseeeseeeeseeeseeeeaeeenens 92
Possible 1,2-insertion pathway for the iminohydrazination reaction ... 101

Possible mechanistic pathway of iminohydrazination by 1 for
Entry 1in Table 3.1 .c.coiieiiiieeteeerecrctnctnieeeresteessesesseessess e ssaseens 103

Synthesis of pyrazole from 4-amino-1-azabutadienes.............cccceue... 122

Synthesis of N-phenyl-5-n-butylpyrazole and

N-phenyl-3-n-butylpyrazole.........c..ccoceueeenneecnceneeeneeeeecenes 124
Possible mechanistic pathways for the pyrazole formation.................. 125
Synthesis of 3-mesitylpyrrole (43) ......cccccovverereeceeeerecee e 131

Synthesis of a vanadium hydrazido(2—) complex with O(SCHzCH2)22_
AS CO-lIZANM ..ottt aenrenes 175

Synthesis of titanium hydrazido(2—) complexes..........ccccereereverrererenenn. 180

Synthesis of titanium-hydrazido(2-) complexes with
different fac-N3 donor igands..........ececeveereeereernevecnnieeeeee e 181

Synthesis of titanium hydrazido(2—) complexe from imido complexes182

Xix



Scheme 4.5  Synthesis of V(NNMe)(OAr)(TIP) (46) (Ar = 2,6-Pri2C6H3) ...........

Scheme 4.6  Synthesis of cationic hydrazido(2—) complexes

XX



LIST OF ABBREVIATIONS

bap bis-2,5-(N,N-dimethylaminomethyl)pyrrolyl
BOC tert-butyloxycarbonyl
bpy 2,2'-bipyridine

Bu’-bpy 4,4"-di-tert-butyl-2,2"-bipyridine

COD cyclooctadiene

dap 2-((dimethylamino)methyl)pyrrolyl
DEAD di-tert-butylazodicarboxylate

DIPP di-iso-propylphenyloxide

DMAP N,N-dimethylaminopyridine

dpm Dipivaloylmethanato

Hpdpm 5,5-dimethyldipyrrolylmethane

dpma N,N-di(pyrrolyl-a-methyl)-N-methylamine
dppf 1,1'-bis(diphenylphosphino)ferrocene

GC/FID Gas Chromatography Flame Ionization Detector

GCMS Gas Chromatography Mass Spectroscopy
1 ,Nz . 1 ,N2 . ..
Haenp N ,N -bis((1 H-pyrrol-2-yl)methyl)-N ,N -dimethylethane-1,2-diamine
LLCT Ligand to ligand charge transfer
Nacnac [N(Bu')CHCHC(BuYN(NMey)-4°N]
RT room temperature
TBS tert-butyldimethylsilyl
triphos 1,1,1-tris(diphenylphosphinomethyl)ethane

Tosyl p-tolylsulfonyl

XXi



CHAPTER 1

Hydroamination of alkynes

The primary focus of this thesis is the development of hydrohydrazination reactions
for alkynes and their applications towards the synthesis of heterocycles.
Hydrohydrazination is the formal addition of hydrazine to unsaturated C—C bonds
resulting in hydrazones or substituted hydrazines. The first example of
hydrohydrazination was reported in 2002 by our group; since, it has been explored by us
and other research groups. On the other hand, hydroamination, where amines (instead of
hydrazines) are added across the C—C unsaturation, has been more extensively studied
since its discovery in the 1950’s. Because hydroamination reactions are closely related to
hydrohydrazination, and more prominent in the literature, they will be discussed as an
introduction in this chapter. Hydrohydrazination of alkynes and its synthetic applications

will be discussed in subsequent chapters.

1.1 Introduction

Hydroamination is the formal addition of an N-H bond across C—C unsaturation

resulting in nitrogen-containing products such as amines, imines, or enamines (Scheme

1.1).l These molecules are important building blocks of different biologically active




compounds (e.g. alkaloids, amino acids, vitamins), fine chemicals, and pharmaceuticals.
Hydroamination is an efficient way to synthesize amines, imines, or enamines with 100%
atom economy. While hydroamination of alkenes generates amines, alkynes produce
imines and enamines, which can also be reduced to amines if desired. Therefore,

hydroamination provides an efficient route to synthesize amines, which are produced in
several million tons per year industrially.2 In addition to this, 80% of the pharmaceutical

products are composed of C—N bonds.

Scheme 1.1 Hydroamination of alkenes and alkynes generating amines

R _ R \"'2\
2 3 enamine R3

l N-H

NR3 / R1 R2
. ( amine
R1 R2 Ha

imine

However, hydroamination usually has a high activation energy, primarily due to
repulsion between the lone pair on nitrogen and n-electrons of the C—C unsaturated bond.

In addition to that, since the uncatalyzed reactions exhibit a negative entropy change,



increasing the temperature makes the forward reaction thermodynamically less favorable

(Scheme 1.2). To overcome all these barriers, a suitable catalyst design is necessary.

As illustrated in Scheme 1.2, the addition of ammonia or simple amines to ethylene is

. . 3 . .. .
slightly exothermic or thermoneutral.” Semiempirical calculations have shown that the
addition of ammonia to acetylene is even more exothermic than ethylene by

. -11 . T
approximately 63 kJ mol . As a consequence, while hydroamination of alkynes have

been extensively explored, that of unactivated alkenes is still a challenge.

Scheme 1.2 Thermodynamics for addition of ammonia and ethylamine to ethylene

AG°=-147kJ mol—1

NH2 1
= + NH3 -/ AH° =-52.7 kJ mol
AS®=-127.3Jmol 1 K
o_ -1
- . NHEt AG° = -33.4 kJ mol )
- EtNH AH° =-78.7 kJ mol~

AS° = -1522 Jmol K1

O ver the last few decades, extensive research efforts have been directed towards the
hy droamination reaction. Hydroamination of alkynes is known with different metals
Sparu'ling the periodic table from alkali metals to transition and f-block metals. In the
f()llo"\!ing sections, intermolecular hydroamination (mainly) with some of the

re . . . . .
Presentative metals will be discussed with an emphasis on Group 4 metal catalysis.



12 Hydroamination with alkali and alkaline earth metals

The first well-recognized example of alkali metal catalyzed hydroamination was

reported in 1954 by Howk et al.4 They demonstrated that ammonia adds to ethylene in

the presence of metallic sodium at about 200 °C and 1000 bar in an inert medium
forming ethyl-, diethyl-, and triethylamine in 70% total yield. Alkali metal hydrides such

as NaH and LiH have also been found to be equally active. Aniline is converted to N-
ethylaniline by Na or NaNH; at 250-300 °C and 50-200 bar. It is interesting to note that

a few late alkali metal amides such as rubidium and cesium amides catalyze the

amination of ethylene at considerably milder conditions (80-110 °C and 90-120 bar) in
moderate yields.s’6 Since milder conditions are used in the case of alkali metal amides,
mono-alkylated amines are formed selectively.

Apart from the inorganic salts of alkali metals, organic salts have also been found to
be active for hydroamination of alkynes with amines. For example, BunLi7 and KOBu’8

Se€rve as active precatalysts for the addition of amines to alkenes (ethylene or styrene).

Beller has expanded this protocol towards the synthesis of indoles by hydroamination of

Styrene derivatives followed by oxidation (Scheme 1.3).

Scheme 1.3 Indole synthesis via hydroamination of vinylarenes by alkali metals

XX
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toluene, 135 °C



Knochel has shown that CsOH-H;O is an effective precatalyst for the addition of

secondary aromatic or heterocyclic amines to phenylacetylene in NMP (N-

methylpiperidine) leading to enamines.'’

There are only a few examples in the literature of hydroamination catalyzed by

alkaline earth metals. Hill first reported Ca-catalyzed intramolecular hydroamination of

aminoalkene. A B-diketiminato-based Ca complex, [{HC-(C(Me)zN-2,6-Pri2C(,H3)2}Ca—

{N(SiMe3);}(THF)], was used as the catalyst.” More recently, Roesky et al. has

reported a different complex with Group 2 metals (M = Ca, Ba, Sr),
[{(Pri);ATI}M{N(SiMe3), }(THF);], where (Pri)2ATI = N-isopropyl-2-(isopropylamino)

1)

.. 1 . . o .
troponiminate. These complexes are active for intramolecular hydroamination of

aminoolefins. It is interesting to note that the reactivity decreases with increasing atomic
radius of the metal. Although the elements in this group are not well-explored for
hydroamination reactions, they are potentially important for industrial use as they are

inexpensive and environmentally benign.



1.3 Hydroamination with transition metals (Group 3 and 5)

Roesky and co-workers have reported that mono- and bis(N-iso-propyl-2-(iso-

propylamino)troponiminato) yttrium amides, [(Pri)2ATI],,Y[N(SiMe3);3], (where m =

1-2; n = 3-m), are effective for intramolecular hydroamination of alkynes.]4 Schafer has

described scandium-catalyzed hydroamination of aminoalkynes and aminoalkenes. Both
neutral and cationic complexes were synthesized using aldiminato- and diketiminato-

ligands (Figure 1.1). The key to this activity is the small ionic radius of scandium and the
availability of an open coordination site on the cationic complex.15 Further investigation

in this field has involved the synthesis of both neutral and cationic complexes of

scandium and yttrium with bidentate amidinate and tetradentate triamine-amide

ligands.16 The activity of the catalysts depends on the nature of the ancillary ligands.

Figure 1.1 Sc-based metal complexes for intramolecular hydroamination.

R2
—Ny R
Sc—CH2SiMeoPh
o)
t
Bu
Ar = 2
R'=pf RZ=H
R = CH3, -CH3B(CgF5)3 R1=r2=H



Among the group 5 metals, Bergman has shown several tantalum imido complexes

(both neutral and cationic) that are efficient catalysts for intermolecular hydroamination

of alkynes and alkenes (Figure 1.2).]7 Different amido- and imido-vanadium complexes

have shown moderate reactivity towards intermolecular hydroamination of alkynes with

. . 18 . ..
aromatic amines. These catalysts generate Markovnikov imine products almost

exclusively.

Figure 1.2 Tantalum catalysts (neutral and cationic) for intramolecular hydroamination.
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1.4 Hydroamination with late transition metals

In contrast to early transition metals and f-block elements, late transition metals
provide alternative catalytic systems that are less air and moisture sensitive. They are also

less oxophilic and often more functional group tolerant. Until 1999, hydroamination was
. 19 . 20 .

only known with mercury ~ and thallium™ among the late transition metals. However

these two are toxic. Therefore, the search for more environmentally benign catalytic

systems was necessary.

Wakatsuki and co-workers first reported an efficient late transition metal catalyst,
Ru3(CO);2, for intermolecular hydroamination.21 Only 0.1 mol% of the catalyst was
used in the presence of 0.3 mol% acidic additive NH4PF¢ for the hydroamination of
terminal alkynes with aniline. Moreover, the reactions can be carried out in open air

under solvent-free conditions.

More recently, Takai has expanded this methodology towards the synthesis of indene

derivatives in a one-pot, two-step procedure; hydroamination was followed by C-H

activation with [ReBr(CO)3(THF)]; and coupling with ethyl acrylate.22 A cationic

complex, [(PCy3)2(CO)(CH3CN)2RuH]+BF4_, also has been used for intermolecular

cyclization of amine and alkynes. The resulting quinoline products are obtained in 43—

94% yield.?

The first example of rhodium-catalyzed intermolecular hydroamination of terminal

alkynes with aniline was reported by Beller in 2001.24 The cationic Rh(I) catalyst,



.

1

43




Rh(COD);BF4/3 PCy3 in THF was found to be very active for such transformations with

up to 99% yield under very mild conditions (room temperature) and without any acid or
base (Equation 1.1). The generated imines were further converted to secondary amines in
situ by organolithium reagents. This catalyst is less oxophilic, nontoxic, and easy to

handle compared to early transition metal catalysts.

1.5% [Rh(COD)3]BF 4 NR

R—=  + R'NH) (1.1)

4.5% PCy3 R

R = n-hexyl, n-butyl, CgHs yields: 55-99%
R' = CgHs, 2-Me-CgHg, 4-Me-CgHy,
4-OMe-CgHy, 3-F-CgHg, 4-Cl-CgHg

More recently, different Rh(I) and Ir(I) complexes containing bidentate phosphine-

pyrazolyl ligands having the molecular formula [M(R;PyP)(COD)]BPhy (R = Me, Pri,
Ph; M = Ir, Rh) (where COD = cyclooctadiene), [IfRoPyP)(COD)]BPhg (R = Me, Pri),

and [M(R,PyP)(CO)CI] (R = Me, Pri, Ph, M = Ir, Rh) were reported for intramolecular

hydroamination of alkynes. Cationic Ir complexes with COD ligands are more active than
CO ligands. Moreover, the neutral complexes are inactive for intramolecular

hydroamination. Another interesting observation is that the Rh(I) cationic complexes are

less effective than their Ir(I) analogues.25

Among the noble metals, a few Au(I) and Au(Ill) complexes are known to be active

for hydroamination of alkynes. In 1987, Utimoto reported NaAuCls2H,O-catalyzed



hydroamination of 5-alkynylamines to form tetrahydropyridine derivatives (Equation

]'2)'26. 27

He also expanded this methodology towards the synthesis of indoles (Equation
1.3).28 Marinelli expanded the scope of this reaction by using an ethanol/water mixed

29
solvent system.

NHp 5% NaAuClg-2H20 @A"CSHB
(1.2)
NN CH3CN, reflux, 1 h
nCgH13 80%
/ Bu" H
Z 5% NaAuClg-2H20 N
)—8u" (1.3)
NHo THF,25°C,2h

87%

Acid-promoted intermolecular hydroamination of terminal and internal alkynes have
been carried out with (PPh3)Au(CH3) to generate imines (Equation 1.4).30 Both aryl and

alkyl, terminal and internal alkynes have been used. Different primary aromatic amines
(electron-rich, electron-deficient, and sterically hindered) are effective in this reaction,

however, alkylamines are not. More recently, a new porphyrin-based Au(III) catalyst was

introduced for hydroamination of alkynes.31

Br
0.1% (PPh3)Au(CH3) /©/
Z Br  0.5% HaPW150,
5% H3PW12040 CH3
+ - (1.4)
HoN 70°C, 2 h

94%




Surprisingly, the reaction of phenylacetylene with aniline in the presence of catalytic
AgBF4/HBF4 produces 1,2-dihydroquinoline derivatives instead of imine products
(Equation 1.5). In this case, the products are formed by hydroamination followed by

hydroaryla'(ion.32 Ag-catalyzed hydroamination are also applied to synthesize pyrroles.33

S
~" Xy 2 cat. AgBF 4
| v + | s (1.5)
“R “*R' cat. HBF4
140 °C
R =H, p-Me, p-F _
R' = p-Me, p-Cl, p-F yield: 60-88%

In addition, a combination of both Au/Ag-catalyzed microwave-assisted

hydroamination of alkynes with amines was reported where 1,2-dihydroquinolines were

obtained as the final products (Equation 1.6).34

[ N NH2 ;
X2 5% AUCI3/AgOTf y R y
15% NH4PFg e o NPT 1
+ R™ R'+ R R (1.6)
CH3CN, 150 °C NP Y
=—R microwave irradiation R R1

Yamamoto described the formation of pyrrolidine and piperidines by intramolecular

hydroamination of amines or sulfonyl amides, bearing a terminal allene group using Pd



catalyst. This involved the addition of an M—H bond across an allenic double bond.35 Pd-

catalyzed hydroamination of allenes was reported for the synthesis of allylic amines.36

The same group showed an efficient stereoselective hydroamination of conjugated
. . . 7 .
enynes in the presence of a palladium catalyst (Equation 1.7).3 The reactions only

occured in the presence of a phosphine-based ligand.

[(n3—C3H5)PdCI]2 Rl
L I\'\' . R1\NH dppf, CH3CO2H —\={
N .1 THF, 80 °C R N
R = Me, hexyl, SiMe3
1

R' = PhCHy, ~CHoCH=CHy
dppf = 1,1'-bis(diphenylphosphino)ferrocene

(1.7)

7 N\x;

R

Intermolecular hydroamination of aminoalkynes using Group 7-12 metals has been
reported. For example, [Cu(CH3CN)4]PF¢, Zn(CF3S03);, and [Pd(triphos)](CF3S03);
(where triphos = 1,1,1-tris(diphenylphosphinomethyl)ethane) have been used, and the

products are substituted pyrrolidines and piperidines.38



1.5 Hydroamination with lanthanides and actinides

Marks and co-workers discovered lanthanide-based catalysts effective for both intra-
and intermolecular hydroamination of alkenes and a.]kynes.39 The f-block elements are

quite different in their activity towards activation of unsaturated organic substrates (C=C
and C=C activation in particular) and heteroatom cyclization due to their high

electrophilicity, large atomic radius, and nondissociative ancillary ligation. Complexes

having the structure Cp’,LnCH(SiMe3); (Ln = Sm, Cp' = nS-Me5C5) and

Me,SiCp”>LnCH(SiMe3); (Ln = Nd, Sm, Lu; Cp" = nS-Me4C5) are effective

precatalysts for both intra- and intermolecular hydroamination of alkenes, alkynes, and
dienes. However, the corresponding intramolecular processes are ~1000 times faster than
the intermolecular processes. Mechanistically, the turnover limiting step is the insertion
of C=C or C=C bonds into Ln—-N bond followed by rapid protonolysis of the resulting

Ln—C bond (Scheme 1.4).




Scheme 1.4 Mechanistic pathway for hydroamination of alkynes by lanthanides
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Intermolecular hydroamination of terminal alkynes (aliphatic and aromatic) with

primary aliphatic amines was carried out with organoactinide complexes Cp*;AcR, (Ac
. 40,41

= Th, U; R = Me, HNR) developed by Eisen and co-workers. Here the

regioselectivity of hydroamination depends on the nature of the metal. While aldimine



products are obtained in good to excellent yield with the uranium complex, only poor to

moderate yields of ketimine products were observed in the case of thorium (Scheme 1.5).

Scheme 1.5 Intermolecular hydroamination with actinides

L 0.5% Cp*2UMep /\/\)LH

HT\_\ * ENH2 88%
(]

. 0.5% Cp*2UMe2
H————\—\ + EtNHo 10% \/\)J\CHa

Cp* = CgMes

In general, there are considerable differences in the reactivity of 4f- (lanthanides) and
5f- (actinides) metal complexes in hydroamination reactions. In the case of actinides,
only terminal alkynes undergo reaction with amines but not internal ones. Silyl
substituent effects are minor for actinides. Hydroamination of alkenes have not been
observed with actinides. Mechanistically, for actinides, the rate-determining step is the

formation of the metal-imido complex after N-H o-bond activation followed by the
release of CHy (Scheme 1.6). The intermediate then undergoes rapid cyclization with
alkyne to form a four-membered metallacycle. This is followed by protonolysis by amine.

The enamine product is produced along with regeneration of the metal-imido species.

The enamine product then converts into the more stable imine isomer.




Scheme 1.6 Mechanistic pathway of hydroamination of alkynes by actinides
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1.6 Hydroamination with Group 4 metal complexes
1.6.1 Hydroamination of alkynes with Zirconium

The earliest example of zirconium-catalyzed hydroamination appeared in the

42,43

literature from the pioneering work of Bergmann in 1992. He discovered that the

zirconocene bis(amide) [CpyZr(NH-2,6-MeyCgH3),] catalyzed the intermolecular

hydroamination of aromatic amines with alkynes and allenes. The reaction took place at
90-120 °C in the presence of 2—-3 mol% of the catalyst. Although the catalyst seemed to
be stable under these reaction conditions, the reaction was found to be relatively slow.

While the enamine formed from diphenylacetylene was isolated in 60% yield, the

enamine formed from 2-butyne only was observed by lH NMR. In the second case, the

product was the more stable imine isomer (Equation 1.8).

9 NHAr N-Ar
R—==—R + AiNHp SMI%CpoZriNHANp R (1.8)
CgHp. 120°C,13d  { R R R
R =Ph, Me R=Ph R =Me
Ar = 2,6-MeCgH3 enamine imine

Although the above described zirconocene catalyst was inactive for alkene
hydroamination, it hydroaminated allene under relatively mild conditions (Equation 1.9).

The Markovnikov addition product, the imine of acetone, was isolated in 83% yield.




2.7 mol% CpoZr(NHAr)) NAr

ArNHp + - (1.9

CgHg, 90 °C,6d Me™ Me
83%

Ar = 2,6-Me2CgH3

A detailed kinetic study was carried out to investigate the mechanism of the above
transformation (Scheme 1.7). The catalytic cycle begins with the formation of zirconium
imido complex from the zirconocene precatalyst. This is followed by the [2 + 2]-
cycloaddition of the alkyne to form an azametallacyclobutene intermediate. Rapid
protonation by the amine generates the enamide-amide complex, which then undergoes

a-elimination of enamine to regenerate the catalytically active species.

Scheme 1.7 Mechanistic pathway for catalytic hydroamination of alkynes

Cp2Zr(NHAr)2 Cp2Zr=NHAr + ArNHo
NHAr Ph—=——Ph
Ph Ph
[2+2]
Al; A
N Ph Al
Cp22r< \[ CpZZr_N
NH ~pp PN Ph
Ar
\/ Ar = 2,6-MepCgH3

ArNHp




Although the reaction was limited to disubstituted alkynes and bulky aromatic
amines, this was a breakthrough in Group 4 alkyne hydroamination. Not surprisingly, this
was followed by a series of hydroamination reactions using another Group 4 element,

titanium, which are described in the next section.

