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Bond Cleavage and Formation by Transition Metal Complexes

Nature: Fe, Cu, Mn, Co etc.

Artificial System: Pd, Rh, Ir, Ru etc.
ex. ex.
Cross-Coupling of sp3 C-H Bonds and Alkenes: 9-;3:1""8?1:;3'5;00 Iron-Molybdenum cofactor (FeMeco) in nitogenase
Catalytic Cyclization of Alkene-Amide Substrates 2004, 126, 6556.
/5\ R R
/SQFtE s -":E‘::’S\ /O AS:O
(Cys)S—Fe—s Fef‘;x\'.fFe'_ 5-Mp=0
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[1] Coordination-Number Dependency of Reactivity in an Imidoiron(lll) Complex

P. L. Holland et al.
Overall Scheme

Angew. Chem. Int. Ed. 20086, 45, 6868,
Ny _ o
rallle A7
A7 URE A © NN
} 03 & FB\ s transition metal imido complex
m _ Ry A —_— HN By o @
T CeDs, 1t ﬁr@ postulated roles in
E . catalysis
Al e‘N"ﬂ‘r can not be isolated nitrogen Hatisi
M 5 atom-, and group- transfer process
(1-1) Introduction
<L R-X R functionalization
ML, ——————— MLpy &@—— I—MLp 4 » ex. oxidative addition
X -
saturated unsaturated

B-hydride elimination
s " coordination of
trasition metal complex trasition metal complex

the substrate
A typical situation where coordination number relates to the reactivity is descrived above. But the study here represents another interesting situation....

(1-2) Identification of the Intermediate A

Major product A: ~ 70 % yield (NMR)

EPR (Electron Paramagnetic Resonance) suggested S = 3/2
Possible candidates for A
7Y A
N
Ar’N‘Fe'N\Ar N N Ad-N3 \ﬁ/ W W
i Af Fe CAr N N N N N N
“ ,L tBuPy Ar” \E;e: “Ar A7 FeT CAr A7 CFe TAr
\“' i [ " l Ny ‘BuPy N rTI ‘BuPy
CeDe, rt | \ Ad
KCq 1 Ad Ad
Ny Ar ""N"FE‘N' Ar
3
NS 4 2
»*J‘--/J\ calculated calculated
no peak in N3 region (IR) ground state ground state
denied s=3/2 S=5/2
Other calculated spectral data of 2 match well with the experimental data 2 shoulld be A
(1-3) Study on the Decomposition Route of A

It was impossible to isolate A due to its fast conversion to B /_\

e~
i N a few hrs
Ar \Fe/ \Ar N\ /N\A{
I - /Fe\
N+ tBuPy HN\ ‘(BuPy
_ Ar/“qu =
) 2=A

Working Hypothesis for the Mechanism (Revised later)

Y\H/ W
N._ _ Q
H Fd ar ~re ~ar
1l Jo
: e
Ad 2=A Ad

A1
hqmolytic C-H clevage rearrangemet of radical
initiates reaction

to form new C-C bond

new C-C bond formed between

"Ar-iPr" and" diketiminate backbone"

p

characterized by x-ray crystallography

diketiminate becomes
dianionic ligand
(previously monoanionic)

tBuPy coordinates to iron(lll) center

imido ligand was converted to amido ligand

addition of tBuPy
affords the product B
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(1-4) Kinetic Study Suggested a Different Active Species

k‘m vs. [tBuPyr]

cD,40C
; - [ : ;
0.0012 |- ]
0.0010 |- |
0.0008 |- |
’: 0.0006 observed rate constants show
T I a first-order|dependence on [tBuPy]
2« 0.0004 | |
0.0002 |- |
o000 | ¢ intercept is almost 0
-0.0002 L L ) )
0 0.2125 0.425 0.6375
[tBuPyr], M

Kinetic study (Disappearance of A ( = 2) was monitored with 'H NMR)

T had
Ar S N _N_
= N A Ar /Fe Ar
+ tBuPy N “tBupy
Ad
2=A 3

a pyridine adduct of A (= 3)
is the species undergoing
hydrogen atom abstraction ?

