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Cornell Hoffmann

Theory in Chemistry (C&EN)
The most important role for theory in chemistry is to

providea 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. Roald Hoffmann

Prof. Linus Pauling



Cornell Hoffmann

* Participation of the Second Acetylepeorbital in Transition Metal Alkyne Complexes
* A Highly Distorted Octahedral‘dviolybdenum Thiolate/Isocyanide Complex (with Sei Otsuka)
* Molybdem Thiolate/Acetylene Complexes (with Sei Otsuka)
* Bent Cis @ MoO,?*vs. Linear Trans #° UO,?*
- A Significant Role for Norvalence 6p orbitals in Uranyl
* Single Atom Bridged Porphyrin Dimers and Possible Carbon Sandwich
* Metalloporphirins with Unusual Geometries
* Reductive Elimination of #Organotransitionmetal Complexes (with Akio Yamamoto)

Inorganic Days
SasonShaik(Israel) David M. Hoffman (Houston)
Richard Goddard (Germany) C. Zheng(North Illinois)
Odile Eisenstein (France) Tim HughbankgTexas A&M)
Christian Minot (France) Tom A. Albright (Houston)
MicklosKertesz (Hungary, USA) Alan Dedieu(France)
Elvadinghalemmis(India) Peter Hofmann (Germany)
Carlo Mealli(Italy) Tobin J. Marks (Northwestern)
ZdenekHavlas(Czech Republic) GerhardErker (Germany)

San Yam Chu (Taiwan)



Cornell Hoffmann

Writing manuscripts with Roald
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Cornell Hoffmann
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Cornell Hoffmann

Nobel Prize in 1981

In my apartment

Nobel Lectura 1531
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[Ph4P]

red crystals

How it got started!
DMF (H0)
70°C DMF
2h

[Ph.P]

DMF

70% yield, orange crystals

X-ray: Roger Cramer (U. Hawaii)

Nb-S8 =2.192(3) A
Nb-S'345 = 2 436(4)

- 2.484(3)
Nb-S? = 2.740(4)

Angew. Chem. 1986
JACS 1986



Scheme 3
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Ct;;’ ‘\;;~StBu
Cl StBu
2 tBuSLi
| 3 tBuSLi |
Ta__ > . Ta_
Cl J Cl Cr. -~ gtBu
Cl \ Cl tBu S/ \StBu
4 tBuSLi
LoD
|
Ta
S/ ..... StBU
StBu

o

Ta-S 2.376(2) A
2.390(3)

1

o

Ta-S 2.425(3) A
2.381(2)
2.422(2)

2

o

A

Ta=S 2.166(2)
Ta-S 2.366(3)
2.365(3)

—~—

tBuSLi

tBuSLi



Cp*TaS; vs Cp*TaSe;

Cp*
THE $—Ta
| THF_ Li/ Li— )
LioS, & AT
S " Li oy
THF \PT L THF e
Ta\s/ THF ™,
! D
Cp A4
E/Ta\\E
Cp*TaCl, E.).
|
THF o NN N
e N~
Li2592 Se/_ _Ta/s‘/eCp \o\\> \\/ N
THF oL
/Ll—Se THF
THF TMEDA= Me,N  NMe,




Synthesis of (Cp*TaS;)[Rh(cod)],

g

Ta—__
s~ \ S\
\L_/S\Li

+ [RhCl(cod)],

THF

» (Cp*TaS;)[Rh(cod)],

yellow brown crystals
Yield 45%
Elemental Analysis
Found C,37.60;:H.,4.80;S,11.52
Calcd. C,37.42;HA.71;S,11.53



The TaRu, core is
rigid in solution.

The TaRh, core is
fluxional 1in solution.
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orange crystals, 82% yield

THF
/ \ CI
4 LiS'Bu
Me,;SiS §Si Me, THF /@
|
W~
S
7
I 'Bus \\s
W=— :
P S red crystals, 69% yield
o "

dark red crystals, 89% yield

THF 1=
N0 \oron LTSS
PPh4Br I CHal or
PhCH,Br
\\ e
CH4CN

orange crystals, 77% yield

Li;Se,
PPh,Br

>

W=
V4 \\ 1 THcftzHacN
S

red crystals
R= CH3, 96% yield
R = CH,Ph, 92% yield

1 D [RE2Es 525 |

g

W=
7\ B
Se

red crystals
(R=CHg)  64% yield
(R = CH,Ph) 57% yield




RE-TRES U

—l -
i@, s,
PhHNNH, e |
\ THF Mo —_
orS t \\ —
7_" ausBu_ T ; a/r BuS CH3CN z 7k \\S S
THF .
cL” \- cl THF / t red crystals, 41-48% vyield
CI/ \ Cl '‘BuS s'sB?,u red crystals, 83% yield
dark red crystals, 89% yield
FeClj l THF
p Cp*
N8 szm ‘Ep\;
é MG /M LS, e ke
L\{ T THF 5.
c \e/ r dF
Cl 99 -
black crystals, 39% yield ~

