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ABSTRACT: The hydrogenolysis of titanium—nitrogen bonds
in a series of bis(cyclopentadienyl) titanium amides, hydrazides
and imides by proton coupled electron transfer (PCET) is
described. Twelve different N—H bond dissociation free energies
(BDFEs) among the various nitrogen-containing ligands were
measured or calculated, and effects of metal oxidation state and
N-ligand substituent were determined. Two metal hydride
complexes, (17°-CsMe;)(py-Ph)Rh—H (py-Ph = 2-pyridylphenyl,
[Rh]-H) and (#°-CRs)(CO);Cr—H ([Cr]®*-H, R= H, Me) were
evaluated for formal H atom transfer reactivity and were selected
due to their relatively weak M—H bond strengths yet ability to
activate and cleave molecular hydrogen. Despite comparable M—
H BDFEs, disparate reactivity between the two compounds was observed and was traced to the vastly different acidities of the
M—H bonds and overall redox potentials of the molecules. With [Rh]—H, catalytic syntheses of ammonia, silylamine and N,N-
dimethylhydrazine have been accomplished from the corresponding titanium(IV) complex using H, as the stoichiometric H
atom source. The data presented in this study provides the thermochemical foundation for the synthesis of NH; by proton
coupled electron transfer at a well-defined transition metal center.
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B INTRODUCTION synthesis at 150 atm of N, with up to 10 000 turnovers, using

The synthesis of NH; from its elements, N, and H,, is a long-
standing challenge of both fundamental and practical
importance." In 2015, global ammonia production was in
excess of 146 million metric tons, approximately 80% of which
was used as crop fertilizer.” Nitrogen fixation schemes that are
compatible with renewable rather than steam-reformed and
hence fossil-fuel-derived hydrogen” as well as operate in batch
conditions are key components of carbon neutral ammonia
synthesis.

Molecular catalysts for the fixation of N, to NH; are
attractive not only for batch ammonia synthesis but also for
developing the fundamental coordination chemistry and ligand
design concepts for N—H bond formation. The “Chatt cycle”, a
hypothetical and pedagogical scheme for the stepwise
conversion of coordinated dinitrogen to ammonia,’ has
provided the blueprint for subsequent catalyst development.
Early demonstrations by Chatt and Hidai with phosphine-
ligand molybdenum(0) dinitrogen compounds treated with
mineral acids were valuable in illustrating the potential of this
concept but were limited to stoichiometric NH; generation
because the metal served as the sole source of the reducing
equivalents.” Pickett later reported use of a mercury pool
cathode as an external reductant and demonstrated ammonia
synthesis by electrolysis (—2.6 V vs Fc/Fc') of a bis-
(phosphine) tungsten compound in the presence of strong
acid.® Shilov also reported catalytic ammonia and hydrazine
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Ti(OH),, phosphine/phospholipid mixtures in the presence of
catalytic Mo(III).”

More recently, Schrock and Nishibayashi demonstrated that
molybdenum coordination compounds, upon treatment with
sources of protons and electrons, are active catalysts for the
reduction of N, to ammonia.® In the latter examples, ligand
modifications have produced turnover numbers in excess of S0.
Peters and co-workers have applied a similar approach, using
[H(OEt,),][BAr",] (Arf = C{H;—3,5—(CF;),) and KCg for
iron” and cobalt' catalyzed N, fixation and most recently
Nishibayashi has used the same proton and electron sources
with pincer iron compounds for up to four turnovers of
ammonia.''

It is instructive to evaluate the energetic efficiency of these
reactions compared to the Haber—Bosch reaction, nitrogenase
enzymes or other hypothetical N, fixation schemes using H, as
the source of protons and electrons. The Bordwell equation
allows computation of the effective bond dissociation free
energy of the reagent pair, e.g, the acid and electron source, as
a function of pK, and redox potential (eq 1):

BDFE = 1.37(pK ) + 23.06E,,4 + C 1)
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As shown in Figure 1, each reported acid-reductant
combination used in catalytic ammonia synthesis generates a
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Figure 1. (Top) Molecular catalysts for reduction of N, to NH; using
sources of protons and electrons. (Bottom) Effective BDFE values for
various acid/reductant combinations and calculated overpotentials for
NH, formation. “pK, (MeCN) = 14.4, E,q (vs Fc/Fc*) = —=1.32 V.
’pK, (MeCN) = 144, E, 4 (vs Fc/Fc*) = —1.45 V.5 pK, (MeCN) =
84, E.q (Hg-pool cathode, vs Fc/Fc*) = —2.6 V.%* %pK, (Et,OH*,
DMSO) = —3.2, E.q (vs Fc/Fc*) estimated as —3.0 V."> Chemical
overpotential calculated as 6(48.6-BDFE).

relatively weak effective BDFE and hence high chemical
overpotential for each of these reagents. Likewise, nitrogenase
enzymes, by virtue of the stoichiometry of the catalytic reaction
requiring eight protons and electrons coupled with con-
sumption of 16 equiv of ATP operates with an estimated
overpotential of 117 kcal/mol."”> While current molecular
catalysts are triumphs of chemical synthesis, coordination
chemistry, ligand design and illustrate the sophistication within
reach of homogeneous catalysis, they also highlight a
fundamental challenge with using molecular catalysts for
ammonia synthesis—strong acids and reductants are not
necessarily good mimics of H,. Nevertheless, successful
molecular catalysts with molybdenum, iron and cobalt have
been described for ammonia synthesis using combinations of
strong acids and reductants as the source of N—H bonds."* Eq
1 can be applied to specific acids and reductants and allows
computation of an effective bond dissociation free energy
(BDFE) for each combination in a given solvent.'*

