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and then dosing TFAP on the modified surface
with similar coverages, pro-R excesses of up
to 16 + 3% are observed. This behavior can be
explained simply by low barrier rotation of the
trifluoroacetyl group followed by preferential
capture of pro-R TFAP to form diastereomer-
ic complexes at free binding sites around the
ethylamine group of the modifier. The observed
symmetry breaking is a direct manifestation of
the action of (R)-NEA as a chiral modifier of the
Pt(111) surface.

The previous lack of direct information on
modifier-substrate stereodirecting interactions
has been the major roadblock in the comprehen-
sion and optimization of chirally modified het-
erogeneous asymmetric catalysts. As this study
demonstrates, efficient stereodirection occurs
through subtle energy differences in the presence
of stronger ones, including chemisorption bonding.
It is extraordinarily difficult to identify the origin
of these differences, and their relative impor-
tance, in the absence of direct measurements.
The combination of STM and DFT used here
to describe chirality transfer preorganization
in terms of regiospecific prochiral ratios is a
key step forward. It can serve as a basis for
profound studies of the kinetic relevance of in-
dividual submolecular sites as well as for studies
of the stereodynamics of heterogeneous asymmetric
induction. Our model-free analysis suggests that

for the NEA-TFAP pair a higher enantiomeric
excess could be achieved by molecular design
to limit the chiral pocket to one binding site,
rather than the multiple sites observed. Efforts
could be directed toward blocking the counter-
productive B site and/or favoring chemisorption
of NEA-1 over the less-selective NEA-2 con-
former. In future work, STM/DFT-guided asym-
metric catalyst design could be applied to other
modifier substrate pairs and a broader range of
reactions.
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N, Reduction and Hydrogenation
to Ammonia by a Molecular
Iron-Potassium Complex

Meghan M. Rodriguez,* Eckhard Bill,> William W. Brennessel," Patrick L. Holland*

The most common catalyst in the Haber-Bosch process for the hydrogenation of dinitrogen (N,)
to ammonia (NH;) is an iron surface promoted with potassium cations (K*), but soluble iron
complexes have neither reduced the N-N bond of N, to nitride (N*") nor produced large amounts
of NH; from N,. We report a molecular iron complex that reacts with N, and a potassium reductant
to give a complex with two nitrides, which are bound to iron and potassium cations. The product has
a FesN; core, implying that three iron atoms cooperate to break the N-N triple bond through a
six-electron reduction. The nitride complex reacts with acid and with H, to give substantial yields of
N,-derived ammonia. These reactions, although not yet catalytic, give structural and spectroscopic
insight into N, cleavage and N-H bond-forming reactions of iron.

he Haber-Bosch process is a large-scale

I method for catalytic reduction of dinitro-
gen (N,) with dihydrogen (H) to give
ammonia (NH3). This process is vital for pro-
duction of synthetic fertilizer, which is needed to

produce food for the world’s expanding popula-
tion (/). Several metals catalyze the Haber-Bosch
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process (iron, ruthenium, osmium, uranium, and
cobalt-molybdenum), but iron has received the
most industrial and theoretical attention because
of its hardiness and low cost (2—4). The most
common iron catalyst is promoted by K addi-
tives and was developed by Mittasch in 1910 (2).
In the century since then, chemists have studied
the nature of active iron and iron/potassium

surfaces, as well as the kinetics of N, reduction
(3). These studies have shown that iron is predom-
inantly in the zero oxidation state in the catalyst.
Importantly, the rate-limiting step of the catalytic
process is N, chemisorption and N-N bond cleav-
age to give surface-bound nitrides (N*"), which
react with H, to form the N-H bonds in NHj;
(Fig. 1). However, many details of the bond-
breaking and bond-forming steps are difficult to
discern by using surface science techniques, for
example, how many iron atoms are involved in
the N-N dissociation step and whether the K*
promoter interacts with N, during the N-N dis-
sociation step (4). Similar uncertainties surround
postulated mechanisms for N, reduction by nitro-
genase enzymes, which have iron (in the +2 and
+3 oxidation states) at their active sites (5, 6).
Reactions of iron coordination compounds
with N, are of interest because the products can
shed light on Fe-N, interactions in atomic detail.
Although the behavior of iron atoms in a co-
ordination compound (where they have a posi-
tive formal charge) is inevitably different than the
zero valent iron atoms on a metallic surface, co-
ordination compounds are more amenable to de-
tailed structural characterization. Unfortunately,
iron coordination complexes are poor at reduc-

