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ñTheoretical Studies on the Chemical Characteristic of Transition Metal Complexesò



TexasA&M Tsutsui

Prof. Minoru Tsutsui
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Cornell Hoffmann

Prof. Roald Hoffmann

Theory in Chemistry (C&EN)

The most important role for theory in chemistry is to 

provide a framework in which to think, to organize 

knowledge. 

Theory is a search for understanding.  There is an 

innate psychological factor that makes a man rejoice in 

understanding a phenomena.  Perhaps, complete 

predictability constitutes complete understanding.

The Chemistry is Right (Cornell Alumni News) etc.

Chemistry is beauty.

There is no ugly molecule

Prof. Linus Pauling



Cornell Hoffmann

* Participation of the Second Acetylene porbital in Transition Metal Alkyne Complexes

* A Highly Distorted Octahedral d4 Molybdenum Thiolate/Isocyanide Complex  (with Sei Otsuka)

* Molybdem Thiolate/Acetylene Complexes (with Sei Otsuka)

* Bent Cis d0 MoO2
2+ vs. Linear Trans d0f0 UO2

2+ 

- A Significant Role for Non-valence 6p orbitals in Uranyl

* Single Atom Bridged Porphyrin Dimers and Possible Carbon Sandwich

* Metalloporphirins with Unusual Geometries 

* Reductive Elimination of d8-Organotransitionmetal Complexes (with Akio Yamamoto)

Inorganic Days
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Cornell Hoffmann

ñMetalloporphirins with Unusual Geometries Iò 

Writing manuscripts with Roald



Cornell Hoffmann

Synthetic Chemistry    Theoretical Chemistry    Logical



Cornell Hoffmann

Nobel Prize in 1981

In my apartment



Synthetic Chemistry    Theoretical Chemistry    Logical
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Oxidoreductase



CO-Dehydrogenase

Hydrogenase

Acetyl -CoA Synthase

Fe-S Clusters

Electron Transfer + a
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The Electron Transfer System of Nitrogenase

ATP

ADP + Pi

[4Fe-4S] Cluster

e-
P-Cluster

n e-

FeMo-cofactor

N2

2 NH3 + H2

+ 8 e- + 8 H+

Fe-protein

MoFe-protein

Azotobacter vinelandii

D. C. Rees, et al.    Science, 297, 1696 (2002)



Cluster Synthesis in a Non -polar Solvent and Formation of a [8Fe -7S] Cluster







High Yield Synthesis of the P -Cluser Inorganic Core







Thermodynamically Stable [Fe 4S4(SR)4]
2- Cluster Core

*  How rigid/flexible is the cubane core structure ?

*  How stable/variable is the 2Fe(II)2Fe(III) electronic configuration ?

HiPIP:  Fe(II)3Fe(III) State    ( 1 model cluster)

Ferredoxin

Fe(II)3Fe(III) 

2Fe(II)2Fe(III) 

3Fe(II) Fe(III) 



Synthesis of Amide -ligated [2Fe -2S] and [4Fe -4S] Clusters





90% yield

triclinic P-1(#2)

R1/wR2 = 0.0269/0.0723

GOF = 1.056

1.9313(15)

2.1126(17)

2.2056(10)

2.7444(6)

Selected Bond Distances (Å)

Fe-N(amide)

Fe-N(pyridine)

ave. Fe-S

Fe-Fe

Splitting of [4Fe -4S] Cubane into Two [2Fe -2S] Clusters

Fe(III)-Fe(III)





Coordinatively Unsaturated Iron Complexes of Bulky Thiolates



Triclinic P-1 (#2)

R1/ wR2 = 0.1142 / 04176

GOF = 1.182

µ6-S

Tbt

21% yield as black crystals

6Fe(II)2Fe(III)

Fe

SS

O
Tbt

Tbt

Fe

S

Synthesis of a Better Fe 8S7 Cluster Model of P N



S

S

Cys

Cys

µ6-S

Cys

Fe3

µ6-S

S

Tbt

Fe2

S

Fe1

Nitrogenase P N

2Fe(III), 6Fe(II) 8Fe(II)

Fe1ïFe2 :  3.010(2)

Fe3ïFe4 :  3.001(2)

FeïS(Tbt)terminal :  2.215(2), 2.226(3)

FeïS(Tbt)bridge:  2.293(2)ī2.304(3)

Fe-mS-Fe : 151.8(1)

Bond Distances(Å)  and Angles (o)

Cys

Cys
Fe4

Tbt Fe3

Fe2Fe1

Fe4

S

Tbt

O

Fe1ïFe2 :  3.03

Fe3ïFe4 :  3.05

FeïS(Cys)terminal :  2.30, 2.40

FeïS(Cys)bridge :  2.24ī2.31

Fe-mS-Fe :  155.8

Structural Comparison with P N

Fe1ïFe2* :  2.7903(6)

FeïN(amide)terminal :  1.919(3)

FeïN(amide)bridge :  2.059(2)

Fe-mS-Fe : 143.61(6)

2Fe(III), 6Fe(II)

µ6-S

Fe2

S

Fe1

Fe1*

N

N

tmtu

Fe2*

Fe8S7(STbt)4(OEt2)2Fe8S7{N(SiMe3)2}4(tmtu) 2



Synthesis of an Fe 8S7 Cluster Modeling P ox

Triclinic P-1 (#2)

R1/ wR2 = 0.0508 / 0.1339

GOF = 1.105

Fe

µ5-S

Dxp

N

36% yield as black crystals

4Fe(II)4Fe(III)

Fe

S

SN



Fe3

S

S

Cys

Ser

Cys

µ4-S

Cys

Fe1

N

O

Fe2

Fe3

Structural Comparison with P OX

µ5-S

S

Dxp
Dxp

Fe2
S

C61C62

Fe1

NN

Nitrogenae P OX4Fe(III), 4Fe(II) 2Fe(III), 6Fe(II)

