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Abstract: Reactive rhenium(lll) nitride complexes could result from
filling Re-N =* orbitals, but such complexes lie beyond the "nitrido
wall" and are rare due to their instability. Here, we describe a method
for bypassing the nitrido wall by incorporating a redox-active
isocyanide supporting ligand, which accommodates two electrons as
shown by crystallographic, spectroscopic, and computational studies.
These electrons can be returned to the metal during its facile reaction
with CO to form a cyanate complex, demonstrating the nucleophilic
reactivity of the nitride. Thus, assistance by the isocyanide enables an
N2-derived rhenium nitride to engage in N—C bond forming reactivity.

Introduction

Terminal nitride complexes are crucial intermediates in N2
reduction and NHs oxidation sequences by systems with metals
in groups 6-8.1' However, terminal nitride complexes of these
metals often form strong M-N ftriple bonds that resist
functionalization, limiting their reactivity.l'® 2 In order to design
catalysts with nitrides as intermediates, it is essential to make
these nitride ligands more reactive, and to understand the factors
that determine the strength of the M—N bonds.

The bonding in metal—-nitride multiple bonds is typically described
by the Gray—Ballhausen (GB) model, which focuses on the = bond
order of tetragonal complexes with a oxo or nitride in the apical
position.®l As shown at the left of Figure 1, when a complex has
a square pyramidal (SQPY) geometry, the lowest-energy d orbital
is nonbonding; thus it can accommodate a maximum of 2 d
electrons without occupying =* orbitals that would weaken the
metal-nitride interaction. Therefore, it is rare to find terminal
nitrides with a tetragonal geometry that have more than two d
electrons, which has been termed the "nitrido wall."™ A SQPY, d°
ruthenium(V) nitride complex has been reported, although its
electronic structure was not discussed.®! Additionally, a transient
SQPY d® iron(V) nitride intermediate has been implicated in a
nitride oxygenation reaction.! Since these complexes break
through the nitrido wall, they are unstable and highly reactive but
more remains to be learned about their electronic structures and
properties.

Square planar (SQPL) and tetrahedral (Td) geometries have
different metal-based frontier orbitals, which are shown in the
center and right of Figure 1.1 In these geometries, 4 d electrons
can be accommodated in nonbonding orbitals, but d-electron

counts higher than this weaken the metal-nitride bond. Thus, the
nitrido wall is shifted. Breaking through this wall is also rare, but
Schneider and co-workers reported a square planar iridium(IV)-
nitrido complex with a d® configuration which was highly
reactive.[”) Electronic structure studies revealed that a M—Nhiride 7*
orbital is the SOMO, giving radical character on the nitride.
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Figure 1. Qualitative molecular orbital diagram depicting the frontier d orbital
interactions of terminal nitride complexes in SQPY (left), SQPL (middle), and Td
(right) geometries (adapted from [7]).

Non-tetragonal systems adjacent to the nitrido wall have
displayed reactivity toward small molecules, and examples are
shown in Figure 2.* 8 For example, (PNP®")Os(N) (A)® is
representative of a class of pseudo-SQPL nitrides that are
supported by pincer ligands (PNP®! = N(CH2CH2P(tBu)2)2").14 79!
In this geometry, both d-? and dx. orbitals are nonbonding, and
can accommodate the four d electrons (Figure 1, middle). A
reacts with Hz to form NH3 by heterolytic addition of H2 across the
Os—Nenp bond.B®! Metal-nitrides have also been shown to react
with a variety of main group electrophiles.le '

Finally and importantly, the use of nitrides to form N—-C bonds
represents a route to direct incorporation of N atoms into organic
molecules. To our knowledge, the first report of reductive
carbonylation of a terminal metal-nitride was in 2009.1' Since
then, there have been a few examples of nucleophilic Td, d°
terminal metal-nitrides undergoing reductive carbonylation,
including a N2-derived terminal nitride (B).["'"!

Another relevant example is the formally molybdenum(ll)
diphosphine-arene complex C.[' It is the only known Mo nitride



with a d* configuration, and its nitride is much more reactive than
higher-valent Mo nitrides. Its geometry deviates from the idealized
geometries described above, leading to low-lying nonbonding Mo-
—Nhitride Orbitals that are reminiscent of the Td diagram in Figure 1.
It also has n“ coordination of an arene, which can accept electron
density from the molybdenum. Despite these examples, there are
not yet general guidelines of how to break through the nitrido wall
to induce N—C bond forming reactions.

