Los Alamos National Laboratory

Materials Research Laboratory
University of California Santa Barbara




METALS BREAK H-H AND OTHER ¢ BONDS BUT NO ONE KNEW EXACTLY HOW!
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| 22nd Anniversary of First Report of Dihydrogen Complex '

Kubas, Ryan, Swanson, Vergamini, and Wasserman, J. Am. Chem. Soc., January, 1984

Complexes were first prepared in 1979, but structure not confirmed until 1983
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r 0.75 A (X-ray, large std)

0.82 A (neutron, PR5disorder, H, rotation shortens d,,;,)

0.89 A (solid state NMR , Zilm)

0.86-0.8 7A (calcd from Jp = 34.0 Hz in soln NMR)

. 0.86 A (DFT calcn, Frenking, 2002)

™

W-H, bond energy = ~19 kcal/mol
21 kcal/mol (calcd)

Theoretical calculation:

Saillard and Hoffmann, J. Am. Chem. Soc., April, 1984

Yardstick:
Jyp =43 Hz
in HD gas

side-on (n?) bonding of H, in Cr(CO)s(H,) favored over end-on



The field of M-H, o complexes has grown to feature:

Bonding in W(CO),(P'Pr,),(H,):
donation of the bonding electrons
in H, to a filled metal d orbital and
backdonation to the antibonding
orbital of H,

o >1200 papers published (~300 computational);
142 research groups (six Nobel Laureates!)

e ~660 L ,M-H, complexes (560 stable; ~250 Ru)

* Every transition metal from vanadium to
platinum; main-group interactions also

« H-H distance varies from 0.85 to 1.6 A
o J(HD) varies inversely from 36 to 2 Hz

M H oH VL
| —» M | —= M — M
H \lil \H
0.74A 0.85-1.1A 11. 144 >1.6 A
true H, complex elongated H, hydride

“compressed hydride”

 Book: Metal-Dihydrogen and o-Bond Complexes,
G. J. Kubas, Kluwer Academic/Plenum, 2001

o complexes include M(Si-H), M(C-H), etc




HOMOLEPTIC AND OTHER NOVEL H, COMPLEXES

H> \2+ H, \2+ Ho \@
H3N //:,,O| ‘\\\\\NHS HZOI/,,, | .‘\\\\OHz OC/I/,,, I ‘\\\\\CO l

S Ru Cr - —Ru
HaNY | YN H,0% | “YOH, oc” | ~>co ¥ / N\,

NH; H,O CO 2
H-H =1.34 A for analogue [Taube]  Merbach Heinekey Jiaand Lau



HOMOLEPTIC AND OTHER NOVEL H, COMPLEXES

H> \2+ H, \2+ Ho \@
HSN//:,,Ol ‘\\\\\NHS HZOI/,,, | .‘\\\\OHz OC/I/, I \\\\CO l

S Ru - —Ru
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H-H =1.34 A for analogue [Taube]  Merbach Heinekey Jiaand Lau
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N, T H
LN/ f L N paramagnetic [Chirik, 2004]
4

H +
B
. TN ,—\_|2+
<=1 [ vy
j N AN
Ru Ru Ru
/é\Hz 5\ /é\Hz



HOMOLEPTIC AND OTHER NOVEL H, COMPLEXES

HSN//:,, | ‘\\\\\NHS\ HZO//,, | ‘\\\\OHz \ OC/I/, I \\\\CO l
Os 'Ru’
3

u I /RU
HNY | “YNH H,0% | “YoH, oc/ | \co ¥ / N\,
NH3 H,0 CO 2
H-H =1.34 A for analogue [Taube]  Merbach Heinekey Jiaand Lau

R., A=A (\'?'0 H

Re) “=Re—N~ " Te_l
N, — H
LN/ f\) L N
IQ//N paramagnetic [Chirik, 2004]
R = CgFs high valent: Re!"' [Schrock]
H +
B
N N/,\N — _I 2+
<< | ) VAV
N N N NN N
N | NI/ : :
Ru Ru Ru first neutron structure of a bis-H, complex
' : \Hz = \ / é \H
S : = 07 RuH,(H,),[P(c-pentyl);],
Cp To cn [JACS 2005, Chaudret and Sabo-Etienne]




SYNTHETIC ROUTES TO H, COMPLEXES

hv, —-CO
2—-200 K

PHOTOLYSIS: Cr(CO)g + H, » Cr(CO)s(H,) unstable

UNSATURATED Ha i H
PRECURSOR: VTR == _/W !
(e. g. "agostic") \ \2< reversible |
P
/R 7N
—CH,ClI
—— DISPLACEMENT:  M-CH,Cl, + H, 2 e M-H,
REDUCTION: L,MCIl, + NaBH, — L,M(H),(H,)

