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Why Titanium?

* Abundant (0.6% abundance in Earth’s crust)
* Cheap (100 g bottle of TiCl, 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.
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* Sharpless Epoxidation
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Me Me
Meﬁ—Me Meﬁme
1. Na(Hg)
Me Nk _CI 2. CoHy Me A/k HER
Me TiY_ > Me Ti'-
Me
Me\%Me Cl MePh, 72 h, rt \%Me
Me Me Bercaw, 1983. Me Me
“> 80%"
 First isolable Ti"-olefin complex and crystal structure Hia " 2
« Complex can undergo ox. add. with H, unlike Ti(IV) SQ ? c 1.337 A for ethylene
complexes ‘

T 1.438A
(similar to analogous low
val. e rich metal
complexes; Nb = 1.406 A)

* Electron rich Ti'-olefin complexes readily undergo
migratory insertion

* Driving force of oxidizing Ti" to Ti"V can turn over
catalytic cycles

J. Am. Chem. Soc. 1983, 105, 1136. 6



Titanium(lll): Structure and Relevance

Sl 7o Mn o /Q

TilV uld “Till +Mcl, ° Existsin monomer-dimer eq. in THF

X _;
2
% e THF % \CI/ \Q * Reducing agent

Lucas and Green, 1972.

o OH
Cp,TiCl
> c(2)
CeHs

RajanBabu and
Nugent, 1990. C(3}

Stucky, 1977.

c(g)

* Cp,TiCl engages in SET chemistry
* Resulting radicals trapped with olefins,
alkynes, hydrogen atoms, etc ¢

c(e)
J. Chem. Soc. Dalton Trans. 1972, 0, 1000.

Inorg. Chem. 1977, 7, 1645.
J. Am. Chem. Soc. 1990, 112, 6409.
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Generation of Pyrroles by a Ti(ll)/(IV) Catalytic Cycle

IIIIIPI_|
Me,HN— Ti'V —NHMe,
\ Ph Et
- CI Cl Et N NH Et Et
_ 0.10 equiv) | Et
PhN=NPh G ( Y Et
Et/ Mesitylene, 180 °C, 24 h >~ H Et Et)l\/ Et Et
(1equiv) (4 Equiv) yiene, ’ o Et
Formal [2 + 2 + 1] Hydroamination  Trimerization
22% 10% trace
il
PY:.., vt
cl” T'\py £ Ph Et
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Et/ ; > Et Et)j\/ Et Et
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- NHPh  CeHs “ Rapid 1
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NG A \
Nat. Chem. 2016, 8, 63. PhN—NPh Cl Cl
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Nat. Chem. 2016, 8, 63. 10
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Nat. Chem. 2016, 8, 63. 11



PhN=NPh

(0.5 equiv)
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Nat. Chem. 2016, 8, 63.
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Oxidative Carboamination of Alkynes with Alkenes and Diazenes

R [py>TiCl,NPh], 1 sPh
\= =R (0.05 equiv) R N Nl
~o.? ' AN 5 'M 2
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N
\/\/\ Y\/\
- N
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H N.e" H D <Ph Nw‘Ph " e
N D II"/-\NwPh N“JPh
B -
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0 . (s .
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69% > 99 : 1
J. Am. Chem. Soc. 2016, 138, 14570. 860/21 > 99 - 1 54% 49 : 51 57% 5:95
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J. Am. Chem. Soc. 2016, 138, 14570. 70%1 71 : 29 40% > 99 : 1 16



“ IR
(LT reductlve L, Ti', g\ R
0.5 PhN=NPh coupling
' - 4
* Both cycles go through R \{?
azatitanacyclohexene
R? 4 R R2
o PrOdUCt formed % . ‘Ph 5 /§ \N
determined by sterics | TIVENPh R’ LT =N RZ LT Nk
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N - tautaumerization | NH

R? R
J. Am. Chem. Soc. 2016, 138, 14570. 17
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PhNNPh (0.5 equiv)
[Py, TiCl,NPh],