Previous Work K(DME)
(T
N—O\SEN
PtBUQ
A
This Work
P‘Buz P‘BUz P'Buz
N Re/ N Re/ d:Re N
~,
| “Cen
P*Bu2 P‘Buz
1 2 Xy 3

Figure 2. Selected examples of nitride complexes that display reactivity at the
nitrido ligand.

Here, we show the exceptional capabilities of nitrides building
from [(®"PNP)Re(N)(CNXyN][PFs] (1, P™NP = (2,5
{'Bu2PCHz2}2C4H2N)~, CNXyl = 2,6-dimethylphenyl isocyanide), a
rhenium(V) complex where the nitride may be derived from N2
splitting.["® The cyclic voltammetry (CV) of 1 in fluorobenzene
(FPh) indicated one reversible wave at —1.74 V and one quasi-
reversible wave at —2.27 V (both versus Fc*, Fc = ferrocene).
These suggested that reduction of 1 might give isolable SQPY
rhenium(1V) and rhenium(lll) nitride complexes with formal d3-d*
configurations, which lie beyond the nitrido wall. Here, we
describe the isolation of these compounds, and demonstrate that
the CNXyl ligand stabilizes the reduced compounds by becoming
non-innocent and adjusting its geometry and the geometry at Re.
Further, it is an electron reservoir whose electrons can come back
to the metal during a reaction with CO that forms a new N-C bond.
In this way, we show that isocyanide co-ligands provide a
potentially generalizable way to enhance the nucleophilicity of
metal-nitrides and boost their utility in reaction sequences.

Results

Reduction of Nitride Complexes to form a Redox Series

Addition of 1.1 equiv of CoCp*2 to 1 in THF generated a blue
paramagnetic product in 70% isolated yield. It was identified by
single-crystal X-ray diffraction (XRD) as the formally rhenium(IV)
complex ("PNP)Re(N)(CNXyl) (2). The Re center has t5 = 0.18,
indicating a pseudo-SQPY geometry with the nitrido ligand in the
apical position. The Re—Nhiride bond length of 1.700(7) A is longer
than in 1 (Table 1). Accordingly, the Re—Nnitide Stretching
frequency of 2 is lower than that of 1, at 995 cm™ (964 cm™ with
Re—"5N) (Figure S51). Relative to 1, the C—Ncnxyi bond length

increases to 1.230(11) A, the C-N-Xyl angle decreases to
140.6(8)°, and the C—Ncnxy stretching mode shifts lower in energy
to 1786 cm™', demonstrating greater backbonding into the =*
orbital of the isocyanide.

Scheme 1. Synthesis of 2 from 1.
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The room temperature solution magnetic moment!'¥l of 2 in CsDs
is 1.4 = 0.1 ps, close to the expected spin-only value for a
molecule with an S = 1/2 ground state (1.7 ps). The room
temperature X-band EPR signals (giso = 2.025) of 2 and 2-"°N in
toluene are indistinguishable (Figure S49; the °N label is on the
nitride). The signal can be fit with hyperfine coupling (HFC, Aiso =
276 MHz) to the '85/18"Re center only. In other systems that display
both metal and ligand radical character, the ®18’Re HFC was
also found to be relatively small (Aiso < 400 MHz)!"¥ compared to
compounds that lack ligand radical character (Aiso > 1000 MHz).["él
The small 18/18"Re HFC observed for 2 suggests that the unpaired
spin is delocalized and not solely on Re. Accordingly, the signal
is somewhat broad, possibly indicating unresolved coupling to 3'P.

Figure 3. Solid-state structures of complexes 2 (left) and 3 (right) with thermal

ellipsoids at 50% probability. Hydrogen atoms are omitted for clarity.

Table 1. Key stretching frequencies, bond distances and angles for 1, 2, and 3.