From a thermodynamic perspective, efficient nitrogen
fixation occurs when the effective BDFE of the acid-reductant
pair approaches the gas phase free energy value of the hydrogen
atom, H* (AG(H®) = 48.6 kcal/mol). In systems where the
effective BDFE of an acid-reductant pair exhibit modest
deviations from 48.6 kcal/mol, it is useful to calculate a
chemical overpotential defined as AAG{NH,). This value is
often significant and ranges between 29.6 and 291.6 kcal/mol
for the reagents used with known molecular nitrogen fixation
catalysts. Such an analysis highlights the challenge of using
strong external acids and reductants for N, fixation and
underscores the unique role of dihydrogen as the most energy
efficient source of protons and electrons. Unfortunately
treatment of molecular dinitrogen compounds with H, often
leads to N, displacement,'® in rare instances where the

dinitrogen ligand is sufficiently activated, N, hydrogenation to
form N—H bonds has been observed.'”'® However, strong
acids or potent electrophiles are often required to remove the
functionalized nitrogen ligand from the coordination sphere of
the transition metal and the conditions are typically
incompatible with catalytic turnover.'”*’

Release of coordinated nitrogen ligands to free ammonia or
hydrazine is anticipated to be thermodynamically favored; it is
the high kinetic barrier that limits reactivity. As a consequence,
proton coupled electron transfer (PCET) and related hydrogen
atom transfer (HAT) reactions are attractive alternatives for
ammonia synthesis by hydrogenation as reaction trajectories
may be accessed that avoid high-energy intermediates and open
an energetically accessible pathway for product release.” It is
possible that the known molecular molybdenum catalysts
reported by Schrock and Nishibayashi that rely on a pyridinium
acid and metallocene reductants, operate by PCET or HAT*
as pyridinyl radicals are known to have relatively weak N—H
bonds (BDFE =~ 35 kcal/mol).>

Our laboratory has recently reported the application of
PCET to catalytic ammonia synthesis via hydrogenation by
treatment of a titanocene(IV) amide complex with (17°-C;Mes)
(py-Ph)RhH ([Rh]-H; py-Ph = 2-pyridylphenyl),”* a com-
pound first described by Norton and co-workers (Scheme 1).*°

Scheme 1. (Top) Catalytic Hydrogenolysis of a Ti—N Bond
Resulting in the Formation of a Reduced Titanium Complex
and Free Ammonia; (Bottom) Hypothetical Scheme for the
Catalytic Formation of NH; via PCET Mediated by a
Rhodium Cocatalyst
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During the course of these investigations, rare experimental
measures of N—H BDFEs were obtained for the addition of a
hydrogen atom to parent amido (M-NH,) ligands in a family of
group 4 metallocene complexes.”® Hydrogenation of the Ti-
NH, bond does not occur in the absence of rhodium hydride
catalyst, highlighting both the high kinetic barrier of the
background reaction and the utility of the PCET-HAT
approach.

Key to expanding these initial observations into a general
method for ammonia synthesis and breaking otherwise strong
bonds to transition metals is obtaining a thorough under-
standing of the BDFEs of the N—H bonds in various
coordinated nitrogen ligands—particularly diazenides, imides
and amides found along the N, fixation cycle. While PCET has
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been implied in a number of examples,”” detailed thermody-
namic bracketing and estimation of thermochemical parameters
for N—H bond formation and cleavage is rare and has typically
been confined to metal imido and nitrido species.”® A
systematic body of experimentally determined N—H BDFEs
as a function of type of nitrogen ligand (nitride, imide, amide,
ammine), metal, and supporting ligand is currently absent from
the literature and would provide useful guiding principles for
rational catalyst design. Here we describe a systematic study of
PCET with a series of titanocene and zirconocene complexes
bearing imide, hydrazide and amide ligands and describe the
mechanistic and thermodynamic parameters for productive N—
H bond formation. Two structurally and thermodynamically
distinct metal hydrides were explored and experimental and
computational data for N—H BDFEs in 12 different complexes
along a hypothetical nitrogen fixation cycle are also reported.

B RESULTS AND DISCUSSION

The identity and thermodynamic properties of the hydrogen
atom transfer reagent are essential for enabling successful
PCET for N—H bond formation to a nitrogen-containing
ligand. Detailed thermochemical properties, typically repre-
sented as thermochemical square schemes, provide the means
for determining the overall thermodynamics of a PCET
reaction and the extent to which proton transfer and electron
transfer are anticipated to be coupled.”"”” To realize catalytic
PCET where the protons and electrons are ultimately derived
from H,, transition metal compounds capable of promoting
catalytic homolytic H, cleavage followed by net atom transfer
to form an N—H bond were evaluated.

[Rh]-H was an excellent starting point for these studies due
to its ease of synthesis, the availability of sound thermochemical
data®* and proven capability in the catalytic hydrogenation of
TEMPO® (2,2,6,6-tetramethylpiperidine 1-oxyl), and titano-
cene amides to release free ammonia. The chromium hydride,
(17°-CsH,)(CO),CrH ([Cr]-H)* was also of interest due to its
well established thermodynamic properties®’ and its known
compatibility with sensitive and reactive group 4 metallocenes.
Norton® and others® have also demonstrated [Cr]-H as a
catalyst for radical cyclization and hydrogenation reactions that
proceed via PCET. Rational modifications of the cyclo-
pentadienyl ligand in [Cr]-H also modulate the thermochem-
ical properties, solubility and crystallinity with (17°-CsMe;)
(CO);CrH ([Cr]*-H) serving as the most well-known
example.”* Table 1 reports the thermochemical properties for
[Rh]-H, [Cr]-H, and [Cr]*-H. Although gas-phase [M]-H
BDFEs have been calculated and reported previously,”* the
values listed in Table 1 have been recalculated for consistency
with other calculated BDFE values reported in this work.

