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ABSTRACT: Programmed manipulation of the subtle
interplay of nonbonded steric interactions within a
supporting ligand environment has been used for the
conversion of a photochemically driven chemical cycle for
group 6 metal-mediated nitrogen fixation into a thermally
promoted process with increased energy efficiency and
atom economy for key transformations involving N=N
bond cleavage and N-atom functionalization of coordi-
nated N,.

he development of new industrial nitrogen fixation
processes that can convert dinitrogen (N,) into ammonia
(NH;), or other high-value N-containing products, with lower
energy and environmental impact than the currently practiced
century-old Haber—Bosch technology, remains a “holy grail” of
scientific research.' ~ Central to the realization of this goal is the
identification of new paradigms that can be used to cleave the
strong N=N bond of N, (BDE = 226 kcal/mol) in a manner
that provides access to subsequent low-energy reaction pathways
for N-atom functionalization and overall atom-economical
substrate-to-product conversion within a catalytic cycle.”
Recently, we reported’ a photochemically driven chemical cycle
for group 6 metal-mediated nitrogen fixation that converts N,,
carbon dioxide (CO,), and trialkyl group 14 element chlorides,
R4ECI (E = Si and Ge), into the corresponding isocyanates,
R;EN=C=O0, and dimetalloxanes, R;E—O—ER;, according
to the overall stoichiometry N, + 2CO, + 6R;ECl + 6Na —
2R,ENCO + 2(R4E),0O + 6NaCl. Several key steps within this
photochemical process, however, suffer from significant
limitations that, in the absence of a solution, negatively impact
the ultimate goal of translating it into a viable catalytic cycle.
Herein, we report success in addressing many of these
deficiencies through the programmed design development of
an alternative thermally driven nitrogen fixation cycle that benefits
from having significantly enhanced energy efficency and atom
economy for the primary transformations involving N=N bond
cleavage and N-atom functionalization of coordinated N,. These
results make an important contribution to the development of a
set of “first principles” for the design, validation, and
implementation of new dinuclear y-N, complexes that can
expand the scope of synthetic nitrogen fixation beyond NH;.*®
The task of switching the underlying photochemically
promoted reaction pathways for metal-mediated N=N bond
cleavage and N-atom functionalization within a nitrogen fixation
cycle into more highly competitive, thermally promoted
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analogues represents an enormous challenge. Indeed, using the
paradigm first established by Cummins et al.” in 1995, only seven
examples have ever been reported in which a structurally well-
characterized dinuclear y-N, complex has been unequivocally
shown to engage in chemically unassisted® N=N bond cleavage
through either thermal””'® or photochemical”''~'* reaction
pathways to provide a discrete transition metal nitrido
product.”'® Quite surprisingly, for group 6 dinuclear u-N,
complexes undergoing thermally promoted N=N bond
cleavage, this number reduces further to the single original
example set by the Cummins group with their now iconic
{[ArN(C(CD3),CH;) Mo}, (u-n":n'-N,) [Ar = 3,5-(Me,)-
CgH;] complex.” Even here, the third-row tungsten congener
has never been reported, despite a computational study that
predicts 2 more favorable energy barrier for N=N bond
cleavage.'® A final consideration is that any significant change in
the nature of the dinuclear y-N, complex required to achieve
thermal N=N bond cleavage cannot have a deleterious impact
on the ability to perform all subsequent chemical transformations
that complete a chemical or catalytic nitrogen fixation cycle.
Scheme 1 summarizes the limitations that existed with our
previous photochemical nitrogen fixation process. To begin, the
critical N=N bond-cleaving step was originally achieved
through photolysis of the thermally stable second- and third-
row group 6 dinuclear “end-on-bridged” u-n':n'-N, complexes
I'” into the corresponding dinuclear bis(u-nitrido) complexes IT
according to eq 1 in Scheme 1. Although high-yielding, this
process is unfortunately plagued by exceedingly slow rates of
photolysis that greatly limit practicality for any scale-up
considerations. As Scheme 1 further shows, in the presence of
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excess equivalents of RyECI, photolysis of I under otherwise
identical conditions provides an excellent yield of the M(IV)-
terminal imido III along with the M(IV) dichloride IV according
to eq 2. However, similarly long photolysis times are now
coupled with the requirement that one equivalent of I must serve
as a sacrifical Cl-atom trap with release of N,. Thus, while IV can
be recycled back to I through chemical reduction under an
atmosphere of N,,>'” the reaction of eq 2 is hamstrung by both
poor energy efficiency and atom economy. A final major issue is
that the photochemical basis (mechanism) for eqs 1 and 2 is
unknown.