ground state
S=5/2

(1-5) Basics to Understand What Holland et al. Insist

NN had
Ar Fe Ar N, N
I Ze\ Ar
o N
174 + {BuPy _ N) tBuPy
155 °
2=A 3
Cav
trigonal planar pseudotetrahedral

Fe-N bond length: 1.74 A
N spin density: 0.82 e~

Fe-N bond length: 1.68 A
N spin density: 0.23 e

NR%

neutral

Basics for Imido Ligand

Hybridization at nitogen

Idealized bond angle

Electon donation

M. M. Abu-Omar et al.

Coord. Chem. Rev. 2003, 243, 83 and

The Organometallic HyperTextBook

bent linear
LnMZN\ L,,M‘Z_ N—R
R
sp? sp
1o+ 1n lo+2n
120° 180°
4e” Ge”
2e” 4e”

Ligand-field splitting in some common geometries

—— ookl bl =y
xz,y2' 22“\‘ xz_yz \‘\ e =TT yZ
™ Yo &yr Xz, V2, \‘
\‘i- 0y e, T :—y-i_;z. xz
——— s, . - L% ot
e = el —— e -
Xz, XY, ¥z Xz, Xy, yZ b xy, x2y?, 22
octahedral square tetrahedral Cay Cov
planar X
T X ! Lt
Lo, 1wl Lh"M::L h;l.,,. M M
X " vx L /i i\
L " o LS
underlined two d-orbital have the correct symmetry for n-intercations
with the ligand labelled X
High Spin or Low Spin: example with octahedral complex, ds
A>P A<P ¢

P: spin-pairing
enegy

: a differen + 4— A
bt ]

Low Spin: S=1/2 High Spin: S = 5/2

what Hollad et al insist is....

In 3, the geometory at iron is pseudotetrahedral, which results in a
smaller splitting of the ligand-field orbitals (despite the increased
coordination number) and hence an S = 5/2 ground state. .....

As a result of populating the second =+ orbital in high-spin state of four-
coordinate 3, the Fe-N bond is lengthened to 1.74 A.

Binding of pyridine also causes substantial bending of the imido ligand.
Finally, the nitrogen atom has much more density in four-coordinate in 3
than three-coordinate 2.

Calculated molecular orbitals of A

Az () |1 de(m

there should lie dyy (1), dzz (o) , o derived from Fess
under the dy,(r), each of which is filled with 2 electrons

T
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(1-6) Explantion for Different Reactivity between 2 and 3

s only n-type orbitals are splitting
by isnptlétrtranc% oh i ik described here by interaction
— Tk 5 ‘
of n—type orbitals - -~ v of n—type orbitals

T s i L L

. ",«’ _1_ yz (#) Xy, Xz, Y2
Y ——————— 5
== - 2 . i Ee
ye-z '——z—r\ . dy; (n) ﬁ _H dyz (1) 2 .
X2xy S ¥ 2
. N # d. () tetrahedral
~ ~ T
C2V .. YZ X o
X \ E imido
| - imido \\ one electron transfers from an occupied orbital /M""'L hitrogen
M nitrogen S below d,,(n*) due to decreased energy difference T S
[5 \L dy; (1) between them, thus increasing S by 1 'BuPy
L diketiminate diketiminate
S=3/2 AS=1/2+1/2 S=5/2
smaller spliting of ©-type orbitals
W maybe due to poorer orbital overlapping W
RN ~
AT F"‘; Al N\FefN\Ar
less stabilization enegy obtained N
174 ° (N from n interaction N J BuPy
155 °
= 3
2=A less degree of n-interaction
resulting in more bent stucture
higher tendency to quit orbital intercation
_ Cav showing more radical nature on Nitrogen pseudotetrahedral
trigonal planar
Fe-N bond length: 1.68 A increased "Fe-N bond length" and "spin density on nitrogen" Fe-N bond length: 1.74 A

N spin density: 0.23 e”