Binding of H, to metal complexes such as W(CO),(PR,), IS
competitive with binding of water, I.e. an H, complex can be
made by displacement of an H,O (aquo) ligand




SYNTHETIC ROUTES TO H, COMPLEXES

hv, -CO
PHOTOLYSIS: Cr(CO)g + H> » Cr(CO)5(H,) unstable
2—-200 K
UNSATURATED Hy o
PRECURSOR: SV = _/W !
(e. g. "agostic") \ \2< reversible |
P P
/\ %
—CH,CI
DISPLACEMENT:  M-CH)CI, + H, 272 » M-H,
REDUCTION: LyMCly, + NaBH, —> L,M(H),(H>)
H+
PROTONATION OF HYDRIDE:
by acids as weak as ROH /\ Ho T
y M—H | —M
Deprotonation of bound H, [B] i

by bases as weak as Et,0 —[BH]* pK,=—6to 18



H, IS THE MOST DYNAMIC LIGAND

8 ROTATION O
- 7P i
s & 2 keal/mol |+ soln oc, | FLUXIONAL
V|V DIHYDRIDE
C
o)
EXTREMELY
FACILE
EXCHANGE
cis-interaction "Hy—complex” very low energy
FeH,(H,)P3 (Eisenstein) (like pi-allyl) process: 0.5 kcal

ELONGATED H,

k IS DELOCALIZED
16A M ) 0.85 A
¥ H-H “vibrates” along reaction

coordinate for bond cleavage
/1 kcal/ mol barrier!



H, IS A WEAK ELECTRON DONOR

iy
D
®
X = M*, H, etc
H U+ H
H=—() H—C—|
/
H H H
Hy™ carbocations
[Olah] CH:*
[M(H2)n]”

gas-phase "naked" M cations

surface-M*(H,) [e.g. zeolites]

H, IS A WEAK ELECTRON ACCEPTOR

X@H@HQ

“end-on”

X = 0%, halide, C=C, H-H, M ??

Cr,05—H,, —130°C [Burwell, 1977]

nanocrystalline MgO binds 1.8 wt%
H, reversibly at 77 K and 13 atm H,

[Schwarz; Kubas]

[Na*][Cl-] — H, weak interaction in
low T matrix [Sweany]

C(nanotube)—-H,




FIRST CRUCIAL CLUE FOR METAL-DIHYDROGEN DISCOVERY
INVOLVED “ROUTINE” INFRARED SPECTRA OF SOLID COMPLEX

W(CO),(PCy,) H,
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INVOLVED “ROUTINE” NUJOL MULL IR SPECTRA

FIRST CRUCIAL CLUE FOR METAL-DIHYDROGEN DISCOVERY

196!

|

v(CO)

W(CO),(PCy

3)2 H2

A (W H 2) asym
il

111!
||||||

~1150

v(WH,),

90l

A

i

N

700 NV

LOW FREQUENCY
DEFORMATION, 6(WH,),
NOT SEEN IN HYDRIDES

316

SHIFTS FOR W-D, TO
REGION BELOW
400 cm

NON-ROUTINE IR
INSTRUMENT

“bonding of hydrogen to
complexes may be novel”
---- Chem. Comm. 1980




NUJOL MULL IR OF
PERDEUTERO - PHOSPHINE
COMPLEXES PHOSPHINE

Yeo

W (CO), {P(c D |)3] (D)

N\

- -|
I/HH—269O cm

2360 cm'L in U\U
HD complex

W(COL[P(CGD | ;) |

| l 1 | 1 |
3000 2600 2200 cm|




H-H stretch PLUS =—=>

Six vibrational modes for
bound dihydrogen versus two
for atomically bound hydride

VWHZ(symmetric)

dNHZ(in-plane)

é‘\NHZ(out-of-pIane)

VWHZ(asymmetric)

T2
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H
6 VIBRATIONAL MODES EXPECTED FOR M—l!i

- INFRARED -
IR/RAMAN IIJ\ILS
obsvd ranges for all M-H, complexes asym Sy*n: S )
VMH VWH y\ T
H, _ F l .
et b br |‘-._1‘-,'1|||
HD | __
0, =3 q
||I||||I||||t1|||||||||1|I|||1
3000 2500 2000 1500 1000 500 0
cm™

SIX MODES LEADS TO INVERSE EQUILIBRIUM ISOTOPE EFFECT

5 Kiu/Kp

Hy + I|D_W(CO)3L2

H
D, + IL—W(CO)3L2

K/Kgp = 0.78

D, binds stronger than H,

[Bender, Kubas, Jones, Swanson, Hoff, JACS, 1997]