Inspiration for a new design for securing a thermal equivalent
of eq 1 came from structure—property relationships obtained for
the growing family of structurally characterized, cyclopentadienyl
amidinate (CPAM) early transition-metal dinuclear u-N,
complexes with the general formula {(7>-CsRs)[N(R")C(R*)N-
(R")]M},(u-N,), which we have been developing over the past
decade and which, inclusive of I, now encompasses derivatives
where M = group 4 (Tj, Zr, Hf),'"'® group S (V, Nb, Ta),” and
group 6 (Mo, W) metals.'” More specifically, for M = Zr and Hf
within CPAM group 4 dinuclear “side-on- brldged” u-nt*-N,
complexes,'® the degree of N=N bond “activation” increases as
the magnitude of steric interactions within the CPAM ligand
environment decreases. Indeed, as typically evaluated on the
basis of the crystallographically determined N—N distance
parameter, d(NN), this degree of activation reaches a maximum
for M = Hf, R = R*> = Me, R! = Et, in which d(NN) has the
remarkable value of 1.635(3) A. Moving on to second- and third-
row CPAM group S dinuclear y-N, derivatives, the exper-
imentally determined energy barrier height for thermally
promoted N=N bond cleavage, which is proposed to proceed
through an intramolecular y-17":17'-N, — p-n*1*-N, rearrange-
ment, was further observed to decrease as ligand nonbonded
sterlc interactions decrease [for M = Ta, R = Me, R! = Pr:

AGZ,.(338.15 K) = 26.6 kcal/mol (R? = Ph) > 25.5 kcal/mol (R?
= NMe,) > 24.3 keal/mol (R? = Me)].”” By extension of these
correlations, we reasoned that the inability of I to engage in
thermally promoted N=N bond cleavage might simply be due
to too much steric crowding within the ligand sphere that
prevents access to the required transition-state geometry. As a
corollary, photolysis of I could then be serving to reduce the
magnitude of steric interactions through a change in amidinate
group ligation from x’- to k'-coordination.

To test our hypothesis, the series of new “sterically reduced”
CPAM group 6 derivatives, {Cp*[N(Et)C(Ph)N(Et)]M},(u-
n':n'-N,), where Cp* = >-C;Me;, M = Mo (1) and W (2), were
synthesized from the corresponding M(IV) dichlorides, Cp*-
[N(Et)C(Ph)N(Et)]MCI, (3 and 4) (Scheme 2)."” The solid-
state structures of 1 and 2 were obtained through single-crystal
X-ray analyses, and, as exemplified by 1 shown in Figure 1a, both
were found to adopt a y-17':57'-N, geometry with d(NN) values
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Figure 1. Molecular structures (30% thermal ellipsoids) of (2) 1 and (b)
5. H-atoms have been removed for the sake of clarity."’

that are slightly longer than those previously reported for I
[d(NN) = 1.288(3) A for 1 and 1.299(5) A for 2, vs 1.277(8) A
for Ib and 1.267(2) A for Ic (M = Mo, R = Me, R' = 'Pr, R* =
NMGZ)].”'w