There are a number of important aspects to note concerning
the similarities and differences between [Rh]-H, [Cr]-H, and
[Cr]*-H. The most obvious distinction is the dramatic change
in the acidity of the three metal hydrides with both [Cr]-H, and
[Cr]*-H being more than 10 orders of magnitude more acidic
than [Rh]-H. The [M]Y~ redox couple for the chromium
complexes are anodically shifted by approximately 1 V
compared to [Rh]-H. Comparing [Cr]-H to [Cr]*-H,
[Cr]*-H is more basic by 3 pK, units and more reducing
140 mV, consistent with expectations from permethylation of
the cyclopentadienyl ring. Importantly, the reduced acidity and
cathodic shift offset and there is no significant change in the
overall [M]-H BDFE between the two chromium compounds.
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Table 1. Thermochemical Data for the Metal Hydrides Used

in This Study
I : | :

?h H Cr— .Cr—H
"1 co co | ““co
co co
[Rh] -H [Cr]-H [Cr]*-H
pK,2 30.3(20.2)¢ 13.3(7.8)9 16.1 (10.1)9
Ereq (V)P -1.85(-1.98)f  -0.69 (-0.67)9 -0.83 (-0.83)9
BDFE (exp)° [52.3 kcal/mol  57.3 kcal/mol  57.8 kcal/mol
BDFE (calc)d/55 kcal/mol 52 kcal/mol 53 kcal/mol

“pK,s are reported in MeCN solvent and THF (italicized). “E, .4
reported for the [M]”~ couple in MeCN and THF (italicized) vs Fc/
Ec* “Calculated in MeCN solvent using eq 1 with C = 54.9 kcal/mol*’
“DFT calculated gas-phase BDFE. See Supporting Information for
details. “In MeCN solution the phosphazene base (tert-butylimino)-

tris(pyrrolidino)phosphorane was requlred to deprotonate [Rh]-H.
The pK, of this base in THF is 20.2. 24 fSee ref 24. %See ref 31 for
values in MeCN. Values in THF have been redetermined (see text).

The calculated and experimentally determined BDFE values
for all three metal hydride compounds are in the range of 50—
60 kcal/mol. Assuming that the theoretical minimum value for
a hydrogen atom donor derived from H, is equal to the free
energy of formation of of H* (48.6 kcal/mol), [M]-H BDFEs
higher than 48.6 kcal/mol decrease the thermodynamic
teasibility of the hypothetical catalytic cycle shown in Scheme
1. As such, [Rh]-H is a more desirable hydrogen atom donor
than [Cr]-H and [Cr]*-H. However, thermodynamic assess-
ment of the relative bond strengths alone may not be an
accurate predictor of reactivity as kinetic preferences may
dominate.

Our studies on PCET as applied to N—H bond formation
relevant to nitrogen fixation commenced with titanocene
compounds. This platform was chosen due to the historical
significance of titanium complexes to ammonia synthesis,”” the
expected chemical inertness and modularity of the cyclo-
pentadienyl ligands and the ability of sterically hindered
metallocene environment to support rare examples of
monomeric imides, hydrazides and amides in some cases in
different oxidation states.

The titanocene(IlI) N,N-dimethyl hydrazide(—1) com-
pound, (17°-CsMe,SiMe,;),TiNHNMe, (1-NHNMe,), was
prepared by straightforward salt metathesis by treatment of
(7*-CsMe,SiMe;),TiCl (1-Cl) with LiNHNMe,. Oxidation of
this compound by chlorine atom transfer with (C¢Hs),CCl
cleanly yielded the related chloride derivative, (7°-
C;Me,SiMe;),Ti(C)NHNMe, (1-(CI)NHNMe,). Represen-
tations of the solid state structures of both compounds are
presented in Figure 2 and establish rare k' coordination™ of the
hydrazide(—1) ligand. The majority of titanium hydrazide(—1)
complexes exhibit side-on x* coordination’’ and serve to
highlight the unique steric environment imparted by the
substituted cyclopentadienyl ligands. Importantly the &'
coordination mode allows for more direct analogies to be
drawn to 1-NH, and 1-(CI)NH, in subsequent thermochem-
ical studies. Attempts to prepare (17°>-CsMe,SiMe;), TiNHNH,
(1-NHNH,) and (5°-C;Me,SiMe,),Ti(CI)NHNH, (1-(Cl)-
NHNH,) by analogous methods to the syntheses of 1-
NHNMe, and 1-(CI)NHNMe, were unsuccessful, yielding
mixtures of unidentifiable titanium products.

DOI: 10.1021/jacs.6b08009
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Figure 2. ORTEP representations of the solid state structures of 1-
NHNMe, (left) and 1-(CI)NHNMe, (right) at 30% probability
ellipsoids. Hydrogen atoms, except those attached to N(1), have been
omitted for clarity.

To gain insight into the PCET N—H bond forming reactivity
of complexes with titanijum—nitrogen multiple bonds, the
titanium imido compound (°-C;Me,SiMe;),TiNSiMe; (1=
NSiMe;) was prepared. Our group previously reported the
reactivity of 1=NSiMe; with H, and described facile 1,2
addition to form (7°-C;Me,SiMe,),Ti(H)NHSiMe, (1-(H)-
NHSiMe;).”® However, the thermochemistry of 1=NSiMe,
relevant to PCET was not examined. Additionally, 1-(H)-
NHSiMe; proved unreactive toward H, and did not release free
silylamine.

With this family of compounds in hand, the viability of
catalytic PCET with H, and catalytic [Rh]-H, [Cr]-H and
[Cr]*-H were evaluated (Table 2). Each experiment was
conducted with § mol % of [Rh]-H and 10 mol % of each of
the chromium reagents, [(17°-CsH;) (CO);Cr], ([Cr],) and
[(7>-CsMes) (CO),Cr], ([Cr]*,). Hydrogenation of the
dimeric chromium precursors yielded [Cr]-H and [Cr]*-H
producing a final loading of 20 mol % in each case. Each
reaction was stirred for 5 days and following vacuum
transferring of the volatiles, was analyzed for ammonia by the
indophenol method™ (entries 1—11) or NH,NMe, by
quantitative "H NMR spectroscopy (entries 12—15). For each
entry, a corresponding control reaction without catalyst was
performed; in all controls, the formation of NH; or NH,NMe,
was not observed.

As was previously reported, [Rh]-H is a competent catalyst
for the hydrogenolysis of the amide ligand in 1-(CI)NH, (entry
1, 92% NH,;, TON = 18) but not in 1-NH, or (i°-
CMe,SiMe;),Zr(CI)NH, (2-(CI)NH,) (entries 4 and 7, 0%
NH,).** Repeating the hydrogenation of 1-(CI)NH, with [Cr]-
H or [Cr]*-H (entries 2—3) produced only 37% NH; (TON =
1.9) and 34% NH; (TON = 1.7), respectively, despite the
higher catalyst loading compared to [Rh]-H. Although the
apparent yields of NH; are low, the observation of TONs
greater than 1 indicate that [Cr]-H and [Cr]*-H are
regenerated under catalytic conditions. The reactions of [Cr]-
H and [Cr]*-H with 1-NH, and 2-(CI)NH, (entries 5—6, 8—
9) yielded 15—19% NH; (TON: 0.85—0.95), establishing
stoichiometric reactivity between the chromium reagents and
the metal amides.