Fig. 1. Simplified scheme Fe surface iron-nitride ammonia release

of the ammonia formation with K*

pathway in the Haber-Bosch N, N N 3H, NHz  NH3
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ing N, (7, 8). Known Fe-N, complexes have not
been observed to give iron-nitride products and
produce little (if any) ammonia upon exposure
to acids or H, (9—13). Here, we report an iron-
potassium system that completely cleaves the N-N
triple bond of N, to give a product with two ni-
tride (N*) ligands derived from N,. The N,-derived
nitride complex reacts with H, to give a substan-
tial yield of ammonia. This work displays the
structural characteristics of an iron-based N,-
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cleaving system and suggests that cooperation
between metal atoms helps to achieve N-N bond
cleavage and N-H bond formation on iron.
Consistent with their low reactivity toward
N-N bond cleavage, the N-N bonds in most mono-
nuclear and dinuclear Fe-N, complexes are with-
in 0.04 A of the N-N distance in free N, (1.10 A)
(7, 8). A few research groups have reported sig-
nificant N-N bond weakening in iron-N, com-
plexes by using bulky, electron-rich ligands with

YL P

é(: FeNNFe) + 2KCI
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2

Fig. 2. Iron complexes with varying steric bulk give different N, products upon reduction by potassium
(introduced as KCg, potassium graphite). (A) Bulky ligand L* (17). (B) Bulky ligand L? (14).(C) Less bulky

ligand L3 (this work).

Fig. 3. Molecular structure of 2 using 50% probability ellipsoids. Hydrogen atoms and cocrystallized
solvent molecules have been omitted for clarity. Selected bond lengths and angles are as follows: Fe1-N1,
1.812(2) A; Fe1-N2, 1.906(2) A; Fe2-N1, 1.809(2) A; Fe2-N2, 1.918(2) A; Fe3-N2, 1.832(2) A; Fel-Fe2,
2.4531(4) A N1-N2, 2.799(2) A; Fe1-N1-Fe2, 85.27(7)°; Fel-N2- Fe2, 79.79(7)°; Fe3-N2-Fel, 135.9(1)°;
Fe3-N2-Fe2, 143.6(1)°.
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N or P donors (/4-16). Our research has revealed
that Fe-N, complexes with low-coordinate iron
weaken the N-N bond to between 1.17 and 1.23 A
(14, 17). The greatest weakening (N-N = 1.23 A;
Vi = 1589 em ™) is in B-diketiminate complex
Ko[L"FeNNFeL'] {L' is HC[C(‘BuNQ,6-Pr-CoHs)1
where ‘Bu is a fert-butyl group and ‘Pr indicates
an isopropyl group; Fig. 2A}, which comes from
treating L'FeCl with potassium graphite (KCs)
under N, (/4). Similar N-N weakening is observed
in analogs containing the slightly less hindering L*
{L? is HC[C(Me)N(2,6- Pr,CgHs)], -, where Me is a
methyl group; Fig. 2B}. The research reported here
uses L* {L° is MeC[C(Me)N(2,6-Me,CgH3)];
Fig. 2C), which is less sterically hindering by vir-
tue of having methyl rather than isopropyl groups
on the aryl rings. The new iron(Il) chloride com-
plex [L*Fe(u-Cl)], (1) can be prepared like earlier
B-diketiminate—supported iron(Il) chloride com-
plexes (18, 19).