1031 2 3
VRe-N (cm™) 1089, 1073 995 944
ven (cm) 2141 1786 1605
Re—Nhiide (A) 1.648(3) 1.700(7) 1.737(3)
Re—Conxyi (A) 2.034(4) 1.921(8) 1.877(4)
Re—Npyrroie (A) 2.053(3) 2.098(7) 2.227(3)
C—N—Conxyi (°) 171.4(4) 140.6(8) 124.5(4)

Scheme 2. Synthesis of 3 from 2.



P‘Bu2—| K(18-c-6)

P'Buz 1.1 [K(18-c-6)][C 10He]
_— ~N THF, =78 °C — _
— N- Re/ _ > - N—‘Re:N
[ >c = CyoHg ¢
P‘Bu N ,(jl
) Xyl 3
52%

To access the product of the second reduction, 1 equiv of
[K(18c6)][nap] (nap~ = naphthalenide) was added to 2 in THF at —
78 °C, which led to the formation of a dark yellow diamagnetic
product in 52% yield (Scheme 2). XRD identified the formally
rhenium(lil) product as the anionic complex
[(P"PNP)Re(N)(CNXyl)][K(18c6)] (3) (Figure 3). The nitrido ligand
has moved from the apical position nearly into the plane of the
PYPNP ligand (Npyrole—Re—Nhitide = 149.67(15)°), and the CNXyl
ligand now occupies the apical position of the square pyramid (ts
= 0.03). The Re—Nhitrice bond length in 3 is further elongated to
1.737(3) A, and the Re—Nhirige stretching mode is at 944 cm™" (920
cm™~"for Re—"°N), indicating a weakened bond. The C—Ncnxy bond
length is further increased to 1.278(6) A, and the C-N—Xyl angle
is 124.5(4)°, each indicating greater backbonding in 3 relative to
2 and 1. Additionally, the CNXyl is now bent at the carbon atom,
with a Re—C-N angle of 158.3(4)°. The IR spectrum of 3 shows
bands at 1605 cm~" and 1550 cm™ (Figure S52). The signal at
1605 cm™ is tentatively assigned to v(C—Nxy) based on the DFT
calculated stretching modes (Figure S94). The C—Nxy band in the
IR spectrum of 3 lies at a lower energy than the analogous bands
in 1 or 2 (shifts of 536 cm™ and 181 cm™, respectively),
corroborating the increase in backbonding from rhenium upon
reduction observed in the crystal structure.

Overall, the reduction of 1 leads to isolable complexes with formal
oxidation states of rhenium(1V) (2) and rhenium(lll) (3), though the
metrical and spectroscopic parameters indicate that charge is
delocalized from the rhenium centers.

Computational Analysis of Bonding Interactions

In order to understand the changes in the Re-ligand bonding
interactions across the redox series, we used density functional
theory (DFT). Given the validation of BP86/TZVP(QZVP on Re)
for (W"PNP)Re complexes,'®! we used the same method here.
Geometry optimization for doublet 2 and singlet 3 gave good
agreement with the XRD data: differences between computed
and measured bond metrics all had < 3% deviation except for the
C-N-Xyl angle of 3 which had a 5% deviation. The frequencies
of the calculated C—Nxy stretching modes are 28 and 47 cm™' from
experimental values for 2 and 3, respectively.

We used the Natural Bond Orbital (NBO) software package to
illustrate the Lewis-like bonding interactions between Re and its
ligands.['1 We began our investigation with the rhenium(V) nitride
1. Not surprisingly, the calculated NBOs included three Re—Nhitride
bonds (two & and one c), one Re—Ccnxy bond (o only), and three
C—Ncnxyl bonds (two = and one o) (Figure 4). These data are
consistent with the expected Re—Nhitrige triple bond, a Re—Ccnxyi
single bond and a C—Ncnxy triple bond as described in the
standard Lewis structure.