The titanium imido complex, 1=NSiMe;, was completely
consumed in the presence of S mol % of [Rh]-H under 4 atm
of H, (entry 10). Analysis of the volatiles by '"H NMR

Table 2. Catalytic Hydrogenolysis of Various Complexes
Using Metal Hydride Reagents in the Presence of 4 atm H,

SiMe; SiMe;
; \M/x cat. [M-H] ; \M/X _H
SNR, THF,23°C,5d “NR;
m 4 atmH, %\
SiMe; SiMeg
entry complex [M—H]® NR,H” TON (NR,H/[Cat])*
1 1-(CI)NH, [Rh] 92 18
2 (Cr] 37 1.9
3 [Cr]* 34 1.7
4 1-NH, [Rh] 0 0
S (Cr] 17 0.85
6 [Cr]* 19 0.95
7 2-(CI)NH, [Rh] 0 0
8 [Cr] 18 0.90
9 [Cr]* 15 0.75
10 1=NSiMe, [Rh] 95 19
11 [Cr] 36 1.8
12 1-(CI)NHNMe, [Rh] 87 17
13 (Cr] 33 1.7
14 1-NHNMe, [Rh] 0 0
15 [Cr) 15 0.75

“[Rh] = (n >-CsMe;s) (py-Ph)RhH, 5 mol %. [Cr] = [(n*
CH;)Cr(CO),], 10 mol %. [Cr]* = [(#°-C¢Mes)Cr(CO),], 10
mol %. “Determined by spectrophotometry (entries 1—11) and
quantitative "H NMR (entries 12—15). “Calculated as the number of
moles of NR,H divided by the number of moles of monomeric metal

hydride.

spectroscopy established formation of H,NSiMe;. Quantitation
by the indophenol method following hydrolysis to ammonia
established near quantitative (>95%) formation of NHs,,
demonstrating successful catalytic hydrogenolysis of a titanium
nitrogen double bond with a TON of 19 with the [Rh]-H
catalyst. Repeating the hydrogenation of 1=NSiMe; with 20
mol % [Cr]-H (entry 11) produced a different outcome with a
36% yield of H,NSiMe; (quantified as NH,Cl) corresponding
to a TON of 1.8. While observation of a TON greater than 1 is
consistent with PCET from [Cr]-H followed by catalyst
regeneration. The dramatically reduced efficiency of [Cr]-H
compared to [Rh]-H is notable and suggests that the two
catalysts may operate by different mechanisms.

The catalytic hydrogenolysis of the titanium hydrazido
complexes, 1-NHNMe, and 1-(Cl)NHNMe,, was also ex-
plored. The observed reactivity paralleled the chemistry
observed with 1-(CI)NH, and 1-NH,; treatment of 1-
(C)NHNMe, with S mol % [Rh]-H under 4 atm of H,
yielded 87% H,NNMe, (TON = 17). However, H,NNMe, was
not observed when the Ti(Ill) hydrazide, 1-NHNMe,, was
subjected to catalytic conditions. When 20 mol % [Cr]-H was
employed as the hydrogen atom donor, 1-(CI)NH,NMe,
afforded 33% H,NNMe, (TON = 1.7) while 1-NHNMe,
afforded substoichiometric quantities of NH,NMe, (15%,
TON = 0.75).

The data in Table 2 establishes important trends for
hydrogenolysis of titanium—nitrogen bonds by proton coupled
electron transfer. All of the titanium(IV) compounds under-
went catalytic Ti—N hydrogenolysis (TON > 1) using [Rh]-H,
[Cr]-H, and [Cr]*-H. Among these, [Rh]-H was the most

DOI: 10.1021/jacs.6b08009
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efficient hydrogen atom donor (TONs & 20), supporting a
pathway involving PCET from [Rh]-H to the Ti-NR, ligand
followed by regeneration of the metal-hydride from activation
of H, by the resulting metalloradical. By comparison, [Cr]-H
and [Cr]*-H are inefficient hydrogen atom donors (TONs
2), though observation of TONs greater than 1 indicates
catalytic regeneration of the metal hydrides. All Ti(III)
compounds proved unreactive toward [Rh]-H and hydro-
genolysis products were not detected. However, when [Cr]-H
and [Cr]*-H were used, variable amounts of product were
formed from the Ti(III) complexes. Importantly, the low yields
of NR,H (TONs < 1) demonstrate stoichiometric rather than
catalytic reactions between the chromium hydrides and the
Ti(Ill) complexes with little to no regeneration of the metal
hydride catalyst.

To gain insight into poor catalytic efficiency of [Cr]-H and
[Cr]*-H compared to [Rh]-H, a series of stoichiometric
studies were performed. Given the similar reactivity of [Cr]*-H
and [Cr]-H under catalytic conditions and their similar
thermochemical properties (Table 1), the two compounds
were used interchangeably in these experiments and were
selected based on the ability to observe or isolate relevant
intermediates.

Initial stoichiometric studies comparing metal reagents were
conducted using 1-NH, (Scheme 2). Addition of [Cr]*-H to a

~
~

Scheme 2. Reactivity of a Ti(III) Amide and a Ti(IIIL)
Hydrazide (—1) with Chromium Hydride Reagents
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toluene solution of 1-NH, resulted in an immediate color
change from purple to red. The volatile products were analyzed
by the indophenol method, establishing formation of ammonia
in 91% yield. The organometallic product of the reaction was
identified as the S = 1/2 (lg 53 °c = 1.7 uB) titanocene, (i7°-
CsMe,SiMe;), Ti(u-CO)Cr(CO),(7>-CsMe;) (1-[Cr]*) as
determined by single crystal X-ray diffraction (Figure 3). The
presence of a chromium carbonyl subunit in the product was
confirmed by infrared spectroscopy with observation of a
strong and diagnostic band centered at 1638.7 cm™". This band
was successfully reproduced by full molecule DFT calculations,
where a vibrational mode was identified at 1620 cm™’, assigned
as the y-CO stretch.

