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Titanium	and	Its	Common	Uses	in	Organic	Chemistry

Why	Titanium?	

• Abundant	(0.6%	abundance	in	Earth’s	crust)
• Cheap	(100	g	bottle	of	TiCl4 is	$44	from	Oakwood)
• Non-toxic
• Satisfies	several	of	the	12	principles	of	green	
chemistry
• Amenable	to	catalysis
• Compatible	with	safer	solvents	(THF,	toluene,	
etc)

• Atom	economy
• Minimization	of	Energy	Consumption	(many	
rxns run	at	rt)	

Org.	Process	Res.	Dev.	2017,	21,	911. 2



Titanium	and	Its	Common	Uses	in	Organic	Chemistry
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β-hydride elimination

Titanium	and	Its	Common	Uses	in	Organic	Chemistry
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Titanium(II):	Structure	and	Relevance
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• First	isolable	TiII-olefin	complex	and	crystal	structure
• Complex	can	undergo	ox.	add.	with	H2 unlike	Ti(IV)	

complexes
• Electron	rich	TiII-olefin	complexes	readily	undergo	

migratory	insertion
• Driving	force	of	oxidizing	TiII to	TiIV can	turn	over	

catalytic	cycles

J.	Am.	Chem.	Soc.	1983,	105,	1136.

1.438	Å
(similar	to	analogous	low	

val.	e- rich	metal	
complexes;	Nb =	1.406	Å)

1.337	Å for	ethylene

6
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Titanium(III):	Structure	and	Relevance
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J.	Chem.	Soc.	Dalton	Trans.	1972,	0,	1000.
Inorg.	Chem.	1977,	7,	1645.
J.	Am.	Chem.	Soc.	1990,	112,	6409.	

Lucas	and	Green,	1972.

Stucky,	1977.

• Exists	in	monomer-dimer	eq.	in	THF
• Reducing	agent

• Cp2TiCl	engages	in	SET	chemistry
• Resulting	radicals	trapped	with	olefins,	

alkynes,	hydrogen	atoms,	etc

O Cp2TiCl

C6H8

OH

RajanBabu and	
Nugent,	1990.
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Generation	of	Pyrroles	by	a	Ti(II)/(IV)	Catalytic	Cycle
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Aprotic	cat.	Stops	
hydroamination (caused	
by	double	protonation	by	

2	equiv of	
azatitanacyclobutene)



Generation	of	Pyrroles	by	a	Ti(II)/(IV)	Catalytic	Cycle

Nat.	Chem.	2016,	8,	63.
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Generation	of	Pyrroles	by	a	Ti(II)/(IV)	Catalytic	Cycle

Nat.	Chem.	2016,	8,	63.
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Generation	of	Pyrroles	by	a	Ti(II)/(IV)	Catalytic	Cycle

Nat.	Chem.	2016,	8,	63.
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Generation	of	Pyrroles	by	a	Ti(II)/(IV)	Catalytic	Cycle

Nat.	Chem.	2016,	8,	63.
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Oxidative	Carboamination of	Alkynes	with	Alkenes	and	Diazenes

J.	Am.	Chem.	Soc.	2016,	138,	14570.
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Oxidative	Carboamination of	Alkynes	with	Alkenes	and	Diazenes

J.	Am.	Chem.	Soc.	2016,	138,	14570.
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Oxidative	Carboamination of	Alkynes	with	Alkenes	and	Diazenes

J.	Am.	Chem.	Soc.	2016,	138,	14570. 17

• Both	cycles	go	through	
azatitanacyclohexene

• Product	formed	
determined	by	sterics
of	azatitanacyclohexene
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TMS-Protected	Alkynes	as	Substrates	for	[2+2+1]	Pyrrole	Synthesis

Angew.	Chem.	Int.	Ed.	2018,	57,	6090. 19
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TMS-Protected	Alkynes	as	Substrates	for	[2+2+1]	Pyrrole	Synthesis

Angew.	Chem.	Int.	Ed.	2018,	57,	6090. 20
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TMS-Protected	Alkynes	as	Substrates	for	[2+2+1]	Pyrrole	Synthesis

Angew.	Chem.	Int.	Ed.	2018,	57,	6090. 21
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TMS-Protected	Alkynes	as	Substrates	for	[2+2+1]	Pyrrole	Synthesis

