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Department of Chemistry, Frick Laboratory, Princeton University, Princeton, New Jersey 08544, United States

ABSTRACT: The catalytic hydrogenation of a metal nitride to produce free ammonia using a rhodium hydride catalyst that promotes H,
activation and hydrogen atom transfer is described. The phenylimine-substituted rhodium complex, (1’-CsMes)Rh(**PhI)H (**Phl = N-
methyl-1-phenylethan-1-imine) exhibited higher thermal stability compared to the previously reported (1’-CsMes)Rh(ppy)H (ppy = 2-
phenylpyridine). DFT calculations established that the two rhodium complexes have comparable Rh—H bond dissociation free energies of
51.8 kcal mol™ for (n*-CsMes)Rh(*PhI)H and 51.1 kcal mol” for (n>-CsMes)Rh(ppy)H. In the presence of 10 mol% of the phenylimine
rhodium precatalyst and 4 atm of H. in THF, the manganese nitride, ("**Salen)Mn=N underwent hydrogenation to liberate free ammonia

with up to 6 total turnovers of NH; or 18 turnovers of H-. The phenylpyridine analogue proved inactive for ammonia synthesis under identi-

cal conditions owing to competing deleterious hydride transfer chemistry. Subsequent studies showed that the use of a non-polar solvent such

as benzene suppressed formation of the cationic rhodium product resulting from the hydride transfer and enabled catalytic ammonia synthe-

sis by proton coupled electron transfer.

INTRODUCTION

The hydrogenation of molecular dinitrogen to ammonia is one
of the most important and impactful technological innovations in
human history."* While the Haber-Bosch process relies on high
temperature and pressures to combine N, and Ha to form NHj, it is
the most thermodynamically efficient method for ammonia synthe-
sis.>® Exploration of homogeneous catalysts for nitrogen fixation
has been motivated by realizing milder reaction conditions and
understanding of elementary steps en route to NHs. Several homo-
geneous ammonia synthesis catalysts are now known and while
turnover has been observed at ambient temperature and pressure,”
' the reliance on stoichiometric proton and electron sources incurs
large chemical overpotentials and poor atom economy."’

For homogeneous ammonia synthesis catalysts to operate near
thermodynamic potential, dihydrogen (H.) is the optimal stoichi-
ometric reductant.””*' The challenge lies in the synthesis of weak
N-H bonds as many intermediates in the catalytic cycle range be-
tween 30 and S0 kcal mol”, below the driving force for spontaneous
H. formation.”> Proton coupled electron transfer (PCET) has
emerged as a promising strategy for the synthesis of these bonds
and examples relevant to ammonia synthesis from metal nitrides
include SmL-xH,O,*** 9,10-dihydroacridine,*** and TEMPO-
H*» Our group demonstrated this concept using (n*-
CsMes)Rh(ppy)H (1) (ppy = 2-phenylpyridine)*** as the hydro-
gen atom transfer catalyst for the synthesis of ammonia from a ti-
tanocene amide complex with H, as the terminal reductant
(Scheme 1a).”**" A key feature of the hydrogen transfer catalyst is a
M-H bond dissociation free energy (BDFE) higher than 48.6 kcal
mol" (AGe(H-)) to promote H. cleavage but also as close to this
value as possible to minimize the driving force for N-H bond for-
mation. In the titanocene amide example, the Rh—H BDFE of 52
kcal mol” in 1 was lower than the incipient N-H bonds of 61 kcal

mol’, rendering the overall process spontaneous. Importantly, the
rhodium hydride was regenerated by addition of H, enabling a
catalytic reaction.

Hydrogenation of metal nitrides has been of long-standing inter-
est for the synthesis of ammonia following N cleavage (Scheme
1b).**** The challenge stems from the low N-H BDFEs of resulting
metal imido species and the strong M=N bond, particularly with
those derived from N cleavage. Recently, our laboratory reported
the application of photodriven proton coupled electron transfer for
the synthesis of ammonia from the nitride,
(**Salen)Mn=N (MnN) using a
dihydroacridine, a ruthenium photocatalyst and a proton source
(Scheme 1c).”** The computed, successive N-H BDFEs of 60, 84
and 85 kcal mol” make this specific metal nitride attractive for am-

of the

dihydroacridine as the stoichiometric hydrogen atom source and

manganese
combination of 9,10-

monia formation. Because requirement for 9,10-
light as the energy source, this reaction is not ideal for NH; synthe-
sis in terms of chemical overpotential and overall poor atom econ-
omy. Here we describe a thermal, rhodium-catalyzed method for
the synthesis of NH; from MnN using H. as the terminal reductant

(Scheme 1c).