N spin density: 0.82 e~

(1-7) Revised Reaction Mechanism

intramolecular
hydrogen abstraction

rt

- : N - N N “~ 2 - N
al ﬁ? A Ar” fFe\ “Ar Ar”, /Fe\ SAr it
r?' I?j 'BuPy T ‘BuPy
Ad Ad Ad
2 3 hydrogen abstraction
from © (10 eq)
more radical nature

than 2

HN

BuPy

) @

y. 91%

N\ *
>

(1-8) Summary
trigonal planar Fe-imido complex coordination number = 3

coordination of 4 th ligand rearranges MO between Fe-N
1 electron transfers to n* from a filled orbital below, higher spin state
weeker n-type interaction between Fe and N, more radically active

pseudotetrahedral Fe-imido complex, coordination number 4
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[2] N=N Bond Cleavage by a Low-Coordinate Iron(ll) Hydride Complex

P. L. Holland et al.
J. Am. Chem. Soc. 2003, 125, 15752
Overall Scheme J. Am. Chem. Soc. 2007, 129, 8112
T
@ PAN=NPh 7@ " VQ
N azobehzene . ‘NP i 3 2step reductions of N=N
_,_,__\_ F::e-H — 5 \Fe—N/ A Ffe—N\’ 1st step: N=N to N-N
H‘ N rt N “ph 80°C N ; Ph 2nd step: N-N to 2NH
+ 0.5 PhN=NPh
(2-1) Background of the Research P. L. Holland et al.
Can. J. Chem. 2005, 83, 296
S S /H i bstrat
& substrate
e e n - g o ““Fe‘_s H* /SR activation
/ \/ & Sad E\/ & / .}\/Fe‘ S. >/\ \ /S\/F}s }(S\ i A proposed mechanism of
Fe X—F Mo —>  Fd—S, Fe_Y—F¢ 5—Mo — |Fe—S_ Fe_x—F¢_ S—Mo — nitrogenase N, reduction
\ / Mo Fe’és/ \S{—\Fe Fe)—\S/ \SéF/ A S/ includes Fe-H as an active species
S . 5 s
(2-2) Mechanistic Analysis of the First Reduction P.L. Halland et al.
J. Am. Chem. Soc. 2007, 129, 8112
1st Step
_ [1,2] hydride reduction
PhN=NPh (microscopic reverse of B-hydride elimination)
N 2 KBEtH azobenzene was suggested based on

C Py ———

%’g

Fe-H ——

previousmechanistic study of
alkyl rearrangement of iron complex

Ref. 2-1: Reversible Beta-Hydrogen Elimination of Three-Coordinate Iron(ll) Alkyl Complexes:

Mechanistic And Thermodynamic Studies

Thermal Rearrangement and Alkyl Exchange of Three-Coordinate Alkyl Complex of Iron(ll)

P. L. Holland et al.
Organometallics 2004, 23, 5226

Hydride Transfer to Ketone and Imine

R Ar 60°C Ar Ar Ph
r Ar Ar Ar 7 / e
R / R N o
N f 5 + | PhaC=0 N /~Pn
\ BuMgCl N ¥ N 2
( JFe—cCli _—g,_ <C: | L. Feo _i___ <C :Fe-—/ KN’F - —_— (N’Fe—o
N N { _J\ N “Ar
R ar R Ar ROAr 4 R ar " 3a 80°C 1
Ph
Thermal Alkyl . {
Rearrangement Exchange - PhCH=NMe K:;F "
b Me
Speculated Mechanism for Alkyl Rearrangement Ar 12
R ,AI" iv V AI’
N . o
e < Fe F o 4 kinetic analysis of reaction suggested
CN‘F />'i \) ,e / the mechanism via p-hydride elimination
R Ar which is rate limiting step
3
) kinetic isotope effect: ku/kp =2.2
beta-hydride ligand (within the range of KIE for f-hydride elimination)
elimination exchange
(a; -10 g .
Speculated Transition State for Step iv
.4
" ++ _Eyring plot: negative ast ax
= e ffed-motion in transition state
= T + in B-hydride elimination
£ a4t 5
N
-__ 0.0029 o 0.0032 » 0.0035
Eyring Plot 1T fio s