Angew.	Chem.	Int.	Ed.	2018,	57,	6090. 22
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TMS-Protected	Alkynes	as	Substrates	for	[2+2+1]	Pyrrole	Synthesis

Angew.	Chem.	Int.	Ed.	2018,	57,	6090. 23
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• LB	functionalities	direct	
second	cycloaddition

• Thiophene gives	opposite	
selectivity	due	to	HSAB	
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outcompete	electron-deficient	
substrates
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Mechanism	Of	Ti-Catalyzed	Oxidative	Nitrene Transfer

J.	Am.	Chem.	Soc.	2018,	140,	7267. 25

𝑟𝑎𝑡𝑒 = 𝑘
[𝑇𝑖]+.-[𝑎𝑙𝑘𝑦𝑛𝑒]1

𝑃ℎ𝑁𝑁𝑃ℎ [𝑝𝑦𝑟𝑖𝑑𝑖𝑛𝑒]

• Variable	time	normalization	
analysis

• 0.5	order	in	Ti due	to	
monomer-dimer	equilibrium

• PhNNPh could	competitively	
bind	alkyne

• Second	alkyne	insertion	or	
red.	elim.	is	rate-
determining.	

• Ti monomer-dimer	eq.	prior	
to	reversible	[2+2]	
cycloaddition	followed	by	
RD,	irreversible	second	
alkyne	insertion	or	RE.	



Mechanism	Of	Ti-Catalyzed	Oxidative	Nitrene Transfer

J.	Am.	Chem.	Soc.	2018,	140,	7267. 26

• Geometry	optimizations:	Gaussian	09
• M06	functional
• 6-311G(d,p)	basis	set
• Ultrafine	grid
• SMD	solvation	model

• Natural	Bond	Orbital	(NBO)	calculations
• NBO	5.G	program

• Intrinsic	Bond	Orbital	(IBO)	calculations	
• MOLPRO	2015.1
• M06/def2-TZVP



Mechanism	Of	Ti-Catalyzed	Oxidative	Nitrene Transfer

J.	Am.	Chem.	Soc.	2018,	140,	7267. 27

Occ.	#	correlates	with	ox.	state	of	Ti for	all	
comp.	species	



Mechanism	Of	Ti-Catalyzed	Oxidative	Nitrene Transfer

J.	Am.	Chem.	Soc.	2018,	140,	7267. 28

IBO	calcs show:

• LPE	on	N	attacks	C4	in	an	electrocyclic fashion
• Orange	and	magenta	π-bonds	of	C1-C2	and	C3-C4	

become	localizaed on	C1,	C2,	and	C3
• Ti-C	and	Ti-N	σ-bonding	orbitals	rotate	orth.	to	

the	pyrrole	and	become	a	π-backbonding
interaction

• Pyrrole	pdt binds	to	Ti in	an	𝜂3-fashion	via	C1,	C2,	
and	C3	and	π-backbonding via	C4	and	N.	



Mechanism	Of	Ti-Catalyzed	Oxidative	Nitrene Transfer

J.	Am.	Chem.	Soc.	2018,	140,	7267. 29

DHAct,exp =	16.3	± 0.6	kcal/mol
DHAct,comp =	21.1	for	CAT to	TS2
(2nd insertion)

Barrier	to	dissociate	pyrrole	from	
unbound	Ti lower	than	barrier	for	
Ti with	bound	PhNNPh =>	
PhNNPh inhibits	catalysis.	Better	
nitrene transfer	reagent?
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DFT;	Jaguar	9.1	ab	initio;	
B3LPY	functional;	Grimme
D3	disp.	corr.	6-31G**	basis	
set.	Ti:	Los	Alamos	LACVP	
basis	set.	

Gibbs	Free	Energy	Profile	with	Optimized	Structures
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Conclusion
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• Low-valent	Ti has	found	wide	use	in	organic	chemistry	and	has	a	bright	future
• Energetic	drive	of	TiII/TiIII to	be	TiIV is	useful
• Future	directions	of	the	field	should	include	more	catalytic	transformations	using	Ti
• Other	applications:	hydrogenation,	hydrodefluorination,	other	C—C	bond	forming	

reactions
• Other	metals	are	also	worth	mentioning:	Zr,	Hf,	V,	Nb,	Ta	
• For	more	information,	please	see	Nat.	Rev.	Chem.	2019,	3, 15.	written	by	Prof.	Ian	Tonks