Mixing 1 with two molar equivalents of KCyg
in tetrahydrofuran (THF) under an atmosphere
of N gives a red-brown tetrairon bis(nitride) com-
plex (2) (Fig. 2C). This product can be isolated as
analytically pure crystals in 43% yield. The use of
THEF as reaction solvent is critical: Formation of 2
is not observed by proton nuclear magnetic
resonance (‘"H NMR) spectroscopy when the re-
action is performed in other solvents such as pen-
tane and toluene. No formation of 2 is observed
when 1 is treated with KCg under an atmosphere
of argon rather than N,; instead, a mixture of
unidentified products is evident. Use of '°N, gives
an isotopically labeled product (see below), dem-
onstrating that the nitrides originate from N,. So-
lutions of purified 2 decompose to unidentified
products with a half-life of 8 hours at 25°C in
benzene-d, although crystalline samples of 2 suf-
fer no apparent decomposition when stored for
up to 1 month at —40°C.

X-ray crystallography shows the molecular
structure of 2 (Fig. 3), which has a core of three
iron centers (Fel, Fe2, and Fe3) surrounding two
bridging nitrogens. The N-N distance of 2.799(2)
A (number in parentheses indicates the estimated
standard deviation in the final digit) indicates that
there is no N-N bond; thus, six-electron reduc-
tion of N, has given two bridging nitrides (N>").
One of the nitrides (N2) is attached to three irons,
and the other (N1) bonds to two irons as well as
two potassiums. Each potassium interacts with
two chlorides and with a diketiminate aryl group
through a n-cation interaction. A fourth iron cen-
ter (Fe4) is bound to the chlorides and displays a
pseudotetrahedral geometry. The Fe-N distances
to the potassium-bound N1 are shorter than the
Fe-N distances to the triply bridging N2, most
likely from steric clashes between the three B-
diketiminate ligands bound to Fel, Fe2, and Fe3.

NMR spectroscopy suggests that the solution
structure of 2 is similar to the solid-state struc-
ture. Fifteen paramagnetically shifted resonances
are observed in the "H NMR spectrum of 2, and
the number and integrations of the resonances
are consistent with C,, symmetry in solution, with
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Fig. 4. (A) Zero-field Mdsshauer spectrum of solid 2 at 80 K. The red line is a
superposition of the three Lorentzian doublets I, Il, and Ill with intensity ratio
2:1:1. (B) Temperature dependence of the effective magnetic moment of 2

equivalent B-diketiminate ligands on Fel and
Fe2. The solubility of 2 in nonpolar solvents like
hexane and diethyl ether also suggests that the po-
tassium cations are held tightly within the struc-
ture in solution.

The zero-field Mdssbauer spectrum of a crys-
talline sample of 2 at 80 K (Fig. 4A) indicates
three different iron environments, and the isomer
shifts (8) can be used to gauge their oxidation
states by comparison to literature values (table S2).
The isomer shift for subspectrum I (8 = 0.29 mm/s)
is similar to those for high-spin Fe>* sites in nitride
and sulfide clusters (20-22). Subspectrum I has
twice the intensity of the other subspectra, indi-
cating that the equivalent Fel and Fe2 sites are
high-spin Fe**. Subspectra IT and III of 2 exhibit
higher isomer shifts that are typical of high-spin
Fe?" sites. The Mdssbauer parameters of subspec-
trum I (8 = 0.68 mm/s, AEq = 1.54 mm/s, where
AEq is the quadrupole splitting) resemble those
for the planar three-coordinate Fe?* complexes
L'FeNHR (R is p-tolyl and er-butyl), which have
a similar environment as Fe3 (23). Subspectrum
III shows parameters (8 = 0.96 mm/s, AE; = 1.80
mny/s) that are typical of quasi-tetrahedral high-spin
Fe** compounds such as L*Fe(u-Cl),Li(ether),
(24). Comparison of the Fe-N(diketiminate) bond
lengths in Fe4 to Fe** and Fe** compounds of
L? also suggests a Fe*" assignment for Fe4 (table
S1). Thus, signal II can be confidently assigned
to Fe3, and signal III to Fe4.