(2-3) Mechanistic Analysis of the Second Reduction

P. L. Holland et al. )
J. Am. Chem. Soc. 2007, 129, 8112

2nd Step Initially Proposed Mechanisms for the Second Step
i Disproportionation Mechanism ! Beta-Hydride Elimination Mechanism
)'Q (Pericyclic Mechanism) ! PhN=NPh
H i
NE l "N—Ph N 77 H Pl ™0 | LFe-NPh
(Cren_ =~ (P —C{ 2 LFeNHPh ! NHPh NHPh
N “Ph N Ph LFe) H — ! PhN-Fel
@ >{§ Ph.! (7} .Ph PhN=NPh ;
+ 0.5 PhN=NPh D ! o
H Fel ! 2 LFe-NHPh ~—— WHRh
: PN~ FeL
- SM (LFe-NPh-NHPh) v= k[LFE.'—-NPh-NHF’h]2 ! no _trap of LFe—_H by Et Et
—=inconsistent with kinetic analysis which reacts with LFe-H very fast
B \ —> denied ! —> denied

’; W 7~ exponential decay
HE , || Crossover experiment
il v = k[LFe-NPhNHPh]
. LFe—N—NHPh s PhN=NPh . diazene is formed
Product (LFe-NHPh) Ph B no formation of
* 1;0‘ 2:0‘ a1lu' ulo‘ aJ\n‘ _ _ PhN=NTol before N-N CIevage
Tol = ToIN=NTol
LFe—N—NHTol m-tolyl
Kinetic Data for Conversion Tol
of LFe-NPhNHPh to LFe-NHPh
Double Crossover Experiment
W LFe-—gh—NHPh e LFe—NHPh LFe—NHTol all Fe-N bonds are
'= —_—
E Tl cleavaged at some point
ol = ] — ' —_
\\_/ L'Fe—N—NHTol ko] L'Fe—NHPh L'Fe—NHTol
additional Tol roughly equal amounts
iPron aryl statiscally scambled

(2-4) Proposed Reaction Mechanism of the Second Reduction

P. L. Holland et al.
J. Am. Chem. Soc. 2007, 129, 8112

(2) Fe-N bond homolysis (68) LFe=NPh abstracts hydrogen atom X .
. LFtl'-_' from hydrazinyl radical LFeNPhNHPh NPhNHP\h( NPhNHPh
LFeZ~NPhNHPh —> + I PhN=NPh z °
. NPh LFF + PhN PhN=NPh
NPhNHPh L\‘ S 4 =
NPhR_H NHPh NPh,, PANHNHPh
LFeNPhNPh Fe 4 e
(3) Disproportionation of diphenylhydrazinyl radical (7) LFe=NPh absracts a hydrogen atom
from LFe-NPhNHPh
PhN-NHPh PhNH-NHPh L e|| LFeNPhNHPh NPhNHPh
. i Ll LFe" LE I 5 ,/ LFeH
o Lﬂe + PhN—NPh LESNHEN! 2 PAN=NPh
PhN-NPh PhN=NPh NeRy  PhN - = NHPh,, LFeNPh
Mph Lroson /El\ LFeNHPh
(4) Iron(l) LFe reacts with diphenylhydrazine FI y él PhN=NPhH NPhNHPh
NN . Ph; ;:R‘ PhN—NPh
Ph_rNijCph — 2LFe-NHPh,
1
LFe LFe (8) LFeNPhNPh loses azobenzene to generate LFe
Lke
(56) LFe absracts NHPh radical from LFe-NPhNHPh .15) — (Fd PhN=NPh,
" PhN*-NPh
i
Y LFe=NPh
PhN e +
Il
LFE NHPh LFe-NHPh,,
(2-5) Summary .
R R
R R
n YA Y
FQ/ ~Fe \ synthetic model AN ‘Fle’ ~Ar ArT ‘FIE' A
A
/S\Fe—x::Fe/ ————— H RHN™ "R
\ A/ \ /

e /
S

proposed Fe-H intermediate
for N reduction

PhN=NPh hydride source

radical souce

two different active species for reduction
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[3] Synthesis and Reactivity of Low-Coordinate Iron(ll) Fluoride Complexes and
Their Use in the Catalytic Hydrodefluorination of Fluorocarbons