TMS Me . Ho R”
= = (0.05 equiv) N
i - T
_ _ PhCF3, 115 °C, 3 h R
(2.2 equiv) (1.1 equiv) HCI workup Ph
Ph Ph Ph Ph
AN AN AN ~ AN
)T\/X—Me |/ Me |/ Me Pr |/ Me
Ph
Ph Ph Ph Ph
Cl MeO
73% (91%) 71% (90%) 64% (91%) 61% (65%)
91% 91% 93% 84%
Ho R Ho R
| )—Me | )—Me jl/\/g—Me
= Bu
N\ _S Ph Ph
67% (84%) 68% (77%) 0% (N/A)
85% 87% N/A

isolated yield (GC yield)
Angew. Chem. Int. Ed. 2018, 57, 6090. selectivity w.r.t. all possible pyrrole pdts 19



PhNNPh (0.5 equiv)

TiCl,NPh] Ph
TMS R3 [py2 2NFNf2 H
P P (0.05 equiv) N
R1/ RZ/ I / R3
. _ PhCF5, 115 °C, 3 h R’
(2.2 equiv) (1.1 equiv) HCI workup R2
Ph Ph Ph
H N H N H N
| ,)—Me | ,)—Me | ,)—Me
Ph n-Bu n-Bu
Me
CF3 NMe,
73% (91%) 74% (80%) 26% (63%)
94% 94% 74%
Ph Ph Ph
H N HN HO N
| Me | Me | Me
/ / /
n-Bu Ph "Bu
t-Bu

isolated yield (GC yield)

7
: ()
selectivity w.r.t. all possible pyrrole pdts

79% (79%) 42% (70%) N/A (4%)
Angew. Chem. Int. Ed. 2018, 57, 6090. 829, 76% N/A 20



OMe

O

1. ArNNAr (0.5 equiv)

[Py, TiCI,NPh],
(0.025 equiv)
/ TBDMS / Me PhCF3, 115 OC, 3 h TBDMS N
Z Z » || )—CHO
2. IBX (4.4 equiv)
MeO MeO O
(2 equiv) (1 equiv) Q
MeO
1. TBAF (1.5 equiv) OMe
THF, 30 min
2. H,0
OH OMe
Y
1. Pinnick Ox., THF
I
(

o

N 3. BBra, CH,CI
)—COsMe - 3~ o2 | )—CHO
Q J. Org. Chem. 2011, 13, 312.
HO Q MeO
o)

H OMe
Angew. Chem. Int. Ed. 2018, 57, 6090. Lamellarin R 24% over 4 steps 21



0.5 PhN=NPh

1V, Diazene
LaTl lll\' N-Phdisproportionation N
iV=NPh
DH L,Ti
PhN=NRh / Generation of Me
metalo-diaziridine " =
- E
1 [2+2] o* 6-‘Ph
[T cycloaddition L,TilY=N
] ArﬂMe_
v .Ph
TMS Ph Reductive L,Ti'y =N
N elimination A J—k_ 7
r e
le/\/eiMe Insertion - ~+

Angew. Chem. Int. Ed. 2018, 57, 6090. 22



*

LnTg/;l\t

Ar

e LB functionalities direct
second cycloaddition

* Thiophene gives opposite
selectivity due to HSAB
mismatch of Ti/S

e Electron-rich substrates
outcompete electron-deficient
substrates

Angew. Chem. Int. Ed. 2018, 57, 6090.

Ph

Me

2N | ~N—_  Ph
L L, TiVN I
l | l | Ar Me
TMS T™MS
TMS
™S PhCCMe ™S Ph
| Il PhNNPh (0.45 equiv) N
[py>TiCILNPh], | )—Me
(0.05 equiv)
' Ph
PhCF3, 115 °C, 3 h FsC
CE 1:1.85
3 NMe, R = CF3 : NMe,

23
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[Ti]%°[alkyne]?

rate = k [PhNNPh][pyridine]

e \Variable time normalization
analysis

e 0.5o0rderinTidueto
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.