More recently, Schafer has reported bis(amidate) bis(amido) zirconium complexes

(Equation 1.10), which are effective precatalysts for both intra- and intermolecular

e . 444
hydroamination of alkynes. >

. Y
Toluene Ny _ NEt
) R)LNJ< +  Zr(NEtp)4 (R—(o}zzr\ (1.10)

H heat, 14 h NEty

R=Pr, Ph, CgFs

1.6.2 Hydroamination of alkynes with Titanium

The earliest example of titanium-catalyzed hydroamination was reported by Rothwell
and co-workers.46 They showed the hydroamination of 3-hexyne with aniline using
bis(phenylamido) titanium(IV) complex (Scheme 1.8). They also reported for the first

time a structurally characterized titanium imido complex. However, the isolated imido

pyridine complex did not exhibit any reactivity towards hydroamination of 3-hexyne.




In 1992, Livinghouse reported hydroamination with a Cp-based (Cp =

cyclopentadiene, C5H5—) titanium complex. He showed intramolecular hydroamination

of y- and 5-aminoalkynes with 20 mol% CpTiCl; and 40 mol% Pr'oNE.*7*®

Scheme 1.8 Synthesis of first titanium-based hydroamination catalyst

py
Ar"O,, __Ph 2 PhNH Ar'O, _NHPh 2py' Ar'O.,
vy T 2~ ro;Ti: Y AT NHPh
A'0” Ph Ar"'O NHPh Aro
W py
Ar"=pr 2CgH3
/
Rese
Ar"O,, __NHPh
" /T|\ Ph
Ar'O NHPh N
Et—==—Et + PhNHy
£t M Et

The mechanism is very similar to that depicted by Bergman. The cycle starts with the
formation of the imido complex, followed by [2 + 2]-cycloaddition with the alkyne
forming an azametallacyclobutene intermediate. The final step involves protonation to
generate the product. Although this methodology was restricted to intramolecular

hydroamination, it did not require a sterically bulky amine. He also extended this

methodology towards the synthesis of the natural product (i)-monomorine.49 The key

step involves CpTiCls-catalyzed hydroamination of aminoalkyne as shown in Scheme

1.9.
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Scheme 1.9 Synthesis of (+)-monomorine

o Cp
Ol 0\ 20% CpTiCl3
40% NEt3
THF, 25 °C
93%

(+)-monomorine

Another Cp-based titanium catalyst, CpoTi(NHPh),, and more versatile CpyTiMey

were introduced by Doye in 1999.50 Both aryl and alkyl amines can be used in the

hydroamination with symmetrically substituted internal and terminal alkynes. The
resulting imines were either converted into ketones or reduced to amines (Scheme 1.10).
Although good yields were obtained with aryl amines and sterically demanding sec- and

tert-alkyl amines, yields were poor for less hindered n-alkyl and benzyl amines. Later, a

slightly modified Cp-based titanium catalyst, Cp*,TiMe, (Cp* = Me5C5_), was found to
be successful for hydroamination with less hindered amines.5| A recently reported
catalyst for similar transformations involves an indenyl ligand, (Ind);TiMe;, which is

also commonly used for intermolecular hydroamination of alkynes.52 While anti-

Markovnikov products were observed with arylalkynes, only Markovnikov products were
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obtained with alkylalkynes and arylamines. Bergman has shown hydroamination of

allene using CpyTiMe; as the precatalyst, and the product is the imine of acetone.53

Scheme 1.10 Intermolecular hydroamination of alkyne with CpyTiMey

1)3%CppTiMez;  Ph—==—Ph 1) 3% CpyTiMep
50 toluene, 100 °C . toluene, 100 °C (N"'R
PH  Ph  2)Si0p R-NHp  2)LiAlHg PH  Ph
THF, 65 °C

In 2002, Beller developed new titanocene alkyne complexes [(szTi(nz-
Me3SiC=CSiMe3)] and [(CpZTi(nz-Me3SiCECPh)] for intermolecular hydroamination of

both terminal and internal a.lkynes.54 Excellent anti-Markovnikov selectivity was

observed with terminal aliphatic alkynes with ters-butylamine. The selectivity was
observed to increase depending on the steric bulk of the amine. In the reaction of aniline
with 1-hexyne, the product was obtained almost to the exclusion of the anti-Markovnikov
product (Markovnikov:anti-Markovnikov = 1:99). Later, the same group introduced an
aryloxo-based titanium precatalyst for chemo- and regioselective intermolecular

hydroamination of terminal and internal alkynes with aliphatic and aromatic amines in

good to excellent yields (Equation 1.1 1).55 The regioselectivity can also be reversed by

suitably changing the substituents on the aryloxo ligand.56
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o} richMe2

cat NMe3
1 2 ? L R
R—=——H + R°-NH, — R'—< (1.11)
up to to 99% yield Me

Ackermann showed another user-friendly protocol for intermolecular hydroamination

of alkynes with various alkyl and arylamines using commercially available TiCly.

Addition of tert-butylamine to TiCl4 generated the active catalyst in situ. This catalyst
tolerates various halides, which enables the synthesis of various indoles via one-pot

hydroamination/Heck coupling reaction sequence (Equation 1.12).57'58

1) 10% TiClg

1.2 equiv. BulNHy Bh
Cl toluene, 105 °C, 20 h \
+ Et—=—Ph Et (1.12)
NHo 2) 5% Pd(OAc)2 N :
5% NHC-HCI
KoBu!
toluene, 105 °C, 20 h
o ®
Pl Pr I
MOl = o
where NHC-HCI = Q\NANQ cl

Pr pr/
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Another class of the intermolecular hydroaminations of internal and terminal alkynes
with primary amines was developed by the Schafer group using amidate ligands (yields

as high as 97%). However, the enhanced reactivity also reduced the selectivity for some

45,59-61

terminal alkynes. This methodology was further extended to the synthesis of a-

amino acids and a-amino esters (Scheme 1.1 l).62
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Scheme 1.11 Synthesis of a-amino esters via a hydroamination pathway

— n a) catalyst R
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5 min
By
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1.6.3 Research in the Odom group

The first example of non-Cp-based titanium catalyst, Ti(NMej)4, for alkyne

hydroamination was reported from our group in 2001.63 Hydroaminations of terminal

and internal alkynes were carried out with aniline and different aromatic amines. This

precatalyst is selective for Markovnikov products, as opposed to the CpyTiMe; system

which produces anti-Markovnikov products selectively. The reactions were carried out
with 10% catalyst loading at 75 °C. The reactions with terminal alkynes were faster than
the internal ones. However, alkyne oligomerization and polymerization were observed
with phenylacetylene, hence low yield of the imine product was obtained. Unfortunately,
hydroamination reactions of alkynes with alkyl amines were not successful with this

precatalyst.

25



In search for a better catalytic system, a pyrrolyl-based ligand was used. Pyrrolyl

ligands are less m-donating to the metal due to its competition with the aromatic

stabilization of pyrrole (aromatic stabilization energy of pyrrole is ~21 kcal mol-l).64

This makes the metal center more Lewis acidic. A pyrrolyl-based ligand, Hodpma (dpma

= di(pyrrolyl-a-methyl)methylamine), was synthesized by Mannich reaction of pyrrole,

formaldehyde, and methylamine hydrochloride (88% yield). A new precatalyst,

Ti(dpma)(NMejy);, was synthesized (Scheme 1.12) and applied successfully to

intermolecular hydroamination of alkynes.“_67 Both terminal and internal alkynes were

hydroaminated by aliphatic and aromatic amines. The reaction of terminal alkynes with
aniline was most effective. A large number of functional groups (m-, p-OMe, halogen) on
aniline were tolerated. Although steric effects on the aniline were not dominant, a large

electronic effect was observed. In addition, the reactions were successful with alkyl
amines (cyclohexyl, benzyl, and benzhydrylamine). Compared to Ti(NMej)4, this
catalyst was more selective towards Markovnikov products for most of the alkynes
(except 1-phenylpropyne) (50:1 versus 3:1 for the reaction of 1-hexyne with aniline).
This was attributed to the presence of the pyrrolyl ligand in the active species during

catalysis.
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Scheme 1.12 Synthesis of Ti(dpma)(NMej3);,
H
N
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+
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MeNH-HCl

Ti(dpma)(NMe2)2

The proposed mechanistic pathway (Scheme 1.13) leading to the imine product is
very similar to that for hydroamination of alkynes by zirconocene established by
Bergman and co-workers. The first step is the formation of the imido complex, followed
by [2 + 2]-cycloaddition of the alkyne forming an azametallacyclobutene
intermediate.The metallacycle then undergoes protonolysis by amine to form the imine

product and regenerates the imido species.

Scheme 1.13 Proposed mechanistic pathway for hydroamination of alkyne

Ti(dpma)(NMe2)2

N 2 NHMe»

protonolysis [2+2]) R'-=—Rr?
P, Rl
PhNH, N o
[Ti] 2 [Ti] = Ti(dpma)
R
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However, to decrease the steric strain and increase the Lewis acidity of the metal

center, a slightly different pyrrolyl ligand was used. The complex was Ti(dpm)(NMe>),,

where Hodpm is 5,5-dimethyldipyrrolylmethane (Scheme ].14).68 This was an improved

precatalyst for intermolecular hydroamination of both terminal and internal alkynes with

aliphatic and aromatic amines. In fact, this was actually an order of magnitude faster than

the previous precatalyst, Ti(dpma)(NMej),, as revealed by kinetic experiments. Several
other Ti(dpm)(NMe,),-type catalysts have been synthesized more recently. This includes

the use of 2,9-diaryldipyrrolylmethane derivatives.69 These also have been found to be

active catalysts for intermolecular alkyne hydroamination.

Scheme 1.14 Synthesis of Ti(dpm)(NMes);

Z\ ZI

25 H Me Me H
cat. TFA \N l \ N/ Ti(NMep)4
neat, 5 min. Eto0
Py 53% 68%

Me~ Me

Ti(dpm)(NMe2)2

TFA = CF3COoH
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1.7 Concluding Remarks

A variety of metal complexes covering most of the periodic table have been used to
catalyze hydroamination of alkynes. Both inter- and intramolecular versions have been
explored widely. Earlier examples of hydroamination involved harsh conditions such as
high temperature and pressure, while new reactions are facile at or near room
temperature. Hydroamination also has been applied towards the synthesis of amines and

different heterocycles.

During the development of titanium-based precatalysts for hydroamination, a new
reaction was discovered that involves hydrazines in place of amines. This process is
formally known as hydrohydrazination. Details on hydrohydrazination and its synthetic

applications will be discussed in the next chapter.

Reactions involving metal-ligand multiple bonds in catalysis, e.g,
hydrohydrazination, are the main focus of this thesis. Expansion of this new chemistry
towards multicomponent coupling reactions and synthesis of different transition metal

hydrazido complexes will be discussed in the subsequent chapters.
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CHAPTER 2

Hydrohydrazination of alkynes
with monosubstituted hydrazines

2.1 Introduction

Hydrohydrazination is the formal addition of a hydrazine to an unsaturated C—C bond
resulting in a hydrazone or substituted hydrazine, which is shown for alkynes in Equation

2.1. This reaction allows access to heterocyclic structures that act as the core of many
natural products and pharmaceuticals.]_4 Metal-catalyzed hydrohydrazination of alkynes
is primarily known for Ti, Co, Mn, Pd, and Zn. The catalytic process for these metals will

be discussed here. This is followed by the discussion of our work on hydrohydrazination

of alkynes using monosubstituted hydrazines.

3 3
3 N._ 4 N. 4
RI=r2 ON-NH cat ol R2 ol R1 (2.1)
—_— - —_— + .
rRY 2 R1J\/R Rzk/R
hydrazone
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2.1.1 Hydrohydrazination with Titanium

The first example of titanium-catalyzed addition of 1,1-disubsituted hydrazines to

alkynes was reported by our group in 2002.5 In these reactions, hydrazones are generated,

and, if aryl-substituted hydrazines are used, Fischer indole cyclization results in isolation

of the corresponding N-substituted indoles (Scheme 2.1).

Scheme 2.1 Titanium-catalyzed hydrohydrazination of alkynes and synthesis of an N-
substituted indole

NMe2

%N’l i \\NMe2
HoN. .Me  10%

N \)\/> Me
|
MegN Nv\.._
Me———Ph +
toluene, 100 °C, 20 h
t Me)k/ Ph
i Me Me Me ]

[3.3]-sigmatropic |

\ )
N N
N o rearrangement ’
HoN — g 9 HN\
Me Me N Me

Hpn Ph Ph
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For 1,1-disubstituted hydrazine substrates, a pyrrole-based ligand framework on
titanium was found to be effective. The originally reported design was Ti(dap),(NMej);
(1), where dap = 2-(dimethylaminomethyl)pyrrole. In addition, a thiolate-based catalyst

was also found to be very active, Ti(SCgF5)2(NMes)o(NHMe»).

In titanium-catalyzed hydrohydrazination, the reactions are believed to follow a

pathway similar to that discovered for hydroamination by Bergman and co-workers using
zirconocene as catalyst (Scheme 2.2).6-8 In the first step, a titanium hydrazido(2-)
complex is generated from the bis(dimethylamido) precatalyst losing two equivalents of
dimethylamine.9 The hydrazido(2-) then undergoes [2 + 2]-cycloaddition with an alkyne

forming an azatitanacyclobutene intermediate. Finally, the metallacycle undergoes
protonolysis with hydrazine to form product and regenerate the metal-ligand multiple

bond.
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Scheme 2.2 Proposed mechanistic pathway for the hydrohydrazination reaction using
1,1-disubstituted hydrazines

filMez
[Ti]—NMe2

R
/
HaN-N_ |-2 NHMep
R

[Ti] = Ti(dap)
R2

H
NMe>

Hdap = ||/\>—/

More recently, Beller and co-workers have used a Cp-based (Cp = cyclopentadiene)
titanium catalyst for a similar transformation. nS-szTi(nz-Me;;SiCZSiMe3) has been
used as the precatalyst for hydrohydrazination of terminal alkynes with N-phenyl-N-

methyl hydrazine (Scheme 2.3).10 Typical reaction conditions involve 2.5-10 mol%

catalyst at 85-100 °C, and the reactions are complete in 24 h. Addition of ZnCl; to the

resulting hydrazones affords substituted N-methylindoles in 52-90% yield (Scheme 2.3).
Except for phenylacetylene, high Markovnikov selectivity is observed for other terminal
alkynes and 2-methyl-3-alkylsubstituted indoles are obtained as products. In the case of
phenylacetylene, the ratio of the indole products is 4:1 (Markovnikov:anti-Markovnikov).

In case of 5-chloropent-1-yne, the hydrochloride salt of N-methyl-3-(2-aminomethyl-)-2-
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methylindole is obtained, which on addition of NaOH affords N-methyl-3-(2-

aminoethyl)-2-methyl indole in high yield (Scheme 2.4).

Scheme 2.3 Cp-based titanium-catalyzed hydrohydrazination of alkynes and synthesis of
substituted N-methylindoles

SiMe3
— o T Ph Ph
/—_ cat. /N ,N
R SiMe3 Me”™ ™N Me Tl\/\
+ > R +
oh toluene, 100 °C | Me/J\/ H R
H2N-N\/ Markovnikov anti-Markovnikov
Me
ZnClp
- NH3
Me Me
N N
@/f Me e
R

R

Scheme 2.4 Cp-based titanium-catalyzed hydrohydrazination of alkynes and synthesis of
substituted N-methyltryptamines

SiMe3
1) cat. Tig
Cl/\/\\\ S|M63 Me lMe
toluene, 100 °C, 24 h N NaOH N
* . - ) Me ) —Me

/ph 2) 3 equiv. ZnClp
HoN-N toluene, 100 °C, 24 h

e 64% NHg-HCI NHy
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In addition, Beller has reported alkoxide-based ligands for titanium-catalyzed

hydrohydrazination with S5-chloropent-1-yne to generate N-substituted tryptamines
(Scheme 2.5).]l Here, 2.5-5 mol% of bis(2,6-di-tert-butyl-4-methylphenoxo)-

bis(dimethylamide)titanium is used as catalyst, and the reactions are carried out at 80—
120 °C. The products are isolated in moderate to good yield. The steps involved in
forming the tryptamine products are hydrohydrazination followed by [3,3]-sigmatropic
rearrangement of the resulting hydrazone combined with the elimination of ammonia.
The final step involves the nucleophilic attack of ammonia to the chloroalkane to
generate the tryptamine derivatives. Both electron-donating and electron-withdrawing
- groups are tolerated on the hydrazine during this reaction. Note that the presence of the

aryloxo ligand is necessary for the high yield of the indole product since only low yield

was obtained using Ti(NMe>)4 as the precatalyst.
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Scheme 2.5 Synthesis of tryptamine derivatives by aryloxo-based titanium catalyst

NMe2
+_ -
Ti NH3 " Cl
9 3
Cl/\/\ 10% > NMeZ R

3 toluene, 100 °C, 24 h

R'=Ph, Benzyl, CH3

R?=H, F, Cl, CH3, OCH3

R3=H, Cl

Beller and co-workers have also reported the hydrohydrazination of tert-

butyldimethylsiloxy-2-propyne with N-methyl-N-phenylhydrazine generating 3-siloxy-2-

methyl indoles (Equation 2.2).]2 The optimized conditions for this reaction involve the
use of 5% Ti(NEty)4 and 10% 2,6-di-tert-butyl-4-methyl-phenol at 100 °C in the

presence of a slight excess of hydrazine. ZnCl, is used for the Fisher indole cyclization

step. A range of different substituents are tolerated in the para position of the hydrazine.
Note that the yields are higher for N-methyl indoles compared to N-benzyl indoles.

Recently, they have presented a similar transformation generating different N-substituted

tryptophol derivatives.]3 TiCl4/Bu’NH2-catalyzed hydrohydrazination of alkyne with
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1,1-disubstituted alkynes have also been reported and the final products are N-substituted

. . . . . . g . 14
indoles. Here, TiCly is sufficiently Lewis acidic to circumvent the use of ZnCl,.

. t
~SiMe2BU" 1. Ti(NEty)4, 2,6-di-tert-butyl-
_ o) : 2)4, <, . t
//\ 4-methylphenol SiMe2Bu
toluene N\
+ Me (2.2)
2. ZnCly N
N/NHZ toluene, 100 °C, 24 h Me

!
Me

2.1.2 Hydrohydrazination with Cobalt

A cobalt(IIl) catalyst with a Schiff-base ligand has been reported by Carreira for

olefin hydrohydrazination.]5 Both cyclic and acyclic olefins including monosubstituted,

1,1- and 1,2-disubstituted, and trisubstituted olefins are used in the presence of 1-5%
catalyst at 23 °C for 2-8 h (Equation 2.3). The reaction is highly selective for
Markovnikov products (except for esters in the case of 1,2-dusubstituted olefins). A
large number of functional groups including bromides and ketones are tolerated.
However, only low yields are obtained for unactivated 1,2-disubstituted olefins (crotyl

alcohol and cyclohexene).
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~ §
1 CO2Bu o sz')\
R 3
\f\R +  N=N - R H t (2.3)
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R t 1 equiv. PhSiH3 ~/ °N
Bu'O2C ButOZC !
ethanol, 23 °C,2-8 h H

The proposed mechanistic pathway involves a hydrido cobalt intermediate, which
undergoes chemoselective addition of olefin to afford an organocobalt species (Scheme

2.6). The metal alkyl then adds to the N=N bond of azodicarboxylates to generate a

cobalt—nitrogen species. The final step involves o-bond metathesis of PhSiH3, which

regenerates the cobalt-hydrido complex.

Scheme 2.6 Proposed mechanistic pathway for Co-catalyzed hydrohydrazination of
olefin

1.3
R! R 3 t
— 2R Bu O2C
R2> < RLT/k b
H H t
COLn COZBU
RS_H SikzPh LnCo—H
A4
R N
RSN oz 1R2R3
|
cogBul R H
BU OZC‘N COLn
1
N~
PhSiH, R3_H Colp osu!
R7VNN CO2Bu
cooBu!
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The same group later reported the synthesis and use of a neutral Co(IIl) catalyst

active for a similar transformation. The catalyst was synthesized in a two-step procedure

starting from Co(OAc)4H,O and reacting with salicylaldehyde and a,a-dimethyl

substituted amino acid (Equation 2.4).]6

H 1) 1 equiv. L H

0 H20, argon o ||‘. \Nz Me

+ Co(OAc)y-4H0 “Com Y (2.4)
oH 2) 1 equiv. L =N7 & e
ethanol, air, 23 °C Me O
77% Me o)
" e
L= HoN”~ “COoH L' = solvent

This complex is very active for hydrohydrazination of alkenes with di-tert-
butylazodicarboxylate. At first, monosubstituted olefins containing different functional
groups were used. The products, substituted hydrazines, were isolated in good yields.