Solution NMR Diagnostic for Dihydrogen Versus Hydride Structure

H M
M— | M
H (D) \I_|
SIGNAL broad, uncoupled sharp, coupled
'H NMRY [Tl <40 ms >100 ms
J(HD) 1-35 Hz <1Hz

(43 Hz in HD gas)

W(CO),(P'Pr,;),(HD)

,,,,,,,,,,,,,,,,,,

W(CO),(P'Prs;),(HH)




Comparison of H-H Distances Determined by Diffraction Methods and NMR
H-H Distance, A

Solid state  Soln NMR  Stability

Complex X-ray Neutron NMR Jup to H, loss
Cr(CO)3(PPri3)2(Ho) 0.67(5) 35 reV?rSib'e
Cr(CO)3(PCy3)2(H2) 0.85(1)
Mo(CO)3(PCy3)2(H2) 0.87(1)
Mo(CO)(dppe)2(H2) 0.736(10) 0.88(1) 34
W(CO)3(PPri3)2(H2) 0.75(16) 0.82(1) 0.89(1) 33.5
W(CO)3(PCy3)2(H2) 0.89(1) \
[FeH(H2)(dppe)2]* 0.87(3) 0.816(16) 0.901) 2
[CpRu(dppm)(H2)]* 1.01 21.9 . :

. Irreversibly
[CpRu(dmpe)(H>)] 1.02(1) 22 bound H,

Distance needs correction for the effects of hydrogen librational motion.

d,, =1.44-0.0168J,, A [Heinekey]
d,, =142-0.0167J,, A [Morris]

-



Planar Rotation of Molecular Hydrogen

Molecular Hydrogen Complexes
Model for Dihydrogen Rotation

: Librational Motion /
R =

-3

-

W-H, Axis (J=3)

TORSIONAL
TRANSITIONS

P-W-P Axis

Energy E/B

(J=z) | /
' TUNNEL
Barrier Height * SPLITTING

; o | BN _
o Ground-State Wave =)
g \::>/{£,‘ mneke (J=°? : 16 1‘5 26 25
E | - 360° = 0 Barrier Height V4 /B
GrmsseEemie®®  Energy level spacing differs appreciably
(- B 8%s% + 12 Vzcos20 )y =E y from that for 3-D rotation

Ej= BJ? if V2=0

Deduce chemical binding of H,?



ROTATIONAL BARRIER OF THE H, LIGAND

ABSOLUTE EVIDENCE FOR NONCLASSICAL
DIHYDROGEN COORDINATION VERSUS CLASSICAL

HYDRIDE LIGANDS

DETERMINED IN COLLABORATION WITH JUERGEN
ECKERT AT LANL AND UCSB BY INELASTIC NEUTRON

SCATTERING (INS) METHODS : :
rotational tunneling spectroscopy
(quantummechanical rotation)

J»—~EVIDENCE FOR M- H, 6* BACKBONDING

|
~p -~
O
- %4
3 FOR M(CO)3(PCy3)»(H>):
M OQ©°
v M BARRIER (kcal)
O ‘ % Cr 1.3
P Mo 1.7
| W 2.2

ECKERT HAS ALSO DETERMINED BARRIERS FOR H,
BINDING TO ZEOLITES AND METAL ORGANIC
FRAMEWORK COMPLEXES (MOF'S)



DIHYDROGEN COMPLEXES FOR HYDROGEN STORAGE

Chemisorption of MOLECULAR hydrogen on light atom
structures should give reversibly bound H,

H H

M B —= ] rather than I
H M—H
molecular hydrogen binding hydride

“M” could also be an oxide or other light main group atom

H—H bond is very strong (104 kcal/mol) and completely
breaking it to form hydrides costs a lot of energy. This is
avoided for molecular H, binding.

Multiple H, binding on inexpensive transition metals such as
Iron may be possible to give >6% H.:
yREP ) o [M(H2)6]"




H, STORAGE ON NANOCRYSTALLINE MgO

Calculations (Hermansson [J. Chem.
Phys.1998, 7515) suggested that H,
molecules adhere to the (111) surface
of MgO with binding energy of 124
kJ/mole. We tested adsorption of H,
onto commercial nanocrystalline
MgO, which stores very little H, at J—
RT but a lot reversibly at 77 K. T——> |
Using surface area = 600 m?/g, the
theoretical monolayer hydrogen

density of 1.3 x 10> mole-H/m?, at a Sieverts apparatus
pressure of 10,000 torr (13 Atm) and Schwarz, Los Alamos
77 K, the MgO adsorbs the

equivalent of 2.5 H, monolayers.