The assignments of high-spin Fe** for Fel
and Fe2, and of high-spin Fe** for Fe3 and Fe4,
are corroborated by the magnetic properties of
solid 2. The temperature dependence of the ef-
fective magnetic moment (Fig. 4B) can be sim-
ulated by using the spin topology indicated in
the Fig. 4B inset. The triad made up of Fel, Fe2,
and Fe3 has ground state Sjo3 = 3 because of
dominant antiferromagnetic coupling of S3 to
both §; and S,, which is stronger than the anti-
ferromagnetic coupling between S and S,. The
effective magnetic moment of 2 fits the super-
position of the moments from S5 and from the

11 NOVEMBER 2011

+ excess Hy

25°C
Toluene

measured at magnetic induction (B) = 1 T. The solid line represents a spin
Hamiltonian simulation with four spins and two exchange coupling constants,
as indicated in the inset.

N H
> C “Fe” ﬁFe/N) + 2NH3+ 2 KCl
N~ "H” °N

v b

Fig. 5. The reaction of 2 with H, produces NH3 in 42 + 2% yield.

uncoupled ferrous Fe4 site, with peffz = Uefr, 1232+
erra” (25).

The yield of ammonia derived from N, upon
addition of acid is a measure of N, activation.
Some carefully designed molybdenum compounds
can produce ammonia catalytically with acids
(26, 27), but previous Fe-N, complexes have not
given more than 10% yield of ammonia, indicating
weak activation of coordinated N, (7—13, 28).
In contrast, treatment of a THF solution of 2
with 100 molar equivalents of ethereal HCI gives
ammonia (present as its conjugate acid, NH,")
in 82 £ 4% yield (+range). Control experiments
with other complexes of L3 or N, complexes
of other diketiminate ligands, give no detectable
amount of ammonia. Reaction of 2 with acid to
give a high yield of ammonia demonstrates
that the N-N bond is completely cleaved and that
the nitrides are nucleophilic.

The reaction of 1 with KCg may be carried
out under an atmosphere of '°N, to generate iso-
topically labeled samples of 2-'°N. Purified 2-'°N
reacts with acid to form *’NH,", which may be
identified from its characteristic 1:1 doublet in
the "H NMR spectrum. An analogous reaction
with unlabeled 2 and excess acid shows a 1:1:1
triplet for "*NH4CI. These labeling studies verify
that the nitrides in 2 come from N, and that the
ammonia comes from these nitrides.

Iron-nitride complexes typically have termi-
nal and bridging nitrides that are derived from
reactive N sources such as N3~ (22). Recently re-

ported iron clusters with triply bridging nitrides
used N(SnMej3); as the nitride source (20, 21).
The iron system reported here generates nitrides
instead from the six-electron reduction of N,, and
we suggest two possible explanations for its N,-
reducing ability. First is the influence of the K*
generated from reduction of the Fe** ions in 1 by
potassium graphite. On metallic iron-potassium
catalysts, it is thought that surface K promotes
N, dissociation by pulling electron density toward
the surface iron atoms (3). The interaction of K
with the nitrides in our synthetic compound sug-
gests that direct K'-N, interactions could also be
considered as contributors to the potassium pro-
motion effect. Second, because more-hindered
L'Fe and L*Fe gave bimetallic Fe,N, species with-
out N-N cleavage (14, 17) and the less-protected
L’Fe gives N-N cleavage in 2, it is likely that the
ability of more metal atoms to simultaneously
access the N, molecule is important for N cleav-
age. From a thermodynamic perspective, it is rea-
sonable that the formation of more iron-nitrogen
bonds can better balance the energetic cost of
breaking the N-N triple bond. On iron metal, the
surfaces that are most active for N, reduction are
those with sites that expose subsurface atoms
(29). N, bound at such a site may interact in a
cooperative fashion with several iron atoms to
facilitate N-N cleavage, as suggested by compu-
tational studies (30).