Next, vinyl-substituted heterocycles, as shown in Equation 2.5a, were functionalized.
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L' H2

OI: | \N Me
2.5% N ~%2LMe

CO%BU M 3 \< 0 ButOZC\N,NHCOZBut
— /
Ar + N=N - P (2.5a)
sulo,d 1 equiv. PhSiH3 Ar” “Me
CH2Cly, ethanol, 23 °C, 4 h
60-98%
L' = solvent

Me
N N H N
Ot QO G O SO g

The scope of the reaction has been extended to di- and tri-substituted olefins, and a
strong activating and directing effect of the phenyl group is observed. The products are
di- and trisubstituted styrene derivatives with exclusive formation of the hydrazine
product at the benzylic position. The use of this catalyst has also been extended to the

reaction with dienes and enynes generating various substituted allylic and propargylic

hydrazines as products (Equation 2.5b).17 It is interesting to note that only the C=C bond

of the enyne and terminal olefinic bonds are selectively hydrohydrazinated in this

reaction.
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L H2

0, | ~N Me
oﬁo Me
2-5% t H
¢ Me H
COgBu O BUOL.\Noco mul
N . N=N . (2.5b)
/ . .
BulooC’ PhSiH3 F

ethanol, 23 °C

L' = solvent

2.1.3 Hydrohydrazination with Manganese

Carreira and co-workers have reported highly efficient hydrohydrazination of alkenes

with a manganese-based catalyst.]8 Dipivaloylmethanato (dpm) complexes of both
Mn(II) and Mn(III) are effective for this transformation. However, since Mn(dpm); is

very air sensitive, the Mn(dpm)3 complex is preferentially used. The Mn(III) complex is

very active, and the reaction works even at 0 °C with 2% catalyst loading (Equation 2.6).
A wide range of substrates including 1,2- and 1,1-disubstituted alkenes, a,B-unsaturated

esters, tetrasubstituted alkenes, homoallylic alcohols are used with this new manganese-

based catalyst.
0,
R 2%
_ 3
2 3 r2 R}
R R 1 4
R R
. - ) (2.6)
t ;PhSiH3 ButOZC’N‘H CO28Bu
CO2Bu Pr'OH, 0°C, 2-3h
N=N
t /
Bu 0oC
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2.1.4 Hydrohydrazination with Palladium

Addition of hydrazine or hydroxylamine to a C=C bond in 1,3-dienes has been carried

out in the presence of 1% [{Pd(nB-allyl)Cl}z] and 2% xantphos by Hartwig and co-

workers. It generates branched allylation products in excellent yields (Equation 2.7).19

Various nucleophiles such as benzophenone hydrazone, fluorenone hydrazone, 1-
aminobenzotriazole, and phenylhydrazine are used as substrates to add to C=C bond in
1,3-diene to yield the corresponding products. Benzophenone hydrazine has also been

used to add to a C=C bond in catalytic amination of allylic esters.

3 1% [{pd(n3-allyl)C|}2]

1 R4 2% Xantphos R R4
RIRZNNH,  + V ~  RZ%R'NHN { @2.7)
5.6 CHyCly, 23 °C, 24 h 6
R 76-98% RR
PPhy PPho

R',R? = PhyC, PhH o
R3 R4- H, Me xantphos: O O
R® RO =H

2.1.5 Hydrohydrazination with Zinc

Very recently, Beller and co-workers reported intermolecular hydrohydrazination of

terminal alkynes catalyzed by zinc salts.zo In particular, both ZnCl, and Zn(OTf); (OTf

= 0S0,CF3) have been used for such transformations. The reactions are carried out in

THF at 100 °C for 24 h, and indole products are obtained in good to excellent yields
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(Scheme 2.7). Both N-protected and NH-indoles are obtained. However, only terminal
alkynes are employed. Different functional groups including free and protected alcohols,

esters, pthalimide-protected amines are tolerated on the alkyne. On the other hand,
functional groups such as p-Me, p—prl, p—But, p-Br, p-Cl, p-F, p-OMe are tolerated on the

phenylhydrazine. This appears to be an elegant approach for the synthesis of both N-
protected and NH-indoles in an environmentally benign way bypassing N-protection of

hydrazine and N-deprotection of indole in the final product.

Scheme 2.7 Synthesis of NH-indole by zinc salts

=~ “CsHi 3 equiv. ZnClp CsH11 CsH11

or Zn(OTf)2 | AN Me\n/ ~ NH3 (jj\g"\ﬁ
+ > — e
THF, 100 °C, 24 h AP\~ N RSNZ N
| N 50-97% R i Y
JAF N,NH2 - .

R | arylhydrazone indole
R

R = Me, H; R' = p-Me, o-Me, p-pr’. p-But, p-F, p-Cl, p-Br, p-OMe; OTf = OSO2CF3

The Beller group has also extended the above hydrohydrazination reaction towards
the synthesis of pyrazolines and pyrazoles.2] Reaction between 3-butynol and
phenylhydrazine affords N-phenylpyrazoline and N-phenylpyrazole derivatives in the

presence of Zn(OTf); as catalyst (Scheme 2.8). Different substituents including o-Me, p-

Me, p-Cl, o-Cl, p-Br, p-CN, p-tolylsulfonyl are tolerated on the phenylhydrazine. The
reaction between 3-butynol and phenylhydrazine generates pyrazoline first, which on

further oxidation by air in the presence of acetic acid results in the pyrazole product in
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good to excellent yield. No difference is observed in the yield of the pyrazole product if

the reaction is carried out with the isolated pyrazoline or all in one pot.

Scheme 2.8 Synthesis of pyrazoline and pyrazole by Zn(OTf);-catalyzed
hydrohydrazination

Me
p
A N”
R \, 52T NH
OH + a Ny
=z N2 T THF, 100 °C, 24 h y
H R— |
N
arylhydrazone
R/ R/
-H0 = CH3COOH =
-N = -N
)N,\) air, 50 °C, 24-72 h )N,\/)
Me 52-99% Me
pyrazoline pyrazole
C) ©
R = p-Me, o-Me, p-Cl, p-Br, p-CN, tosyl OTf = 0SO2CF3

A further extension of this chemistry involves the synthesis of
dihydropyridazinones.22 Hydrohydrazination of 4-pentynoic acid with different
arylhydrazines generates aryl-substituted 4,5-dihydro-3(2H)-pyridazinones in the
presence of ZnCl, (Scheme 2.9). This is a convenient method to form pyridazinones in

one-pot procedure and does not require any special handling of the reagents or air- or

moisture-free solvents and atmosphere.
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Scheme 2.9 Synthesis of pyridazinones via hydrohydrazination using ZnCl,

o) OH
[ Me ]
3 equiv. ZnCl N -H70 N.
+ S 2_, “NH L N~ 0
THF, 100 'C,24 h 90%
©\N,NH2 i i j ) ij
H arylhydrazone pyridazinone
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2.2 Synthesis of NH-indoles

Since the discovery of the Fischer indole synthesis in 1883, synthesis and

. o e . . . 23 .
functionalization of indoles continued to be an active area of research.” A variety of

modern and well-documented methods are also available for NH-indole synthesis.24 For

example, Pd-catalyzed coupling and annulation reactions have been employed in the

. . 25-34 o o .
synthesis of indole frameworks. > Recently, titanium-based hydroamination of

alkynes followed by Heck couplings have been developed by Ackermann for the

synthesis of NH-indoles (Equation 2.8).35

1) 10% TiClg

1.2 equiv. ButNHz Ph

cl toluene, 105 °C, 20 h A
+ Et——Ph Et (2.8)
NH2 2) 5% Pd(OAc)p N
5% NHC-HCI
koBu'

toluene, 105 °C, 20 h

i i
Pr  Pr |
where NHC-HCI = PN of
N N
i =/

Pr Pr
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2.3 Aim of the current project

We have seen that titanium-catalyzed hydrohydrazination of alkynes with 1,1-
disubstituted hydrazines forms the corresponding hydrazones. If one of the substituents is

an aryl or phenyl group, the hydrazones can be converted to N-substituted indoles in the

presence of an external Lewis acid, ZnCly (Scheme 2.1). However, indoles present in

. . . ., 36-39
natural products and pharmaceuticals more often contain the NH-functionality.

Our interest here is to carry out direct synthesis of NH-indoles using

hydrohydrazination. For this we have developed a new pyrrole-based ligand for the

hydrohydrazination of alkynes using monosubstituted hydrazines.40 This is the first

titanium-based catalyst active for monosubstituted hydrazines. In addition, this is the only
reported catalyst that is active for both terminal and internal alkynes. NH-hydrazones are
generated in situ by the catalytic process, and a variety of heterocycles are synthesized
using this methodology. The development of this new precatalyst, its substrate scope, and
applications to various heterocyclic synthesis will be described in the following sections.
This project was carried out with the help of Dr. Eyal Barnea who joined our group as a
post-doctoral associate during the exploration of this new methodology. Also note that
during the course of our work, the Beller group developed a zinc-catalyzed
hydrohydrazination to synthesize NH-indoles using exclusively terminal alkynes. This

work was described in Section 2.1.5.
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2.4 Results and Discussion

In an attempt to extend the hydrohydrazination reaction to monosubstituted

hydrazines, we investigated the reaction between 1-hexyne and phenylhydrazine with our

previous catalysts Ti(dap)2(NMe>); (1) and Ti(SCgF5)2(NMes)2(NHMejy) at 100 °C for

16 h. However, no hydrohydrazination product was observed. With Ti(NMej)4, where all

the ligands are protolytically labile, we did not observe any hydrazone product. Reaction
of 1 with 10 equiv of phenylhydrazine resulted in greater than 1 equivalent of Hdap being
generated per titanium. As a consequence, the dap ancillaries were assumed to be too

protolytically labile to support monosubstituted hydrazine reactivity.

Therefore, we attempted to increase the protolytic stability of the ancillary ligand set

by using a tetradentate ligand instead of two bidentate ligands. For the synthesis of the

new tetradentate ligand (Scheme 2.10), Hdap4]_43 was converted to N-(Boc)-dap (2) with

(Boc);0 and DMAP (where, Boc = tert-butyloxycarbonyl, DMAP = NN-

dimethylaminopyridine). The tertiary amine of the Boc-protected dap was quarternized

with methyl iodide to form the corresponding ammonium salt (3). Reaction of 3 with

N,N'-dimethyl-1,2-ethylenediamine in the presence of excess KoCO3 formed the desired

ligand Hjenp (where, Hzenp = N,N-bis(a-methylpyrrol)-N,N -dimethylethane-1,2-

diamine) (4) in ~50% yield with concomitant pyrrole nitrogen deprotection.
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The X-ray crystal structure of 4 is shown in Figure 2.1. There is intermolecular

hydrogen bonding between the hydrogen atom of pyrrole nitrogen and the tertiary amine

nitrogen.

Scheme 2.10 Synthesis of Hyenp (4)

(BOC)20 (1 equiv.)
DMAP (0.15 equiv.)

H N
N  NMe - E/)_/
2 “/\/}—/ CH4Cly, RT, 18 h
Hdap 66%
Me—N N-Me

Me—NH HN-Me

4 10 KoCO3
CH3CN, 105 °C, 2d
50%

2@—/

3

BOC
NMe2

2

Mel (2.2 equiv.)
THF, RT, 18 h
87%

BOCe o

NMe3|

Figure 2.1 ORTEP representation (50% probability level) of Hyenp (4).




Next, a new titanium precatalyst Ti(enp)(NMej3)> (5) was prepared by reaction of one
equivalent of Hyenp with Ti(NMej)4 as shown in Figure 2.2. The expected structure has
two pyrroles coordinating in an n]-fashion with two dimethylamido fragments mutually

c oy . . . . . 44
cis, which is consistent with the spectroscopic properties of the molecule.

Figure 2.2 Synthesis of Ti(enp)(NMe>); (5) and comparison with Ti(dap)o(NMes)> (1).

Me-N N-Me = NMe
Ti(NMe2)g + _ ““"Ti""m e
=\ —NH cold-RT, 12 h N/,\\/,[\>
~
N Az 87% Me |\/N\ =

Haenp

Ti(enp)(NMe2)2 (5)

NMe2

\
MeZ \/rr\/>
MezN

Ti(dap)2(NMe2)2 (1)

Previous catalyst

In order to probe the substrate scope of Ti(enp)(NMej); (5), both terminal and

internal alkynes were treated with different monosubstituted hydrazines in the presence
of catalytic S. Test reactions using 1-hexyne and phenylhydrazine with 10 mol% catalyst

loading at room temperature proceeded to near full conversion, but the reaction rates
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were impractically slow requiring ~ 5 days to reach completion. The reaction of 1-hexyne
with phenylhydrazine was optimized to run at 80 °C with 5 mol% $§ and was complete in
2 h. Under the optimized conditions, reactions were carried out with 5 mol% § in toluene
at 80 °C for 4.5-41 h (Table 2.1). Hydrazones of 1-hexyne were also obtained with
methyl- and benzylhydrazine. Only the Markovnikov product was observed in these cases

(Equations 2.9 and 2.10).

In order to apply this methodology towards indole synthesis, arylhydrazines were
reacted with different alkynes. In large part for expediency of product isolation and

characterization, arylhydrazones (observed by GC/FID and GCMS) were converted to

indoles in a one-pot procedure with excess ZnCl,. In all cases, the hydrazones were

cleanly generated and observed prior to ZnCl; addition. Therefore, this methodology is in

general applicable to hydrazone synthesis.

’Vle

n 5% Ti(enp)(NMe2)2 N" NH
H—-sJ" Me\N,NHz - > n (2.9)

H toluene, 80 °C, 16 h Me~ “Bu

73%
6

NH

e QAHNHZ 5% Ti(enp)(NMe2)2 N 210
=By + - )

toluene, 80 °C, 16 h Me/u\ Bun @10

60%
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The regioselectivity of the products was dependent on the electronic and steric
properties of the alkyne. Only the Markovnikov product was obtained for reaction of 1-
hexyne with phenylhydrazine (Entry 1, Table 2.1). For 2-hexyne (Entry 2, Table 2.1), the
apparent hydrohydrazination regioselectivity, based on the ratios of isolated indoles, is
1:4 with a preference for hydrazine addition to the 3-carbon (Scheme 2.11). If the two
alkyl groups (methyl and n-propyl) in this alkyne are considered electronically
equivalent, this reaction demonstrates the preference of the catalyst to create the new C—

N bond at the more hindered carbon in the triple bond.

Scheme 2.11 Reaction of 2-hexyne with phenylhydrazine catalyzed by 5§

Me—= Prn . N HN(H)Ph N o N(H)Ph
5% Ti(enp)2(NMe2)2 )J\ )J\ N
+ n +
toluene, 80 °C, 16 h Me” Bu Et”™ "Pr
Ph\N,NHz 80%
H I \ | 1:39 |
Me Et
HN HN
\ \
Prn Et
8 9
+
Prn
HN \
1:13:26 Me
10
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For symmetrical 3-hexyne, a 1:2.5 mixture of indole products are obtained due to a

lack of selectivity in the Fischer indole cyclization (Entry 3, Table 2.1).

For aryl-substituted alkynes, there is an electronic preference for generating the new
C-N bond B to the phenyl group. Consequently, for phenylacetylene there is a steric
preference for addition a to the phenyl group and an electronic preference P to the phenyl
group. This leads to a mixture of products for this substrate (Entry 6, Table 2.1), and the
hydrohydrazination reaction with phenylhydrazine resulted in a 1:2.6 mixture favoring
the electronically preferred indole from anti-Markovnikov addition. Adding even a small
amount of sterics to the terminal carbon lessens the steric preference, and for the 1-
phenylpropyne reaction, only the indole product from electronically preferred B-addition

of hydrazine with respect to the phenyl group was observed (Entry 4, Table 2.1).

Protected alcohols and amines on the alkyne were employed to provide TBS-
protected (where TBS = tert-butyldimethylsilyl) 2-methyltryptophol and 2-methyl-N, V-
diethyltryptamine, respectively, after the Fischer indole cyclization (Entries 7 and 8,

Table 2.1).
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Table 2.1 Hydrohydrazination of alkynes with phenylhydrazine

_ Ph ph -
1 2 . NH HN,_ H
R'—==—R" 5% Ti(enp)o(NMep)> N , N 3-5ZnCly N R3
+ — +
Ph.. .NH, toluene, 80°C,4.5-41h R1JK/R R1J\/R 100-120 °C, {
\u, 16-24 h R4
ob;erved by GC/FID and GCMS
Ratio Yield
Entry Substrate Product(s) @borabc) (% )a
Me
HN—{
1 H———Bu" P — 87
8
Me
HN
\
pe?
8
Et
HN—
2 Me——Pr" Et 1:1.3:2.6 80
9
prl!
HN
\
Me
10
Et
HN
\
Et
3 Et———Et ? 1:2.5 76
t—— Pr" 2.
HN
) Me
10
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Table 2.1 (Cont’d.)

Me
HN N\
4 Me—=——Ph Ph — 70
11
Ph
HN N
5 Ph———FPh Ph — 55
12
Ph
HN N
6 H———FPh 13 1:2.6 70
(9 "
14
Me
,MeM HN N
i —Me
7 O S'\Bu, b — 62
OoTBS
H——
15
Me
NEt) HNT
8 — 48
H— NEty
16

a
Reaction time for the first step: 16 h for entries 2-4 and 7; 4.5 h for entries 1 and 6; 41 h for entry 5,

b
24 h for entry 8. TBS = tert-butyldimethylsilyl



The effect of using coordinating solvents instead of toluene was also studied. It was
found that using THF or acetonitrile as the solvent had no obvious effect on the
hydrohydrazination reactions. In addition, these solvent changes had no obvious effect on

the indole cyclization for hydrazone derived from 1-hexyne and phenylhydrazine.

To determine the sensitivity of the titanium catalysis to a variety of potential amine
bases, we ran the reaction between 1-hexyne and phenylhydrazine in the presence of
several amines. It was observed that there was no significant effect for addition of
quiniclidine, triethylamine, 2,6-lutidine, or pyridine. The conversions after 18 h at 80 °C
with 10 mol% S and 20 mol% base were approximately the same (66—-71%) as in the

absence of these bases (75%).

From the reaction of 5-chloropent-1-yne with phenylhydrazine two products were
obtained (Scheme 2.12). One product, 3-methyl-1-phenyl-1,4,5,6-tetrahydropyridazine
(17), was obtained by hydrohydrazination followed by intramolecular elimination of
hydrochloric acid and cyclization in situ. The remaining hydrazone 19 undergoes Fisher
cyclization, perhaps catalyzed by HCI in the reaction mixture, generating the salt of 2-
methyltryptamine (18). Free 2-methyltryptamine (20) was obtained on basification.

Compound 17 was found to be very stable in the presence of HCl generated in the

. . . . . . . 45
reaction mixture, and also external Lewis acid as observed previously in the literature.

46 The products were obtained in a 1:1 ratio, in an overall yield of 64%.

Addition of 1.1 equivalents of triethylamine to a similar reaction between 5-

chloropent-1-yne and phenylhydrazine resulted in the formation of two compounds, 17
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and 19, which were observable by GCMS. Sequential addition of ZnCl; and NaOH

provided 2-methyltryptamine 20 (Scheme 2.12).

Scheme 2.12 Hydrohydrazination of 5-chloropent-1-yne with phenylhydrazine

H— ;
\—\CI 5% Ti(enp)(NMe2)2 (5) N ) Me
+ +
toluene, 80 °C, 16 h J\J
Me ® 0o

64%
©\ o 17 g 3¢
-NH2 1:1

N

10% Ti(enp)(NMe2)2
1.1 NEt3 NaOH
toluene, 80 °C, 16 h

© 1) 3ZnClp
toluene, 100 °C, 18 h
)J\NJ ;

+ Me
2) NaOH J\NJ %
NH2
17 20
observed in GC/FID and GCMS 11

Substituted phenylhydrazines were also used in reactions with 1-hexyne, and the
products were isolated in good yield. Corresponding indoles were obtained when p-Me,
p-F, and p-OMe substituted phenylhydrazines were used. Only the products derived from

Markovnikov addition to the alkyne were obtained in all of these cases (Table 2.2).
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Table 2.2 Hydrohydrazination with substituted phenylhydrazines

X

H
H——sJ" _ N
5% Ti(enp)2(NMe2)2 NH 32ZnClp /) Me
+ - E)d
toluene, 80 °C, 16 h )']'\ 100°C,16h X \,
X Me” “Bu"
\©\ -NHp

N
H
Entry X Product Yield (%)
H
N
Me
I Me Mem 64
Pr"
21
H
N
Me
2 F Fm 70
pe"
22
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The scope of the reaction was also extended to diynes. When nona-1,4-diyne was
reacted with phenylhydrazine at 80 °C for 16 h, it led to the formation of substituted
dihydropyridazine (24) in one step along with a substituted pyrazole product (25) (Entry
1, Table 2.3). In this particular case, the dihydropyridazine (24) was obtained as the
minor product (24:25 = 1:2.6). The hydrazone generated was due to exclusive addition of
the phenylhydrazine in a Markovnikov fashion to the terminal triple bond. The formation
of the observed products can be explained as shown in Scheme 2.13. We speculate that
cyclizations may occur through an allene intermediate under the reaction conditions,

which can then undergo either 6-endo or 5-exo trig cyclization, giving rise to 24 or 2§

respectively.‘w’48 An alternative 1,2-insertion pathway involving the alkyne and a
titanium hydrazido(1-) of the initial hydrohydrazination product cannot be ruled out

. .. 49-53,54
under these reaction conditions.