The room temperature X-band EPR spectrum of 1-[Cr]* in
toluene displays a single feature at g, = 1.974 with a hyperfine
interaction to the *’Ti nucleus (I = 5/2, A, = 49.3 MHz). No
$3Cr (9.5%, I = 3/2) hyperfine was observed, consistent with a
titanium-based SOMO. This view of the electronic structure
was also confirmed by DFT calculations where spin density was
located principally on the titanium (see Figure S14).

Similar reactivity was observed with 1-NHNMe, (Scheme 2).
Addition of [Cr]*-H to a toluene solution of 1-NHNMe,
resulted in an immediate color change from purple to red. The
volatiles of the reaction were analyzed by '"H NMR spectros-
copy using 1,3,5-trimethoxybenzene as an internal reference
and found to contain NH,NMe, (76%). Analysis of the
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Figure 3. ORTEP representations of the solid-state structures of 1-
[Cr]* at 30% probability ellipsoids. Hydrogen atoms have been
omitted for clarity.

nonvolatile organometallic residue by EPR spectroscopy
identified the concomitant formation of 1-[Cr]* and the
teatureless NMR spectrum confirmed no other byproducts.

Reaction of both 1-NH, and 1-NHNMe, with [Cr]*-H are
best viewed as straightforward protonations with release of
ammonia or substituted hydrazine with concomitant capture of
the chromium anion by titanium. Because the titanium remains
in the +3 oxidation state both before and after the reaction,
proton transfer is facile but electron transfer does not occur.

Thermochemical measurements were conducted to under-
stand the lack of electron transfer reactivity. The pK, of [ (-
C;Me,SiMe;),Ti(NH;)][BAr",]([1-NH;]*) was previously
determined as 16.2 in THE.”* Although the pK, of [Cr]*-H
in CH;CN is reported at 16.1, this value has been redetermined
in THF by equilibration with collidinium (pK, = 8.1) and 1,8-
bis(dimethylamino)naphthalene (“DMAN”, pK, = 11.1)* and
found to be 10.1. Thus, in the reaction medium (THF), [Cr]*-
H is 6 orders of magnitude more acidic than [1-NH;]*. The
redox potential of the [Cr]#*(®) couple was also redetermined
in THEF solution as —0.83 V.*' Because the Ti(III)/Ti(II) redox
couple for [1-NH;]"® is —2.0 V,** electron transfer from
{[Cr]*}~ to [1-NH;]" is highly endergonic while proton
transfer is highly exergonic. As a result, protonation but not
electron transfer occurs.

The stoichiometric reactivity of [Cr]*-H with 1-(CI)NH,
and 2-(CI)NH, was also examined (Scheme 3). Addition of
[Cr]*-H to a toluene solution of 2-(CI)NH, resulted in an

Scheme 3. Divergent Reactivity of 1-(CI)NH, and 2-
(CI)NH, with [Cr]*-H
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2-(CH[Cr*]

1-(CDhICr]

1-(NHSiMes)[Cr]

Figure 4. ORTEP representations of the solid state structures of mechanistically relevant heterobimetallic complexes. Left to right: 2-(CI)[Cr]*, 1-

(en[cr], 1-

[Cr],, 1-(NHSiMe;)[Cr]. Hydrogen atoms except that attached to N1 have been omitted for clarity.

Scheme 4. Proposed Reaction Pathway That Accounts for the Formation of NH; and the Pseudocatalytic Regeneration of

Chromium Hydride Reagents under H,
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immediate color change from colorless to deep red. Analysis of
the volatile products of the reaction established 93% formation
of NH; while analysis of the nonvolatile organometallic
components established formation of the C; symmetric
zirconocene, (1°-CsMe,SiMe,),Zr(Cl)(u-CO)Cr(CO),(#*-
CMes) (2-(CI)[Cr]*, 89%). This product was identified by
a combination of X-ray diffraction (Figure 4) and by solid-state
(KBr) infrared spectroscopy, which exhibits a diagnostic band
at 1530.4 cm™". This feature was assigned as a bridging carbonyl
based on DFT frequency calculations (vppr = 1545 cm™). As
expected based on the data in Table 2, 2-(Cl)[Cr]* was
unreactive toward H,, consistent with the observation that
[Cr]*-H was not regenerated. The pK, of [(1°-
CMe,SiMe;),Zr(Cl) (NH,)][BAr",] ([2-(CI)NH,]*) in
THF was previously determined as 14.7 indicating that the
protonation of 2-(CI)NH, by [Cr]*-H is highly favored. The
Zr(IV)/Zr(I1) redox couple for [2-(CI)NH,] 1+ s —2.0 V,
making subsequent electron transfer from {[Cr]*}~ energeti-
cally inaccessible. Analogous to 1-NH,, PCET from [Cr]*-H to
2-(CI)NH, is thermodynamically inaccessible while stoichio-
metric protonation is facile.