Scheme 1. (a) Catalytic NH; formation from a titano-
cene amide complex using H: as the terminal reductant.
(b) Nitride pathway in catalytic N; reduction via
PCET. (c) Catalytic NH; formation from a manganese
nitride using H, as the terminal reductant (this work).
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RESULTS AND DISCUSSION
In exploring the thermal and photostability of 1, we recently re-

ported its conversion to multimetallic clusters that proved catalyti-
cally active for the hydrogenation of N-heteroarenes.” Because C-
H reductive elimination from 1 was identified as the initial step in
formation of the multimetallic clusters,* modifications to the L-X
chelate were explored to improve the stability of the rhodium
precatalyst. Initial efforts focused on replacement of the phenylpyr-
idine donor with a phenylimine, owing to the straightforward syn-
thesis and the strong o-donating character of the imine.*** The N-
methyl imine derivative, (°>-CsMes)Rh(**PhI)H (2) (**PhI = N-
methyl-1-phenylethan-1-imine) was prepared from the chloride
precursor, (1°-CsMes)Rh(*PhI)Cl and LiHBEt; (Scheme 2a).
The solid-state structures of (1°*-CsMes)Rh(**PhI)Cl and 2 were
determined by X-ray diffraction and the hydride of 2 was located
and refined (Scheme 2b, c).

Scheme 2. (a) Synthesis of 2 with a readily available
and modular phenylimine ligand. (b) Solid-state struc-
ture of (n°-CsMes)Rh(™PhI)Cl as determined by X-ray
diffraction. (c) Solid-state structure of 2 determined
by X-ray diffraction. All structures at 30% probability
ellipsoids with H atoms except for hydride omitted for
clarity.
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N-methyl-1-phenylethan 2 5 -CsMes)Rh( MePhI 2, (715 -CsMes)Rh MePhI)H
-1-imine (MePhl) 38 %

(b)

N1-Rh1: 2.0751(19) A
C1-Rh1:2.018(2) A
C1-Rh1-N1: 78.18(9)°

(c)

N1-Rh1: 2.070(4) A
C11-Rh1 : 2.003(5) A
C11-Rh1-N1 : 78.36(18)°

A cyclic imine analogue (n*-CsMes)Rh(4H-ppy)H (3) (4H-ppy
= 2-phenyl-3,4,5,6-tetrahydropyridine) was isolated in small quan-
tities (6% yield) from exposure of 1 to 4 atm of H (Scheme 3a).
The majority of the remainder of the material in the hydrogenation
was the pentametallic rhodium cluster, (1°-CsMes):RhsH7.* The
solid-state structure of 3 was established by X-ray diffraction
(Scheme 3b) and confirmed the partial reduction of the pyridine
ring in the phenylpyridine chelate.

Scheme 3. (a) Synthesis of 3 by partial hydrogenation
of the pyridine ring from 1. (b) Solid-state structure of
3 as determined by X-ray diffraction at 30% probability
ellipsoids with H atoms except for hydride omitted for
clarity.

ACS Paragon Plus Environment



Page 3 of 8

oNOYTULT D WN =

Journal of the American Chemical Society

(a)

o i

=\t 4 atmH, N—RN_ (n®-CsMes)sRheHy
AL T AL e s
5 ;iays (ref. 35)

1 3, (n°>-CsMeg)Rh(4H-ppy)H
6%

(b)

N1-Rh1 : 2.051(2) A
C11-Rh1:2.019(3) A
C11-Rh1-N1: 78.55(10)°

The '"H NMR chemical shifts of the hydrides and the '”Rh-H
coupling constants in 1, 2 and 3 support slightly stronger Rh—H
bonds in 2 and 3 than 1 (Figure 1). The vibrational frequency of 2
(Vren = 1967 cm”, KBr pellet) by IR spectroscopy is also higher
than that of 1 (Ve = 1934 cm™, KBr pellet). However, the DFT
computed Rh—H BDFEs of 2 and 3 are 51.8 and 51.5 kcal mol,
respectively, and are indistinguishable from the value of 51.1 kcal
mol’ computed for 1.

b s e

| N
=
: N—Rh N—Rh N—Rh
W, ~H g/ ; ~H Y, ~H

1 2 3
Chemical shift
(Rh-H, ppm, THF-d;) -12.64 -13.45 -13.43
Coupling constant 316 33.1 33.2
("Jrn-> Hz, THF-dg)
Rh-H BDFE
(DFT, kcal mol™, 51.1 51.8 515
gas phase)

Figure 1. Comparison of the chemical shifts and Rh—-H coupling
constants of 1,2 and 3 from '"H NMR spectroscopy in THF-ds and
DFT-computed Rh-H BDFEs in gas phase (B3LYP/{6-
311+G**LANL2TZ(-f)}//{6-31G** LANL2DZ}).