When octa-1,7-diyne was reacted with 2.2 equivalents of phenylhydrazine at 100 °C

for 24 h, hydrohydrazination at both the triple bonds results. Fischer indole cyclization in
one pot furnished 1,2-bis(2-methyl-1H-indol-3-yl)ethane> (26) in 70% yield (Entry 2,

Table 2.3).
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Scheme 2.13 Possible pathways to 24 and 25

H < i;
\\ = Bun
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. 5% Ti(enp)(NMe2)2 NN Bu” N-N Bu"
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H H
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Table 2.3 Hydrohydrazination with diynes and enyne

4 Isolated
Entry  Substrate  Conditions Product Yield (%)
Bu" © Q
1 H A N__Bd" -N 59b
N N
, | ) —n-pentyl
4 Me Z Me/‘\)_
24 25
H
N

26
Me N
= N
3 C 52
27

a
A is 5 mol% 5 at 80 °C for 16 h, B is 5 mol% 5 at 100 °C for 24 h followed by 4 equiv ZnCl3 at 100

b
°C for 24 h, C is 5 mol% § at 80 °C for 24 h followed by 3 equiv ZnCly at 100 °C for 36 h. 24:2§ =
1:2.6.

One enyne substrate was examined with phenylhydrazine, 1-ethynylcyclohex-1-ene

(Entry 3, Table 2.3). After the formation of the hydrazone, which was not isolated,

addition of ZnCl; resulted in Michael addition of the B-nitrogen of the hydrazone across

the C=C bond of the cyclohexenyl moiety to yield the substituted indazoleSG’57 27 in

52% yield.
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2.5 Concluding Remarks

A new catalytic hydrohydrazination reaction of monosubstituted hydrazines with
alkynes has been developed. This was accomplished by suitably designing the ligand
framework on the titanium center. Both terminal and internal alkynes have been used
with aliphatic as well as aromatic hydrazines. The regioselectivity of the addition is
highly dependent on the electronic and steric nature of the alkyne, and the catalyst is
applicable to generating both N-alkyl- and N-arylhydrazones. This methodology has also
been applied to the synthesis of different NH-indoles including 2-methyltryptamine and
tryptophol derivatives, which are important building blocks of different natural products.
As discussed here, many different 5- and 6-membered heterocycles are available using

titanium-catalyzed hydrohydrazination.
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2.6 Experimental
General Considerations

All manipulations of air sensitive compounds were carried out in an MBraun drybox
under a purified nitrogen atmosphere. Pentane (Spectrum Chemical Mfg. Corp.), toluene
(Spectrum Chemical Mfg. Corp.), ether (Columbus Chemical Industries Inc.),
dichloromethane (EM Science), acetonitrile (Spectrum Chemical), and tetrahydrofuran
(JADE Scientific) were sparged with nitrogen to remove oxygen then dried by passing
through activated alumina. Hydrazines were purchased from Aldrich Chemical Company
and dried by distillation from KOH under dry nitrogen. Alkynes were distilled from CaO

under dry nitrogen. Octa-1,7-diyne was purchased from GFS chemicals, and distilled

over Ca0O under dry nitrogen. Nona—1,4-diyne,58 and l-ethynylcyclohex-l-ene59 were

prepared according to the literature procedures. (BOC);0 (BOC = t-butyloxycarbonyl)

and DMAP (4-dimethylaminopyridine) were purchased from Aldrich and used as

received. Ti(N Mc:2)460 was prepared using the literature procedure. The Hdap (where dap
= 2-(dimethylaminomethyl)pyrrole) ligand was prepared as described in the literature.22
Deuterated solvents were dried over purple sodium benzophenone ketyl (CgDg) or
phosphoric anhydride (CDCI3) and distilled under nitrogen. lH and l?'C spectra were
recorded on Inova-300 or VXR-500 spectrometers. ]H and ]3C assignments were
. . . 1.1 13,1
confirmed when necessary with the use of two-dimensional H- H and "C-H

. . . . . 13
correlation NMR experiments. Routine coupling constants in ~C NMR are not reported.
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All spectra were referenced internally to residual protiosolvent (]H) or solvent (I3C)

resonances. Chemical shifts are quoted in ppm, and coupling constants in Hz.
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Synthesis of butyl-2-((dimethylamino)methyl)-1H-pyrrole-1-carboxylate (2)

A 500 mL round bottom flask was charged with Hdap (2.617 g, 21.10 mmol),

(BOC),0 (4.600 g, 21.10 mmol), and DMAP (0.386 g, 3.1 mmol) in dichloromethane

(250 mL) and was allowed to stir at room temperature overnight. The solution was

quenched with water (20 mL) and extracted with ether (3 x 20 mL). Combined organic

layers were washed with water. The organic layer was then dried over MgSOy, filtered,

and volatiles were removed under vacuum. The product was isolated by distillation under

vacuum (~65 °C, 0.1 Torr) as a colorless oil in 66% yield (3.120 g, 13.90 mmol). lH
NMR (499.7 MHz, CDCl3): 7.18 (dd, 1 H, Jyy = 1.8, 3.4 Hz, SH-pyrrole), 6.11 (m, 1 H,
4H-pyrrole), 6.08 (t, Jyy = 3.3 Hz, 1 H, 3H-pyrrole), 3.65 (s, 2 H, CH>), 2.26 (s, 6 H,

NCH3), 1.57 (s, 9 H, CCH3). °C{ H} NMR (125.7 MHz, CDCl3): 149.9, 132.7, 121.5,

113.3, 109.7, 83.3, 56.6, 45.5, 28.0. Elemental Analysis; Experimental (Calc.), C: 63.88

(64.26). H: 8.98 (8.99). N: 13.11 (12.49). MS (EI) m/z = 224 (M ).
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Synthesis of [N-(t-butoxycarbonyl)-2-(trimethylaminomethyl)pyrrole]l (3)
H3C CH
o Y’C:h?’
¥
()
Y Oy

To a 500 mL round bottom flask was added 2 (9.870 g, 44.00 mmol), methyliodide

©
Me3|

(6.870 g, 48.40 mmol), and THF (250 mL). The reaction was allowed to stir at room
temperature overnight. A white precipitate appeared during the reaction. The precipitate

was filtered, washed with THF, and dried under vacuum to yield the product as a white

powder in 87% yield (14.00 g, 38.00 mmol). ]H NMR (499.7 MHz, CDCl3): 7.35 (d,
Jyy = 3.4 Hz, 1 H, 5H-pyrrole), 6.85 (dd, Jyy = 1.7, 3.6 Hz, 1 H, 4H-pyrrole), 6.27 (t,
Jyn = 3.4 Hz, 1 H, 3H-pyrrole), 5.22 (s, 2 H, CH>), 3.37 (s, 9 H, NCH3), 1.58 (s, 9 H,

cCHs). c¢'H) NMR (125.7 MHz, CDCl3): 149.4, 125.5, 123.3, 120.9, 111.4, 86.0,

61.4, 52.8, 27.9. Elemental Analysis; Experimental (Calc.), C: 42.81 (42.63). H: 6.52

(6.33). N: 7.75 (7.65). m.p. 180 °C (dec).
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Synthesis of Hyenp (4)

Me—N N-Me
— J NH
~ NH S~

A round bottom flask (500 mL) was charged with KoCO3 (7.561 g, 54.80 mmol) in

dry acetonitrile (250 mL) and N, N’-dimethylethylenediamine (0.483 g, 5.50 mmol). To
the flask was added 3 (4.091 g, 10.90 mmol). Initially, the reaction was a light brown
colored suspension and was refluxed at 105 °C for 2 d. After that, the suspension was
allowed to cool to room temperature and sit, producing a brown solution with white
precipitate. The mixture was filtered, and the filtrate was dried by rotary evaporation.
Ethylacetate was added to the brown oily product, which led to additional white
precipitate. The brown solution was filtered, and the filtrate was dried under vacuum. The
dark brown resulting oil was subjected to column chromatography on alumina using 60%
ethylacetate:pentane followed by 10% MeOH:ethylacetate. The product was isolated as a
pale yellow solid in 50% yield (0.670 g, 2.70 mmol). X-ray quality crystals were grown

at room temperature from dichloromethane solution of 4 with one drop of toluene by

slow evaporation. lH NMR (499.7 MHz, CDCl3): 9.38 (b, 2 H, NH), 6.69 (q, Jyy = 2.4
Hz, 2 H, SH-pyrrole), 6.12 (q, Jig = 2.7 Hz, 2 H, 4H-pyrrole), 5.99 (m, 2 H, 3H-
pyrrole), 3.58 (s, 4 H, CHy-pyrrole), 2.48 (s, 4 H, CH,CHs), 2.22 (s, 6 H, CH3). "C{'H}

NMR (125.7 MHz, CDCl3): 128.9, 117.4, 108.0, 107.0, 54.8, 54.1, 42.8. m.p.: 95-97 °C.

71



Synthesis of Ti(enp)(NMe3)z (5)

All the manipulations were carried out inside an inert atmosphere glove box. A filter

flask (125 mL) was loaded with Ti(NMej)4 (0.388 g, 1.70 mmol) in ether (2 mL) and

cooled inside the cold well. To the solution was added cold 4 (0.427 g, 1.70 mmol) in
ether (25 mL) dropwise over a period of 15 min. The reaction was allowed to warm to
room temperature and stir overnight producing a dark red solution. Volatiles were

removed in vacuo. The product was recystallized from 1:1 ether:pentane as an orange

solid in 87% yield (0.560 g, 1.50 mmol). ]H NMR (499.7 MHz, CDCl3): 6.98-7.02 (m, 2
H, 5H-pyrrole), 6.10 (app t, Jyy = 2.3 Hz, 2 H, 4H-pyrrole), 5.80-5.84 (m, 2 H, 3H-
pyrrole), 4.50 (d, Jyy = 15.4 Hz, 2 H, CHH-pyrrole), 3.67 (d, Jyy = 15.3 Hz, 2 H, CHH-
pyrrole), 3.38 (s, 12 H, N(CH3)3), 2.55 (d, Jyy = 9.2 Hz, 2 H, CHH-CHH), 2.14 (d, Jyy
= 8.8 Hz, 2 H, CHH-CHH), 1.96 (s, 6 H, CH,NCHj3). I3C{IH} NMR (75.4 MHz,

CDCl3): 138.4, 126.0, 107.0, 99.8, 62.3, 62.1, 49.1, 47.6. m.p. 126-128 °C. Complex §

after many attempts did not pass elemental analysis. Spectra for the complex are included

in the supporting information.
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Synthesis of the E-benzylhydrazone of 2-hexanone (7)

A

NH

I

N

Mg

Me”~ Bu
Under an atmosphere of dry nitrogen, a threaded pressure tube was loaded with §
(0.057 g, 0.15 mmol) in toluene (750 uL), benzylhydrazine (300 uL, 3.00 mmol), and 1-
hexyne (350 pL, 3.00 mmol). The reaction vessel was sealed and removed from the dry
box to be heated at 80 °C for 16 h. The solution was then cooled to room temperature,
diluted with ether, and passed through a pad of alumina in a fritted funnel. Volatiles were
removed from the filtrate under vacuum. The resulting dark brown oil was subjected to

column chromatography on alumina using 4:1 hexanes:ethylacetate as eluent. The

product was isolated as brown oil in 60% (0.360 g, 1.80 mmol). ]H NMR (499.7 MHz,
CDCl3): 7.34 (m, 2 H, o-H Ph), 7.31 (d, 2 H, m-H Ph), 7.26 (t, 1 H, Jyy = 7.1 Hz, p-H
Ph), 1.36-1.23 (br s, 1 H, NH), 4.34 (s, 2 H, NH-CH,Ph), 2.21 (t, 2 H, Jyy = 8.2 Hz,
C(=N)CHp), 1.69 (s, 3 H, C(=N)CH3), 1.52-140 (m, 2 H, Jyy = 79 Hz,
C(=N)CH,CH3), 1.36-1.22 (m, 2 H, Jyp= 8.0 Hz, CH3CH,), 0.98 (t, 3 H, Jy = 7.5 Hz,
CH,CH3). ]3C{1H} NMR (125.7 MHz, CDCl3): 149.7, 139.6, 128.4, 128.3, 127.1, 55.4,

38.8,29.1,22.4, 14.3, 13.9. MS (EI) m/z = 204 (M ).
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Synthesis of 2-methyl-3-propyl-1H-indole (8)

Me

HN
\
Prn

Under an atmosphere of dry nitrogen, a threaded pressure tube was loaded with §
(0.114 g, 0.30 mmol) in toluene (1.5 mL), phenylhydrazine (295 uL, 3.00 mmol), and 1-
hexyne (350 pL, 3.00 mmol). The tube was sealed and removed from the dry box for

heating at 80 °C for 4.5 h. The reaction was then allowed to cool to room temperature,

taken inside the box, and excess ZnCl; (1.227 g, 9.00 mmol) was added. It was heated at

100 °C for 24 h. After that, the reaction was allowed to cool to room temperature, diluted
with ether, and passed through a pad of silica in a fritted funnel. Volatiles were removed

from the filtrate in vacuo. The resulting dark brown oil was subjected to column

chromatography on silica gel with 7:3 dichloromethane:pentane as eluent. The product6]
was isolated as pale yellow oil in 87% yield (0.450 g, 2.60 mmol). ]H NMR (299.8 MHz,
CDCl3): 7.65 (brs, 1 H, NH), 7.48 (d, 1 H, Jyy = 7.5 Hz, 4H-indole), 7.24 (dd, 1 H, Jyy
= 3.5, 6.2 Hz, 7H-indole), 7.12 — 7.02 (m, 2 H, 5H- and 6H-indole), 2.66 (t, 2 H, Jyy =
7.5 Hz, CH3CH,CH,), 2.53 (s, 3 H, 2-CH3), 1.63 (m, 2 H, CH3CH,;CH3), 0.93 (t, 3 H,

Juy = 7.3 Hz, CH3CHy). °C{'H} NMR (75.4 MHz, CDCls): 135.3, 130.7, 128.9,

120.7, 1189, 1182, 112.3, 110.0, 26.2, 23.8, 14.1, 11.7. Elemental analysis;
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Experimental (Calc.), C: 83.17 (83.19). H: 8.88 (8.73). N: 8.05 (8.08). MS (EI) m/z = 173

oM.
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Synthesis of 2-phenylindole (13) and 3-phenylindole (14)

Ph
HN HN
éj\ ~Ph i \>\Ph

Under an atmosphere of dry nitrogen, a threaded pressure tube was loaded with §
(0.093 g, 0.25 mmol) in toluene (1.2 mL), phenylhydrazine (518 puL, 4.90 mmol), and
phenylacetylene (538 uL, 4.90 mmol). The tube was sealed and removed from the dry

box for heating at 80 °C for 4.5 h. The reaction was then allowed to cool to room

temperature, taken inside the box, and excess ZnCl; (3.279 g, 24.50 mmol) was added.

The tube then was heated at 120 °C for 24 h. After that, the mixture was allowed to cool
to room temperature, diluted with ether, and passed through a pad of silica in a fritted
funnel. Volatiles were removed from the filtrate in vacuo. The resulting dark brown oil

was subjected to column chromatography on silica gel with 1:1 petroleum ether:ether as

eluent. The products62 were isolated as a pale yellow oil in 70% yield (0.660 g, 2.60

mmol). 'H NMR (299.8 MHz, CDCl3): 8.40 (br s, 1 H, NH), 8.38 (br s, 1 H, NH), 7.95
(s, 1 H, 2-CH), 7.78-7.15 (m, 9 H, Ph), 7.38-7.18 (m, 9 H, Ph) 6.81 (s, 1 H, 3-CH).

Be'Hy NMR (754 MHz, CDCl3): 137.9, 1368, 136.6, 135.5, 132.4, 129.3, 129.0-

125.1,122.4-119.8, 118.4, 113.2, 111.4, 110.9, 100.0 (b). MS (EI) m/z =193 (M").
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Synthesis of 2-methyl-3-(2-(dimethyl(z-butyl)siloxy)ethyl)indole (15)

Me
HN \

SiMeoBu!
Under an atmosphere of dry nitrogen, a threaded pressure tube was loaded with §
(0.024 g, 0.07 mmol) in toluene (315 pL), phenylhydrazine (124 pL, 1.30 mmol), and

(pent-4-ynyloxy)s-butyldimethylsilane (0.250 g, 1.30 mmol). The tube was sealed and

removed from the dry box for heating at 80 °C for 16 h. The solution was then allowed to

cool to room temperature, taken inside the box, and excess ZnCl, (0.506 g, 3.90 mmol)

was added. The reaction was heated at 100 °C for 16 h. The mixture was allowed to cool
to room temperature, diluted with ether, and passed through a pad of silica in a fritted
funnel. Volatiles were removed from the filtrate in vacuo. The resulting dark red oil was
subjected to column chromatography on silica gel with 7:3 hexanes:ethylacetate as

eluent. The product was isolated as pale yellow oil in 62% yield (0.220 g, 0.80 mmol).

"H NMR (499.7 MHz, CDCl3): 7.74 (br s, 1 H, NH), 7.52 (d, 1 H, Jpy = 7.4 Hz, TH-
indole), 7.28 (d, 1 H, Jy = 6.9 Hz, 4H-indole), 7.17 (m, 2 H, SH- and 6H-indole), 3.65
(t, 2 H, Jyg = 8.9 Hz, OCH>), 2.98 (1, 2 H, Jyp = 7.4 Hz, OCH,CH>), 2.41 (s, 3 H, 2-

CHj), 0.86 (s, 9 H, CCH3), 0.11 (s, 6 H, SiCH3). >C{'H} NMR (125.7 MHz, CDCl3):
135.2, 131.7, 128.9, 120.9, 119.1, 117.9, 110.1, 108.4, 63.6, 28.2, 26.0, 18.4, 11.7, =5.3.

MS (EI) m/z =289 (M ).
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Synthesis of 1-phenyl-3-methyl-tetrahydropyridazine (17)

e

Under an atmosphere of dry nitrogen, a threaded pressure tube was loaded with §
(0.139 g, 0.37 mmol) in toluene (1.8 mL), phenylhydrazine (717 pL, 7.30 mmol), and 5-
chloropent-1-yne (775 pL, 7.30 mmol). The tube was sealed and removed from the dry

box for heating at 80 °C for 24 h. The reaction was then allowed to cool to room

temperature, diluted with dichloromethane (20 mL), and saturated NaHCOj3 solution was

added. The organic layer was separated. The aqueous layer was extracted with

dichloromethane (3 x 15 mL). The combined organics were washed with water, and the

final combined organics were dried over MgSQy, filtered, and dried in vacuo. This

yielded a dark brown oil, which was subjected to column chromatography on silica gel

using 4:1 petroleum ether:ether as eluent. The product45 was isolated in 32% yield
(0.400 g, 2.30 mmol) as yellow oil, which turned to red on standing. 1H NMR (499.7
MHz, CDCl3): 7.29 (t, 2 H, Jyy = 4.1 Hz, 8.7 Hz, 0-Ph), 7.22 (d, 2 H, Jyy = 7.8 Hz, m-
Ph), 6.87 (t, 1 H, Jyy = 7.4 Hz, p-Ph), 3.51 (t, 2 H, Jgy = 6.1 Hz, NCH>), 2.21 (t, 3 H,
it = 6.1 Hz, C(=N)CHy), 2.08 (m, 2 H, (=N)CH,CHp), 2.02 (s, 3 H, CH3). >C{'H}
NMR (125.7 MHz, CDCl3): 148.3, 143.6, 128.8, 119.1, 113.5, 42.2, 25.6, 24.3, 19.0. MS
+
(ED)m/z=174 (M ).
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Synthesis of 2-methyltryptamine (20)

Under an atmosphere of dry nitrogen, a threaded pressure tube was loaded with §
(0.185 g, 0.49 mmol) in toluene (2.4 mL), phenylhydrazine (964 pL, 9.80 mmol), and 5-
chloropent-1-yne (1034 pL, 9.80 mmol). The tube was sealed and removed from the dry
box for heating at 80 °C for 24 h. The reaction then was allowed to cool to room
temperature. The hydrochloride salt (18) of the product precipitated during reaction. The
precipitate was washed with ethylacetate (50 mL), which contained crude 17. To the

crude 18 was added NaOH (20%, 25 mL), and the product was extracted with

ethylacetate (3 x 20 mL). The combined organic layers were dried over Na;SQy, filtered,

and volatiles were removed under vacuum. To the resulting brown oil was added hexanes
(20 mL), and then HCl in ether until it reached pH ~ 2. A brown solid precipitated from

the solution. The solid was filtered and volatiles were again removed under vacuum.

Next, the solids were dissolved in dichloromethane (20 mL), and saturated NaHCO3

solution was added to the solution (pH ~ 7). The mixture was shaken, and the organic
layer was separated. The aqueous layer was extracted with dichloromethane (3 x 15 mL).