[aaza—waaza—m}

black crystals, 84% yield



RFE-FLRESER

p < j _ 2nd Order Kinetics
| Ph=—-Ph "l’I (kcal/mol)  (cal/mol K)
/M\QS —_— s / \S
s \S s a8 Mo  13.0 -25
¥ J w 15.2 -24
Ph

CHQBf

CHsCN S/W\QS CH4CN , 60°C
S
% J

red crysals, 95% vyield

red crysals, 77% yield

s \ CH,Br
= BrH CH,Br
| & ¥ 1/6
/w\QS I/\( | BrH CH,Br
o




BHFA5— bEALF

ThFE2FASI—
5o e
M/s—(pc—n

M/s—onc—©

Fe

SAFAS— K

S & S - S
S—(ﬁC—@C-@ ) S
STip

ESlTFao—F

S$™ S~ 3
Q) > - . ,
o C/ o c,\ Messu\@sm&, S, SiMe;
M/’ Qb— ;7\?- SiMe;

DEBNFAS— k

SDmp

SiMe,

MoCls(thf);

-+

SLi
3 M93Si Si Me3

THF

CH,CN Su.. \ _N
s/?no\lcl:
Me,Si H;CCN \



Oxidoreductase
Cluster Active Sites

A Key to Realizing
a Sustainable Society

Nitrogenase

N, + 8e + 8H* —= 2NH; + H, Splitting of H;0

O, Evolving Center of PS Il O, Evolution

H20 — 1/2 02 + 2H" + 2 ¢ Fertilizer

Hydrogenase

H, Production
2 H*+2e == H,

CO-Dehydrogenases Fuel Cell

CO + H20 — > 002 + 2HY + 2¢° Energy

Acetyl-CoA Synthase

Carbon-cycle
"CH;" + CO + CoA-S —= CH;CO-S-CoA

.............................................



CO-Dehydrogenase

! [Ni-4Fe-5S]

Acetyl -CoA Synthase

[4Fe-4S-2Ni]

CO+H,0 —> CO,+2H"+2¢

Fe

Hyvdrogenase

Fe

H Cluster

Hy === 2H*+2¢

"CH3"+ CO + CoA-S
— CH3;CO-S-CoA

Fe-S Clusters

Electron Transfer + a




[NiFe] V@ suoa gd-e= il g ik

HEGE : BITIEFH H, —— H* + HH == 2H*+2¢

(INiFe] Rk KO4'F—+)




Strategy for Synthesizing [NiFe] Hydrogenase Models

Fe-Complexes Ni-Complexes

Fe(CO)s NiBry(EtOH),4
FeBry(CO)4 Ni(SR)4%

Fe(CO)3(CN),Br
Fe(CO)4(CN)

Ni(COD),

Ni(dtc),

Requirements

e Fe-Ni Dinuclear Framework
« Thiolate Ligands (bridging, Ni)
o Carbonyls on Fe

Thiblates e Cyanides on Fe




A

L <l [NiFe]

I Jabs o B

B LR EERLDET I

ocC.

oc—

Fe.--

CN

lBr

Br., Sy
Ni:. 3—NEt
Php” Ys= 2

L
-

N/
KS S SK

-40°C inTHF

ETBEERLDETIV

s, s > 1%
P, o %f’”“&{}b
Fe -
0C/ ™\ -40°C inTHF
od o - 40 °C
COEREMF.LDETIV
Q2.
N Ni(PPhy)
. 3)a
oSN -
&N - 40 °C in THF

=123 1%
s/\\ "
OC:,, | Lt ‘S' .......
Nc/Fle\S/N'\S)/‘ NEt,
CN
Fe(ll) Ni(ll)

EROFF—TFDIRINS NIV ZEFIR

Fe(0) Ni(ll)

Fe(ll) Ni(0)

(EROSF—+)

Oxidized Form

Cys
|
NG S, ey
NC:+Fg=O~Ni.S
/ \.” s
oc 9 N\
Cys Cys

Reduced Form

Cy{
Cys
S/ v /Cys

o) .
C 3S& S
SEE—Ni—

NG/
C

s\Cys

Reduced
CO-Bound Form




Reaction of [Cp*Ir(SDmp)PMes]* with H,

H, (1 atm), r.t.