Overall Scheme

F
H_ FeMe " ™ pgMe
FeMoL ] “FelMe B R e PR r F
CFs CFs 10 moi%
. \‘% i Tomonk \T)\ W/I\ i {l\
EEE—— H Et;SiH (1 eq) H
! EtySH (1 eq) 100 °C, 4day H
100 °C, 3hr H THF-dg
THF-dy (E}-CT:60%  (2)-C1:27% o
11 %

P. L. Holland et al.
J. Am. Chem. Soc. 2005, 127, 7857

C-F : highly strong covalent bond
(cf. Mr. Yukawa's lit. seminar M1)

metohds for chemically manuplating
fluorocarbons to either degrade or
add value to these materials

Mechanistic and Thel

(3-1) Background of the Research

rmodynamic Studies

Ref. 3-1: Reversible Beta-Hydrogen Elimination of Three-Coordination Iron(ll) Alkyl Complexes:

P. L. Holland et al.
Organometallics. 2004, 23, 5226

Preference for linear product over branced product

Due to steric influence based on DFT caluculation

'11
\ iy

Q,FEJ\ o, CN g

(comparison between "normal ligand" and "less sterically hindered ligand")

Preference for the branched over the linear in the case of ligands
with specific electronic character

prim : 10a=1:9 (at 25 °C)

Cov Cy
M Me M Me
R Ar
’ Ph\/’\MBCI i\\(;ﬁ\ = iﬁ\
( TR, Ar Ar A : Ar
N rt M
R Ar H
prim 10a

van't Hoff plot: AH® = -2.8 kcal/mol, AS° = - 4.9 cal/mol

negative entropy: 10 a is more vibrationally restricted
entropic effect is overcome by the favorable enthalpic contribution

van't Hoff Plot

Hammett plot for isomerization equibria between "linear" and "branched"
(a) 18 -|--e-R=H .
18 Me I*E:M:O _-.,
Me “+-R= .
~8--333 K | L " Fe -.4--R = NMe2 S .
151 | = 374K T L"Fe ' o "
] .‘.--
14| - H g P o
R K= 0,971 ' prim"’ 108" LS N S 4
_._ i Me " a £ ‘l"/ e
12 p=13 P Y I 4
5 P - -~ 0e e el
1L - 5 2 g
lectron ive ligands Lo
c .. OMe e preference for electronegat g - e
08 - -~ R™Kzpo7 i *
NMe . N as a rough guide S s e
L 2 -7 m p=1.2 0.0025 0.0027 0.0029 0.0031
06 . 1K
04 o i F— P one can tentatively suggest that
07 -06 05 04 03 02 01 0 O the low coordination number makes iron
Ty "behave more like an early transition metal"
1

(3-2) Synthesis and Reactivity of Diketiminate Iron(ll) Fluorides.

LFe-R (R = alkyl)
o —_—

MesSnF

In the case of bulkier
ligand (R = {Bu),
complex is monomeric

r ML R=MeBu
P L =Xy, CHiON Ar gBFs
' 1]
L' F X='Bu, H,Ph, CFg n é
B r! ~OEt,
Ar kN(
R
) // he R=1Bu(3
(a)| L (b),~F4B-0E1,
’//A
P R_ "1 R=Meony),
i -~ kf
R A f}( Fes. . Bu (18 1)
=N. ]
C Fe_F. (c) R A
al ‘NAr n (Mh:asng H,’*fN'Ar Ar.\N‘_{n
- Me,Si + " LS
R=Me,n=2 (1) + ‘£ Fet R )
R="Bun=1(2) AN N
' \ Ar Ar
‘\
(e) | ELSH \M935|C"C SiMe,
- EtSIF (d) - MesSIF
Mg
Ar
A A RN
=N {( Fe—C=C-SiMe,
W= aN
= R Wt B
Ny - Ar R ="Bu(5)

R=Me, n=2(6)

R="8u,n=2,1(eq 7 Ar = 2 6-di(iso-propyl)phenyl

P. L. Holland et al.
J. Am. Chem. Soc. 2005, 127, 7857

» very short Fe-F bond suggested strong interaction
between Fe and fluoride

» despite the strong Fe-F bond
the exposed fluoride can be activated by boron and silicon reagents