The combined organic layers were washed with water. The final organic layer was dried

over MgSQy, filtered, and volatiles removed in vacuo. This yielded 20 as a brown oil63

in 32% yield (0.400 g, 2.30 mmol). ]H NMR (499.7 MHz, CDCl3): 7.76 (br s, 1 H, NH),
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785 (d, 1 H, Jyy = 8.1 Hz, 7H-indole), 7.26 (d, 1 H, Jyy = 5.6 Hz, 4H-indole), 7.18-
7.04 (m, 2 H, k, SH-indole), 2.96 (t, 2 H, Jiy = 6.6 Hz, 3-CHy), 2.84 (1, 2 H, Jyy = 6.6
Hz, NHyCHb), 2.38 (s, 3 H, 2-CHz), 1.74 (br s, 2 H, NHy). >C{ H} NMR (125.7 MHz,
CDCly): 135.3, 131.8, 128.8, 121.0, 119.2, 118.0, 110.2, 109.0, 42.5, 28.0, 11.8. MS (EI)

m/z=174(M").
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Synthesis of 2,5-dimethyl-3-propyl-NH-indole (21)

H

N
/ Me
Me n

Pr
Under an atmosphere of dry nitrogen, a threaded pressure tube was loaded with §
(0.029 g, 0.08 mmol) in toluene (375 uL), p-methylphenylhydrazine (0.183 g, 1.50
mmol), and 1-hexyne (175 uL, 1.50 mmol). The tube was sealed and removed from the

dry box for heating at 80 °C for 16 h. The solution was then allowed to cool to room

temperature, taken inside the box, and excess ZnCl; (0.602 g, 4.50 mmol) was added.

The reaction was heated at 100 °C for 16 h. After that, the solution was allowed to cool to
room temperature, diluted with ether, and passed through a pad of silica in a fritted
funnel. Volatiles were removed from the filtrate in vacuo. The resulting dark red oil was

subjected to column chromatography on silica gel with 1:1 hexanes:ethylacetate as

eluent. The product was isolated as a red oil in 64% yield (0.180 g, 0.90 mmol). ]H NMR
(299.8 MHz, CDCl3): 7.61 (br s, 1 H, NH), 7.26 (s, 1 H, 4H-indole), 7.13 (d, 1 H, Jyzz =
8.1 Hz, 6H-indole), 6.91 (dd, 1 H, Jz = 1.4, 8.1 Hz, 7H-indole), 2.61 (t, 2 H, Jpzz = 7.3
Hz, 3-CHy), 2.43 (s, 3 H, 5-CH3), 2.33 (s, 3 H, 2-CHz), 1.63 (m, 2 H, CH3CHy), 0.94 (t,
3 H, Jyp = 7.4 Hz, CH,CH3). °C{'H} NMR (75.4 MHz, CDCl3): 133.5, 130.9, 129.1,

128.0,122.2,118.0, 111.9, 109.7, 26.2, 23.8, 21.5, 14.1, 11.7. MS (EI) m/z = 187 (M+).
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Synthesis of 2-methyl-5-fluoro-3-propyl-NH-indole (22)

H
N
vt
F n

Pr
Under an atmosphere of dry nitrogen, a threaded pressure tube was loaded with §
(0.029 g, 0.08 mmol) in toluene (375 upL), p-fluorophenylhydrazine (0.192 g, 1.50
mmol), and 1-hexyne (175 uL, 1.50 mmol). The tube was sealed and removed from the

dry box for heating at 80 °C for 16 h. The reaction then was allowed to cool to room

temperature, taken inside the box, and excess ZnCly (0.602 g, 4.50 mmol) was added.

The mixture was heated at 100 °C for 16 h. After that, the reaction was allowed to cool to
the room temperature, diluted with ether, and passed through a pad of silica in a fritted
funnel. Volatiles were removed from the filtrate in vacuo. The resulting dark red oil was

subjected to column chromatography on silica gel with 2:1 ether:pentane as eluent. The

product was isolated as a red oil in 70% yield (0.200 g, 1.05 mmol). lH NMR (499.7
MHz, CDCl3): 7.61 (br s, 1 H, NH), 7.17-7.15 (dd, 1 H, Jyz; = 2.5, 9.9 Hz, 4H-indole),
7.14-7.11 (dd, 1 H, Jy = 4.4, 8.6 Hz, TH-indole), 6.87 — 6.83 (dt, 1 H, Jypy = 2.5, 9.0
Hz, 6H-indole), 2.63 (t, 2 H, Jygy = 7.7 Hz, 3-CHy), 2.35 (s, 3 H, 2-CH3), 1.63 (m, 2 H,
CH3CHy), 0.95 (t, 3 H, Jyp = 6.5 Hz, CHyCH3). >C{'H} NMR (125.7 MHz, CDCl3):
158.6, 156.7, 132.9, 129.3 (d, Jog = 9.7 Hz), 112.5 (d, JoF = 4.5 Hz), 110.5 (d, Jop = 9.7

Hz), 108.7 (d, Jcr = 26.2 Hz), 103.3, (d, Jor = 23.6 Hz), 26.1, 23.7, 14.0, 11.7.
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Elemental Analysis; Experimental (Calc.), C: 75.04 (75.36). H: 7.65 (7.38). N: 7.18

(7.32). MS (ED) m/z =191 (M),
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Synthesis of 2-methyl-5-methoxy-3-propyl-VH-indole (23)

H

N
J@i/ﬁ‘e
MeO n

Pr
Under an atmosphere of dry nitrogen, a threaded pressure tube was loaded with §
(0.057 g, 0.15 mmol) in toluene (750 pL), p-methoxyphenylhydrazine (0.421 g, 3.0
mmol), and 1-hexyne (350 pL, 3.0 mmol). The tube was sealed and removed from the

dry box for heating at 80 °C for 16 h. The reaction then was allowed to cool to room

temperature, taken inside the box, and excess ZnCl, (0.602 g, 9.00 mmol) was added.

The mixture was heated at 100 °C for 16 h. After that, the reaction was allowed to cool to
the room temperature, diluted with ether, and passed through a pad of silica in a fritted
funnel. Volatiles were removed from the filtrate in vacuo. The resulting dark brown-red

oil was subjected to column chromatography on silica gel with 1:1 hexanes:ethylacetate

as eluent. The product was isolated as red oil in 76% yield (0.460 g, 2.30 mmol). ]H
NMR (499.7 MHz, CDCl3): 7.58 (br s, 1 H, NH), 7.25 (d, 1 H, Jyy = 8.8 Hz, 7H-indole),
6.94 (d, 1 H, Jyy = 2.5 Hz, 4H-indole), 6.76-6.72 (dd, 1 H, Jyy = 2.5, 8.5 Hz, 6H-
indole), 3.85 (s, 3H, OCH3), 2.62 (t, 2 H, Jyy = 7.4 Hz, 3-CHj), 2.32 (s, 3 H, 2-CH3),
1.68-1.59 (m, 2 H, CH3CHy), 0.96 (t, 3 H, Jyy = 7.4 Hz, CHoCHs). "C{'H} NMR

(125.7 MHz, CDCl3): 153.7, 131.8, 130.4, 129.3, 112.1, 110.6, 110.2, 100.9, 56.0, 26.2,

23.7, 14.1, 11.8. Elemental Analysis; Experimental (Calc.), C: 76.62 (76.81). H: 8.85

(8.43). N: 6.34 (6.89). MS (EI) m/z = 203 (M+).
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Reaction of 1,4-nonadiyne with phenylhydrazine to synthesize 24 and 25

Y. 9.

Bu

N|, iNf_/
y)
Me Z

Me

Under an atmosphere of dry nitrogen, a threaded pressure tube was loaded with §
(0.040 g, 0.11 mmol) in toluene (525 pL), phenylhydrazine (204 puL, 2.10 mmol), and
nona-1,4-diyne (0.250 g, 2.10 mmol). The tube was sealed and removed from the dry box
for heating at 80 °C for 16 h. The reaction was then allowed to cool to room temperature,
diluted with ether, and passed through a pad of alumina in a fritted funnel. Volatiles were
removed from the filtrate in vacuo. The resulting dark red oil was subjected to column
chromatography on alumina. Isomer 24 eluted with 5:1 hexanes:ether as the first fraction.
After removing volatiles in vacuo, 24 was isolated in 17% yield (0.080 g, 0.35 mmol).

Isomer 25 eluted using 1:1 hexanes:ether in the second fraction. After removing volatiles

in vacuo, 25 was isolated in 42% yield (0.203 g, 0.89 mmol). Isomer 24: 1H NMR (499.7
MHz, CDCl3): 7.26-7.19 (m, 4 H, o,m-Ph), 6.83 (t, 1 H, Jyzy = 7.0 Hz, p-Ph), 6.04 (dd, 1
H, Jyy = 6.6, 9.3 Hz, SH-pyridazine), 5.87 (d, 1 H, Jyy = 9.9 Hz, 3H-pyridazine), 4.62
(m, 1 H, 6H-pyridazine), 2.06 (s, 3 H, 3-CH3), 1.61-1.47 (m, 2 H, 6-CH>), 1.28 (m, 4 H,
CH3CH, and CH3CH,CH,), 0.84 (t, Jyy = 6.9 Hz, 3H, CH3CHy). "C{'H} NMR
(125.7 MHz, CDCl3): 146.0, 142.8, 129.0, 127.4, 120.0, 119.6, 113.7, 51.0, 30.6, 26.2,
22.7,21.2, 14.0. MS (EI) m/z = 228 (M+). Isomer 28: 'H NMR (499.7 MHz, CDCl3):
7.46-7.32 (m, 5 H, Ph), 6.00 (s, 1 H, 4H-pyrazole), 2.58 (t, 2 H, Jyy = 8.0 Hz, 5-CHj),
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229 (s, 3 H, 3-CHs), 1.55 (m, 2 H, CHyCHy), 125 (m, 4 H, CH;CH,CHy and
CH3CH,CHy), 0.84 (t, 3 H, Jyg = 7.1 Hz, CHyCH3). "C{'H} NMR (125.7 MHz,
CDCl3): 148.9, 144.6, 140.0, 129.0, 127.4, 125.3, 105.2, 31.4, 28.5, 262, 22.3, 13.9,

13.6. MS (EI) m/z = 228 (M ).

X-ray Crystallography

Crystals grown from concentrated solutions at room temperature were moved quickly
from a scintillation vial to a microscope slide containing Paratone N. Samples were
selected and mounted on a glass fiber in wax and Paratone. Data were collected using a
Bruker CCD diffractometer equipped with an Oxford Cryostream low-temperature
apparatus operating at 173 K. The data were processed and reduced utilizing the program
SAINTPLUS supplied by Bruker AXS. Data reduction was performed using the SAINT
software. Scaling and absorption corrections were applied using SADABS multi-scan

technique supplied by George Sheldrick. The structure was solved by the direct method

using the SHELXS-97 program and refined by the least squares method on FZ, SHELXL-

97, incorporated in SHELXTL-PC V 6.10.
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CHAPTER 3

Iminohydrazination of alkynes:
scope, mechanistic investigation, and applications
towards pyrazole synthesis

3.1 Introduction

Iminohydrazination is the conversion of an alkyne to an a,B-unsaturated f-
aminohydrazone, making both C—C and C-N bonds in a single step. This is a new
multicomponent reaction (MCR) between an alkyne, 1,1-disubstituted hydrazine, and

isonitrile in the presence of a catalyst.

Multicomponent reactions are valuable tools for the preparation of complex
structures from simple starting materials. Multicomponent reactions are well suited for
the rapid and highly atom-economical assembly of large compound libraries. As a

consequence, the application of MCR to the drug discovery process has drawn

. .. . .. 12
considerable attention in recent years. A few of the earlier examples are Mannich,

Strecker,3-6 Hantzsch,7 and Biginelli8 reactions. In 1959, Ugi and co-workers reported

the one-pot condensation of a carbonyl (aldehyde or ketone), amine, carboxylic acid, and

isonitrile (Scheme 3.1).” This reaction, now referred to as the Ugi 4-component reaction
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(Ugi-4CR), provides an efficient method to construct functionalized

acylamidoacetamides. Later, this protocol was adopted by Guanti et al. for the synthesis

. . L . . 10
of a-amino acid derivatives in a very stereoselective manner.

Scheme 3.1 Ugi 4-component reaction

o] 0
o) NR? 3 3l Rr!
b3 GEaTey pa— P | R__OH RT N 4
+ Hp
R “H R%H e RzJ\r(NHR

(0]

Further development in this area involves transition metal catalyzed MCR. Transition

11,12 13 14 1 1 L1721 22 23
metals such as Pd, Cu, " Ag, Zn, > Ni, 6 Ti, Zr,” and Rh™" have been

effectively used for different multicomponent transformations. One example of Pd

catalyzed MCR is shown in Equation 3.1.

2 1

] R R
)thR 5 N
i 1
R deo)‘R5 5 B( imine
+ .
Re-=—r CO, EtNPY acid R4)'\,i\:; G
4 atm CO, Et .
* am 2 chloride ( R
o
RS~ cl alkyne

In the previous chapters, we have shown that Group 4 metal complexes can be widely

used in catalytic transformations of organic molecules, e.g., hydroamination and
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hydrohydrazination reactions. They can be used in MCR as well.”-22 For example,

Odom and co-workers have explored the titanium-catalyzed 3-component coupling

reaction between alkyne, amine, and isonitrile to generate o,B-unsaturated B-iminoamines

(Equation 3.2).2]

~ NMe2

W NI
N/TI—NMez

|l:

Ph—=—Me J |
+ N
Me
PhNHo
toluene, 100 °C
Yot 72%
CN-Bu

But

’

HN

Ph—N\ />

Me Ph

(3.2)

As an extension of this work, a new multicomponent reaction has been carried out

between alkyne, 1,1-disubstituted hydrazine, and isonitrile to generate a,B-unsaturated -

. . o . 24 . ..
aminohydrazone in the presence of pyrrolyl-based titanium catalysts.” This reaction is

formally the iminohydrazination of the alkyne. The results of this reaction, mechanistic

studies, and applications are discussed in detail in the following sections of this chapter.
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3.2 Results and Discussion
3.2.1 Iminohydrazination Results

Iminohydrazination is a modification of alkyne hydrohydrazination. In
hydrohydrazination reaction, an alkyne is allowed to react with a 1,1-disubstituted
hydrazine in the presence of a catalyst to generate a hydrazone. In iminohydrazination, an
alkyne is reacted with 1,1-disubstituted hydrazine and isonitrile in the presence of a

catalyst to generate o,B-unsaturated f-aminohydrazones. For this reaction, three different

titanium-based catalysts were used: Ti(NMes)s(dap), (1), where dap is 2-(N,N-
dimethylaminomethyl)pyrrolyl, Ti(NMejp)3(bap) (28), where bap is bis-2,5-(N,N-

dimethylaminomethyl)pyrrolyl, and Ti(NMe3)>(SCeF5)2(NHMe>) (29). The Hdap ligand
was synthesized by the reaction of one equivalent each of pyrrole, formaldehyde, and

dimethylamine hydrochloride. The ligand was isolated in 77% yield (Equation 3.3).25
Catalyst 1 was then synthesized by adding two equivalents of Hdap to Ti(NMej)4 and

isolated in 95% yield (Equation 3.4).26
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H H
N JJ\ 60 °C N NMe>
D * R SR T MeNeHC — E/)—-/ (3.3)

Hdap

H NMe2
N NMe;  Etp0 ?Nu 1. oNMe2
Ti(NMeg)g + 2 [T\/)——/ o N (3.4)
e
Me%N\Q

The Hbap ligand was synthesized by adding two equivalents each of formaldehyde

and dimethylamine hydrochloride to one equivalent of pyrrole and isolated in 82% yield

(Equation 3.5).27

H o H
N 1 RT,12h  MeyN—~ N

E/) +2 PNy + 2MepNHHC — —— /\E/)ANMGZ (3.5)
Hbap

Catalyst 28 was synthesized in 92% yield by adding one equivalent of Hbap to

Ti(NMe>)4 (Equation 3.6). The solution NMR spectrum reveals that the two arms of the
bap ligand are equivalent to each other. However, as shown in Figure 3.1, the solid state
structure shows that only one arm is coordinated. The uncoordinated amine nitrogen is

4.1 A away from titanium. This suggests that the equivalency of the two dimethylamine

donors in solution is likely due to fast exchange processes.
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NMe
MeoN (Ti 2)3

/
Me2N Et20 N \NMeg

Ti(NMe2)4 * \E)_/NMez oy KE/)—/ (36)
| 28

ZI

NS

Catalyst 29 was synthesized by adding two equivalents of CgFsSH to Ti(NMej)4 and

isolated in 65% yield (Equation 3.7).°

SH
7/ W Fs5 NMeo
Ti(NM 2 [ F120 <8 ] 3.7)
i e + " Ti—NMe .
2)4 N 65% “ S/f 2
Fs @ NHMe;
P
Fs
29
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Figure 3.1 Solid-state structure of Ti(NMe,)3(bap) (28) from X-ray diffraction.

This new iminohydrazination reaction tolerates a wide range of substrates, including
terminal and internal alkynes with aliphatic and aromatic isonitriles (Table 3.1). In all
these reactions, 10 mol% catalysts 1 and 28 were used. The reactions are more facile with
terminal alkynes and alkyl isonitriles. Interestingly, if diphenylhydrazine is used, only a
small amount of the product and a significant amount of diphenylamine are obtained.
Note that in the iminoamination reaction, which is a 3-component coupling of alkyne,

amine, and isonitrile, we did not observe the expected 3-component coupling product

.. 21 . .. .
when cyclohexylisonitrile was used.” Iminoamination required a quaternary carbon

adjacent to the nitrogen atom in the isonitrile. However, in the present study of
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iminohydrazination, the expected product is formed even with cyclohexylisonitrile. The
need for an isonitrile having a quaternary carbon adjacent to the nitrogen atom is
eliminated by using hydrazine as a substrate. Therefore, this process can be generalized
for a wide range of substrates. The product yields varied from 12-73%.

Table 3.1 Examples of alkyne iminohydrazination

3
1 2 R\ 5 10 mol% [Ti] R:i RPHN
R'-=—R® + N-NHp + CN-R N—N
R R 1\ 2
R R
[Ti]= Ti(dap)z(NMez)z (1) or Ti(NMe2)3(bap) (28)
Yield
Emry R,R> R.R' R’  Conditions” Product o
BulHN
I BJH MeMe BJ  AIl6h Mez"‘_“)\ ) 63
Bu” 30
- ) CyHN o
MeosN—N
2 B H MeMe ¢y’  Al6h AN/ 7
Bu” 31
o ArHN
MeosN—N
3 Me,Ph MeMe A B.43 h 28N/ 15
Me Ph 32
ButHN
4 BJ"H PhMe B A, 16h Me(P“)N—N\‘\ pi 27
Bun 33
ButHN
t MezN—N /
5 H,Ph Me,Me Bu C.16h 43
Ph
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Table 3.1 (Cont’d.)

MeoN—N

n Me, c ) /)

6 Bu,H . Ar Al6h o 12
u

35

a
A = 10 mol% 1 in toluene at 100 °C, B = 10 mol% 1 in toluene at 130 °C, C = 10 mol% 28 in

b c
toluene at 100 °C. Cy = cyclohexyl. Ar =2,6-dimethylphenyl

The catalytic activity of 29 in iminohydrazination reaction was also explored.

Unfortunately, 29 did not generate the desired 3-component coupling product except for

the substrates in Entry S of Table 3.1, where the quite reactive alkyne phenylacetylene

was used. The reaction with phenylecetylene produced a significant amount of

hydrohydrazinated product, making 29 less effective than 28. In this case, as shown in

Equation 3.8, the major product was dimethylhydrazone of phenyl acetaldehyde (anti-

Markovnikov product) and the minor product was dimethylhydrazone of acetophenone

(Markovnikov product). In addition, 29 also showed some activity for the substrates in

Entry 1, but produced a 4-component coupling product that corresponds to the mass of

two isonitriles, one alkyne, and one hydrazine (Equation 3.9).

99



Ph————H
* 10 mol% 29
MeoNNHo
+ toluene, 100 °C
CN—But 16 h
Bu'—=—H
+ 10 mol% 29
MeoNNH2
N toluene, 100 °C
t 16 h
CN—-Bu

t

Bu HN N,NMeg
MezN— N\ / )j\ '
Ph” “Me Markovnikov
Ph A A’ product
+ ¢ + (3.8)
Bu HN MezN\N
MeN-N. anti-Markovnikov
H product
Phg Ph B’
3-component Hydrohydrazinated
coupling product product
3.3:1
[A]/[B] = 0.162 [A"1/[B'1=0.333
4-component coupling product (3.9)
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3.3 Mechanistic Investigation
3.3.1 Pathway via 1,2-insertion

We proposed two possible mechanisms for iminohydrazination. The first one was a
1,2-insertion pathway. This involved 1,2-insertion of an alkyne into a titanium

hydrazido(1-) intermediate, a pathway extensively studied by Marks and co-workers for
amide.28 If the isonitrile traps the resulting vinyl intermediate via 1,1-insertion, a 3-

component coupling product would result according to Scheme 3.2.