T 00Cc )

(80 % conv.) HSDmp

H, (1 atm)

- MegP™
THF, -20 °C P

green crystals
66 % + (A) + (B), 'H NMR

colorless crystals
> 95 %, 'HNMR

/

)

(B)

HSDmp



Activation of Dihydrogen Molecule Promoted by the W-Ru Complexes

F
Q PPh, pph, |(BAT4)
W 1y H2 (1atm)
S / "
W\S/Ru 'Pph3 NaBA ” - Ru '”'Pphs
K (o] asAr 4 H
in CH,Cl, 84% yield

THNMR(THF-dg) 5 9.07 (brs, W-OH)
-3.37 (t, 4yp=32Hz, Ru-H)

F

i CFq *IPNMR (THF-dg) 70.8 (s, PPha)
QCFS IR 2019cm™ (w, v(Ru-H))
H Ph
\N/ opn. | (BAr)

Hp (latm) N\ . 3

- WX“.‘ ....... "”‘RU""""PPh
NaBAr", s S
in Cchlg 95% yield

THNMR(THF-dg) & 5.69 (brs, W-NH)
-3.98 (t, Zhp=32Hz, Ru-H)
S'PNMR (THF-dg) ©68.4 (s, PPhg)



Reaction Pathways for H, Heterolysis

(BAr"y) (BAr"y)
H/\H_I H\O\ P
w S, w /
e O TR W—Ru e Lo/ -
‘Cp
P+ P T+ H p 7+
high barri e / i QA 4
gh barrier \ .S. low barrier \ .S /
-— W gy P - - WA Ry,
/g S, - ——— No— NP
Ea =29.2 kcal/mol *Cp H 6.1 /8.4 kcal/mol *Cp
with/without solvent effect
P= PMea
H aE
25 /P
P“' RU,' "—-'-‘\“w
H\ P j.'. / I,,S,.n
' / p high barrier Y. low barrier P |.'+ Q
YRy~ — WS- YR g ——g : X
S Ng \
H 33.8/35.9 Cp H 9.2/96

Prof. S. Sakaki, Mr. T. Dei (Kyoto U.) 27.8 [ 2.56 kcal/mol



The Electron Transfer System of Nitrogenase

[4Fe-4S] Cluster

P-Cluster .,;"Vs € Cys

S
_ Fe
Cys

’ ATP

ADP + Pi

S

Cys Cys

re

§

r“w‘-’, B

, g \ _\V'.j“.—
W 72 1 Feprotein

MoFe-protein

Azotobacter vinelandii
D. C. Rees, etal. Science, 297, 1696 (2002)
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Cluster Synthesis in a Non

-polar Solvent and Formation of a [8Fe

-78] Cluster

Me3Si

Me3Si

N-Fe—N

SiMe,

N\
SIMe3

SH
. IQIN»/16)\@’L

> 90 % yield as crystals

in Toluene

10-28 % yield as crystals
y

S SH
*“n'/12)\(?*/7s

=S
|=\ -S~|~Fe ;\l
| e _N-
N _g” ~g’ s _
-~N /
\
2 Fe'/ 2 Fe'l

Fe4S4{S(2,4,6-PrzCgH,)}{S=C(NMey),},

M. Harmjanz, S. Pohl, et., 1996

TMS TMS
N
S\

™S / / , T™MS
N\Fe~s |= —s—F “s—Fe—N

s | // \ \/ LTS

N~

TMS TMS

\\ J

[{N(SiMe;),}{S=C(NMe;),}Fe,S;lo(ug-SHu-N(SiMe;),},

Y. Ohki, K. Tatsumi, et., 2003



Bond Distances (A)

Our Complex

' 6Fe(ll) 2Fe(ll)

diamagnetic
Fe4-S1-Fed4' 143.7°

@

Fe2

Fe3 Fed

2.3719(7) 2.3969(7) 2.3489(5)

]

other Fe-S (core) av. 2.285

It Fe2 Fe3 Fed |
Fel 2.8150(6) 2.8263(7) 2.7346(6)
Fe2 - - 2.7026(6) 2.6433(6)
Fe3 2.6507(6)

_ 4

Fe2-Fe3' 2.7903(6)

....................................................................................................................................