Gratifyingly, after an analytically pure sample of 1 was
obtained, a series of "H NMR (400 MHz, benzene-dg, 25 °C)
spectra recorded over a period of several days at room
temperature revealed the steady increase in intensity for 'H
resonances of a single new species, S, at the expense of those of 1
(Figure 2a)."” Heating this NMR sample to 60 °C over a period
of 70 h, in the dark, showed the eventual quantitative thermal
conversion of 1 into S. Additional confirmation of the
quantitiative nature of this thermal conversion was provided by
variable-temperature scanning UV/vis spectroscopy, in which a
well-defined isosbestic point at A = 757 nm is observed for a series
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Figure 2. Thermal conversion of 1 — 5. (a) Partial '"H NMR (400 MHz,
benzene-d,) spectra recorded at 60 °C for different time intervals. The
displayed 'H resonances are for the diastereotopic methylene (CH,)
protons of the N-ethyl substituents for (*) 1 and (O) S. (b) Partial
display of a series of electronic spectra recorded by scanning UV/vis
spectroscopy at 70 °C."
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of electronic spectra recorded at 70 °C (Figure 2b). Finally, and
most importantly, performing thermolysis of 1 in toluene
solution on a preparative scale provided an analytically pure
crystalline sample of §, for which single-crystal X-ray analysis
conclusively established the solid-state structure to be that of the
dinuclear bis(u-nitrido) complex, {Cp*[N(Et)C(Ph)N(Et)]-
Mo(u-N)}, (Figure 1b)."” With respect to the structural
parameters for S, the Mo,N, core defines a planar four-
membered ring with a pair of “long” and “short” Mo—N bonds
for each formal M(V) metal center [d(Mo1—N1) = 1.8917(12)
A and d(Mo1-N2 = 1.9269(12) A]. In contrast, the reported
structure of Ila displays a nonplanar four-membered ring with
Mo—N bonds paired into a “short” set for one metal center
[d(Mo,N) = 1.8495(13) A] and a “long” set for the other
[d(Mo,N) = 1.9636(13) A].°> The d(MoMo) distance is also
slightly shorter in § vs ITa (2.6480(3) and 2.6764(3) A,
respectively). Finally, the physical difference between these two
homologues, 5 and Ila, continues in the solution state, where the
former exhibits diamagnetic character by NMR spectroscopy and
the '"H NMR resonances for the latter experience strong
paramagnetic shifting. Additional studies to elucidate the
ground-state electronic structure for the parent system of §
and II are now in progress.

As Scheme 2 further reveals, the group 6 third-row congener 2
was also observed to cleanly convert at 60 °C in solution to the
crystalline ditungsten bis(y-nitrido) 6, which was isolated and
structurally characterized by single-crystal X-ray analysis (see
Supporting Information). In this respect, only very slight
differences exist between the geometric parameters of 6 vs IIb,
and both complexes display diamagnetic character in solution.”
Qualitatively, the rate of 2 — 6 is much slower than that of 1 — 5,
and this difference appears to originate with the shorter
M—N,,_4inae bonds observed for 2 relative to 1'”*° and the
steric sensitivity of the N,-splitting process. Additional support
for this conclusion is provided by comparative '"H NMR Eyring
analyses conducted from 60 to 80 °C (five points) in benzene-dj
that yielded, for 1 — §, AH¥ =232 keal/mol, AST = —10.6 cal/
(mol-K), and AG¥,(338.15 K) = 26.8 kcal/mol, and for 2 — 6,
AH¥ = 20.4 kecal/mol, AS* = —20.6 cal/(mol-K), and AGH,,
(338.15 K) = 27.4 kcal/mol. These results are significant in that
they serve to establish 1 and 2 as the first isostructural pair of
second- and third-row group 6 dinuclear ;-N, complexes that are
known to undergo thermally promoted N=N bond cleavage
and 2 as the first ditungsten derivative to do so.