Fe1ïµ5-S :  4.142(1)

Fe1ïS(Dxp) :  2.2934(14)

Fe1ïC61 :  2.505(5)

Fe1ïC62 :  2.472(5)

Fe2ïµ5-S :  2.3776(11)

Fe3ïµ5-S :  2.3573(11)

Fe1ïµ4-S :  3.96

Fe1ïS(Cys) :  2.27

Fe1ïO(Ser) :  1.90

Fe2ïµ4-S :  3.88

Fe3ïµ4-S :  2.50

Bond Distances(Å)

Cys



Fe-S Bond Formation of the Cluster

Triclinic P-1 (#2)

R1/ wR2 = 0.0475 / 0.1470

GoF = 1.075

12% yield

µ6-S

Fe1

S

4Fe(III), 4Fe(II) 3Fe(III), 5Fe(II)

S

Fe1ïµ6-S :  2.3686(10)



Changes in Geometry and Oxidation State of the P -Cluster Core

PN

µ6-S

Dxp
tmtu

N

Ser

Cys

µ4-S

N

O

POX

Dxp Dxp

µ5-S

µ6-S

Cys

2eï

Fe1
Fe1

Fe1 Fe1

Fe2
Fe2

Fe2 Fe2

N

S
S

Cys
Cys

4Fe(III), 4Fe(II)

2Fe(III), 6Fe(II)

3Fe(III), 5Fe(II)

8Fe(II)

eï

P-Cluster



The Electron Transfer System of Nitrogenase

ATP

ADP + Pi

[4Fe-4S] Cluster

e-
P-Cluster

n e-

FeMo-cofactor

N2

2 NH3 + H2

+ 8 e- + 8 H+

Fe-protein

MoFe-protein

Azotobacter vinelandii

D. C. Rees, et al.    Science, 297, 1696 (2002)



The Cluster Core Structure of FeMo -co

Trigonal-Prismatic Fe6 Core ? What is X?  C or N or O ?

3-Coordinate Fe ? What is the role of X ?



Alternative Coordination Geometries of the TP-Fe6 Core

S

S

S

Fe

Fe

Fe

Fe

Fe Fe

Fe

FeFe

S
Fe

Fe

Fe

S

More stable

S



Synthesis of [6Fe5S] -3[Fe] Cluster

8Fe(II),1Fe(III)

3Fe(II)



Structure of the [6Fe5S] -3[Fe] Cluster

ñFeMo-cofactor ò

S

Fe

Fe

Fe

Fe
Fe

Fe

SS

orthorhombic Pca 21 (#29)

R1/wR2 = 0.130 / 0.421

GOF = 1.024   

8Fe(II), 1Fe(III)

S

SFe

Fe

Fe

Fe

Fe

Fe

S



ë2-S

Xë4-S

5Fe(II),1Fe(III) 3Fe(II) 1Mo(IV), 6Fe(II), 1Fe(III) (?)

FeMo-cofactor

Comparison of the Core Structures

Fe2 Fe3

Fe1

Fe5 Fe6

Fe4

2.622.58

2.652.67

2.62

2.64

2.632.59

2.58

Fe2 Fe3

Fe1

Fe5 Fe6

Fe4

2.756(5)
2.771(5)

2.668(4)2.697(5)

2.637(4)

2.661(4)

2.641(4)2.631(5)

2.746(5)

Fe-Fe(trigonal)       : 2.63 Å

Fe-Fe(tetragonal)   :  2.58 Å

Fe-Fe(average)      :  2.62 Å

Fe-Fe(trigonal)       : 2.655 Å

Fe-Fe(tetragonal)   :  2.757 Å

Fe-Fe(average)      :  2.689 Å

Mo



The Cluster Core Structure of FeMo -co

Trigonal-Prismatic Fe6 Core ? What is X?  C or N or O ?

3-Coordinate Fe ? What is the role of X ?









Isolation of Fe 8S6O(SDmp) 2(m-OCPh3)(m-SDmp)2



Structure of the [8Fe -6S-O] Cluster

Fe5

m4-O

DmpS-

Ph3CO-

Fe2

S

C1

Fe5 ïFe1* / 4 / 4* = 2.7847(9) ï2.822(3) Å

Fe1* ïFe4 / 4* = 2.6879(9) Å

Fe4 ïFe4* = 2.6459(5) Å

S

S

Fe1

C2

DmpS-

2.4830(4)

Fe4

Fe4*

Fe2*

Fe2 / 2* ïm4-O = 3.4658(5) Å

Fe2 ïFe2* = 3.6423(6) Å

Fe1*

Fe3

-SDmp

DmpS-

Fe1

Fe2

Fe2*

Fe3

Fe5

Fe4

Fe4* Fe1*

2.623(2)

m4-O

O

-SDmp



Model Clusters of the Nitrogenase Active Sites
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Pacifichem2000, 2005, 2010

"A pair of bears met a pair of hares, discussing if a hare with hair is bare"
(Stan Israel and Kaz)

Prof. Peter Stang, Prof. Howard Alper
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ñYour Majesty vs His/Her Majestyò



IUPAC ה

14

Executives

Glasgow 2009 Puerto Rico 2011



IUPAC ה
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Cancun, Mexico (2012)

Moscow, Russia (2012)



IUPAC ה

14

Moscow, Russia (2012)

IUPAC (2012)

Atomic # 112:  Copernicium (Cn)

Atomic # 113:   ?

Atomic # 114:   Flerovium (Fl)    

Atomic # 116:   Livermorium (Lv) 

International Festive Colloquium

dedicated to the Naming of Fl and Lv
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