Fe6 Fe7 Fe8

Fe4-S1-Fe8 155.6°

Fe2 Fe3 Fed
=9 ( S1 248 240 245 242 243 2.45J
other Fe-S (core) av.2.31
r . W 2 ¥
Fe2 Fe3 Fed Fe6 Fe7 Fe8
Fel 275 269 280 Fe5 281 276 289
Fe2 ------ 260 252 Fe6 ------ 255 254
8Fe(ll) Fe3 - - 261 | | Fe7 - e 2.53
L J 48 R J
diamagnetic Fe2-Fe7 293 Fe3-Fe6 2.89



Fragmentation of the [8Fe-7S] Cluster

TMS‘ ™S
N
™S S‘Fe/ \Fe S TMS
Mgl Nl A
N-Fe\—s\ Fe7s<Fe S—/Fe“'N
™s \ L Tms
-N S'//Fe Fe\FS:N'
: X, N-
N
I
™S TMS

H Q\s e
¥ Tad

4 NEt; Fe-S-|-Fe

THF Qs’ s’ \S~©

black crystals, 39%

excess PhSH

>90 %

cf . Native P-cluster




High Yield Synthesis of the P -Cluser Inorganic Core

T™MS TMS
SH N:
S /
Me;Si SiMeg 3NN / 12)\@*/ s TMS /S Fe Fe~,
8 N-Fe—N . NN / __N/
Me,Si’ *SiMe, TMS/ . Fe‘}Fe~S<F \//Fe L N s
black crystals, 82%
y ° 7,3 \ / / S\(N\
SH N

in Toluene /: _
32/3 T™MS TMS TMS = SiMe3

Y
FegS; core 6 Fe(ll) 2 Fe(lll)

&8,

SH
S
™S, /S\ S ™S 3 ‘N”r}l’ / 3/4)\@/k / 7S T black crystals, 73%

83  NFé Fé_ FeN
™S 5 g7 ™S

vy

Fes{N(SiMe3),},{S(2,4,6-iPr;CsHo)}, P. P. Power (1995)

EPR : Silent (X-band, 4 K, 1mW, 5 mM in toluene)

1556, 1259, 1108 (S=C(NMe,),) Anal. Calcd for C,4iH;o4NgSigSqFeg
IR (Nujol, cm-1) _ C:2950 H:6.28 N:6.71
948, 933, 844 (N(SiMeg),) Found C:29.65 H:5.97 N:6.25



C-H Bond Cleavage of Cp*,Co by the FegS; Cluster

ms\ /TMS
™S TMS ™S T™MS
\/ @l TMS\ \N S y
™S s TMS 1/ TMS g ™S / Fe'\'/ Fe’} N
‘.. \FeVFe7 N\ N 2 o s °F SN /N Fe g
ms”  Fe._\ LNy /N _ . Fe T™MS w\ Fe \ / Fe
\ S/Fe\\s/,Fe & S‘Fe/ T '
- =
S~Fe”” Fe-S THF
s\ I 30°C
-NFS SRN—
~N N
\ 7/
1~2 % yield
Selected Bond Distances (A) and Angles (°)
Fe2 Fe3 Fe4
Fel 2.7954(18) 2.7918(17) 2.7635(17)
Fe2 2.6930(18) 2.6388(17)
Fe3 2.6247(17)
Fe2-Fe7 =2.7376(15) Fe4-C1 =2.110(8)
Foca (#61) Fe3-Feb = 2.7381(15) Fe8-C2 =2.127(7)
R, = 0,0837
wh = 0.2349 Fe4 -S1-Fe8 = 150.65(9)

GOF =0.826



C-H Bond Cleavage of Cp*,Co by the FegS; Cluster

TMS TMS

TMS _TMS ms\/ ™S g ™S
\/ = e s ,
™S /S LN;S\N /1;:‘:,8\ ; ,TMS 2 Co o “Ne Fe/ i Fe\\N/ | \\ N s
'ms’N Fe..\ LNy /N_..Fe" ~TMS @ ™ Fe/ /\Fe ’/
. Q / /
\EVF&QS,FQ<§/ \‘//
S<re— —F&-S > ‘Fe
\ / THE  \
~Ne=S S N- -40 °C S
= x
/N\ /N\ 2 \Ii‘JLT/
jcl < 73 % yield
THF 0
! y