It is most relevant to the Haber-Bosch pro-
cess to show that formation of ammonia from an
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iron nitride is possible through reaction with
dihydrogen. When electropositive early transition
metal complexes cleave N, to metal-nitride com-
plexes, the products rarely react with H, to give
ammonia. In the best previous example, reaction
of free H, with a well-characterized N,-derived
zirconium nitride complex formed ammonia in
10 to 15% yield (37). Shaking a solution of 2 in
toluene with 1 atm of H, at room temperature for
6 hours produces NHj3 in 42 + 2% yield (Fig. 5).
The main iron-containing product of the reac-
tion of 2 with H, is [L*Fe(u-H)],, which is gen-
erated in 43 + 4% yield as shown by 'H NMR
spectroscopy. Thus, the soluble molecular iron
system described here is capable of performing
both N, cleavage and hydrogenation.

How do these results relate to the Mittasch
iron catalyst that is used for the Haber-Bosch
process? It is likely that potassium reduction of
the Fe?" precursor 1 leads to a high-spin Fe'" in-
termediate, by analogy to related complexes (/4).
The metal in a low oxidation state can donate
charge to N, that weakens the N-N bond, and this
effect is heightened by a low coordination num-
ber at the metal (/4). Surface irons on the Mittasch
catalyst also have a low oxidation state and low
coordination number (3), suggesting a potential
parallel. In a second commonality, a molecule
of N, may react simultaneously with multiple un-
saturated iron atoms during the formation of 2
and on an iron surface. Nitrogenase uses a cluster
of iron atoms to reduce N, (5, 6), suggesting that
cooperativity may be important in biological N,
reduction as well. Thirdly, potassium has a bene-
ficial effect on N-N bond cleavage by the Mittasch
catalyst, perhaps through a direct interaction be-
tween potassium and nitrogen like that observed

in 2. Lastly, we suggest that the presence of a
three-coordinate iron atom near the nitrides may
enable iron to split H, at the unsaturated site and
form N-H bonds without extensive reorganiza-
tion. Further studies will test these hypotheses
derived from the structure and behavior of 2.
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Lithospheric Thinning Beneath Rifted
Regions of Southern California

Vedran Lekic,* Scott W. French,T Karen M. Fischer

The stretching and break-up of tectonic plates by rifting control the evolution of continents and oceans,
but the processes by which lithosphere deforms and accommodates strain during rifting remain
enigmatic. Using scattering of teleseismic shear waves beneath rifted zones and adjacent areas in
Southern California, we resolve the lithosphere-asthenosphere boundary and lithospheric thickness
variations to directly constrain this deformation. Substantial and laterally abrupt lithospheric thinning
beneath rifted regions suggests efficient strain localization. In the Salton Trough, either the mantle
lithosphere has experienced more thinning than the crust, or large volumes of new lithosphere have been
created. Lack of a systematic offset between surface and deep lithospheric deformation rules out simple
shear along throughgoing unidirectional shallow-dipping shear zones, but is consistent with symmetric

extension of the lithosphere.

uring the break-up of a continental tec-
D tonic plate, the lithosphere thins, weakens,

ruptures, and is replaced by new oceanic
lithosphere. What enables this process has been
widely debated, with contrasting views of crust-
al and mantle rheology, strain rate distribution
(1-8), and the roles of melting (7, &), astheno-
spheric upwelling (4), and sedimentation (6-8).
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Prior constraints on the kinematics and dynam-
ics of rifting have almost exclusively been pro-
vided by surface geologic and geochemical
observations combined with geophysical imag-
ing of the crust. We investigate the behavior of
the mantle lithosphere during rifting by imag-
ing its lower boundary at a geologically relevant
length-scale.

In Southern California, extension followed
the cessation of subduction ~30 million years ago
(Ma) within the Continental Borderland region
and continues beneath the Gulf of California and
the Salton Trough (9). In the east, wide-mode
rifting (/) occurs within the Basin and Range
province. Excellent broadband station coverage
provided by the Southern California Seismic
Network, the Anza Network, and the Earthscope
USArray (Fig. 1A) also make Southern Califor-
nia well suited for seismic imaging of the lith-
osphere. However, although tomographic models
of upper-mantle structure abound (/0, 1), to-
mography cannot directly image a velocity dis-
continuity such as the lithosphere-asthenosphere
boundary (LAB), and methods more sensitive to
mantle discontinuities have not yet mapped lith-
ospheric thickness at the scale of surface geologic
blocks (12—14).
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