This indicates crevices store additional hydrogen. The enhancement storage
factor of 2.5 is ~4 times smaller than that found in carbon (nanotubes, etc)




Molecular chemisorption of H,: preserve easy kinetics of
(ad/de)sorption with stronger binding

Can we tune the guest-host interaction of the hydrogen molecule into the range between
physisorption and (dissociative) chemisorption -i.e. that of the molecular hydrogen
complexes ? (: 10-20 kJ/mol) - AND make materials with enough of these sites ??

Create highly porous material with many (unsaturated) metal binding sites
(Cheetham et al. : Ni-bsulfoisophthalate, next)
AND
Support metal-(multiple-)dihydrogen complexes in porous material seems”easy”
in theory (below); organometallic example (right)

~ Heben; Dillon

L. Gagliardi and P. Pyykko, JACS 126, 15014 (2004) RuH,(H,),[P(c-pentyl);],

Chaudret, Sabo-Etienne et al, JACS 2005 ===



A thermally stable Nickel 5-Sulfoisophthalate
with remarkable H, sorption properties

120
— —®—H, adsorption at 77K
. (o)) 1 —®—H, adsorption at 87K
NON|3($IPA)2(OH)(HZO)5.Hzo E 100 - - - - =
E ] T
*5_ 80 ~ -/-
(@]
? 1 7 __ e ° °
[ J
ERE N «—
IN | / ./
Y— | |
S 40 ./
3 Lo ll/
g 20
<
o+ D et:al H': 9;0~1'0.0

0 100 200 300 400 500 600 700 800
P (torr)

Ni-SIPA dehydrated at 335 C

— Pretreatment Temp. at 3000C
— Pretreatment Temp. at 3350C
— Pretreatment Temp. at 3500C

Intensitv(a.u.)

D.S. Kim, P. M. Forster, R. L. Toquin, A. K. Cheetham, Chem. Comm.
2005

5-Sulfoisophthalate — — ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
p (z } )' 80 100 120 140 160 180 200 220 240
. Temperature(K)
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Rotational tunneling spectra of H, in

Nickel 5-Sulfoisophthalate
(QENS, IPNS(ANL), April 2005)

several well-defined binding sites with strong

guest-host interaction
( >> than carbons or MOF-5)
sites with rotation

and 3-D rotation physisorbed H,
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H, BINDING TO “NAKED” METAL IONS AND ATOMS

Unstable “naked” metal cations, [M(H,),]* studied in gas phase by Bowers
using ion-beam and mass spec techniques to give H, binding energies

|f|2 Versus
H>

M* + H, —= M M + H, —= H—M—H

Comparison of Experimental Binding Energies (+ 0.4-1.4 kcal/mol)
for [M]*+ L — [M(L)]*for L= H,, CH,, N,.

ion L n=1 n=2 n=3 n=4---n=6-10
[Ti(L),]* H, 10.0 9.7 9.3 8.5 >20% H,
V(L) I* H, 10.2 10.7 8.8 9.0
[Cr(L),]* H, 7.6 9.0 4.7 3.4
[Mn(L),]* H, 1.90 1.65 1.4 1.2
[Fe(L),]* H, 16.5 15.7 7.5 8.6

CH, 136 23.2 23.7 17.7

N 12.9 19.8 10.8 13.6

N

Pd(H,); and Mo(H,),, studied in low T matrices by Lester Andrews




"Naked Metal lon" Generation and Reaction with H,

Synthesize highly unsaturated species that would bind multiple H,
as in known gas phase naked metal ions:

lonic liquid
MCI, + 2Ag”* » [M(H,),]** + 2AgCI ?
H,
M = Fe or other'light" first row transition metal
anions for ionic liquid and Ag salt are ""noncoordinating™

also likely to form: [MH,(H - 1*
y [ 2( Z)n] Me\ /\ /CnHZni
bimetallic bridging halide species M—-CI-Ag N\O/N
[M(anion),(H,),] — great precursor ] - -
| n =4, X = [PFg]; [bmim][PFg]
alkane Complexes I n=4, X=[(CF3S05)sN]; [omim][TfyN]

Il n=2, X=[(CF3S05),N]; [emim][Tf,N]

typical ionic liquid



""Naked Metal lons" and Hydrogen-Rich Complexes for Hydrogen Storage

Synthesize highly unsaturated first-row metal species with multiple H, ligands
via metal akyl, aryl,or hydride complexes

lonic liquid
MR, + 2H" T [M(H,)]** + 2RH M = Fe, Mn, Co, Ni
2

[FeH ] + HY ————— [FeHs(H,)]>>  [FeH,(H,),] on further protonation?