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

0.4 "~
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0.3 - s 2 e %
* 0.14 - ®e
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v % > "
° 02 o® ¢ o 01 ®e
s ) EtCCEt £ . PhNNPh
8015 i [ ] 2008 : [ ]
o 1M S0 - - ®0.41 M
0.1 @ ®14M b ®049 M
e ° " 0.04 2 ¢
i 16 ® ®053 M
0.05 % 0.02
e o
0 ‘ T T L} T L) T 1 0 T T T T T 1
0 20 40 60 80 100 120 140 0 100 200 300 400 500 600
Z[EtCCEt]"9At S[PhNNPh]-1At
Ph
Et Y PhNNPh |
Z% [py,CLTINBul, gt N\__Et
X // > \ /
Et CeDsBI’, 115°C
0.35 - 025 4 H Et
® D
0.3 1
= 0.2 - ;. ®
0.25 A . .° * ® 0.005 M pyridine ®
©
- & _ . . X
§ o @ §0_15 0.01 M pyridine ® .
% Y % ® No added pyridine ® o
= 4 °® i = °
z 0.15 3 [ Z 01 ® ©
= °® ©0.030 M = o ®
. o ®0.039 M * . B}
o’ ' 0.05 - " ° . =
0.05 - ©0.048 M ® ) - ’
g .
0 L T T T T T T 1 0 ® T T T 1
0 5 10 15 20 25 30 35 0 50 100 150 200
time*[Ti]°€ (min*[M]) time (min)
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J. Am. Chem. Soc. 2018, 140, 7267.

Geometry optimizations: Gaussian 09
MO6 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
 MO06/def2-TZVP

26



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

comp. species

Table 1. Occupation Number of the 3dz> Orbital Compared
with the Formal Oxidation State of the Ti Atom in the

Complex”
Species Occupation numbers Formal Oxidation State
(3dZ’ orbital)
M1 0.31 +4
M2 0.30 +4
TS1 0.35 +4
IM3 0.38 +4
IM4 0.37 +4
TS2 0.40 +4
IM5 0.44 +4
TS3 0.54 +2/+4
IM6 0.61 +2
M7 0.72 +2
IM8 0.38 +4
TiCl, 0.82 +2
[TiCLy)* 0.77 +2
TiCLpy, 0.68 +2
TiClypy; 0.65 +2
TiCl, 0.29 +4

cycloaddition ‘

4.7
4.5
28.0
24.3
234

L
10.3 Cl,

8-2 C|__'."|'ilV=N/

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

w0 pyridine
= 1 pyridine
= 2 pyridine
= 2-butyne
= 3zobenzene

alkyne reductive pyrrole
insertion elimination release

cL L
C|<| /P

47.7
46.2
35.4
29.6

Ph
1.3 N/
6.9 9.2 T
-2.1 6.6 ;
-4.0 Ph
-4.6
Ph SN
Cls,. “-IV
L
¢ -6.1
415 -35.2
Ph—nN = Ph~N\ 7 -415
L - . -53.4
o, o X, -55.1

ci ci 27



IBO calcs show:

 LPE on N attacks C4 in an electrocyclic fashion

* Orange and magenta n-bonds of C1-C2 and C3-C4
become localizaed on C1, C2, and C3

* Ti-Cand Ti-N o-bonding orbitals rotate orth. to
the pyrrole and become a n-backbonding
interaction

* Pyrrole pdt binds to Ti in an n3-fashion via C1, C2,
and C3 and n-backbonding via C4 and N.