With the principal goal of developing a thermal N=N bond
cleavage process based on 1 and 2 to replace the photochemical
step that employed I achieved (see Scheme 1), it next became of
paramount importance to determine if the dinuclear bis(u-
nitrido) products, $ and 6, could still engage in the necessary
subsequent chemical steps for nitrogen fixation to proceed, and
what, if any, might be the additional advantages of having this
new thermal N,-splitting process being part of an ultimate
catalytic cycle. For preliminary inquiries regarding these
questions, only chemistry involving the 1 — § transformation
has been considered. To begin, despite the diamagnetic character
of §, vis-a-vis Ila, the former complex fortunately behaves in
similar fashion to the latter upon addition of an excess quantity of
Me;SiCl by rapidly and quantitatively producing a 1:1 mixture of
the Mo(VI) nitrido chloride, Cp*[N(Et)C(Ph)N(Et)]Mo(N)
Cl (7), and the Mo(IV)-terminal imido, Cp*[N(Et)C(Ph)N-
(Et)]Mo(NSiMe,) (8) (Scheme 3). The structural identity and
nature of 7 and 8 were confirmed through single-crystal X-ray
analyses, and both compounds were further prepared through
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alternative syntheses starting from 3.'” As further shown in
Scheme 3, reaction of § with a slight excess of bis(trimethyl-
silyl)mercury, Hg(SiMe;),,”" at elevated temperature proceeded
cleanly in benzene-dg to quantitatively produce 2 eciluiv of 8,
along with elemental mercury as the only co-product.”

With the ability to formally obtain 8 from 1 by going through
isolated S, we were intrigued by the possibility of establishing a
direct thermal 1 — 8 synthetic scheme in which § would now
assume the role of a transient intermediate. Thus, as Scheme 4
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reveals, simple thermolysis of 1 in benzene-dg solution at 60 °C in
the presence of a slight excess of Hg(SiMe,), was now observed
to provide a nearly quantitative yield of 8, along with Hg" as the
only co-product.”” Depending on the initial concentration of
reactants, a small population of § does initially appear as an
intermediate, but this diminishes as the conversion proceeds. It
can also be noted that, qualitatively, the 1 — 8 conversion
appears to occur faster and at lower temperature than the § — 8
transformation. Since it is possible that the two reaction schemes
proceed through different mechanisms, more studies of the
origin of this difference are warranted. Finally, it is significant that
previous attempts to photochemically convert I using Hg-
(SiMe;), to the corresponding M(IV) imido complexes led only
to a complex mixture of products due to uncontrolled
photodecomposition of the latter reagent.

As a final consideration, it was of interest to determine if a
thermal analogue for the photolytic “one-pot” N=N bond
cleavage/N-atom functionalization process of eq 2 in Scheme 1
using R;ECI as a benign reagent could be developed.”” In
practice, simply heating a solution of 1 in benzene-dg at 55 °C in
the presence of excess equivalents of Me;SiCl provided an
excellent yield of 8, as observed by '"H NMR spectroscopy. When
the reaction was conducted on a preparative scale in benzene-dg
at 80 °C for 17 h, 8 and paramagnetic dichloride 3 were
determined to be the only co-products, thereby suggesting the
stoichiometry of Scheme 5, in which one equivalent of 1 must

Scheme 5
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again be serving in a sacrificial capacity as a Cl-atom trap.'”
Curiously, however, this thermal process proceeds with no NMR
evidence for $ as a transient intermediate, presumably due to this
species reacting with Me;SiCl as quickly as it is formed. On the
other hand, if this were the case, one would also expect to see a
steady buildup of mononuclear nitrido chloride 7 as a co-product
(see Scheme 3). A solution to this conundrum was eventually
found through determination that 1 formally functions as a
chemical reductant that converts 7 back into $ through Cl-atom
abstraction, as verified by the results presented in Scheme 6.>

Scheme 6
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Surprisingly, however, when conducted in this fashion, the direct
reaction of 1 and 7 did not provide 'H NMR evidence for
formation of paramagnetic 3, and when it was performed on a
larger preparative scale, production of 5 was accompanied by
generation of an intractable, insoluble precipitate that presum-
ably accounts for the missing chlorine. Importantly, the
confirmed role of 1 as a formal reducing agent (via Cl-atom
abstraction) complicates the task of elucidating the complete
operative mechanisms of this and other nitrogen fixation
schemes.