[Linn] A : _ — _— _
Protonation of hydride by acid with low-coordinating anion

If unstable, embed H,-rich species into nanoporous media (zeolites, MOF)

JJ_,J" X "‘q%" X,Y, Z = light main-group atoms:
Z

Y e.g.Li,Be,B,C,N,O, F
H, §
¥
M------ H, Z
"'1,'_“ H, gas rapidly diffuses in and out

Y Dissociation pressure ~1-100 atm



Protonation of Aryl and Hydride Complexes

Iron-aryl complex: low coordinating anion:

CR\

Fe,(mesityl), + H, gives no reaction BArf= B
CF3 4

Fe,(mesityl), + H[BArf] forms oily precipitate in toluene

H3C

mesityl = —Q—cm

H3C



Protonation of Aryl and Hydride Complexes

Iron-aryl complex: low coordinating anion:

k-
Fe,(mesityl), + H, gives no reaction BArf= B

CR/4
Fe,(mesityl), + H[BArf] forms oily precipitate in toluene

FeBr, + 6PhMgBr + 6H, — [FeH ][MgBr(THF),], + 2MgBr, + 6PhH

2.7atm  Linn complex--- soluble in organics!
Linn & Gibbins, J. Organomet. Chem., 554, 171(1998)
Inorganic Synth. in press

HYDRIDE

[FeH ]+ + H[BATrf] gives reaction in THF at RT (no gas evolution)

broad NMR signals (paramagnetic impurity?)

Further reactions will be carried out at low T under H,



Synthesis of H, Complexes from Classic Aquo Complexes

H, (5 MPa)
acidified D,O

[Ru(H,0)e]** ~ [Ru(H,)(H,0)5]*
In sapphire NMR tube

Merbach, Chem. Comm. 1998, 2303;
Inorg. Chim. Acta 2006,1795 J(HD) =31.2 Hz

Can this be done for iron analogue? We are examining reaction
of [Fe(H,O)ql[triflate], with H, in sulfolane solvent and
monitoring by IR (paramagnetic system) D

S
27 N\
o~ Yo



DUAL PATHWAYS FOR ¢ BOND CLEAVAGE

heterolytic cleavage homolytic cleavage
R
H H
[IM-H]" + H" = M= > M_
% H
electrophilic M nucleophilic M

oxidative addition

oxidation state of metal
Increases by 2

oxidation state of M
does not change




Backdonation (BD) is critical to stability of H, complexes and H-H cleavage

BD Increases electron rich M

/>
ancillary Dcl—? o* dg DH

ligands~ [ (CO)sW=e.. ~—> (CO)4(PRy),W =+ —> (PR;);W

control BD bg Q“)‘ QH

unstable stable dihydride

electron poor M center

H, is a good acceptor ligand, much as an olefin




Backdonation (BD) is critical to stability of H, complexes and H-H cleavage

BD Increases electron rich M

ancillary 09 /53 DH

ligands = [ (CO)sW=::  — (CO)3(PRy),W ==+ —> (PRg)sW

control BD O 5 % QH

unstable stable dihydride

electron poor M center

o complex favored by strong trans ligand and positive charge:
(and heterolytic cleavage of H,)

m-acceptor or weak o-donor
strong c-donor or good n-donor elongated
\» P P H, complex
OC"" aw O,+1,+2 H , | “‘\\Cl \V Cl m, ! “‘\\CI
2, M ot “, Ir‘ . r‘ .......
/ \/H Cl /l \/H H/l “ xxH
H p H P H
H-H= 0.9 Aor less H-H=09A H-H=111A

CO ligand trans to H,



HETEROLYTIC CLEAVAGE OF HYDROGEN ON CATIONIC CENTERS

&— _‘+ A~ + A- + A~
+ A- :
L_‘ A H LD LH_‘ _LH L] _I
M—[] M—| M—H M—H
H 0-
ﬁ H, becomes strong acid: pK, as low as —6 Intramolecular
coordinatively
unsaturated site
or weak ligand _
LT A
all reactions | H L —HA L
are reversible M— | — — |
H M— H----HA M— H
dihydrogen bond Intramolecular

L = ligand A = anion = Cl, etc



INTRAMOLECULAR HETEROLYTIC CLEAVAGE OF H,

PPh, 'W +

S 1y, ‘\\\\\CO
l,,.OS.‘
H
— N/ \ /
< / H
PPhs

|

PPh; 'W +

\ \\\\\\ C O

)
PPh,

Os

H

Morris: estimated pKa values of coordinated alkanethiol ligands of 5-10
& Schlaf  mimics heterolytic splitting of H, on metal sulfides in HDS catalysis