The thermal stability of 2 was evaluated as reductive elimination
of phenylpyridine was previously identified as the first step in the
formation of the multimetallic clusters from 1 (Scheme 4a).** Heat-
ing a THF solution of 2 at 60 °C for 24 hours produced no evi-
dence for loss of the N-methyl-phenylimine chelate, supporting a
higher barrier for C-H reductive elimination (Scheme 4b). The
thodium deuteride, 2-d; was prepared and incorporation of the
isotopic label into the phenyl ring was observed after warming a
THEF-ds solution of the compound to 50 °C for 24 hours. This ob-
servation demonstrates that C(sp>)-H reductive coupling occurs at
50 °C but subsequent ligand dissociation has a higher barrier, likely
aresult of the relatively strong o-donation by the imine ligand.

Scheme 4. (a) Reductive elimination of phenylpyridine
from 1. (b) Thermal stability of 2 and deuterium in-
corporation into the phenyl ring in 2-d..
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Attempts to determine the Rh—H BDFE in 2 have been unsuc-
cessful. Treatment of a benzene-ds solution of 2 with 1.05 equiva-
lents of TEMPO, a reagent successfully used for the determination
of the BDFE of the Rh-H in 1,” produced several new rhodium
products along with TEMPO-H that were detected by 'H NMR
spectroscopy. One of the rhodium products was EPR active with an
isotropic signal (gw. = 2.084) consistent with formation of the 17-
electron organometallic product (4) expected from H-atom trans-
fer (Scheme Sa, b). Upon addition of H. to this mixture, 2 was
cleanly regenerated. Although 4 was present in the solution, a clean
and reversible cyclic voltammogram was not obtained due to pres-
ence of other rhodium compounds in the mixture. Nevertheless,
the pK. of 2 was determined by titration with TBD (1,5,7-
Triazabicyclo[4.4.0]dec-S-ene, pK. = 21.0 in THF)* and a value of
23.2 was measured in THF (Scheme 5c). Deprotonation of 1 by a
phosphazene base established a pK. of 30.3 for 1 in MeCN.” Be-
cause the pK, of the phosphazene base in THF is 20.2, the expected
pK.value of 1 in THF is approximately 20.2, lower than that of 2.
Scheme 5. (a) Treatment of 2 with 1.05 equivalents
TEMPO. (b) X-band EPR spectrum of (a) and the ex-
pected paramagnetic product 4. (c) pK. Measurement
of 2.
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Repeating the experiment with two equivalents of TEMPO re-
sulted in isolation of red crystals and X-ray diffraction established
the formation of dimeric rhodium complex, S arising from loss of
two hydrogen atoms — one from the metal and the other from the
imine methyl group (Scheme 6). Identification of this product
indicates that the C—H bond of the a-methyl imine also has a lower
C-H BDFE (62.3 kcal mol" by DFT computation) than 65 kcal

mol™.*

Scheme 6. (a) Formation of § from double H-atom ab-
straction by TEMPO and DFT-computed C-H BDFE in
gas phase (B3LYP/{6-311+G**LANL2TZ(-f)}//{6-
31G**,LANL2DZ}). (b) Solid-state structure of S at
30% probability ellipsoids with H atoms omitted for
clarity.
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(b)