The reactivity of [Cr]*-H with 1-(CI)NH, exhibited more
complex behavior (Scheme 3). Upon addition of [Cr]*-H to a
benzene-ds solution containing 1-(CI)NH, and 1,3,5 trime-
thoxybenzene as an internal standard, an immediate color
change from yellow to dark red was observed. Analysis by 'H
NMR spectroscopy established formation (7°-
CsMe,SiMe;),TiCl, (1-(Cl),) in 42% yield. The volatiles of
the reaction were analyzed by NMR spectroscopy and 83% of
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the expected NH; was identified. Exposure of a benzene-dj
solution of the nonvolatile products to 4 atm of H, resulted in
regeneration of [Cr]*-H in 46% yield. In a separate reaction,
the nonvolatile products were analyzed by IR spectroscopy and
exhibited spectroscopic signatures diagnostic with the for-
mation of 1-[Cr]*. The observed reaction products can be
rationalized by the following sequence shown in Scheme 4: (i)
initial protonation of 1-(CI)NH, by [Cr]*-H to yield the
putative bimetallic intermediate, (17°-C;Me,SiMe,),Ti(Cl)(u-
CO)Cr(CO),(*-CsMes) (1-(C1)[Cr*]); (ii) ligand redistrib-
ution from 1-(CI)[Cr*] to form (3°-CsMe,SiMe;),Ti[ (u-
CO)Cr(CO),(n>-CsMes)], (1-[Cr]*,) and 1-(Cl),; and (iii)
disproportionation of 1-[Cr]*, to 1-[Cr]* and [Cr]*. The
formation of [Cr*], a molecule that forms [Cr]*-H upon
treatment with H,, explains to pseudocatalytic behavior
observed in Table 2. However, generation of 0.5 equiv of 1-
[Cr]* per molecule of NH; limits the overall catalytic
performance to two turnovers. This reaction sequence also
explains the observation of turnover numbers approaching 2 for
the reactions of 1-(CI)NH, and 1-(Cl)(NHNMe,) with [Cr]-
H and [Cr]*-H under catalytic conditions.

To support to the reaction sequence proposed in Scheme 4,
direct evidence for the formation of 1-(CI)[Cr]* was sought.
Addition of Ph;CCl as a potential chlorine atom donor to 1-
[Cr]* instead resulted in formation of a mixture of 1-Cl, and 1-
[Cr]* as judged by '"H NMR spectroscopy and decomposition
studies. It is likely that the sterically encumbered pentam-
ethylcyclopentadienyl ligand contributes to the observed
instability of 1-(CI)[Cr]* and ligand redistribution results.
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To support this hypothesis, the chlorination procedure was
repeated with 1-[Cr] in place of 1-[Cr]* (Scheme ). Addition

Scheme 5. Low Temperature Reaction of 1-[Cr] with
(CgH);CCl (Ph3;C—Cl) to Afford the Thermally Unstable
Complex, 1-(CI)[Cr]
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of (C4Hs);CCl to a concentrated pentane solution of 1-[Cr] at
—35 °C followed by solvent evaporation resulted in isolation of
red crystals of (#°-CsMe,SiMe;),Ti(Cl)(u-CO)Cr(CO), (1
CsHy), 1-(CD[Cr].

The solid state structure of 1-(CI)[Cr] was determined by X-
ray diffraction (Figure 4) and the overall coordination geometry
is typical of a bent metallocene and is structurally analogous to
(7°-C5Me;),Ti(CH, ) (u-CO)Mo(CO),(17>-CsHs), reported by
Stucky and co-workers from the reaction of (1>-C<Mes)(°-
C5Me,CH,)Ti(CH;) with (°-CsH;) (CO);MoH.* A diag-
nostic solid-state infrared band was observed at 1602.7 cm™), a
value successfully reproduced (vco = 1598 cm™) by the DFT
computed frequency spectrum and assigned as the p-CO
stretching mode. In benzene solution, 1-(CI)[Cr] proved
unstable with respect to ligand redistribution, converting to a
mixture of 1-(Cl),, 1-[Cr], and [Cr], over the course of
minutes at 23 °C as determined by a combination of 'H NMR
and IR spectroscopies as well as decomposition studies.
Attempts at obtain the '"H NMR spectrum and elemental
analysis of 1-(CI)[Cr] have been unsuccessful due to this
instability. Nevertheless, the observation of 1-(Cl)[Cr] and the
instability of both 1-(CI)[Cr]* and 1-(Cl)[Cr] with respect to
ligand redistribution and disproportionation supports the
hypothesis that these compounds are intermediates on the
route to the regeneration of [Cr]*-H and [Cr]-H, as shown in
Scheme 4.

The observed reactivity of 1-(Cl)NH, with [Cr]*-H is an
instructive example for application of proton coupled electron
transfer to N, functionalization. The BDFEs for [Cr]*-H (60.7
kecal/mol) and 1-(CI)NH; (61.2 kcal/mol) in THF suggests
that PCET from [Cr]*-H to the titanocene amide ligand
should be thermodynamically feasible. However, the thermo-
chemical properties of the chromium hydride reveal that AG
for proton transfer is —6.7 kcal/mol while AG for subsequent
electron transfer is +6.2 kcal/mol.** A similar analysis holds for
the reaction with [Cr]-H (AGpr = —9.9 kcal/mol; AGgr = 9.9
kcal/mol). Therefore, ammonia release via protonation and
formation for 1-(CI)[Cr]® is the preferred reaction pathway. In
examining the thermochemistry for the reaction of 1-(CI)NH,
with [Rh]-H in THF, AG for the proton transfer is 7.1 kcal/
mol while AG for subsequent electron transfer is —20.3 kcal/
mol. Thus, the thermodynamic trap arising from a highly
exergonic protonation step is operative for [Cr]*-H but not for

This comparison highlights the importance of the hydrogen
atom donor and the hydrogen atom acceptor to have both
ApK, and AE"? properly matched to avoid thermodynamically
favored side reactions. The experimental observation of

pseudocatalytic regeneration of [Cr]®-H is likely a result of
the instability of 1-(CI)[Cr]® with respect to the formation of
1-[Cr]®,. The two z-acidic #-CO ligands coordinated to the Ti
center in 1-[Cr]®, would be expected to attenuate the
otherwise inaccessible Ti(IV)/Ti(Ill) reduction potential and
thus allow for electron transfer from the chromium anion and
formation of 1-[Cr]® and [Cr]® (Scheme 4).