Re Nmtr\de NBOs:

d) Lewis Structure:
e o
i
P
- - N—Reé
'/%'* \.l = | ~e.
5 PlBu, N
[}

Figure 4. Calculated NBOs for 1 (contour value = 0.15 a.u.).

c) Re-C NBO:

Next, we moved to the one-electron reduced compound 2. lts
SOMO (Figure 5a) and spin density (Figure 5b) are delocalized
across the Nniride—Re—CNcnxyi fragment, and the SOMO is
comprised of Re—Nhnitige ©* and Re—C = orbitals. The a NBOs of 2
indicate two Re—Nhitride bonds (one & and one o), two Re—Ccnxyi
bonds (one © and one o), two C—Nxyi bonds (one = and one o),
two lone pairs on Nnitide, and a single lone pair on Ncnxy (Figure
S$100). On the other hand, the 3 NBOs for 2 are similar to 1, and
unlike the oo NBOs. These results indicate “different structures for
different spins” and spin polarization.!'”! Additionally, there is a
three-center four-electron interaction between one Nhitide lone pair
and the Re-Ccnxy © bond in the o NBOs (Figure 5d). One
depiction of the bonding is shown in Figure 5d, with a full Re—
Nnitride double bond, a full Re—Ccnxy single bond, a full C—Nxy
double bond, and additional delocalized bonding across the
Nnitrice—Re—CNxy  system (see Sl for additional details).

a) SOMO: b) Spin density:

c) NBO bonding descriptions:
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Figure 5. Computed SOMO (a), spin-density plot (b), NBO descriptions of one-
electron o and B spin orbitals (c), and three-center interaction in the oo NBOs
between Nnitide LP and Re—C n bonding orbital and Lewis-like structure of nitride
2 (d). Contour values = 0.05, 0.005, and 0.15 a.u., respectively.



Reduction of 2 to 3 leads to distortion of the ReCNXyl unit in the
DFT geometry optimizations like in the experimental X-ray crystal
structure. The HOMO of 3 is delocalized across the Nniride—Re—
CNXyl n system and has Re—Nnitrice 7* and Re—-C = bonding
character. The HOMO of 3 resembles the SOMO of 2 despite the
geometric difference between the two complexes (Figure S99 and
S101). Despite a longer Re-N distance and full occupancy of an
orbital with some Re—Nnitice ©* character, NBO analysis of 3
indicates a Re—Nhitride triple bond (two © and one o) and a Re—
Ccnxyl single bond (o only) (Figure S103). However, the CNXyl
ligand has been reduced by two electrons. The isocyanide NBOs
feature two C—Ncnxyibonds (one = and one c) and a lone pair on
both C and N atoms (Figure 6). Based on these computational
data, the formally d* rhenium(lll) species 3 is more accurately
described as a d? rhenium(V) complex with a reduced CNXyl*
ligand.
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Figure 6. Calculated CNXyl NBOs for 3 (contour value = 0.15 a.u.).

Scheme 3. Synthesis of 4 and 5 from 3.
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Reactions with CO Display the Nucleophilicity of the
Reduced Rhenium Nitride

Introduction of a CO atmosphere to a solution of 3 in benzene at
room temperature led to a color change from dark yellow to purple
over 1 h, and then over the next 2 days the color changed to red.
Both the purple and red species were crystallized (62% and 42%
yield, respectively), and XRD identified them as the isocyanate
products [(P"PNP)Re(NCO)(CO)(CNXyl)][K(18-c-6)] (4) and
[(P"PNP)Re(NCO)(CO)2][K(18-c-6)] (5) (Scheme 3 and Figure 7).
Efforts were made to experimentally query the mechanism of N-C
bond formation, but the results were not conclusive (see Sl).

In 4, the isocyanate ligand is frans to the pyrrole ring, similar to
the position of the nitride in 3. The CO and CNXyl ligands are cis
to the PNP donors, and trans to one another. NOESY NMR
experiments at =70 °C displayed cross peaks between the pincer
'Bu groups and the CNXyl methyl groups (Figure S14), consistent
with the crystallographically observed cis relationship.['® An IR
spectrum of 4 showed intense bands at 2250, 2036, 2006, and
1798 cm™'. The '3CO isotopologue, 4-'3CO displayed isotopic
shifts of the peaks at 2250 and 1798 cm™' to 2201 and 1749 cm-~
1, leading us to assign these to the isocyanate and the CO,
respectively (Figure S55). In comparison to these dramatic shifts,

the peaks at 2036 and 2006 cm~" shifted only slightly to 2028 and
1999 cm™, and are assigned to normal modes with mostly C—
Ncnxyl character. The IR spectrum of the final isocyanate product
5 displays prominent bands at 2245, 1919, and 1784 cm™'. The
band at 2245 cm™ (2230 cm™ in Re—"NCO) is consistent with
the asymmetric stretching mode of an isocyanate!l' while the
bands at 1919 and 1784 cm™ can be attributed to the stretching
modes of CO. The Re—Nnco stretching mode was also identified
as a band at 1270 cm™ (1253 cm™ for Re—"°N).