™

TMS TMS
TMS TMS

/ \Fe AV Fe /\

\ Fe / Fe
/ \ - \
SSFe \Fe‘s

‘N‘;:S S§‘N'
-N N~

! (1~2 % yield)

,TMS :@4
e N~Tms H* abstraction ]
- i‘boi + Fe-S Clusters




Thermodynamically Stable [Fe ,S,(SR),]? Cluster Core

RS, op o 2 Ferredoxin
S/\FI-"I; /7/3 Fe(I)3Fe(lll)
Ile/S\ —Fe U
~ e 2Fe(I)2Fe(lll)
2Fe(ll) 2Fe(lll) 3Fe(ll) Fe(ll)

* How rigid/flexible is the cubane core structure ?

* How stable/variable is the 2Fe(ll)2Fe(lll) electronic configuration ?

HIPIP: Fe(ll)3Fe(lll) State (1 model cluster)



N/
—Si

—si
/\

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

S '\;N Nsi” N4
NP \ 7 si
NN / S SC s N-Si— NS 7 \-si-
- FeZ” ~Fe’ \ _si FAet
> Dsin® 8T s ¥ N-Fe
\ \N4 —Si N“Si/
Si N 7\ . l\
7/ \\ / ~ ’S'
/ / N
Fe(lll)-Fe(lll)
éi/\ 35% as dark red crystals
:N—Fe—N: —1 toluene "
Si— Vs /
/" =Si-y  \-Si— /
4 % N~ N \SI /
3 P
Fe(ll) s@'/;s \Si/ N - Si—
I Fe VaE / \
S \ s-| + N-Fe
> " \Fe / —_— N * Q:
AN N sim S Nesig
=Si~N N-°\ —si_ |
7\ & A
; i
/S\'\ 71
4Fe(ll)
31% as black crystals
Y. Ohki, K. Tatsumi, 2005
RS ] = ] 2
\ SR S RS _ /SR
Fel — 2 > Fe<> —Fe +  RS-SR
SR s ST\
RS RS SR
Fe(ll) Fe(lll)-Fe(ll)



Synthesis of HiPIP Models (Fe(ll) 3Fe(lll) Clusters)

* o |G
s S/Dx
=S

* (HSDxp)
s<fe- —————
| e
.S~ |
Fe_ |SFe
DXP\S/ i \s-—Dxp
Fe(ll) 3Fe(lll)
36% as crystalline powder
SH
4 /}\
(HS'Bu)
/‘Bu | "
t
S,_ 4 /Bu
f—'e— =S
S\%Fe’ l
'Bu Fe’i\lj Fwece
\S/ S s—'Bu
Fe(ll) 3Fe(lil)
74% as powder

\Jx)
A3 \Sf /
s<Fe-/ZS-.. ‘
| { T Na-.THF
Fe> |SF /
Ssiey” ST ON-SK
\ 8
/S\'\ 4h
Fe(ll) 3Fe(lll)
SH
(HSMes) v
Mes
& &
s<fe-/=S
| e
l}e’S\ ™ {9
Mes\s/ ~g’ \S——-Mes

Fe(ll) 3Fe(lll)
88% as powder

Dmp e

™S oH ™S

4 TMS)\©/‘TMS
TMS™ TMS

(HSTbt)

Tbt

S

Dmp

Dmp | )

S g~
s@-/;s
|

,s~|
Fe > |~Fe
B gD

Fe(ll) 3Fe(lll)
47% as crystals

/Tbt \ "
S /Tbt

S

s@-/fs
I F

S~
Fe_ | Fe
/8T Ng—Tht

Fe(ll) 3Fe(lll)
26% as crystals
(93% as powder)



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

MesSi N
Me3Si 3 \/SIMe3 8eaq. - .
Me-Si \N N N | SiMe, 7\
e;3Si - § i - <
3 \—Fo- Pyridine Me;Si ~N /N
S\-Fe=s N_ ..S..
\ Fei I > 2 /Fe‘\s,'Fe\
Me;Si /Fe\'l'iFe\ _ =N IN—SiMe3
Me,Si S N SiMes \_~ Me;,Si
3 SiMe,
Fe(lll)-Fe(ll)
90% vyield

triclinic P-1(#2)
R,/wR, = 0.0269/0.0723
GOF = 1.056

Selected Bond Distances (A)