Scheme 3.2 Possible 1,2-insertion pathway for the iminohydrazination reaction

3

R HN
1 R2 Ti(dap)2(NMe2)2
MesNNH
€2 2 MeoNNH2
[T]—'NH
MezN
H
HN)\/E H = g
MeoN t
[Tll NBu Bun
HN .
’ Ti
\,\M—e{l\ \,\S\H NI \NMeZ
[Ti] [Ti] = E/)—/
Bu NC

For the above mechanism, the formation of a hydrazido(1-) intermediate is necessary.
If the alkyne inserts into this intermediate, then reactions with trimethylhydrazine should

generate an iminohydrazination product similar to Entry 1 in Table 3.1. To verify this
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point, a 3-component coupling reaction with 1-hexyne, N,N,N -trimethylhydrazine, and
tert-butylisonitrile was attempted (Equation 3.10). However, no reaction was observed
when monitored by GC/FID. Therefore, it is unlikely that the iminohydrazination
reaction involves a 1,2-insertion pathway. Alternatively, the reaction may involve a
hydrazido(2-) intermediate and follow a mechanism similar to the zirconocene-based

hydroamination of alkynes established by Bergman which is discussed in the next

section.
Bun ——H
+
Me  ~ Me 10 mol% 1
/N—N\ - No reaction (3.10)
H Me 100°C, 16 h
+
t
CN—-Bu

3.3.2 [2 + 2]-cycloaddition mechanism

An alternative mechanistic pathway for the iminohydrazination reaction can be

. . . . 2930 .
anticipated following the Bergman mechanism for zirconocene-catalyzed

hydroamination as shown in Scheme 3.3. Catalyst 1 forms a titanium hydrazido(2-)
intermediate, which undergoes [2 + 2]-cycloaddition with alkyne to form an
azatitanacyclobutene. This cycloaddition step is followed by 1,1-insertion of isonitrile

forming a new Ti—C bond. The five-membered metallacycle then rearranges to form an



isolable intermediate 36. Compound 36 finally undergoes intermolecular protonolysis

generating the 3-component coupling product.

Scheme 3.3 Possible mechanistic pathway of iminohydrazination by 1 for Entry 1 in
Table 3.1

RH
. MezN—N\ /
e
TrMez
— NMe2 1 Ti(dap)2(NMe2)2
¥ § , 100°C NMe
/ N )—R protonolysis N /
1 NMep N== I MeoNNH2
R' =Bu | 36 [Ti]l—NH
5 R3 \/
RS =H MeZN
3_,.t
RY =Bu proton transfer
94% room temp [2 + 2]-cycloaddition R1 — R2
room temp

NM
/N\Mezl ez
HN— ., N

i] r1
RS A MeoNNHo
N MesN
R2 2 \[TI]\Y/R

/\\-Wdrohydrazmatnon

MezN
2
R3NC RJ/U\/R

[Ti] = Ti(dap)

room temp

1,1-insertion

In an attempt to isolate an intermediate, a reaction was carried out involving 1 with 1

equivalent each of 1-hexyne, 1,1-dimethylhydrazine, and tert-butylisonitrile. The reaction

was very facile and generated Ti(NNMez)(dap)[N(But)CHCHC(Bu")N(NMez)-kzN]
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(36), at room temperature (Equation 3.11). The compound was isolated in 94% yield with

respect to limiting hydrazine.

NMez
Bu'-—=——H NMez N
+
toluene N || =
Ti(dap)p(NMes)o +  HoNNMe ~Ti~” :; 3.1
21 2)2 2NNMe; — ; » (3.11)
cN-Bul 94% Me? - '

The structure of 36 was solved by X-ray diffraction and is shown in Figure 3.2. It has

many features in common with another structurally characterized titanium

dimethylhydrazido(2—) complex, Ti(NNMej)(bpy)(dpma), where dpma is N,N-

di(pyrrolyl-a-methyl)-N-methylamine.3I Both have approximately linear terminal

hydrazido(2-) Ti—-N-N angles, which measured 169.6(2)° in 36.
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Figure 3.2 Structure of hydrazido(2—) complex 36 from X-ray diffraction. Selected bond
distances (A) and angles (°): Ti-N(2), 1.709(3); Ti-N(3), 2.077(2); Ti-N(4), 2.055(3);
Ti-N(1), 2.119(3); Ti-N(11), 2.323(3); N(2)-N(21), 1.403(4); N(3)-N(31), 1.457(3); Ti—
N(2)-N(21), 169.6(2).

The Ti=N(hydrazido) bond distance in 36 is 1.709(3) A and is in the usual range for a

titanium-nitrogen double to triple bond. The hydrazido(2-) N-N distance of 1.402(4) A is

slightly shorter than an N-N single bond, which is 1.451 + 0.005 A in hydrazine.32 The

shortening of the hydrazido(2-) N-N distance is perhaps due to contribution from the
isodiazene resonance form (Figure 3.3). While the hydrazido(2-) form is favored for the
electropositive titanium center, which is very reducing as titanium(II), for more weakly
C-donating metal centers the isodiazene form strongly prevails. The isodiazene

resonance form is known to be favored in many other compounds. For example, in an
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isodiazene iron porphyrin complex, the N-N bond distance is 1.232(5) A,33 indicating a

bond order of ~2.0 (discussed in more details in Section 4.2, Chapter 4).34

Figure 3.3 Possible resonance forms of 36. (For simplicity, the other ligands are not
shown).

Me_ _Me Me\%,Me
N ol
i —
T4t Tie*
hydrazido(2-) isodiazene

Most often, N is planar in hydrazido(2—) complexes and only a few examples with
pyramidalized nitrogens have been structurally characterized.35 The angles around Ng in
36 sum up to 335.5(3)°, only slightly higher than that expected for an sp3 hybridized
nitrogen in NR3 compound (328.0°). Therefore, the dimethylhydrazido(2—) complex of
titanium (36) has a pyramidalized Np, consistent with the preferred hydrazido(2-)

. .. 36,37
resonance form in these early metal derivatives.

The overall geometry of the five-coordinate complex, 36, is intermediate between a
square pyramidal and a trigonal bipyramidal, the former is slightly more favored. The

complex 36 has a continuous symmetry parameter value of T = 0.36, where T = 0

. . . ., 38,39
represents a square pyramid and t = 1 represents a trigonal bipyramid. The nacnac

ligandzo'40 of 36, although quite unsymmetrically substituted, is symmetrically bound to
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titanium, where the Ti-N(NMe>) and Ti—N(But) distances are 2.080(3) and 2.055(3) A,

respectively. The other C—C and C-N distances within the 6-membered ring are also

consistent with a highly delocalized system.

Examination of the lH NMR spectrum of this hydrazido(2—) complex reveals a slight

broadening of the methyl groups associated with the multiple bonded ligand due to

relatively slow exchange. The barrier associated with the exchange of the two methyl

groups has been measured as 12 kcal mo]"l using variable temperature NMR

spectroscopy. Apparently, the barrier is associated with steric interactions between the
hydrazido(2-) methyl groups and groups on the nacnac ligand, an observation also

supported by the corresponding Density Functional Theory (DFT) calculations.

Attempts to increase the yield of 36 by adding more than one equivalent (two

equivalents) of MepNNH; to 1 yielded a new dinuclear compound Ti2(dap)3(|.12:[ll,[12-

NNMez)(pl:[]l-NHNMez) (37), which has two bridging hydrazido(2-) ligands and one

dap protolytically replaced with a hydrazido(1-) ligand (Equation 3.12). The compound
has been isolated in 61% yield as yellow crystals from a 1:1 solution of dichloromethane
and pentane. From the structure of the isolated dinuclear compound, it is obvious that at
least one of the dap ligands is cleaved during the reaction (Figure 3.4). Hence one dap is

protolytically labile in the presence of 1,1-dimethylhydrazine.
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Mes

Ve
, toluene /N\\_
Ti(dap)2(NMe2)2 + 2 MegNNHy —— (dap)zTi\N _Ti(NHNMep)(dap)  (3.12)
RT,12h
61% N
37 Mej

Figure 3.4 ORTEP representation of Tiz(dap)3(u2:nl,nz-NNMez)z(pl:nl-NHNMez)
(37) at 50% probability level.
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3.3.3 Kinetic studies

To further elucidate the role of 36 in the iminohydrazination reaction, the rate of the

catalysis with 36 was studied and compared to the rate observed with 1. The reactions

were monitored using lH NMR setting the probe temperature at 100 °C for 10 h. The

overall yield of the reaction varied from 55-100% depending on the type of the reactions
studied (Table 3.2). The progress of the reaction was monitored vs time with respect to an
internal standard. The percent yield of the product is plotted vs time, and the data are fit

to a first order equation using the scientific graphing program OriginPro 7.5. The

equation used for the plots was Y; = Yjuf + (Yg — Yipf) X exp (<kppst) where Y =
product yield at time infinity, Yp = product yield at initialization, and k,ps = the rate

. . . . 41
constant, t = time in minute, and Y; = amount of the product formed at time t.  The rates

are based on the average of four kinetic runs, and the error is calculated to the 99%

confidence limit. The results of the kinetic experiments are shown in Table 3.2.

The rate of the reaction was studied using 10 mol% of Ti(dap)(NMej), (1), as shown
in Case A in Table 3.2. A graph of percent yield versus time (min) has been plotted, and a

representative plot is shown in Figure 3.5. The k,p¢ value was found to be (1.07 £ 0.42) x

10_4 s_l. The remaining plots are shown in Appendix B (Figures B1.1 to B1.3). It is

noteworthy that the yield of the reaction was only 55-60%. The relatively low yield for

this reaction is due to the formation of the titanium dinuclear complex 37, which is not
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kinetically competent (vide infra). The in situ generation of this complex deactivates the

precatalyst 1, which may be the reason for the low product formation.

Figure 3.5 Representative plot for the catalysis with Ti(dap)>2(NMej)2 (1).
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20 - [ k 0.00735 min~' +0.00013
A k 1.18E4s
]
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The intermediacy of the titanium hydrazido(2-) complex 36 in the catalytic cycle was
probed by studying the reaction as shown in Case B in Table 3.2. A graph of percent

yield versus time (minute) is shown in Figure 3.6. The individual plots for the other

reactions are given in Figures B2.1 to B2.3. The k¢ value for 36 was determined to be
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(098 £0.11) x 10_4 s_l. The rate constants for catalysis involving 36 are similar to those

of 1 within the error range. This suggests that 36 is an intermediate of the reaction. Based
on all these observations, we propose that the mechanistic pathway for

iminohydrazination reaction involves the following steps prior to the formation of 36: i)
formation of l]l-hydrazido(Z—) intermediate, 11) [2 + 2]-cycloaddition of alkyne, iii) 1,1-

insertion of isonitrile and proton transfer to generate 36. Compound 36 was generated at
room temperature, and it contains one molecule of the product as a ligand. The required
temperature for the iminohydrazination reactions was 100 °C. This suggests that all the
steps prior to the formation of 36 are fast, and the protonolysis step to liberate the final

product is the slowest step in the formation of the iminohydrazination product.
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Figure 3.6 Representative plot for the catalysis with 36.
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"To further verify this mechanism, the reaction of 36 with 10 equivalents of 1,1-

i T ethylhydrazine was studied kinetically (Case C, Table 3.2). A graph of percent yield

verSUS time (min) is shown in Figure 3.7. The value of k,ps was found to be (1.11 + 0.30)

> —4

10

-1 . . . -
s . This suggests that the protonolysis step is the rate determining for the

= 3Aactijon. Once again, the plots for the other reactions are in the appendix (Figures B3.1 to

133‘3)0

112




Figure 3.7 Representative plot for the reaction of 36 with 1,1-dimethylhydrazine.
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Table 3.2 Rate Constants and conditions for kinetic experiments

H— Bun
+
Me, 10 mol% Ti(dap)2(NMe2)2 (1) BulHN
Case A N—-NH2 MeaN—N /
Me 100 °C, Toluene-dg, 10 h \
+ By
t 30
CN-Bu
H—=—8u"
+
Me, 10 mol% 36 Bu’HN
CaseB N—-NH» MeoN—N /
Me 100 °C, Toluene-dg, 10 h \
+ By
t 30
CN—-Bu
t
36 100 °C, Toluene-dg, 10 h Bu'HN
Case C + MeoN—N )
Me\ \ /
10 equiv. N—NH, n
Me Bu™ 30
H—— Bun
+ 10 mol% 36 ¢
Me, 10 mol% Hdap Bu HN
Case D N—-NH, — MegN—N /
Me 100 °C, Toluene-dg, 10 h N
B n
* ¢ u 30
CN—-Bu
concentration (M)
Reaction k‘izs 0
Catalyst Hdap MeyNNH, (x10 s )
Case A 0.06 — 0.6 1.07 £ 0.42
Case B 0.06 — 0.6 0.98 +0.11
Case C 0.06 — 0.6 1.11+£0.30
Case D 0.06 0.06 0.6 1.19+£0.23
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The precatalyst 1 contains two dap ligands. Interestingly, in the intermediate 36, only
one dap ligand is present. This suggests that one dap is lost prior to the formation of 36
and was present in the reaction medium. Hence we investigated the effect of excess Hdap

on the rate of the catalysis. Kinetic reactions were carried out as shown in Case D, Table

3.2. The plots are shown in Figure 3.8 and Figures B4.1 to B4.3. The value of kyp¢ Was

found to be (1.19 + 0.23) x 10_4 s—l. This is similar to the k,pg value of Case A in Table

3.2 within error, where the catalysis involves precatalyst 1. This indicates that there is

essentially no effect of additional Hdap ligand on the reaction rate.

Figure 3.8 Representative plot for the catalysis with 10 mol% of 36 and Hdap.
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The intermediacy of dinuclear compound 37 in the catalytic cycle was also

investigated. The reactions were carried out in a similar way to Case A, Table 3.2.

However, compound 37 yielded only 22% of the desired product, and the k,pg value for

this reaction was 4.8 X 10“6 s—l (Figure BS5.1). This shows that compound 37 is not

kinetically competent to be involved in catalysis involving 1. Instead, 37 is perhaps a

mode of catalyst deactivation.

The dependence of the reaction rate on catalyst concentration was also studied. The

reactions were carried out using the conditions in Table 3.3. The progress of the reactions

was plotted vs time, and the resulting k,ps values are shown in Table 3.3 (Figures B6.1,

B6.2, B6.3). Next, the individual k,p¢ values were plotted vs catalyst concentration (M).
A straight line is obtained with R2 = 0.999 (Figure 3.9), suggesting a first order

dependence of k,ps on catalyst concentration.
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Table 3.3 Observed rate constant vs catalyst concentration

H——8u"
! t
1 Bu HN
Me_ x mol% Ti(dap)o(NMe»)s (1
N-NHy (dapiz(NMe2)2 (1) MeaN—N
Me 100 °C, Toluene-dg, 10 h >—/
+ Bu 20
cN-u!

Entry X mol% Catalyst conc. (M) k,p (% 10‘4 s—l)
I 15 0.09 1.79
2 10 0.06 1.19
3 5 0.03 0.61
4 2.5 0.015 0.34

Figure 3.9 Dependence of k,pg on catalyst concentration
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3.3.4 Overall mechanism for Iminohydrazination reaction

For iminohydrazination, the proposed catalytic cycle begins with the generation of a
titanium hydrazido(2-) complex, followed by [2 + 2]-cycloaddition to generate an
azametallacyclobutene intermediate, which after  protonolysis yields the
hydrohydrazination product (Scheme 3.3). Isonitrile insertion forms a 5-membered
metallacycle, which, following a proton rearrangement, yields the isolable titanium

hydrazido(2-) complex 36. Compound 36 undergoes protonolysis at 100 °C with

Me,NNHj to yield the product regenerating the active species.

3.3.5 Experimental observations on regioselectivities

The multicomponent reaction between phenylacetylene, 1,1-dimethylhydrazine, and
tert-butylisonitrile generated both hydrohydrazination and iminohydrazination products.
Moreover, the products were obtained as mixture of regioisomers. The ratios of the
isomers were obtained from the GC/FID of the crude reaction mixture (Table 3.4). In all
these reactions, the anti-Markovnikov product was the major product with the phenyl
group in the 2-position of the 1,3-hydrazonylimine (same as Entry 5, Table 3.1). The
reaction was repeated six times using 1 as catalyst. The ratio of iminohydrazination
products was found to be 0.453 + 0.117 (99% confidence level, 0=5), with the range from
0.351 to 0.510. In the same experiment, the ratio of hydrohydrazination products was
found to be 0.442 + 0.339 (99% confidence level, 0=5), with the range from 0.236 to

0.750. The ranges were fairly large; however, the product ratios are sensitive to the
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structure of the ligand present on the catalyst. For example, anti-Markovnikov product

has been obtained exclusively when 28 is used instead of 1 for the above reaction.

Although the errors are relatively large, the mean values are very close. This suggests
that the ratio of different isomers is nearly the same for both iminohydrazination and
hydrohydrazination reactions. The similar ratios are associated with the regiochemistry
prior to the protonolysis or 1,l-insertion, i.e., associated with the [2 + 2]-cycloaddition
and/or alkyne coordination step. This is consistent with the recent assertion by the Beller

group that titanium hydroamination regioselectivities correlate with the alkyne

.. . ... 42 S .
coordination regioselectivities.  The equilibrium between the two azatitanacyclobutenes

forms the regioisomers for both iminohydrazination and hydrohydrazination products.
Therefore, the mean values are remarkably close. The relative rates of trapping for the
azatitanacyclobutene by proton (protonolysis) or tert-butylisonitrile (1,1-insertion of
isonitrile) are different leading to the slight difference in the ratios of the products
(hydrohydrazination vs iminohydrazination). Changing the ancillary ligand set on
titanium greatly affects the product ratios. In particular, the anti-Markovnikov product is
obtained exclusively when 28 is used instead of 1. But the iminohydrazination and
hydrohydrazination products are obtained in the same ratio as obtained for 1 (the
observed ratios between 3-component coupling product and hydrohydrazinated product
are 4:1 for 1, and 3.2:1 for 28). This suggests that the [2 + 2]-cycloaddition step is
dramatically affected by changing the ancillary ligand set but relative rates of

protonolysis or 1,1-insertion of isonitrile are not affected much.
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Table 3.4 Iminohydrazination of phenylacetylene by different catalysts

t

Bu HN N,NMe;z
Ph—=—H MeaN—N, Py
+ Ph” “Me Markovnikov
10% catalyst Ph . product
MeoNNH»o > + A + A
N toluene, 100 °C MeoN
oN-But 16 h BulHN 2%
Me2N-N\ / anti-Markovnikov
H product
Ph Ph
B B'
3-component Hydrohydrazinated
coupling product product
Catalyst [A]/[B] [A']/[B']
1 0453 +0.117 0.442 +£0.339
36 0.558 0.364
38 0.478 0.238

We also note that the observed ratios of the regioisomers for iminohydrazination and

hydrohydrazination products using 36 as catalyst are 0.558 and 0.364 respectively (Table

3.4). This is comparable to the ratios obtained using 1 (Table 3.4). This suggests that 36

is also an effective catalyst for this iminohydrazination reaction.

The structure of 36 reveals that it has one dap ligand attached to the titanium center.

So the actual catalytically active species might involve only one dap ligand on titanium.

To verify this, a new molecule Ti(dap)(NMe>)3 (38) was synthesized by adding Lidap to

Ti(NMe3)3Cl (Equation 3.13). The catalytic activity of 38 was compared with 1 by

comparing the ratios of the regioisomers for the reactions shown in Table 3.4. The ratios

for the iminohydrazination and hydrohydrazination products are found to be 0.478 and
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0.238. These are again comparable to the product ratios obtained for 1 as the precatalyst.

Therefore, the active species might involve a titanium center carrying only one dap

ligand.

) ether )
Ti((NMe2)3Cl + Lidap —  Ti(dap)(NMe2)3 (3.13)
cold-RT, 12 h 28

80%




3.4 Applications of the Iminiohydrazination reaction towards the synthesis of
pyrazoles

3.4.1 Background information

The products of iminohydrazination reactions are basically a,B-unsaturated -
aminohydrazones. Barluenga and co-workers have shown the formation of different

heterocycles starting from 4-amino-1-azabutadienes (in other words, a,B-unsaturated -

C e . . 43-45
aminoimines) as shown in Scheme 3.4.

Scheme 3.4 Synthesis of pyrazole from 4-amino-1-azabutadienes

3
IIRj\/kNHR’ )
2
R4 SNH 5 R 3 I
pyridine R\]j}\NHR1 R?If§NR1
+ 1 H
—NH4CI 4 5 4

5 R4 SN-NHR R SN-NHR®
H,NNHR®-HCI

We have been exploring similar reactions with our iminohydrazination products.



3.4.2 Results and Discussion

The isolated 3-component coupling product from iminohydrazination was allowed to

react with NoH4-H,O at 150 °C for 24 h in pyridine (Equations 3.14 and 3.15). In these

cases only one pyrazole product was obtained in good to excellent yield.

NMe»
Bul ril pyridine “
N-
"
+ NoH4-H>2O > | (3.14)
LNHBJ 2742 150 °C, 24 h Bu"J\/)
30 96% 39
NMe
R H
N pyridine n-N
t + NoH4-H>O | (3.15)
ph” Xx~NHBU 2r4T2 150 °C, 24 h '\/g
34 70% Ph
40

To investigate the mechanism of this reaction, we performed the reaction of
compound 30 with phenylhydrazine where there is the possibility of forming two
different pyrazoles. Both the titanium-catalyzed reaction and the cyclization with

phenylhydrazine were carried out in a one-pot procedure (Scheme 3.5). Two different

isomers were obtained in 10:1 ratio (using BuNC) under the specified reaction

conditions.