In summary, consideration of the ligand steric requirements
for N, activation and N=N bond cleavage by the family of early
transition-metal CPAM dinuclear 4-N, complexes has led to the
successful programmed development of new thermally pro-
moted N=N bond cleavage/N-functionalization processes for
nitrogen fixation based on second- and third-row group 6 metal
derivatives. The excellent versatility previously displayed by the
CPAM ligand set further suggests that a number of new synthetic
derivatives are likely accessible that can be used to fine-tune
reaction energy barriers and the lifetimes of key intermediates
that are necessary for the realization of competent and
competitive nitrogen fixation catalytic processes.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/jacs.6b09789.

Experimental details and charcterization data (PDF)
X-ray crystallographic data for 1, 2, 5—8 (CIF)

B AUTHOR INFORMATION

Corresponding Author
*Isita@umd.edu

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

Funding for this work was provided by the National Science
Foundation (CHE-1361716), for which we are grateful.

B REFERENCES

(1) Haber, F.; van Oordt, G. Z. Anorg. Chem. 1905, 43, 111; 1905, 44,
341.

(2) Reviews: (a) Appl, M. Ammonia: Principles and Industrial Practice;
Wiley-VCH: Weinheim, 1999. (b) Ertl, G. Angew. Chem,, Int. Ed. 2008,
47, 3524.

(3) Smil, V. Enriching the Earth: Fritz Haber, Carl Bosch, and the
Transformation of World Food Production; MIT Press: Cambridge, MA,
2000.

(4) Recent review of homogeneous transition-metal-mediated nitro-
gen fixation: Tanabe, Y.; Nishibayashi, Y. Chem. Rec. 2016, 16, 1549.

(5) Keane, A. J.; Farrell, W. S.; Yonke, B. L.; Zavalij, P. Y.; Sita, L. R.
Angew. Chem., Int. Ed. 2018, 54, 10220.

(6) Review of nitrogen fixation beyond NH;: Bezdek, M. J.; Chirik, P.J.
Angew. Chem,, Int. Ed. 2016, 5§, 7892.

(7) (a) Laplaza, C. E,; Cummins, C. C. Science 1995, 268, 861.
(b) Laplaza, C. E; Johnson, M. J. A; Peters, J. C.; Odom, A. L.; Kim, E;
Cummins, C. C.; George, G. N,; Pickering, 1. J. J. Am. Chem. Soc. 1996,
118, 8623.

(8) Chemically assisted processes include N=N bond cleavage of
dinuclear u-N, complexes that occurs in the presence of either added
chemical reductants or reagents as the source of the required reducing
electron equivalents.

(9) (a) Hirotsu, M.; Fontaine, P. P.; Epshteyn, A.; Zavalij, P. Y.; Sita, L.
R. J. Am. Chem. Soc. 2007, 129, 9284. (b) Keane, A. J.; Yonke, B. J;
Hirotsu, M.; Zavalij, P. Y.; Sita, L. R. J. Am. Chem. Soc. 2014, 136, 9906.

(10) Fryzuk, M. D.; Kozak, C. M.; Bowdridge, M. R;; Patrick, B. O,;
Rettig, S. J. J. Am. Chem. Soc. 2002, 124, 8389.

(11) Solari, E.; DaSilva, C.; Tacono, B.; Hesschenbrouck, J.; Rizzoli, C.;
Scopelliti, R.; Floriani, C. Angew. Chem., Int. Ed. 2001, 40, 3907.

(12) Curley, J. J.; Cook, T. R.; Reece, S. Y.; Miiller, P.; Cummins, C. C.
J. Am. Chem. Soc. 2008, 130, 9394.