Fe-Fe 2.7444(6)
ave. Fe-S 2.2056(10)
Fe-N(amide) 1.9313(15)

Fe-N(pyridine) 2.1126(17)




Reductive Coupling of All-Ferric [4Fe-4S] Cluster

\ /¢
\ /Si \\SI/ ™S TMS
=~8ja_ \ —
P N N—SC ™S . \TMS\N/ TMS/ N L
I Fe"\ / Fe
S/QFe/S 1 eq. PEt3 TMS/N\Fe\ /’ \/N\/ -3 /Fe’ ~STMS
\/ é i / w— \ S\/Fe\\ //Fe\/
Fel_ ;Fe\ / toluene, rt T W
S N/Sl/ Fe F
7N L \ |
Si Si\ I
AN /| ~p Z#° Sxp-
7
4Fe(ll) :

6Fe(ll) 2Fe(lll)

29% as crystals

Selected Bobd Distances (A)

Fe-Fe 2.6521(5)-2.8075(5)
Fe-(12-S) 2.2578(10)-2.3030(9)
Fe-S1 2.3510(4)-2.4006(7)

Fe-N (terminal) 1.915(2)
Fe-N (bridged) 2.059(2)
Fe-S (terminal) 2.3445(9)
P-S 1.9966(13)

R, = 0.0431
WA, = 01255
GOF = 0.997




Coordinatively Unsaturated Iron Complexes of Bulky Thiolates

STip SMes* SBtp STht SEind
S S MegSi S SiMe, S
MesSi \© SiMe Me,Si )\@/\ SiMe,
Me;Si " SiMes
SDpp SDxp SDmp SBtip
S S S S
o SH S SH
TMS, TMS O )\@*
N-Fe-N - q
™S ™S toluene toluene

TMS = SiMe;




Synthesis of a Better Fe S Cluster Model of P N

TMS gH TMS
™S ™S
Tht
S S Tht : S S\
™ ™
™S ™S / Ne / \ S N ot
/ 2 eq. HSTht 1eq.S recryst \ Fe~\""Fe N Fe

N—Fe—-N a > > ) s \S/Fe~s-—Fe\sl

TMS Mus Toluene Toluene ether SQ Fo— S Fe// S
TMS = trimethylsilyl OEt, OEt,

6Fe(l)2Fe(lIl)
21% yield as black crystals

Triclinic P-1 (#2)
R,/ WR, =0.1142 / 04176
GOF =1.182




Structural Comparison with P N

Cys
Tht ‘
Tht Tht Cys
\ Fe2 /\ Fel* ot
b\‘\.%8\}16'5/ M . °
bt Fel g g o2 v
AT
- tmtu
FegS{N(SiMey,),},(tmtu) , FegS,(STht) ,(OEt,), Nitrogenase P "
2Fe(Il), 6Fe(ll) 2Fe(Il), 6Fe(ll) 8Fe(ll)
Bond Distances(A) and Angles (°)
Feli Fe2*: 2.7903(6) Feli Fe2: 3.010(2) Feli Fe2: 3.03
Fe3i Fe4 . 3.001(2) Fe3i Fed: 3.05
Fel N(amide)ermina : 1-919(3) Fel S(Tbt)ermina : 2-215(2), 2.226(3) Fei S(CYS)erminal - 2-30, 2.40
Fei N(amide)yigge © 2.059(2) Fei S(Tht)yigge - 2.293(2) 1 i SBA3:) 2. 241

Fe-nt-Fe : 143.61(6) Fe-nt-Fe : 151.8(1) Fe-nb-Fe : 155.8



Synthesis of an Fe ¢S, Cluster Modeling P ©X

SH

x| 0 &,
T™S TMS
\ /
/N—Fe—N\ 1.3 eq. HSDx;i
TMS TMS Toluene

TMS = trimethylsilyl

TMS\ STMS\ /f Ms ™S
~ N/ S
™S N\ J/ \:e,\ Fe/ NN /N—TMS
< F%/Fe\"NLFe\ S}:e
1.5 eq. \ VN
Toluene Fe

90°C _@\S

4Fe(I)4Fe(ll1)
36% yield as black crystals

Triclinic P-1 (#2)
R,/ wR, = 0.0508 / 0.1339
GOF = 1.105



Structural Comparison with P~ ©%

s
Dxp \M*/

Dxp

f|
S g\Cys
A Y

4Fe(lll), 4Fe(ll) Nitrogenae P ©X 2Fe(l), 6Fe(ll)