Scheme 3.5 Synthesis of N-phenyl-5-n-butylpyrazole and N-phenyl-3-n-butylpyrazole

n

H—=—Bu NMe;
. |

n
10% Ti(dap)2(NMeg)s (1) Bus N
Me2NNH2 —> LNHR
+

toluene, 100 °C, 16 h

RNC ~RNHy | PhNHNHo

— MeoNNHo| pyridine, 150 °C, 24 h

N-N n N-N
”\/)—B” |/
Bun
41 42
T )
R=Bu, 101
Cy = cyclohexyl R =Cy 51

Mechanistically, the formation of the products can be understood by considering four
different modes of attack of the two nitrogen atoms on phenylhydrazine (Scheme 3.6)
However, among these four possibilities, pathways (a), and (c) are more likely from the
steric point as well as the nucleophilic attack by phenylhydrazine can be considered as

1,4-addition to a,B-unsaturated imine.



Scheme 3.6 Possible mechanistic pathways for the pyrazole formation
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From the observed ratio of the products in Scheme 3.5, it is clear that the major
product has been obtained following pathway (a) under the conditions of the reaction. In

(a), phenylhydrazine attacks on the carbon atom coming from the isonitrile group as
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opposed to the other carbon atom adjacent to dimethylhydrazine in the 3-component

coupling product (pathway (b)).

We further wanted to explore the effect of isonitrile sterics on the mode of attack
shown in (a). For this, we carried out reactions with two different isonitriles as shown in
Scheme 3.5. Since a cyclohexyl group is smaller in size than a tert-butyl group, the ratio
of the pyrazole products should change if steric factor is important. From the
experimental data, we observed similar product ratios for both of them. This indicates

that there is no obvious effect of isonitrile sterics in the cyclization step.

We also carried out experiments to discover how the electronics of the substituents
on the phenyl ring affects the regioselectivity. For this, three different para-substituted

phenylhydrazines were used, and the ratio of the corresponding pyrazole products was

observed by IH NMR spectroscopy (Table 3.5).



Table 3.5 Effect of p-substituents on arylhydrazine on pyrazole formation

H——=—Bu NMe2

n
¥ 10% Ti(dap)2(NMeg)z (1) BU\G
MeosNNH -

282 T oluene, 100 °C, 16 h ~_NHBU'
+

¢ 30
Bu NC
X
pyridine, 150 °C, 24 h
NHNH>
; X
-N -N
N n N
W
Bu
ab
Entry X Ratio (a:b)
1 H 10:1
2 OMe 2:1
3 F 4.5:1
4 CN 1:6

From the data shown in Table 3.5, it is observed that isomer a is preferred when X =
H. This can be explained following pathway (a) in Scheme 3.6. However, when X =
OMe, substantial amount of isomer b (minor) is produced along with a (major). This can

be explained following pathway (c) in Scheme 3.6, which includes the attack by a-



nitrogen atom of arylhydrazine. This can happen due to the m-donor ability of OMe
group. So the observed ratio of the products a:b is 2:1. When X = F, it has both electron
withdrawing effect and n-donor ability. This makes a-nitrogen atom sufficiently
nucleophilic so that isomer b can be formed following pathway (c). But the selectivity is
more than the case when X = OMe since F also has electron withdrawing effect, which
produces isomer a according to pathway (a). When X = CN, which has both electron
withdrawing effect and m-accepting ability, formation of isomer b is favored. This can be
due to the attack by a-nitrogen atom of arylhydrazine following pathway (c). In this case,
a-nitrogen is preferred over B-nitrogen in arylhydrazine because the hydrogen on a-

nitrogen is more acidic due to the presence of p-CN group.



3.5 Multicomponent Coupling Reactions of alkynes, monosubstituted hydrazines,
and isonitriles

After the success of using a tetradentate ligand (Hpenp, 4) on titanium(IV) for

hydrohydrazination of alkynes with monosubstituted hydrazines (discussed in Chapter 2),
we have attempted application of this ligand framework towards 3-component couplings
with isonitriles. Unfortunately, multicomponent coupling reactions of alkynes,

monosubstituted hydrazines, and isonitriles did not produce the expected 3-component

coupling product using Ti(enp)(NMej); (5) as precatalyst. Instead, only

hydrohydrazination products were obtained. Therefore, we have screened other catalysts

for this transformation.

We have observed (Scheme 3.3) that the active species in the iminohydrazination
reaction contains only one dap attached to the metal center. Hence, one dap is
protolytically labile under the reaction conditions. The presence of the tetradentate enp is
possibly inhibiting the formation of species that would be active for 3-component
coupling. The enp ligand on the metal center forms a stable five-membered metallacycle

with titanium, and it may be difficult to remove one of the pyrrolyl groups. So, we

decided to investigate the effect of the Hdap3-mes ligand on titanium(IV), and its catalytic
efficiency for the 3-component coupling reaction with monosubstituted hydrazines.

Hdap:;'mes (43) was synthesized as shown in Scheme 3.7. At first, Boc-pyrrole was

borylated at the 3- position using Smith bory]ation.46 followed by Suzuki coupling47 in

the presence of catalytic Pd(PPh3)4 (Boc is tert-butyloxycarbonyl). The next step was
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removal of BOC-group by heating the reaction mixture at 100 °C for 24 h in Bu"OH and

excess K3PO4'nHO (Scheme 3.7). All of these steps were carried out in a single pot.

The final product, 3-mesitylpyrrole (43), was isolated in 85% overall yield. An ORTEP
representation of the X-ray crystal structure of 43 is shown in Figure 3.10. The next step

involved Mannich reaction with formaldehyde and dimethylamine hydrochloride in

ethanol at 45 °C. The final product, Hdap3-mes (44) was isolated in 89% yield.

Scheme 3.7 Synthesis of 3-mesitylpyrrole (43)

1.5 mol% [Ir(OMe)(COD)]2 2.5 mol% Pd(PPh3)s pyo
N N=
3molnd _ BOC
BOC ° \ 7/ BOC 1 equiv. Me Br

N
N t t N |
Bu Bu Me
“/\/) > Q Me
1.5 equiv. HBpin - 5 equiv. K3PO4'nH20 Mme
pentane, 60 °C, 24 h P DME, 100 °C, 24 h
Me
H
N!'i 1.1 equiv. HoC=0 MeoN | N
Bu"OH, 100°C,24h MeoNH-HCI /
. = % — Me
1.2 equiv. K3PO4:nH20 Me ethanol, 45°C,24h  Mme
Me
Me
Me
43 44
85% 89%
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Figure 3.10 ORTEP representation of 3-mesitylpyrrole (43).

N1

In the next step, the precatalyst Ti(dap3-mes)2(NMe2)2 (45) was synthesized by

me

adding two equiv of Hdap3- *to Ti(NMej)4. and the catalyst was isolated in 82% yield

(Equation 3.16).



Me

Me
MeoN Me NMeo
N ether SN T‘ +NMe>
Ti(NMeo)g + 2 Tig 3.16
24 |/ cold-RT, 12 h Rlll/l “NMe, (3.16)
Me 82% °2N
Me
wMe
Me
Me 45

Complex 45 was also crystallographically characterized as shown in Figure 3.11. One
of the amido groups has a pyrrolyl group in the trans-position instead of an amine donor
nitrogen as might be expected (donor ability of the ligands are amido > pyrrolyl >

amine). This might be due to the sterically bulky substituents present on the pyrrolyl

group.



Figure 3.11 ORTEP representation of Ti(dap3-mes)2(NMe2)2 (45). Selected bond
lengths(A) and bond angles(®) are: Ti(1)}-N(5) = 1.9076(15), Ti(1) -N(6) = 1.9156(16),
Ti(1)-N(1) = 2.0548(15), Ti(1)-N(3) = 2.1035(15), Ti(1)}-N(4) = 2.4276(15), Ti(1)-N(2)
= 2.5510(16), N(5)-Ti(1)-N(6) = 100.08(7), N(5)-Ti(1)-N(1) = 93.33(6), N(6)-Ti(1)-
N(1) = 105.75(6), N(5)-Ti(1)-N(3) = 93.26(6), N(6)-Ti(1)-N(3) = 157.45(7), N(1)-
Ti(1)-N(3) = 91.41(6), N(5)-Ti(1)-N(4) = 90.41(6), N(6)-Ti(1)-N(4) = 89.15(6), N(1)-
Ti(1)-N(4) = 163.71(6).

Unfortunately, three-component coupling of alkyne with monosubstituted hydrazine
and isonitrile was not generally successful using 45 as the catalyst except for where
phenylacetylene was used as the alkyne. Using phenylacetylene, two different products
were formed; the uncyclized 3-component coupling product and the pyrazole (Equation

3.17). They were obtained in ~ 40% yield as observed by GC/FID. No reaction was
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observed with 1-hexyne or 1-phenylpropyne as substrate under the same reaction

conditions.
Ph—=——H ¢ Ph
* 10 mol% 45 Ph_ BuHN N-N
PhNHNH - -N + |
N t2 toluene, 150 °C, 16 h H)‘l \_7 \\/2
CN-Bu 40% Ph Ph

(3.17)

However, compound 45 was an active catalyst for hydroamination of 1-hexyne with

aniline at 100 °C in 2-3 h. In addition, 45 was active for hydrohydrazination of 1-hexyne

with 1,1-dimethylhydrazine under the same conditions. Three component coupling

reactions carried out with both aniline and 1,1-dimethylhydrazine resulted in only 10%

multicomponent coupling product. In these cases, the major products were the imine and

hydrazone, respectively.
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3.6 Concluding Remarks

Alkynes have been successfully transformed into 0,0-unsaturated 0-aminohydrazones
through multicomponent coupling of alkyne, 1,1-disubstituted hydrazine, and isonitrile.
This reaction has been effectively catalyzed by titanium pyrrolyl-based catalysts. The
reaction is quite general in the sense that it tolerates both terminal and internal alkynes
with aliphatic and aromatic isonitriles. Mechanistically, the reaction involves a titanium
hydrazido(2-) complex 36 as the intermediate (Scheme 3.3). The reaction also involves
the formation of a titanium dinuclear species 37, which is not kinetically competent for
the iminohydrazination reaction. Consequently, the catalyst concentration may be
constantly changing during these catalyses. However, with the available data from the
kinetic experiments, the mechanism can be envisioned as follows: the formation of the
product involves a hydrazido(2-) intermediate, followed by [2 + 2]-cycloaddition of
alkyne to form an azatitanacyclobutene. This cycloaddition is followed by 1,1-insertion
of isonitrile forming a new Ti—C bond. The five-membered metallacycle then undergoes
intramolecular proton transfer to form the isolable intermediate 36. Compound 36 finally
undergoes protonolysis by hydrazine forming the 3-component coupling product
(Scheme 3.3). The reaction has also been efficiently applied to the synthesis of different

pyrazoles by adding hydrazine to the 3-component coupling product.
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3.7 Experimental

General Considerations

All manipulations of air sensitive compounds were carried out in an MBraun drybox
under a purified nitrogen atmosphere. All the solvents were purified according to the
standard procedure. Hydrazines were purchased from Aldrich Chemical Company and

dried by distillation from KOH under dry nitrogen. Alkynes were distilled under dry

4 2

nitrogen over CaO. Ti(NMeo)s X TiCI(NMey)s.  Hdap,> Hbap, ' rtert-butyl
. ... 50 N | . .

isonitrile,”  and 2,6-xylyl isonitrile” were prepared using the literature procedures.

Lidap was prepared by addition of 1.1 equivalents of LiBu" to a toluene solution of

Hdap; the Lidap was collected by filtration and washed with pentane to afford the
colorless product. Cyclohexyl isonitrile was purchased from Aldrich Chemical Company

and distilled under dry nitrogen prior to use. Deuterated solvents were dried over purple

sodium benzophenone ketyl (C¢Dg) or phosphoric anhydride (CDCIl3) and distilled under
nitrogen. lH and 13C spectra were recorded on Inova-300 or VXR-500 spectrometers. lH
and 13C assignments were confirmed when necessary with the use of two-dimensional
1.1 13 .1 . . .

H- H and ~C- H correlation NMR experiments. All spectra were referenced internally

) . 1 13 .
to residual protiosolvent ( H) or solvent ( C) resonances. Many common coupling

constants are not listed. Chemical shifts are quoted in ppm and coupling constants in Hz.
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Synthesis and characterization of Ti(bap)(NMe,)3 (28)

NMe
e  (NMe2)3

1
NI \NMez
W

Under an atmosphere of dry nitrogen, a solution of Ti(NMe3)4 (2.000 g, 8.9 mmol) in

ether (20 mL) was frozen in a liquid nitrogen cooled cold well. The solution was allowed
to warm enough to be stirred. Then, a cold solution of Hbap (1.610 g, 8.900 mmol) in 10
mL ether was added to the above solution dropwise over a period of 20 min. It was
allowed to warm up to room temperature and stir overnight. The volatiles were removed

under vacuum. The solid was purified by crystallization as orange-red crystals from

pentane (2.950 g, 8.200 mmol) in 92% yield. lH NMR (299.8 MHz, CDCIl3): 6.34 (s, 2
H, 3H-pyrrole), 3.48 (s, 4 H, CHy), 3.13 (s, 12 H, CHN(CH3)3), 2.07 (s, 18 H,

N(CH3)p). "C{'H} NMR (75.4 MHz, CDCl3): 137.9, 106.9, 60.0, 47.1, 45.8. Elemental

analysis; Experimental (Calc.), C: 53.19 (53.33). H: 10.09 (10.07). N: 22.82 (23.32). M.p.

118-120 °C.
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Synthesis of compound 30
C(CH3)3

MeoN—N

Me

Under an atmosphere of dry nitrogen, a threaded pressure tube was loaded with

toluene (6000 OL), Ti(dap)2(NMe3), (0.458 g, 1.200 mmol), 1,1-dimethylhydrazine (910

0L, 12 mmol), 1-hexyne (1399 OL, 12 mmol), and tert-butyl isocyanide (1355 OL, 12
mmol). The tube was sealed with a Teflon cap and heated at 100 °C for 16 h. The solvent

was removed under vacuum. The product was isolated by distillation under vacuum (~65

°C, 0.65 torr) in 63% yield (1.702 g, 7.564 mmol) as red oil. 1H NMR (299.8 MHz,
CDCl3): 9.82 (brs, 1 H, NHC), 6.88 (d, 1 H, Jyy = 8.1 Hz, HNCH), 4.68 (d, | H, Jyy =
8.1 Hz, HNCHCH), 2.71 (m, 8 H, N(CH3); and N=CCH3>), 1.77 (m, 2 H, N=CCH,;CH>),
1.64 (m, 2 H, N=CCH,CH,CH)>), 1.52 (s, 9 H, CCH3), 1.17 (t, 3 H, Jyy = 8.0 Hz,

C(CH3)3). °C{'H} NMR (75.4 MHz, CDCl3): 171.5, 139.6, 89.5, 51.5, 48.9, 47.5, 31.2,

30.4, 23.1, 13.9. Elemental analysis; Experimental (Calc.), C: 69.41 (69.33). H: 12.35

(12.00). N: 18.85 (18.67). MS (EI) m/z = 225(M+).
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Synthesis of compound 31

-

HN
MGZN_N\ /

Me

Under an atmosphere of dry nitrogen, a threaded pressure tube was loaded with

toluene (6000 OL), Ti(dap)2(NMe»); (0.457 g, 1.200 mmol), 1,1-dimethylhydrazine (910

pL, 12 mmol), 1-hexyne (1399 OL, 12 mmol), and cyclohexyl isocyanide (1790 pL,
14.400 mmol). The tube was sealed with a Teflon cap and heated at 100 °C for 16 h. The

solvent was removed under vacuum. The product was isolated by distillation under

vacuum (~110 °C, 0.65 torr) in 73% yield (2.205 g, 8.785 mmol) as brown oil. lH NMR
(299.8 MHz, CDCIl3): 9.61 (brs, | H, NH), 6.74 (d, 1 H, Jyy = 8.1 Hz, HNCH), 4.61 (d,
1 H, Jy = 8.1 Hz, HNCHCH), 2.68 (m, 8 H, N(CH3); and N=CCH>), 2.09-1.93 (m, 11
H, cyclohexyl), 1.73 (m, 2 H, N=CCH,CH>), 1.57 (m, 2 H, N=CCH,CH,CH>), 1.14 (t, 3

H, Jyy = 7.1 Hz, CH3). °C{'H} NMR (75.4 MHz, CDCl3): 171.9, 142.5, 89.9, 56.0,

49.8,47.9, 34.8,31.5, 26.2, 24.9, 23.0, 13.9. Elemental analysis; Experimental (Calc.), C:

71.71 (71.71). H: 11.96 (11.55). N: 16.80 (16.73). MS (EI) m/z = 251(M+).
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Synthesis of compound 32

Me

HN Me
MEZN— N\ /

Me

Under an atmosphere of dry nitrogen, a threaded pressure tube was loaded with

toluene (4500 OL), Ti(dap)2(NMej); (0.344 g, 0.900 mmol), 1,1-dimethylhydrazine (1024

pL, 13.500 mmol), 1-phenylpropyne (1078 OL, 9 mmol), and xylyl isocyanide (1.769 g,
13.500 mmol). The tube was sealed with a Teflon cap and heated at 130 °C for 43 h. The
volatiles were removed under vacuum. The product was then isolated by column
chromatography on Florisil. The impurities were removed as the first fraction using 1:1

pentane:ethyl acetate mixture. The product was then isolated with pure ethyl acetate in

14% yield (0.401 g, 1.306 mmol) as a dark brown viscous oil. lH NMR (299.8 MHz,
CDCl3): 11.31 (br s, 1 H, NH), 7.35 — 6.69 (m, 8 H, Ph), 6.82 (d, 1 H, Jyy = 7.3 Hz,

HNCH), 2.66 (s, 6 H, N(CH3),), 2.43 (s, 6 H, 2,6-(CH3),CeH3), 2.23 (s, 3 H, N=CCH3).

13C{IH} NMR (75.4 MHz, CDCl3): 166.3, 142.7, 143.0, 142.0, 141.8, 131.0, 129.0,
128.1, 126.8, 125.9, 123.9, 108.3, 48.2, 19.5, 17.9. Elemental analysis; Experimental

(Calc.), C: 77.88 (78.17). H: 8.33 (8.14). N: 13.49 (13.68). MS (EI) m/z = 307(M+).

Synthesis of compound 33
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Me

Under an atmosphere of dry nitrogen, a threaded pressure tube was loaded with

toluene (4500 OL), Ti(dap)2(NMe>); (0.344 g, 0.900 mmol), 1-methyl-1-phenylhydrazine

(1059 pL, 9 mmol), 1-hexyne (1119 OL, 9 mmol), and tert-butyl isocyanide (1018 pL, 9
mmol). The tube was sealed with a Teflon cap and heated at 100 °C for 13 h. The solvent

was removed under vacuum. The product was isolated by distillation under vacuum

(~110 °C, 0.65 torr) in 27% yield (0.693 g, 2.414 mmol) as dark brown oil. lH NMR
(299.8 MHz, CDCl3): 9.69 (br s, 1 H, NH), 7.27-6.83 (m, 5 H, Ph), 6.93 (m, 1 H,
HNCH), 4.57 (d, 1 H, Jppy =8.1 Hz, HNCHCH), 3.11 (s, 3 H, N(CH3)p), 2.36 (t, 2 H,
Jyy = 77 Hz , N=CCH,), 1.50 (m, 2 H, N=CCH,CH,), 139 (m, 2 H,
N=CCH,CH,CHa), 1.29 (s, 9 H, CHz), 0.89 (t, 3 H, Jyy = 7.2 Hz, C(CHz3)3). "C{'H}

NMR (75.4 MHz, CDCl3): 176.3, 152.2, 140.9, 128.5, 118.0, 113.9, 89.1, 51.0, 42.8,

32.0, 30.3, 30.1, 22.8, 13.8. Elemental analysis; Experimental (Calc.), C: 75.29 (75.26).

H: 10.49 (10.10). N: 14.72 (14.63). MS (EI) m/z = 287(M+).