Blueprint for design of hydrodefluorination catalysis

resting state
Et,SiH LFeF R-H
() (i)
EtaSiF [LFeH] R-F
or related species

(i) exchange of fluoride and hydride
by the formation of strong Si-F bond

(ii) extraction of fluoride from the substrate
by strong affinity of LFe-X toward fluoride
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(3-3) Mechanistic Study of Catalytic Hydrodefluorination of Fluoroolefins

P. L. Holland et al.
J. Am. Chem. Soc. 2005, 127, 7857 _

F FeMeL 7 F\FeLM'e H ith bulki
FeMeL \Fel_m NEe E = No reaction with bulkier
CFs CFa 10 mol% iron complex L"BUFe-F
Ful = 10 mol% YL \‘/J\ He = : H
i Et;SiH (1 eq) " %%Sl'é (lfgy) H H Resting state: complex similar to
F . H ! H 2 = TH, 19
1°$H§_dihf (EFCT60%  (Z1CF:27% THF-dg 1% LFe-R (R = alkyl) ("H, '°F NMR)
(a) PR /H\F | Ms Proposed Catalytic Cycle for the Second Dehydrofluorination
e el
H
ELSIE CFG (i) hydride insertion to olefin to form linear alkyl complex
3!
EtySiH ILMeFeH]
l (iv) (i) B-hydride elimination and reinsertion to afford branched complex
CF, not so favorable due to increased steric hindrance
[LMeFeF ] LWFeI
resting state . o
ity (NMR) (i) B-fluoride elimination
/wm B - maybe irreversible due to strong affinity of LM®Fe-X to F
elim,
LMeFe reinsert
CH3 (iv) reformation of active LFe-H complex by Et3SiH

Defluorination of Perfluoropropene Using Cp*ZrH, and Cp*ZrHF:

Mechanistic Desctiption on the First Dehydrofluorination
A Mechanigm Investigation from a Joint Experimental-Theoretical Perspective

RPECRs | - ff W. D. Jones
L MeFa.H LMGFe_L‘ F — )y==( C2product F Cla)rF E J. Am. Chem. Sor.
1,2-alkyl F F CR N oAU 2004, 126, 56¢
. - cin=c] 9 & o -
i N 40 °C oH \F
F 2 F it Zr, ¥ 5(1):C(2)\

H F
AN

N
?_ﬂ F
F E F H F wH / H F
2 ! 2 Zr,
F\%\F \ LMeFe-Cli —_— >=< + >=< + " \ﬁ
3 2,1-alkyl H ©tr F GF \% i
CFa ¥l CFy @-ci | el

60% 27%

F

* regioselectivity in hydride insertion

C; is less negative than C4 => hydride insertion at C4 « intermediancy of B-fluoride elimination in hydrodefluorination

L ) was suggested in several researches with early transion metals
« stereoselectivity in -fluoride elimination: no explanation

Summary
bulky B-diketiminate
R R R R
FeX, + m \]f“\\l/ ;\hree—cpordmate
- N N. _N igh spin
Ar Ar Ar” Fle ~Ar
X

Study on Reactivity of
Imido Complex

Catalytic Hydrodefluorination

R R R R
R R \]/\r R R %\I/ R R R \I/Y R
\f_\\r . N(\N W ! ! \f_\\r f\
N. _N S L N. _N < N, _N
Ar” CFe” Car Ar /Fe\ Ar Ar” N Fe” b SAr Ar F'e Af Ar” Fle SAr Ar” Fle “Ar
I N tBuP I NG
. H RHN™ "R H F

increased radical reactivity
by addition of the fourth ligand

rearrangement of molecular orbital

hydride source radical source

two different active species for reduction

strong affinity for fluoride

unsaturated jron center
electrostatic interaction
n-back donation

Simplified Concept

L: "< Br < CI < F" < OH < NGS* < ONO" < H,0 < NH; < NO," < CN < CO, CHy, H

A 41__1_
T T

Low Spin High Spin
A>P A<P
8/8

A (spectrochemical series)

M: 3d < 4d <5d