With a new rhodium hydride in hand, the catalytic performance
of 2 for the hydrogenation of MnN was examined (Table 1). With
S mol% of 2 under 4 atm of H, in THF, 22% of NH3 was obtained
after S days at 23 °C (Table 1, entry 1). Notably, 1 did not yield any
NH; under the same conditions (entry 2). The cyclic imine deriva-
tive, 3 produced NH; in 21% yield almost identical to the results
with 2 (entry 3). Previous studies have established that addition of
L-type ligands to ammonia synthesis reactions with MnN increases
the yield of free NHj, likely by outcompeting ammonia coordina-
tion to the manganese.””® Repeating the hydrogenation of MnN
with 10 mol% of 2 at higher concentration and addition of two
equivalents of TMEDA (N,N,N,N tetramethylethylenediamine)
increased the yield of NH; to 40% (entry 4). Again, 1 produced no
NH; under these conditions (entry S). Increasing the temperature
of the hydrogenation to 50 °C improved the performance of 2 and
yielded 60% yield free NH; after S days (entry 6). Although the
total turnovers based on the amount of free NH; are only 6.0, turn-
overs by the number of PCET event (H.) are 18, comparable to the
19 turnovers reported for catalytic NH; formation from the titano-
cene amide with 1 after 5 days.”®*' In the absence of a rhodium
complex, no NH; was generated and demonstrating that TMEDA
is not the source of the hydrogen atom (entry 7).

Table 1. Evaluation of catalytic MnN hydrogenation to
free NH; with 1, 2 and 3.

Bu N Bu
By o- 111 0 By [Rh] cat.
— /Mn\ — 4 atmH, NH
N N THF, it :
b 5 days
MnN - [Mn]ree
. NIE TON TON
entry conditions yie
(%) (NH:) (H.)
1 Smol%2 22 4.4 13
2 Smol% 1 <1 - -
3*  Smol%3 21 4.2 13
# ;?\A%):A 22 equiv oy, 40 12
5 10 mol% 1, 2 equiv <1 i i
TMEDA
10 mol% 2, 2 equiv
¢ . 18
6 TMEDA, 50 °C 60 60
¢ no Rh catalyst, 2 equiv <1 i i
TMEDA

*The volatiles were vacuum transferred on to an HCI solution in
Et,O and the yield of NH4Cl was determined by '"H NMR spectros-
copy using 1,2-dichloroethane as an internal standard. *0.20 M
concentration. ‘0.40 M concentration.

To confirm the MnN as the source of ammonia, the '*N-labeled
isotopologue, Mn**N was prepared (Scheme 7a). Under the hy-
drogenation conditions at room temperature (Table 1, entry 4), 31%
of *'NH; was obtained as judged by 'HNMR spectroscopy. Treat-
ment of the non-volatile product with C,Cls produced the manga-
nese chloride (*Salen)MnCl as confirmed by comparison of the
UV-Vis spectrum to an authentic sample (Scheme 7b). This result
also demonstrates that the salen ligand remains intact under the
hydrogenation conditions with 2. The starting nitride MnN was
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regenerated in 40% yield by treatment with aqueous NH; followed
by bleach (Scheme 7b).

Scheme 7. (a) Catalytic hydrogenation of
(***Salen)Mn=1N (Mn'*N) to *NHs. (b) Chlorination
and oxidation of the non-volatile residue to regenerate
MnN.

(a)

By 15 18 10 mol% 2
! I'ill ! 4 atmH,
Bu O-pn-O BU  2eq. TMEDA
=N N= ———— > 5NH,4
N THF (0.04 M), rt 31%
Mn5N 5 days
- [Mn]red
(b)
) ag. NHg
4 equiv C2Clg Clorox bleach
——> ("®“Salen)MnCI DOMMeOH (BuSalen)MnN (MnN)
THF, 60 °C e
! detected by .
reduced Mn 48h UV-Vis t, 24 h 40 % NMR yield

after hydrogenation from starting MnN

The difference between the hydrogenation performance of 1 and
2 is remarkable given their comparable BDFEs. To gain additional
insight, stoichiometric experiments were conducted whereby two
equivalents MnN were treated with one equivalent of either 1 or 2
(Scheme 8). With 2 the successful hydrogenation of the precatalyst
was supported by disappearance of the '"H NMR resonances of
both metal complexes and observation of a strong isotropic signal
(gso = 2.046) by EPR spectroscopy at 23 °C, presumably corre-
sponding to the reduced [(Salen)Mn] (Scheme 8a).” In addition,
the metal nitride stretch (Vmay = 1049 cm™, KBr pellet)* was not
observed in the infrared spectrum. The signal of Rh-H also disap-
peared in both the '"H NMR and IR spectra. It is likely that H-atom
transfer from the rhodium to the nitride occurs, resulting in the
disappearance of the manganese nitride stretch in the IR spectrum.
Addition of 4 atm H to this product regenerated 2 over the course
of 48 hours as confirmed by '"H NMR spectroscopy. In these exper-
iments, there was no spectroscopic evidence for the formation of
detectable quantities of S.