Synthesis of compound 34
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C(CH3)3
H-N
MezN——N\ /

Under an atmosphere of dry nitrogen, a threaded pressure tube was loaded with

toluene (4900 OL), Ti(bap)(NMej3)3 (0.353 g, 0.980 mmol), 1,1-dimethylhydrazine (743

pL, 9.800 mmol), phenylacetylene (1075 OL, 9.800 mmol), and terz-butyl isocyanide
(1107 pL, 9.800 mmol). The tube was sealed with a Teflon cap and heated at 100 °C for

16 h. The solvent was removed under vacuum. The product was isolated by distillation

under vacuum (~125 °C, 0.65 torr) in 43% yield (1.030 g, 4.204 mmol) as a red oil. lH

NMR (299.8 MHz, CDCl3): 9.03 (br d, 1 H, Jyy = 13.0 Hz, NH), 7.65 (s, 1 H, N=CCH),
7.40-7.15 (m, 5 H, Ph), 6.89 (d, 1 H, Jyy = 2.3 Hz, HNCH), 2.83 (s, 6 H, N(CH3)3),

1.36 (s, 9 H, C(CH3)3). 13C{ lH} NMR (75.4 MHz, CDCl3): 143.0, 142.0, 136.0, 128.5,
125.0, 124.0, 102.9, 50.9, 42.0, 30.0. Elemental analysis; Experimental (Calc.), C: 73.58

(73.47). H: 9.26 (9.39). N: 17.05 (17.14). MS (EI) m/z = 245(M ™).
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Synthesis of compound 35

Me

Under an atmosphere of dry nitrogen, a threaded pressure tube was loaded with

toluene (6000 OL), Ti(dap)2(NMej); (0.4319 g, 1.200 mmol), 1,1-dimethylhydrazine (910

uL, 12 mmol), 1-hexyne (1399 OL, 12 mmol), and xylyl isocyanide (1.573 g, 12 mmol).
The tube was sealed with a Teflon cap and heated at 100 °C for 16 h. The volatiles were
removed under vacuum. The product was then isolated by column chromatography on
Florisil. The impurities were removed as the first fraction using 1:1

dichloromethane:ethyl acetate mixture. The product was then isolated with ethyl acetate

as the eluent in 12% yield (0.401 g, 1.469 mmol) as a viscous oil. lH NMR (299.8 MHz,

CDCl3): 10.89 (brs, 1 H, NH), 7.15 - 6.85 (m, 3 H, 0, m-CH), 6.78 (d, 2 H, Jyjp = 7.8
Hz, HNCH), 4.62 (d, | H, Jyg = 8.0 Hz, N=CCH), 2.58 (m, 8 H, N(CHz3), and
N=CCH>), 2.38 (s, 6 H, 2,6-(CH3),C¢H3), 1.59 (m, 2 H, N=CCH,CH>), 1.41 (m, 2 H,
N=CCH,CH,CH3>), 0.99 (1, 3 H, Jyg = 7.3 Hz, CHyCH3). "C{'H} NMR (75.4 MHz,

CDCl3): 170.4, 143.1, 141.8, 131.7, 128.7, 128.6, 124.1, 122.1, 117.9, 92.0, 48.8, 46.6,

31.4,23.0, 19.3, 14.0. High Resolution MS (EI) m/z = 273.2200, calc. = 273.2205.

144



S ynthesis of Ti(NNMez)(dap)[N(But)CHCHC(Bun)N(NMez)-kZN] (36)

All the manipulations were done inside the glove-box filled with nitrogen. 1,1-

MesNNH, (91uLl, 1.2 mmol) was added to Ti(dap)o(NMes), (0.4538 g, 1.2 mmol)

dissolved in 600 pL of toluene in a vial. It was then cooled in the cold well filled with

liquid nitrogen. To this were added cold solutions of 1-hexyne (0.1 g, 1.2 mmol) and

ButNC (136 puL, 1.2 mmol). It was then allowed to warm up to the room temperature and

stir for 12 h. It was then kept at —35 °C for overnight. The solvent was then pumped
down and the reddish-brown residue was crystallized from pentane as orange-red colored

plate-shaped crystals in 94% yield (0.256 g, 0.565 mmol) with respect to limiting

hydrazine. 'H NMR (499.7 MHz, C¢Dg): 7.09 (d, 1 H. i), 6.73 (t, 1 H, Jyp = 2.1 Hz, 1),
6.59 (t,1 H, Jyy = 2.3 Hz, q), 6.47 (m, 1 H, p). 4.67 (d, 1 H, Jyyyy = 12.4 Hz, n), 4.56 (d,

1 H,Jyy=74Hz,1i),3.34(d,2 H, Jyy =12.4 Hz, n), 3.09 (m, 1 H, d), 2.87 (br s, 6 H,
a), 2.60 (br s, 3 H, 1 or m), 2.56 (s, 6 H, b), 2.29 (m, 1 H, d), 1.74 (br s, 3 H, | or m), 1.51

(m, 2 H, ¢), 131 (s. 9 H, k), 1.29 (m, 2 H, ), 0.89 (t, 3 H, Jyzpy = 7.3 Hz, g). "C{'H}

NMR (125.7 MHz, C¢Dg): 166.7, 146.9, 136.2, 126.8, 107.1, 104.1, 93.2, 63.3, 56.9,
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50.1, 49.7, 49.1, 33.7, 32.0, 31.7, 31.5, 23.3, 14.2. Elemental analysis; Experimental

(Calc.), C: 57.83 (58.27). H: 9.25 (9.56). N: 21.36 (21.62). M.p. decomp. 230 °C.

Structural details: (Monoclinic, P2(1)/c, Formula: CpoH43N7Ti, a = 9.180(1), b =
19.161(3), ¢ = 15.043(2), p = 102.598(3)°, Z = 4, D¢a1c = 1.167 g/mL, p = 0.353 mm—],

F(000) = 984, 6 range = 1.75 to 23.33°, total ref = 22066, unique ref = 3737, parameters

=272, GOF = 1.012, € = 0.020(2), largest peak and hole = 0.414 and —0.398 eA_3, R{>

26(1)) = 0.0436, wR” (1 > 26(1)) = 0.1040.)
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Synthesis and characterization of Ti(dap)3(NHNMe3)(NNMe;y); (37)

All the manipulations were done inside a nitrogen filled glove-box. In a vial,

Ti(dap);(NMejp)> (0.200 g, 0.500 mmol) was dissolved in toluene (250 pL). It was then

cooled in a liquid nitrogen-cooled cold well. To this solution was added 1,1-Me;NNH3

(76 pL, 1.000 mmol). Then, the solution was allowed to warm up to room temperature
and stir for 1 h. The solution was kept in the refrigerator at -35 °C overnight. The
volatiles were removed in vacuo, and the yellow-brown residue was crystallized from a

1:1 dichloromethane:pentane to obtain 37 as yellow plates in 61% yield (0.195 g, 0.305

mmol). lH NMR (499.7 MHz, C¢Dg): 7.68 (br, 1 H, c), 6.89 (br, 1 H, r or x), 6.56 (t, 1

H,Jyy=27Hz,qorw), 640 (t,2H, Jyg=2.5Hz,qor w and ror x), 6.34 (br, 1 H, p
orv),6.22 (br, 1 H,j),6.17 (t, 1 H, Jyyg =2.6 Hz, i), 6.08 (br, 1 H, porv), 5.77 (br, 1 H,
h),399(d, 1 H, Jyy =138 Hz,f),3.87(d, 1 H, Jyy=13.8 Hz,nort),3.78 (d, 1 H,
Jyg=134Hz,nort),3.57(d, 1 H,Jyyg=134Hz,nort),3.52(d, 1 H,nort, Jyy =

13.8),3.12(d, 1 H, f, Jyy = 13.8),2.95 (br, 3 H,aorbor k or 1), 2.85 (br, 6 H, m or s),
268 (br,3H,aorborkorl), 242 (br,6 H,d),2.32 (br,3H,aorborkorl), 2.29 (br, 3
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H,aorbork or 1), 2.26 (br, 6 H, m or s), 1.86 (br, 6 H, e). "C{'H} NMR (125.7 MHz,

CeDg): 137.2, 136.1, 133.5, 130.6, 129.5, 108.0, 107.3, 106.7, 102.1, 101.8, 101.4, 65.5,

63.0, 62.9, 54.4, 54.3, 51.0, 50.6, 50.3, 49.8, 49.4. Elemental analysis; Experimental

(Calc.), C: 50.93 (50.64). H: 8.48 (8.12). N: 26.07 (26.25). M.p. decomp. 230 °C.
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Synthesis and characterization of Ti(dap)(NMe3)3 (38)

Under an atmosphere of dry nitrogen, Ti(NMe3)3(Cl) (0.200 g, 0.9 mmol) was

dissolved in 15 mL ether in a filter flask. Lidap (0.121 g, 0.9 mmol) was dissolved in 5

mL ether in a vial. Both of them were cooled in the cold well. Then Lidap solution was

added to the solution of Ti(NMe>)3Cl and allowed to warm up to the room temperature

and stir overnight. Then it was filtered, and the solvent was pumped down. The product

was isolated by crystallization from 1:1 ether: pentane as reddish-brown crystals in 80%

yield (0.218 g, 0.7 mmol). 'H NMR (299.8 MHz, CDCl3): 6.80 (g, 1 H, 5-pyrrolyl), 6.02
(t, 1 H, Jyy = 2.6 Hz, 4H-pyrrolyl), 5.82 (m, 1 H, 3H-pyrrolyl), 3.51 (s, 2 H, CHy), 3.22

(s, 18 H, amido CH3), 2.36 (s, 6 H, amine CH3). ""C{'H} NMR (75.4 MHz, CDCl3):

142.9, 133.3, 122.0, 107.5, 65.2, 53.3, 51.6. M.p. 148-150 °C.

Attempted reaction of 1-hexyne, N,N,Nl-trimethylhydrazine, and tert-butylisonitrile
in presence of Ti(dap)2(NMej); (1)

Under an atmosphere of dry nitrogen, a threaded pressure tube was loaded with
toluene (300 OL), Ti(dap)2(NMej); (1) (0.023 g, 0.06 mmol), N,N,Mi-trimethylhydrazine
(0.044 g, 0.6 mmol), 1-hexyne (0.050 g, 0.6 mmol), and tert-butyl isocyanide (68 OL, 0.6
mmol). The tube was sealed with a Teflon cap and heated at 100 °C for 16 h. The residue

was analyzed with GC-FID. Only starting materials were observed, and no product was

detected under these reaction conditions.
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Synthesis of 3-n-butylpyrazole (39)

A pressure tube was loaded with 30 (0.100 g, 0.4 mmol), hydrazine (0.0156 g, 0.4

mmol), and pyridine (1 mL). The solution was heated at 150 °C for 24 h. The tube was

allowed to cool to room temperature. CH>Cl, (25 mL) was added, and the solution was
extracted with water. The organic layer was dried over NaySOy, filtered, and dried under

vacuum. This yielded the pure product52 in 96% (0.0476 g, 0.380 mmol) yield. ]H NMR

(499.7 MHz. CDCl3): 8.60 (br s, 1 H, NH), 7.46 (d, 1 H, Jygy = 2.0 Hz, NCHC), 6.06 (d,
1 H, Jypy = 1.9 Hz, NC(Bu"CH), 2.66 (1, 2 H, Jyy = 7.6 Hz, NCCHy), 1.62 (m, 2 H,
NCCH,CHy), 1.35 (m, 2 H, CH,CH3), 091 (t. 3 H, Jyy = 7.4 Hz, CH3). °C { H)

NMR (125.7 MHz, CDCl3): 147.9, 135.1, 103.4, 31.5, 26.3, 22.3, 13.8. MS (EI) m/z =

124 M.
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Synthesis of 4-phenylpyrazole (40)

A pressure tube was loaded with 34 (0.05 g, 0.200 mmol), hydrazine (0.0064 g, 0.200

mmol), and pyridine (1 mL). The mixture was heated at 150 °C for 24 h. The solution

was allowed to cool to room temperature. CH,Cl, (25 mL) was added, and the solution

was extracted with water. The organic layer was dried over NaySQOy, filtered, and dried

under vacuum. This resulted in a white solid. The product was isolated by crystallization

from 3:1 methanol:ethylacetate at 5 °C. The product53 was isolated as colorless crystals

in 70% (0.02 g, 0.14 mmol) yield. IH NMR (499.7 MHz, DMSO): 12.9 (br s, 1 H, NH),

7.65 (m, 2 H, ortho-CH), 739 (tt, 2 H, Jyp = 121, 7.55 Hz, meta-CH), 7.22 (it, 1 H,
Jegp = 120, 7.35 Hz. para-CH). °C {'H} NMR (125.7 MHz, CDCl3): 133.9, 129.7,

126.7, 126.0, 122.1. MS (EI) m/z = 144 (M ). M.p. 230-232 °C.

151



Synthesis of S-n-butyl-1-phenylpyrazole (41) and 3-n-butyl-1-phenylpyrazole (42)

Inside a glove box, a pressure tube was loaded with Ti(dap),(NMej), (0.2326 g,

0.609 mmol), Me>oNNH> (462 puL, 6.09 mmol), 1-hexyne (699 pL, 6.09 mmol), tert-

butylisonitrile (688 pL, 6.09 mmol), and toluene (610 pL). The tube was taken outside

the box and heated at 100 °C for 16 h. The volatiles were removed under vacuum. This

resulted in a dark brown semisolid. To this solid was added PANHNH; (60 pL, 6.09

mmol) in pyridine (2 mL). The solution was heated at 150 °C for 24 h. The solution was

then allowed to cool to room temperature, and the volatiles were removed under vacuum.

This resulted in a dark brown semisolid which was dissolved in CH,Cl, (30 mL) and

extracted with water (2x25 mL). The organic layer was collected, dried over NaySQOy,

and filtered. The volatiles were removed from the filtrate under vacuum. This resulted in

a brown mass, which was characterized by ]H NMR spectroscopy. This showed that the

products were formed in 10:1 ratio (41:42). The products were then subjected to column
chromatography on alumina using 20% ethyl acetate:hexanes. Compound 41 was isolated
in the first fraction as a red-yellow oil. Compound 42 was isolated in the second fraction

as a dark red oil. The mixture of products was obtained in 64% (0.78 g, 3.9 mmol) overall

isolated yield. Compound 41: ]H NMR (299.8 MHz, CDCl3): 7.57 (d, 1 H, Jyy = 1.7



Hz, 3H-pyrazole), 7.56-7.36 (m, 5 H, Ph), 6.19 (td, 1 H, Jyy = 0.7, 1.7 Hz, 4H-
pyrazole). 2.63 (t, 2 H, Jyg = 7.6 Hz, NCCHy), 1.53 (m, 2 H, NCCH,CH,), 1.29 (m, 2
H, CH,CH3), 0.85 (t, 3 H, Jgi = 7.3 Hz). °C { H} NMR (75.4 MHz, CDCl3): 1438,
140.1, 139.8, 129.0, 127.8, 125.4, 105.3, 30.9, 25.9, 22.3, 13.7. MS (EI) m/z = 200 (M ).

Compound 42: IH NMR (299.8 MHz, CDCl3): 7.80 (d, 1 H, Jyy = 2.5 Hz, 5H-
pyrazole), 7.64 (d, 2 H, Jyy = 8.2 Hz, 0-CH-phenyl), 7.47 (t, 2 H, Jyy = 7.6 Hz, m-
CH-phenyl), 7.23 (t, 1 H, Jyy = 7.0 Hz, p-CH-phenyl). °C {'H} NMR (75.4 MHz,

CDCl3): 155.4, 129.3, 127.2, 125.9, 125.6, 118.9, 106.4, 31.8, 28.1, 22.5, 13.9. MS (EI)

m/z =200 (M ).
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Synthesis of 3-mesitylpyrrole (43)

N LZT

Me

Me

Inside a glove box, a Schlenk tube (100 mL) was loaded with [Ir(OMe)(COD)],,

(0.1786 g, 0.264 mmol), HBPin (3.4486 g, 26.946 mmol), 4,4'-di-tert-butyl-4,4'-
bipyridine (0.1446 g, 0.538 mmol), BOC-pyrrole (3.0 g, 17.960 mmol), and pentane (3
mL).The tube was taken outside the box, and heated at 60 °C for 18 h. The tube was then

taken inside the box, and the volatiles were removed under vacuum. This resulted in a

brown solid. The crude reaction mixture was characterized by 1I-I NMR spectroscopy to
ensure that the reaction was complete. To this mixture was added Pd(PPh3)4 (0.5189 g,

0.449 mmol), mesityl bromide (3.5757 g, 17.960 mmol), K3PO4-nH,0 (23.8688 g,

89.980 mmol), and DME (6 mL). The solution was refluxed at 100 °C for 24 h. After the
reaction was over, the solution was allowed to cool to room temperature. The volatiles

were removed under vacuum. This resulted in a brown solid. To this solid was added

K3PO4nH0 (5.7285 g, 21.552 mmol) and Bu"OH (6 mL). The solution was then

refluxed at 100 °C for 24 h. The solution was allowed to cool to room temperature, and

1:1 ether:H7O (50 mL) was added. The solution was stirred for 15 min. The organic layer

was separated, dried over NajSOy4, and filtered. The volatiles were removed under
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vacuum. This resulted in a dark brown solid, which was subjected to column

chromatography on silica gel with 4:1 ether:pentane solution. The product was isolated

from the first fraction as a pale brown solid in 85% (2.824 g, 15.3 mmol) yield. lH NMR
(499.7 MHz, CDCl3): 8.22 (br s, 1 H, NH), 6.92 (s, 2 H, CH-Ph), 6.85 (q, | H, Jyy=2.7
Hz, 4H-pyrrole), 6.61 (q, 1 H, Jyy = 2.3 Hz, 1H-pyrrole), 6.11 (m, 1 H, 4H-pyrrole),
2.30 (s, 3 H, 4-CHz-phenyl), 2.14 (s, 6 H, 2.6-CHz-phenyl). °C {'H} NMR (125.7

MHz, CDCl3): & = 137.9, 136.1, 133.7, 128.1, 122.3, 117.6, 116.5, 110.3, 21.4, 21.2).

MS (EI) m/z = 185 (M+). Elemental analysis; Experimental (Calc.), C: 84.42 (84.28). H:

8.02 (8.16). N: 7.23 (7.56). M. p. 96-98 °C.
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3-mes

Synthesis of 3-Hdap (44)

MeoN

NG

Me

Me

A round bottom flask (250 mL) was charged with 3-mesityl pyrrole (2.2231 g, 12
mmol), formaldehyde (0.9739 g, 13.2 mmol, 37% solution), N,N-dimethylamine
hydrochloride The solution was allowed to cool to room temperature. 10% NaOH
solution (100 mL) was added, and the reaction stirred for 30 min. The reaction was then

extracted with ether (3x100 mL). The combined organic layers were washed with water

(100 mL). The final organic layer was dried over Na;SQy, filtered, and the volatiles were

removed under vacuum. This resulted in a dark brown oil, which was subjected to

column chromatography on alumina using 10% methanol:ethyl acetate. The product was

isolated as brown oil in 89% yield (2.600 g, 10.7 mmol). ]H NMR (499.7 MHz, CDCl3):
9.78 (brs, 1 H, NH), 6.98 (s, 2 H, CH-Ph), 6.57 (s, 1 H, 2H-pyrrole), 5.98 (s, 1 H, 4H-

pyrrole), 3.62 (s, 2 H, CHp), 2.41 (s, 6 H, N(CH3)3), 2.39 (s, 3 H, 4-CH3-phenyl), 2.19
(s, 6 H, 2,6-CHj-phenyl). °C {'H} NMR (125.7 MHz, CDCl3): 8 = 137.4, 135.5, 133.6,

127.7, 126.9, 121.3, 116.8, 110.1, 56.3, 44.3, 21.2, 20.9. MS (EI) m/z = 242 (M+). M.p.

62-64 °C.
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Synthesis of Ti(daps-mes)z(N Mej); (45)

Me
Me
Me TMeg
X Nll:, . .\I\NMGZ
.TI.
N | “NMej
Mez N
W
Me
Me
Me

All manipulations were carried out inside the glove box. A filter flask (100 mL) was

loaded with Ti(NMej)4 in ether (1.5 mL) (0.4668 g, 2.08 mmol) and cooled inside the

cold-well. To this solution was added cold ether solution of ligand (1.0092 g, 4.2 mmol).
The solution was allowed to warm up to room temperature and stir overnight. The
solution changed to red with an orange-red precipitate. The mixture was filtered, and the

precipitate was dried under vacuum. Suitable X-ray quality crystals were grown from 1:1

dicholoromethane:pentane at -35 °C as red plates (1.0552 g, 1.71 mmol). ]H NMR (499.7
MHz, CDCl3): 6.88 (s, 4 H, CH-Ph), 6.56 (d, 2 H, Jyy = 1.5 Hz, 2H-pyrrole), 5.67 (d, 2
H, Jyy = 1.5 Hz, 4H-pyrrole), 3.58-3.42 (br, 4 H, CH,), 3.32 (s, 12 H, N(CH3)>), 2.46

(s, 12 H, N(CH3)2), 2.28 (s, 6 H, phenyl-4-CH3), 2.18 (s, 12 H, phenyl-3,5-(CHz3)). °C

{IH} NMR (125.7 MHz, CDCl3): 137.6, 135.7, 135.3, 134.6, 127.6, 127.1, 120.6, 104.2,

63.0,51.9,49.1, 48.7, 21.4, 20.9. M. p. 158-160 °C.
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Experimental for Table 3.5

Entry 2, Table 3.5:

Inside a glove box, a pressure tube was loaded with Ti(dap),(NMej); (0.0458 g, 0.119

mmol), MesNNH> (92 pL, 1.190 mmol), 1-hexyne (140 pL, 1.190 mmol), rert-

butylisonitrile (136 puL, 1.190 mmol), and toluene (600 pL). The tube was taken outside

the box and heated at 100 °C for 16 h. The volatiles were removed under vacuum. This

resulted in a dark brown semisolid. To this solid was added p-OMeCgH4NHNH,-HCI

(0.2021 g, 1.190 mmol) in pyridine (2 mL). The solution was heated at 150 °C for 24 h
until the conversion was complete. The solution was then allowed to cool to room

temperature, and the volatiles were removed under vacuum. This resulted in a dark brown

semisolid which was dissolved in CH>Cl> (30 mL) and extracted with water (2x25 mL).

The organic layer was collected, dried over NaySQOy4, and filtered. The volatile<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>