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

New N-C4 o-bond

N lone péir/
Ti-N =-bond
.~

New =" for Ti
backbonding

c
NChRaes Ti-N: 1.998 Ti-N: 2122
: ~ Ti-C4:1.979 7 i-C4:
oy, © // i | t TiC4:2078 |
N\ 2 ! &
1959, 1.465
1.943 -—//\/ \1 208 ‘\‘ 395 P e Sk
Ph— ( 3— — | Ph— N‘ — Ph—N=T; ,Cj3
1371 = C/1441 1.3980-_ /1 430 1448\0-%/1.399
1 1 2
/1380\ /1391\ / 1405\
IM5 = TS3 = IM6

28



Ph
npr PhNNPh |
10% [psziclgNtBU]z npr N npy
5 / = ()
npr CgDsBr, Temperature
"Pr "Pr
-1 1
-11.5
12 4 y =-8.1809x + 9.7321
R2? = 0.9736

E 125
=
-

-13

-13.5
-14 T T T T T 1
2.55 2.6 2.65 2.7 2.75 2.8 2.85
1/T x 103 (1/K)
= +
AHpctexp = 16.3 £ 0.6 keal/mol

AHpct comp = 21.1 for CAT to TS2
(2" insertion)

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

™"
PhN «
TS4 NPh

109 N

TS3 PhNNPh

-4.0 kcal/mol
Ph
cl, Il Ph
.Ti|v — /
c| o
py L

\
Ph

PhNNPh

-51.0
Barrier to dissociate pyrrole from

unbound Ti lower than barrier for
Ti with bound PANNPh =>
PhNNPh inhibits catalysis. Better
nitrene transfer reagent?

29
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Chem. Commun. 2018, 54, 6891.

Z
Et/

(1 equiv) (2 Equiv)

Z
w

(1 equiv) (5 Equiv)

Ntol

pys, L \,.nCl
1Ny et _R°
Py N
(0.10 equiv) )T\/g—Et
> Et
CgDsBr, 115 °C, 16 h Et
8% yield
low conversion
THF lNlltoI I
"'TiIV "
1”71 Ad
THFTHF SN
(0.10 equiv) | )—Et
> Et
CgDsBr, 115 °C, 16 h Et
80% vyield
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Chem. Commun. 2018, 54, 6891.

AdN, : rate oc [Ti][EtCCEt]?

PhNNPh : rate oc [Ti]%>[EtCCEt]?[PhNNPh]!

R Et————=Et E{———Ft ,R
LTV STV, = LTiVENR BCONy BT ———— Bt )—E
N RDS
Et Et
Il? Et IE} Et Et 4 Et Et
| ) Et LTy - RN));[ red.
Et | Et elim.
Et Etl,
Ti"L,
$ slower faster
PhNNPh AdNj3
L Et .
.T'riV Et Et AdN3TIVL,
2 PhN—NPh |
Et Et Use of azides
Et instead of azo
competative -N,
trimerization compounds
PR obsvd with minimizes
/| Ph PhNNPh LT
PhN lll Y trimerization
N
LTV TiVL V= V=
n \N/ n —>-PhNNPh L, Ti'V=NPh L, Ti'V=NAd

I
Ph

32



Chem. Commun. 2018, 54, 6891.

R1 N3 R2

Me

N
jl/\/g—Me
Me

Et

Et

(5-8 equiv)

Ad

Me

16 h
94%"

Bn

N
Et

2h
62%]

(0.10 equiv)

CgDsBr, 115 °C, X h

16 h
70%"
16:1.0
tol

N
Et

Et

3h
52%"

0%

33



NBu

py"..'".|v"‘C|
I 2
P (0.10 gquiv) RG-NR' NR'  RL-NR'
R1N3 2/ r \E/( I / I / R?
R CgDsBr, 115 °C, X h , R\
(2.1 equiv) R R
Ad
Ad tol S
"By N tol N i h
© ¥,
"Bu tol
65% 66% 38%
1.0:0.2:0 1.0:1.0:0 N/A
Ad Ad
TMS_ N 'Bu_N
%y
T™MS Bu
34% 7%
1.0:0.0:0 1.0:0.0:0

Chem. Commun. 2018, 54, 6891. 34
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Low-valent Ti has found wide use in organic chemistry and has a bright future

Energetic drive of Ti'/Ti"' to be Ti'Vis 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. lan Tonks
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