INTRAMOLECULAR HETEROLYTIC CLEAVAGE OF H,

PPh, 'W + - PPh, _W +

S///, ‘\\\\\CO S///,“ “‘\\\\\\CO
~Os. — ~0s
= N/ N~ /H = ;\|/ N~ H
) H ~_
= PPh, PPh,

Crabtree: mimics biological splitting of H, on Fe sites in hydrogenases



HYDROGENASE ENZYMES

Nature’s ancient, efficient catalysts for H, production/consumption

2H* + 2e~ == H, 10*turnovers/sec
N O N N

C, C C 3-4 billion years old

OC\ /2 6\ /CO
pmte'” / S Organometallic active site
Cys—S \54 OH,
CO and CN ligands-- first time
s / \ observed in biology. Why present?
Fé/ - /

RS \ //FE\SR

Clostridium Pasteurianum
X-ray. John Peters, 1998



protein P © ke ~
Cys—/S \2\/) \OHz
Fe
S/S/\ nit\rogen’P
\ S <l
/Fé/?:e/\/ / (amine)
RS \S//FG\SR

Fe—S cubane cluster
for electron transfer

Closest model: Pickett, et. al.
Nature 2005, 433, 610

. hydrogen bonding to protein

Active site attached at only one point
CO and CN ligands on low-spin Fe!l
Metal-metal bonds  why dinuclear?

Intramolecular heterolysis of H,
ostensibly at this site

CO can displace H,0; can H,?

H, is slightly stronger ligand than
H,O on W(CO);(PR53)-

Mimic active site for H, production?

Nature doing organometallic
catalysis eons ago!




A POSSIBLE MECHANISM FOR HYDROGENASE
H, == 2H" + 2e

N O N
) “, c ~*CN Hy, —H,O 0O ~, PN & 0
OCl - \|: ‘.co _2 ° RN ="
€. — .re 7y
/ I[S\.\ \ H / \S. \/H
S A\ OHp  —H2 HRO T SOy
~
—NH; / heterolytic cleavage
[Fe4S4] & or NH3+ [Fe4S4]
+ .
sulfide bridge may have protonatable —H  protein channel

functionality, e.g. amine

Darensbourg, JACS 2001, 3268

CO ligands needed to make iron less electron-rich (electrophilic),
favoring both molecular binding and heterolysis of H,

CN ligands (strong ligand field) needed to keep iron in a low-spin
Fe(ll) state (diamagnetic), favoring strong binding of CO




A POSSIBLE MECHANISM FOR HYDROGENASE
H, == 2H" + 2e

o N @) N
" <. C eCN H,,-H,O © C'"" AN &
ocals / \F Sco MmO 0C /N SacO
e e N VY
7 o N Y
S N\ OHx =2 T2 | S\,\N/ i
“—NH> / heterolytic cleavage
[Fe4S4] K or NH3+ [Fe4S4]
n —H" protein channel

e~ flow thru Fe-Fe bond

e~ infout == [Fe,S,]
0, 1, 2-electron bonds



A POSSIBLE MECHANISM FOR HYDROGENASE
H, == 2H" + 2e~

N O N
"C ol € hoho oo NI
OCals / \_sico 27727 POl N LeCP -
FeWFe\ — J/ \SY . H | microscopic reverse
S/ S~\ OH, —Hj, HyO S S'\ P o of H, formation
| S\’NHZ | \’/N‘/heterol i
ytic cleavage
[Fe,S,] & or NH35* [Fe4S4]
_H+ .
it ot ot protein channel
Hzo _HZO
“, H S —|+ —2e 2, 8 8 —|—
", /" “~~ R & ',"" / \ s é\
\Fé ________ Fe/ E— \Fe Fe:/
2e /
T K 72
[Fe,S,] e~ infout == [Fe,S,] e~ flow thru Fe-Fe bond

_ 0, 1, 2-electron bonds
Fe—Fe bond can be protonated; CO and hydride

can shift between terminal and bridging
Huhmann-Vincent; Scott; Kubas, Inorg. Chim. Acta 1999, 294, 240.



HETEROLYSIS OF H, ON Fe-DIPHOSPHINE COMPLEXES

Dan Dubois, Mary Rakowski DuBois, Organomet. 2005, 2481

H
—N

Cl
diamagnetic

¥P/, | \\P
Ee

co Noep | P H
NaPFg P™ | P
acetone C

O

Hz,b\L

¥ D H-H |2+ \+N'H w1
\N¥P,,. |.\\P &P/ Fle P
\ P'F|e\P> o ‘—P'C|:\P
5 0
unobserved _
heterolytic
cleavage
H-H |+
N¥P/,, | \\P .
\ Fe_ > — no heterolytic
v ~~
P IL P cleavage!