Scheme 8. Stoichiometric reactions of MnN with (a) 2
and (b) 1 in THF and (c) stacked X-band spectra
measured at 0.02 M concentration.

(a) - -

1.NMR
2 PCET No Rh-H signal
+ 2.EPR 4 atmH, )
) T - _camre
2w?ﬁﬂv THF, it Jiso = 2.046 THF, it  regenerated
30 min 3.IR 5 days
Reduced
~ nitride signal
(b) ~ ~
1. NMR
1 non-PCET No Rh-H signal
+ 2.EPR 4atmHy .
. —_— A
2Ne|g;|v THF, rt No EPR signal THF, it ot regenerated
30 min » 3.IR ) 5 days
Nitride remains
© g value
23 22 241 2 1.9 18
T T T T T T T T T . .
sim.
[a1]
o
= (@) MnN + 2
=
k)
r (b) MnN +1
Toluene
rt
T T T r
300 350
B/mT

In contrast, addition of 1 to two equivalents MnN generated a
red-colored solution within 30 min and analysis by '"H NMR spec-
troscopy established disappearance of the resonances of the metal
complexes including the Rh-H signal (Scheme 8b). Importantly,
no signal was observed by EPR spectroscopy and the nitride signal
remained in the IR spectrum. Addition of 4 atm H, to the mixture
did not regenerate 1, establishing deactivation of the rhodium from
interaction with MnN.

The above deactivation process suggests that the Rh—H in 1 re-
acts by a pathway other than PCET such as proton or hydride
transfer (Scheme 9). Addition of 1 to two equivalents MnN in
acetonitrile yielded the cationic rhodium acetonitrile derivative,
[(1°-CsMes)Rh(ppy) (MeCN)]* (6),* which was detected by IR
spectroscopy, ruling out the possibility of proton transfer. It was
previously reported that the cationic 6 was unreactive with H. to
regenerate 1 in the absence of an appropriate base.”” Because the
nitride signal remained in the IR spectrum, it is likely that the hy-
dride was transferred into the electrophilic imine backbone of the
salen ligand to produce an anionic manganese(V) complex.”*® On
the other hand, the reaction of 2 and MnN did not yield the cati-
onic species, [(1’-CsMes)Rh(**PhI)(MeCN)]*, which was inde-
pendently prepared and structurally characterized (SI S6, Figure
S12-S14).

Scheme 9. Stoichiometric reaction between MnN and 1
in acetonitrile to yield 6.
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2 equiv MeCN, rt b

MnN 18 h

6 proposed structure of Mn(V)
observed by

IR spectroscopy

To suppress the formation of 6, hydrogenation in a non-polar,
non-coordinating solvent was explored. The stoichiometric reac-
tion of 1 and two equivalents MnN in benzene produced an iso-
tropic EPR signal identical to the signal observed from mixing
MnN and 2 in THF (Scheme 10a). Under catalytic conditions,
25% free ammonia was observed with 10 mol% 1 for 5 days at 23
°C in benzene (Scheme 10b). Although the number of catalytic
turnovers (2.5 for NHs, 7.5 for H.) is modest, these results demon-
strate that solvent selection can be used to suppress deleterious

hydride transfer pathways.

Scheme 10. (a) Stoichiometric reaction between MnN
and 1 in benzene. (b) Catalytic hydrogenation of MnN
using 1 as the precatalyst in benzene.

(@)

1. NMR
No Rh-H signal
1 | poeT | » ePm
—>
2 equiv benzene, rt Oiso = 2.047
MnN 30 min 3.IR
Reduced
nitride signal
(b)
Bu Irill Bu 10 mol% 1
‘Bu—C%O-Mn—O:Q—tBU 4 atmH, _ NHs
— Ny — =
N N benzene (0.02 M), rt 25%
o
- [Mn]red
CONCLUSIONS

In conclusion, a rare hydrogenation of a metal nitride using well-
defined rhodium H, activation and hydrogen atom transfer precata-
lysts is described. Although the bond dissociation free energies are
indistinguishable, the phenylimine (*“PhI) variant of the rhodium
precatalyst was more efficient due to the propensity to promote
PCET over competing, deleterious hydride transfer pathways. With
the phenylpyridine (ppy) variant, this side reaction was suppressed
by use of non-polar, non-coordinating solvents. These findings
provide important fundamental understanding and ultimately de-
sign principles for Hs activation and proton coupled electron trans-
fer catalysts for catalytic ammonia synthesis as well as other poten-
tial applications.
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