(13) Kunkely, H,; Vogler, A. Angew. Chem., Int. Ed. 2010, 49, 1591.

(14) Miyazaki, T.; Tanaka, H.; Tanabe, Y.; Yuki, M.; Nakajima, K;
Yoshizawa, K.; Nishibayashi, Y. Angew. Chem., Int. Ed. 2014, 53, 11488.

(15) For transition-metal nitride products that are assumed to arise
from N=N bond cleavage of an unobserved, transiently generated,
dinuclear y-N, intermediate, see, e.g.: (a) Tsai, Y.-C.; Johnson, M. J. A,;
Mindiola, D. J.; Cummins, C. C,; et al. J. Am. Chem. Soc. 1999, 121,
10426. (b) Rodriguez, M. M.; Bill, E.; Brennessel, W. W.; Holland, P. L.
Science 2011, 334, 780; 2014, 343, 839. (c) Hebden, T.]J.; Schrock, R. R;;
Takase, M. K.; Miiller, P. Chem. Commun. 2012, 48, 1851. (d) Shima, T.;
Huy, S; Luo, G.; Kang, X,; Luo, Y.; Hou, Z. Science 2013, 340, 1549.
(e) Klopsch, I; Finger, M.; Wiirtele, C; Milde, B.; Werz, D. B,
Schneider, S. J. Am. Chem. Soc. 2014, 136, 6881.

(16) Cui, Q.; Musaev, D. G.; Svensson, M.; Sieber, S.; Morokuma, K. J.
Am. Chem. Soc. 1995, 117, 12366.

(17) Fontaine, P. P.; Yonke, B. L.; Zavalij, P. Y.; Sita, L. R. J. Am. Chem.
Soc. 2010, 132, 12273.

(18) Hirotsu, M.; Fontaine, P. P.; Zavalij, P. Y.; Sita, L. R. J. Am. Chem.
Soc. 2007, 129, 12690.

(19) Experimental details are provided in the SL

(20) Cordero, B.; Goémez, V.; Platero-Prats, A. E.; Revés, M.
Echeverria, J.; Cremades, E.; Barragan, F.; Alvarez, S. Dalton Trans.
2008, 2832.

(21) Arnold, J; Tilley, T. D.; Rheingold, A. L; Geib, S. J.
Organometallics 1987, 6,473. CAUTION! Extreme care and appropriate
personal safety equipment should be used for these procedures.

(22) Other reductive silylations of N, using Me;SiCl: (a) Nikiforov, G.
B.; Vidyaratne, I; Gambarotta, S.; Korobkov, 1. Angew. Chem., Int. Ed.
2009, 48, 7415. (b) Liao, Q.; Saffon-Merceron, N.; Mezailles, N. ACS
Catal. 2018, 5, 6902. (c) Siedschlag, R. B.; Bernales, V.; Vogiatzis, K. D.;
Planas, N.; Clouston, L. J; Bill, E,; Gagliardi, L.; Lu, C. C. J. Am. Chem.
Soc. 2015, 137, 4638. (d) Tanaka, H.; Sasada, A.; Kouno, T.; Yuki, M.;
Miyake, Y.; Nakanishi, H.; Nishibayashi, Y.; Yoshizawa, K. J. Am. Chem.
Soc. 2011, 133, 3498.

(23) Rare earth dinuclear y-N, complexes can serve as chemical
reductants, e.g.: Evans, W. J,; Lorenz, S. E.; Ziller, J. W. Inorg. Chem.
2009, 48, 2001.

DOI: 10.1021/jacs.6b09789
J. Am. Chem. Soc. 2016, 138, 14856—14859


http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/jacs.6b09789
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b09789/suppl_file/ja6b09789_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b09789/suppl_file/ja6b09789_si_002.cif
mailto:lsita@umd.edu
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b09789/suppl_file/ja6b09789_si_001.pdf
http://dx.doi.org/10.1021/jacs.6b09789