Bond Distances(A)

Feli us-S @ 4.142(1)
Feli S(Dxp) : 2.2934(14)
Feli C61: 2.505(5)
Feli C62: 2.472(5)

Fell p,-S: 3.96
Feli S(Cys) : 2.27
Feli O(Ser): 1.90
Fe2i us-S : 2.3776(11) Fe2iy,-S: 3.88
Fe3i us-S : 2.3573(11) Fe3i p,-S: 2.50



Fe-S Bond Formation of the Cluster

QYA P \\/ \/
\SI_ ‘SI Si L \S/ \II Si NP
—Si N
A SSi \N s',//s S H ' /\ \N/ 7
_Si~ \ L/ N— i\ ~ - /
ERS Vv /Na i ) v/ AN
\9\ /Fesg,;Fe\s tmtu I \s ;\"Sl,;Fe\ s/ sll\—
Sﬁ:i/ S~\Fe-—S 4 Toluene Fi/ \Fé‘s
_QS ZS S\\
¢ NS
= > N
4Fe(llN), 4Fe(ll) 3Fe(lll), 5Fe(ll) | 12% yield

Triclinic P-1 (#2)
R,/ wR, =0.0475/0.1470
GoF =1.075

Feli ug-S : 2.3686(10)



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

v

4Fe(lll), 4Fe(ll) e 3Fe(Ill), 5Fe(ll)

A

P-Cluster

PpOX PN
2e!

v

2Fe(lll), 6Fe(ll) sFe(ll)

A




The Electron Transfer System of Nitrogenase

[4Fe-4S] Cluster

P-Cluster .,;"Vs € Cys

S
_ Fe
Cys

’ ATP

ADP + Pi

S

Cys Cys

re

§

r“w‘-’, B

, g \ _\V'.j“.—
W 72 1 Feprotein

MoFe-protein

Azotobacter vinelandii
D. C. Rees, etal. Science, 297, 1696 (2002)



The Cluster Core Structure of FeMo -co

Trigonal-Prismatic Fe; Core ?

3-Coordinate Fe ?

Whatis X? CorNorO?

What is the role of X ?




Alternative Coordination Geometries of the TP-Fe, Core

More stable



S'\ S S /s'

N-Fe” “Fe, “Fe—N

4 AY

/ S S N
_.‘;‘u\ | : | /?L /S\I\

3Fe(ll)

\ /
~si” Ngi—
\ /
N—Fe—N
S_/ \S'
//I\ / \I\

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

1 eq. Ul $hz
@

(BtipSH)

1eq.S

Toluene / Et,0, 60 °C \

SH

2eq. )\?)\ 1/2eq. S

(TipSH)

Toluene / Et,0

21% yield

66% yield

’,
.
.,

8Fe(ll),1Fe(lll)



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

fiFeMo-cofactor 0 \

orthorhombic Pca 2, (#29)
R,/wR, =0.130/0.421
GOF =1.024




Comparison of the Core Structures

FeMo-cofactor

5Fe(ll),1Fe(lll)  3Fe(ll)

269737 Te{%e68(4) 2.6V'|:e{%65
FeZMFeS Fe2 > k4 Fe3
2.746(5) 2.58
2.771(5) 2.756(5) 2.58 2.62
F F
2.631(5) FeS/ Fep 204%) 2.59 Fe5/ eKFe6 263
2.637(4) 2.62
Fe-Fe(trigonal)  : 2.655 A Fe-Fe(trigonal)  : 2.63 A

Fe-Fe(tetragonal) : 2.757 A

Fe-Fe(tetragonal) : 2.58 A



The Cluster Core Structure of FeMo -co

Trigonal-Prismatic Fe; Core ?

3-Coordinate Fe ?

Whatis X? CorNorO?

What is the role of X ?




Synthesis of [Fe(u-SDmp)(STip)l»

) &
TMS\N - /TMS O /TMS
TMS/ \TMS toluene Q 'N\TMS toluene
TMS = SiMe,
P2,/a (#14) dark red crystals
R, Rw: 0.077, 0.082 95% yield
GOF: 1.38

Ref/Para: 19.
siPara: 1960 Anal. Calcd for C78H96Fe254;

Calc: C, 73.56; H, 7.60: S, 10.07.
Found: C, 73.70; H, 7.28; S, 9.63.