CO ligand favors heterolytic cleavage of H,!



Biomimetic Hydrogen Production by Photoinitiated Transition Metal Catalysis

] Nanostructure/Barrier
H,,OH H,0, or O, , H*
H2ase Hydrogen . Water PSII/OEC
infor- Evolving xidizing '
mation Module OGILE mation
(oxidative quenching) (reductive quenching)
H,0 H,0

« Directly links efficient photoreceptor with H, producing
biocatalyst at the molecular level.

» Use abundant metals such as iron as catalysts rather than
expensive, foreign-dependent metals such as platinum

L: LH L
| H |y Hue ]
M—| <=— M—H <—— M—H

H
—Hz\\ 1 /:ﬁ’ o
|\|/| mononuclear complex?

[ L-M = RS-Fe(CN)(CO),(Y)

O = coordinatively unsaturated site or water ligand

hydrogen
evolving
module
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Hydrogen
Gas Inlet

Solution
Injection
Valve

Notes:

with inert gas.

ignition sources and flammable material.

Hydrogen lecture bottle will remain off unless needed.
1/16 OStainless Steel tubing will be used throughout.
No pressures above 75 PSI will be used.

System will be grounded before use

Gas/Liquid

Parts List: Outlet

RBOOXNOOAWNE

Swagelok SS-41SX1, 3-way valve, 1/160 tbe

Swagelok SS-100-1-4, Adapter, _ONPT-F / 1/16Qube

Swagelok SS-4-CS, Cross, _O NPT-F

Swagelok SS-RL3M4-F4, Relief Valve set at 120 PSI

Swagelok PGI-63C-PG100, Pressure gauge, 0 to 100 PSI

Swagelok SS-4-HRN-2, Reducing adapter, _O NPT-M / 1/80 NPT-M
Swagelok 304L-HDF2-40, Double-ended sample cylinder, 40 mL, 1/8ONPT-F
Swagelok SS-100-1-2, Adapter, 1/80ONPT-F / 1/16CQtube

Swagelok SS-41SX1, 3-way valve, 1/160 tbe

. Swagelok SS-41SX1, 3-way valve, 1/160 the
. Thermo-Electron Heated HATR flow cell for Spectra-Tech ARK, 500 psi

rating, up to 200C rating

. Swagelok SS-41S1, 2-way valve, 1/16Ctube

. Swagelok SS-100-1-4, Adapter, _ONPT-F / 1/16CGtube
. Swagelok SS-4-ST, Street Tee, _O NPT

. Swagelok SS-RL3M4-F4, Relief Valve set at 120 PSI
. Lecture Bottle Regulator

Regulator
connected to
Lecture Bottle
S Off Unless

Needed

« Before hydrogen introduction the system must be flushed

e Pressure relief valves (4 & 15) will be vented away from all
ignition sources and flammable materials with tygon tubing.
@ « Gaslliquid outlet (12) will be vented into hood, away from

High pressure solution
IR apparatus for monitoring
hydrogen reactions




NONCLASSICAL 3-CENTER TWO-ELECTRON BONDS

H
(o H = ) B —~—8B
@H H H

MY © | M — M
WX NI @ H
O H—C =]

/ H M M
M—H, H M=/ <=M/
oc-bond complex  Hi™, carbocations H H
| [Olah]
\ B/— \Si/— \ C/— I/\C/_
M —=—/ M ——/ M—/ M—=-/
H H H H

not isolated at RT  agostic



Dihydrogen Versus Dihydride Binding is Very Finely-Tuned Electronically

~N

e §

= Ph o bGP

)
H, p”

@)
Ph, H—H Ph
R2 C Rz / 2 2
PII" | ‘\P
Mo :I
R | YR 2 Et
2 I_\I/C\ \ C =
/(% | " :‘ ’7
R= Et —Mo— PEt
7 N
Et,P H
_ PEt,

octahedral d® Ma®

H-H =0.88 A
‘JHD = 34 Hz

oxidative
addition to a
dihydride

cationic Mn analogue
Is H, complex

change of substituent
on phosphine breaks H-H




FeBr, + 6PhMgBr + 6H, —> [FeH,][MgBr(THF),], + 2MgBr, + 6PhH

2.7atmH, | Linn complex--- soluble in organics!
Linn & Gibbins, J. Organomet. Chem., 554, 171(1998)
apparatus niecton Inorganic Synth. in press

Valve

Pressure Release
_:H Ball Valve

Constant

Notes:
Vacuum Notes:

1. Continuous vacuum at vacuum connection (1) when
hydrogen in use.
@ 2. Before hydrogen introduction the system must be
under inert gas or vacuum conditions.