The stoichiometric reactivity of 1=NSiMe; with [Cr]-H
was also examined because of the observed TON of 1.8 under
catalytic conditions. Addition of [Cr]-H to a pentane solution
1=NSiMe; resulted in a color change from red to orange.
Slow evaporation of this solution over 6 h furnished crystals
suitable for X-ray diffraction in 75% vyield. The solid-state
structure of (#°-CsMe,SiMe;),Ti(NHSiMe;)(u-CO)Cr-
(CO),(°-CH;) (1-(NHSiMe;)[Cr]) established protonation
of the imido fragment with subsequent coordination of the
anionic chromium complex through a bridging #-CO ligand.
The 'H NMR spectrum of 1-(NHSiMe;)[Cr] exhibits the
number of peaks consistent with C; molecular symmetry with
the N—H resonance located at 9.39 ppm. The KBr infrared
spectrum exhibits medium and intensity band at 3320.0 cm™
assigned to the N—H stretch while a stronger feature was
observed at 1630.5 cm™ for the u-CO vibration. Isolated 1-
(NHSiMe,)[ Cr] was unreactive toward 4 atm H, over a period
of S days as neither formation of NH,SiMe; nor [Cr]-H was
observed.

Addition of a second equivalent of [Cr]-H to 1-(NHSiMe,)-
[Cr] produced an unexpected outcome. Monitoring the
reaction by 'H NMR spectroscopy in the presence of 1,3,
trimethoxybenzene as an internal standard revealed formation
of NH,SiMe; in 76% yield. No resonances for a diamagnetic
titanium product were observed. Treatment of the mixture of
NMR silent compounds with 4 atm of H, and analysis resulted
in formation of [Cr]-H in 42% yield as judged by 'H NMR
spectroscopy and integration versus the internal standard. In a
separate reaction, an IR spectrum of the nonvolatile products
prior to treatment with H, were collected and revealed a strong
band at 1595.7 cm™ (DFT calculated vco = 1592 cm™),
consistent with the formation of 1-[Cr]. In an attempt to
identify intermediates en route to formation of 1-[Cr], the
addition of two equivalents of [Cr]-H to a concentrated
pentane solution of 1=NSiMe; at —35 °C resulted in
deposition of small crystals suitable for X-ray diffraction
identified as (n°-CsMe,SiMe;),Ti[(u-CO)Cr(CO),(n°-
C¢H;)], (1-[Cr],) (Figure 4). The solid state structure of 1-
[Cr], contains two chromium fragments each with an
isocarbonyl ligand coordinated to titanium. Full molecule
DFT calculations support a titanium(IV) oxidation state
assignment with two anionic isocarbonyl-linked chromium
subunits (Figure S15). The solid-state KBr infrared spectrum of
1-[Cr], exhibits two strong bands at 1607.4 and 1573.1 cm™".
These are in good agreement with the calculated frequency
spectrum, which predicts two bands corresponding to y-CO
stretching modes at 1590 and 1559 cm™'. Attempts to obtain a
"H NMR spectrum and elemental analysis of 1-[Cr], were
unsuccessful likely owing to the thermal instability of the
compound.

B EXPERIMENTAL BRACKETING AND CALCULATION
OF N—H BDFES

Given the paucity of data on N—H BDFEs in coordination
compounds”**® and the importance of these values for rational
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Figure S. Summary of experimentally determined and calculated N—H bond dissociation free energies (BDFEs) in titanocene and zirconocene
complexes. Key (Left to right): Reaction: Definition of the N—H BDFEs described in this work and associated redox state changes for metallocene
complexes. Amides: N—H BDFEs for ammonia coordinated to either M(III) (top) or M(II) metal centers. Loss of H® results in the formation of the
corresponding M(IV) or M(III) metal amide complex, respectively. Hydrazides (—1): N—H BDFEs for hydrazines coordinated to either Ti(III)
(top) or Ti(IT) metal centers. Loss of H® results in the formation of the corresponding Ti(IV) or Ti(IIl) metal hydrazide(—1) complex, respectively.
Imides/Hydrazides (—2): N—H BDFEs for Ti(Ill) amides (top) and for Ti(IlI) hydrazides (bottom). Loss of H* results in the formation of the

corresponding Ti(IV) imido (top) or Ti(IV) hydrazido (bottom) complex.

design of ammonia synthesis and oxidation -catalysts, a
combined experimental and computational study of N—H
BDFEs in model titanocene and zirconocene complexes was
conducted. The sterically demanding bis(cyclopentadienyl)
ligand platform is ideally suited for this purpose as it enables
preparation and isolation of metallocene complexes in the +3
and +4 oxidation and supports a variety of nitrogen-containing
ligands, including rare “parent” derivatives where the
substituents are exclusively hydrogen.**

Our previous communication reported the N—H bond
dissociation free energies of NH; coordinated to metallocenes
with Ti(II), Ti(IlI), and Zr(Il[).”* The N—H BDFE of 1-
(CI)NH; was calculated as 61 kcal/mol, consistent with the
experimentally bracketed value of 52—65 kcal/mol. Notably
substitution of the titanium(III) center with zirconium(III)
plummets the N—H BDFE to 41 kcal/mol while reduction of
Ti(III) to Ti(Il) has a similar effect as the N—H BDFE in 1-
NH; is 42 kcal/mol. The calculated values are in good
agreement with experimental estimates of 35—48 kcal/mol.
Analysis of the thermochemical data reveals that the difference
in N—H BDFEs are driven principally by differences in redox
potentials of the various metals. In cases where the redox
couples have large and negative potentials such as Zr(IV)—
Zr(1II) and Ti(III)—Ti(II), weaker N—H BDFEs result.
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With this foundation in hand, measurement of N—H BDFEs
of other nitrogen-containing ligands relevant to a N, fixation
scheme was conducted (Figure S). Titanocene hydrazides were
studied and exhibit similarities to the corresponding amide
complexes. Addition of TEMPO® to a THF-dg solution
containing 1-Cl in the presence of one equivalent of
NH,NMe, cleanly yielded 1-(Cl)NHNMe, and TEMPO-H,
as judged by 'H NMR spectroscopy and setting an upper limit
of 65 kcal/mol for the N—H BDFE of the coordinated
hydrazine.

Performing an analogous experiment with N,H, also
produced TEMPO-H along with free cyclopentadiene ligand
and an unidentified high-symmetry organometallic complex. In
the absence of N,H,, addition of TEMPO® to 1-Cl, produced
no reaction. This observation suggests that the putative
titanocene(III) intermediate, 1-(CI)NH,NH, is formed and
undergoes H atom abstraction but the resulting parent
titanocene(IV) chloro hydrazide, 1-(C)NHNH, is unstable.
Because direct experimental evidence for 1-(CI)NH,NH, was
not obtained, full molecule DFT calculations were conducted
to gain insight into the N—H BDFE. A computed value of 61
kcal/mol was obtained, suggesting little perturbation upon
dimethylation of the hydrazine. Similar measurements were
attempted for the putative titanocene(II) hydrazine compound,
1-NH,NMe,.