X-ray fluorescence microanalysis

Fe:S=1:20
Bond Distances (A)
Fe(1)-S(1)  2.3698(7) S D S
Fe(1)-S(2) 2.2742(7) npE T
Fe(1)- S(1)* 2.3885(7)
Fe(1)-C(7) 2.650(3) S

[Fe(M'SDmP)ﬂST'P)]z Fe(1)-C(8) 2.532(3) STip = /K@)\



Synthesis of [(DmpS)Fe;S3]5(1g-S)(n-SDmp)o(u-STip)

\? - - BN A O
s’

- S Dm 4
F e. toluene 1 toluene / / B ey \ Dmp
{@ ‘ rt. 120 h 2 HMDSO Qs Fe— S\Fe /S\/F‘? s‘Fe\s/
\_/Fé pmp.Fe.\ /
\s/
|
Dmp
P1 (#2)
g AR, 0088 0088
s i black needles  34% yield
J 4 [(TipS)FesSala(uig-S)(u-SDMP),(u-STip)
SDmp Yy X-ray fluorescence microanalysis
Fe:S=8:120
e FegS; core

5 Fe(ll) 3 Fe(lll)




The [8Fe-7S] Cluster vs. FeMo-co

[8Fe-7S] cluster

2.91

: . . _QTi 5 Fe(ll) 3 Fe(lll)
[(TIpS)Fe4S3]2(M6 S)(u‘ SDmp)Z(M STIp) av.2.82 av.2.39 av.3.41

2.58

2.58
(D.C.Rees et al. Science. 2002,297,1696)



Isolation of Fe

2S;0(SDmMp) ,(mOCPh,)(mSDmp),

SH

™S, TS HS .
N-Fe-N P
™S T™S toluene
TMS = SiMe,

]

Fe - Fe: 2.696(2) - 2.865(2) A

™S

Y

N.
™S

toluene

2S/H,0o0r O, it 48h

P42/mnm (#136)
R1; wR2 : 0.106; 0.379
Refl/Para 21.8

FegSgO core

5 Fe(ll), 3 Fe(lll)



Structure of the [8Fe -6S-0O] Cluster

Fel*

Dmp S

Fe51 Fel*/4/4*=2.7847(9)7 2.822(3) A
Fel*i Fed/4*=2.6879(9) A
Fed i Fed* = 2.6459(5) A

Fe2 /2*i m-O = 3.4658(5) A
Fe2 i Fe2* = 3.6423(6) A



Model Clusters of the Nitrogenase Active Sites

TMS‘ /TMS
g TMS 1/ TMS g
Fe-protein s /S\F/ \Fe‘\N/‘Fe/ N /S\
e__ -

UNU Fe
\ A &~ N .. A
4Fes SO Ny
pe S
S>Fe Fe

o Lt e

Ar

(7]

P-Cluster

- /
E

. _Fe
= omg S~ Ne7l N \
s/Fe< \Feys\—'Fe/s‘Fe\S/
SéFe{)mp/Fe\\S/

S
A
Dmp

4 )
3.3A . Dmp O\ Dm
.- vomp
'. S Ser278 \ S\Fe/ Fe‘S\
S N '

.
.
.

& =
%

Dmp

\

Fe-protein

Mgatp-Bound and Nucleotide-Free Structure
Azotobacter vinelandii
D. C. Rees et al., 2002




Assembly of M-cluster

SAM motif
(CxxxCxxC)

E=

— — .

| N & E |
NifB NifEN NifDK
ﬂ_\ / N:fH\ /’
Mo HC
l K-cluster \ - L-cluster l M-cluster

Hu & Ribbe (2011) Microbiol. Mol. Biol. Rev. 75, 664
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Pacifichem2000, 2005, 2010

Prof. Peter Stang, Prof. Howard Alper

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



AYour Majesty vs His/ Her Majestyo



Glasgow 2009 ] Puerto Rico 2011

Executives



IUPAC N

14

»1' ;&.;‘}ﬁm

Moscow, Russia (2012)



IUPAC n

Ly

Livermorium

14

Atomic # 112: Copernicium (Cn)
Atomic # 113: ?

Atomic # 114: Flerovium (FI)
Atomic # 116: Livermorium (Lv)

International Festive Colloquium
dedicated to the Naming of Fl and Lv

Moscow, Russia (2012)

IUPAC (2012)
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