3. Pressure relief ball valve (11) will be vented away
from all ignition sources and flammable materials with
tygon tubing.

Apparatus will have line-of-sight protection (blast
shield) while in use.

Hydrogen lecture bottle will remain off unless
needed.

_ Ostainless Steel tubing between apparatus and
regulator

Injection valve (6) will remain closed above ~15 PSI
gas pressure. No reagent introduction will be done

y

]
I

@

J

o [l
o
F

Gas Inlet [,

_Cstainless Steel H “
J\/_ tubing to —H “’

I regulator
Parts List:

1. Swagelok SS-4-HC-1-4, Barbed hose connection

. Swagelok SS-43XGF4, 3-way ball valve, _O NPT-F

. Swagelok SS-400-1-4, Adapter, _ONPT-F / _Ctube
Swagelok SS-4H2, Needle valve,1/4ONPT-M
Swagelok SS-4-CS, Cross, _O NPT-F
Swagelok SS-43M4-S4, 2-way ball valve, _O NPT-Mto _Qube
Swagelok SS-8-HRN-4, Reducing adapter, _O NPT-M to _ONPT-M
Aceglass 5844-104, #25 Ace-thread to _ONPT-F PTFE Swagelok Adapter
. Aceglass 8648-249, 77ML #25 150psi Pressure tube with front-seal plug,
| T | 12.3cm long, 38.1mm O.D.

10. Swagelok SS-4-ST, Street tee, ONPT

Hvd [_] above this pressure.
ydrogen — 8. No pressures above 75 PSI will be used.
] 9. System will be grounded before use

( ®
==
©

il
|

ﬂ» . Swagelok SS-43M4, 2-way ball valve, _O NPT-M
12. Swagelok PGI-63C-PG100, Pressure gauge, 0 to 100 PSI
D 13. Swagelok SS-400-1-4, Adapter, ONPT-F / _Ctube
14. Swagelok SS-4-ST, Street tee, ONPT
15. Swagelok SS-RL3M4-F4, Relief Valve set at 120 PSI
16. Lecture Bottle Regulator

Regulator
connected to
lecture bottle



HETEROLYTIC CLEAVAGE OF HYDROGEN ON CATIONIC CENTERS

B o— + A™ + A~ + A-
T L ‘\_‘ | =
| 2. | owe — — |
M—[] M— | M—H M—H
H -
ﬁ H, becomes strong acid: pK, as low as —6 Intramolecular

coordinatively
unsaturated site
or weak ligand

all reactions
are reversible



HETEROLYTIC CLEAVAGE OF HYDROGEN ON CATIONIC CENTERS

B o— + A™ + A~ + A-
T L ‘\_‘ | =
| 2. | owe — — |
M—[] M— | M—H M—H
H -
ﬁ H, becomes strong acid: pK, as low as —6 iIntramolecular

coordinatively
unsaturated site

or weak ligand —‘_l_ A~

L
all reactions | H 0 —HA 0
are reversible M—| — — |
H M— H---- HA M—H

Intramolecular

~ | H---B Al |
M_||_| » M—H

intermolecular



HETEROLYTIC CLEAVAGE OF H, ON HIGHLY ELECTROPHILIC CENTERS

not isolated (decomposes)

CO B CO 7+ - cO 1+
OC""R' wCO  [CPhg][BATrf] oc,,,,R| wCO H> (3 atm) OCu, | WCO
e > e > ‘Re..
v
oc” | \CH3 CH,Cl, oC | ‘CK:HZCI fluorobenzene | OC” | \HZ
PR3 —CH3CPhg i PR3 1 [BAr] _ PR, d[BAr{]
J(HD) = 34 Hz
Ck;\ ~
BArf=B acidic H, ligand i-Pr,0O
CF3/4 protonates ethers
i-Pr20H+
W(CO)3(PR3)»(H,) can be deprotonated only by +
neutral strong bases such as Cu(OR)(PR5) B CcO o O CO 7+
oc,, | L G| co
cationic Re Re’
\ / N
[W(CO)5(PR5),(H,)]* generated electrochemically oc/ F|)R H F|)R CO
3 BAr
IS a strong acid and protonates THF - 3 -[ !
Bruns, et.al. Inorg. Chem. 1995, 34, 663 pK, of bound H, is 1to -2