DOI: 10.1021/jacs.6b08009
J. Am. Chem. Soc. 2016, 138, 13379—-13389


http://dx.doi.org/10.1021/jacs.6b08009

Journal of the American Chemical Society

Attempts to prepare 1-NH,NMe, by formation of the N—H
bond by addition of [Rh]-H to 1-NHNMe, produced no
reaction. In the absence of an insurmountable kinetic barrier,
this experiment establishes an upper limit on the BDFE of 52
kcal/mol, consistent with the DFT-computed value of 39 kcal/
mol. A similar value of 42 kcal/mol was calculated for the
corresponding parent hydrazide complex, 1-NH,NH,, again
highlighting little influence on nitrogen substitution on the N—
H BDEFE of the coordinated hydrazine. Perhaps unsurprisingly,
ammonia and k'-hydrazine ligands have indistinguishable N—H
BDFEs when coordinated to titanocenes. This value may
change upon a shift in hapticity to k*; however, attempts to
optimize such structures resulted in reversion to k'-hapticity.

Imido (Ti = NR) and hydrazido(2-) (Ti = NNH,)
complexes of titanocenes in the +3 and +2 oxidation states
were also of interest. With this family of compounds, formation
of an N—H bond is accompanied by reduction of a Ti = N z-
bond. Addition of TEMPO-H to a THF-d; solution of 1=
NSiMe; resulted in formation of TEMPQO® and a new EPR-
active titanocene(IlI) compound identified as (7°-
CsMe,SiMe;),Ti(NHSiMe;) (1-NHSiMe;). The titanocene
imide, 1=NSiMe, proved unreactive toward 2,4,6-Bu;PhO°,
establishing an experimental N—H BDFE value in the range of
65—77 kcal/mol. The calculated N—H BDFE of 68 kcal/mol is
in good agreement with the experimentally determined range.
To experimentally determine the N—H BDFE in the parent
imido compound (7>-CsMe,SiMe;),Ti(NH) (1=NH), hydro-
gen atom abstraction from 1-NH, was explored using
2,4,6-'Bu;PhO°. No reaction was observed between these two
reagents over the course of hours at 23 °C. The lack of
reactivity could be attributed to a high kinetic barrier, although
this possibility seems unlikely given the facile H atom
abstraction chemistry observed with 2,4,6-‘Bu;PhO® and other
titanocenes. Thus, an experimental lower limit on the N—H
BDEFE is 77 kcal/mol. An upper limit on the N—H BDFE
proved inaccessible as suitable noncoordinating reagents with
known BDEFEs in compatible solvents are unavailable. Never-
theless, the calculated N—H BDEFE of 1-NH, (79 kcal/mol) is
in good agreement with the experimental observations. Both
experimental and calculated data indicate a ~10 kcal/mol
difference in the BDFEs of 1-NHSiMe; and 1-NH,, high-
lighting the potential sensitivity of the thermodynamic
parameters to silicon-containing substituents.

Titanocene(IIl) hydrazides(1-) (Ti-NHNR,) were the final
class of compounds examined. Hydrogen atom abstraction
from 1-NHNMe, is expected to furnish the titanium
hydrazide(2-) complex, (17°-C;Me,SiMe;),Ti(NNMe,) (1=
NNMe,). However, no reaction was observed upon treatment
of 1-NHNMe, with TEMPO®, while treatment with
2,4,6-BusPhO°® produced 2,4,6-BusPhO-H in 93% yield along
with a mixture of unidentifiable titanium products. The
instability of the putative complex, 1=NNMe,, is consistent
with observations reported by Mountford and co-workers on
the bonding of bis(cyclopentadienyl) titanium hydrazide (2-)
complexes and their instability.*** The differential reactivity
with TEMPO® and 2,4,6-Bu;PhO°® supports an experimental
BDFE of 65—77 kcal/mol, in good agreement with the
calculated value of 71 kcal/mol. The hypothetical parent
hydrazide complex, (7°-CsMe,SiMe;),Ti(NHNH,) (1-
NHNH,), was calculated to have an N—H BDFE of 67 kcal/
mol. As was observed with 1-(C)NHNMe, and 1-(Cl)-
NHNH,, the impact of methyl substituents on the N—H
BDFEs is minimal and the experimentally determined BDFE

values for 1-(CI)NHNMe, and 1-NHNMe, appear to be valid
for the parent hydrazide(1-) analogues.

B CONCLUSIONS

A family of bis(cyclopentadienyl) titanium and zirconium
amide, hydrazide and imide complexes have been studied for
N-H bond formation and ultimately catalytic amine or
hydrazine synthesis by proton coupled electron transfer using
H, as the stoichiometric H atom source. A combination of
chemical bracketing studies coupled with DFT methods
allowed determination of N—H bond dissociation free energies
in 12 different complexes. In all cases examined, there is a
significant lowering the N—H BDFE upon coordination to the
transition metal. The impact of the metal identity, metal and
nitrogen oxidation states on the N—H BDFE have been
systematically determined where metals with relatively low
redox potentials (e.g., Ti(III)—Ti(IV)) favor the highest values.
Catalytic NH;, NH,SiMe; and NH,NMe, synthesis has been
demonstrated using [Rh—H] as the H, activation and H atom
transfer catalyst. Although the chromium hydrides, [Cr—H]
and [Cr]*-H have comparable M—H BDFEs to [Rh—H], the
mismatched pK, and reduction potentials associated with these
reagents and the group 4 metallocene substrates resulted in low
turnover due to catalyst deactivation. The outcomes of these
studies demonstrate the value of N—H BDFEs in guiding the
rational design and modification of both metal and ligand
environments to generate complexes capable of catalytic
ammonia synthesis, ideally from molecular N, and H,.
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