Figure 7. Solid-state structures of complex 4 (top) and 5 (bottom) with thermal
ellipsoids at 50% probability. Hydrogen atoms and solvent molecules in the unit

cell are omitted for clarity.

Scheme 4. Synthesis of 6 from 2.
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The reactivity of the neutral rhenium(lV) complex 2 with CO was
also of interest. When an atmosphere of CO was introduced to a
solution of 2 in benzene followed by heating at 50 °C for 12 hours,
the solution changed from dark blue to orange. XRD identified the
orange product as a cyanate-bridged bimetallic rhenium complex,
[(P"PNP)Re(N)(CNXyl)](OCN)-[(*""PNP)Re(CO)2] (6) (Scheme
4) (59% crystalline yield), in which one rhenium center retained its
CNXyl ligand and nitride ligands, while the other rhenium center
has two molecules of CO coordinated. Though we have not
pursued mechanistic studies on this reaction, we speculate that
in the presence of CO, 2 could disproportionate to a mixture of the
cationic rhenium(V) complex 1 and a reduced rhenium complex.
Disproportionation of 2 to form 3 and 1 is uphill by 12 kcal/mol, as
calculated from the difference in Re""V and Re'V"" redox potentials,
but this could still be accessible at higher temperature. As shown
above, the reduced formally rhenium(lll) complex 3 reacts with



CO to form the anionic rhenium(l) complex 5, and consumption of
3 could drive the disproportionation to completion, giving one
equiv of 1. Then, since the anionic cyanate derived from 5 and the
cationic 1 lack other counterions, they could bind to one another
in the solid state to form the bimetallic ReV-Re' complex 6. The
NMR and IR spectra of 6 resemble a mixture of 1 and 5, indicating
that the two sides are electronically similar to the monometallic
compounds, and supporting the rhenium(l)/rhenium(V) mixed-
valence formulation (see Sl).

Scheme 5. Computationally considered mechanistic pathways for CO addition
to 3. Free energies relative to 3 + 2 equiv CO are shown in parentheses, and
computed transition state energies are shown under arrows in parentheses. In
each structure, K(18-c-6) was modeled explicitly and is bound to the atom or

group trans to the pyrrolyl nitrogen atom.
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Computational Analysis of the N-CO Bond Formation
Mechanism

We examined the potential mechanisms for addition of CO to 3 by
DFT, namely an inner-sphere mechanism (CO coordination, then
migration; right of Scheme 5) and an outer-sphere mechanism
(direct attack of CO by nitride; left of Scheme 5). We modeled all
species as spin singlets. To test the inner-sphere mechanism, we
tried unsuccessfully to model a 6-coordinate structure in which
CO binds cis to the pyrrolyl nitrogen (cis-CO Bound in Scheme 5).
Attempted geometry optimizations of this species ejected CO to
form the 5-coordinate isocyanate (see Sl). This is unsurprising
since coordination of the CO would generate a 20-electron
complex. It was possible to optimize a different 6-coordinate
structure in which CO coordinated between the nitrido ligand and
the CNXyl such that the CO was trans to the PNP ligand (trans-
CO Bound in Scheme 5). However, this structure was 21 kcal/mol
uphill from 3, which is higher than the barrier for direct N-C bond

formation (see below). Therefore, it is not kinetically competent as
a potential intermediate.

On the other hand, a direct N—-CO bond formation was compatible
with the rapid observed reaction (Figure 8). This elementary step
is calculated to have a barrier of 15 kcal/mol leading to a five-
coordinate isocyanate that lies downhill from 3 by 10 kcal/mol.
The transition state has an angled approach of CO and the
localized orbitals along the reaction coordinate show the
movement of electrons from the nitride into the CO =* orbitals and
from CNXyl and the nitride into the metal center, corresponding
with the formal reduction of the metal center to rhenium(l) (Figure
S110).

Addition of a second equivalent of CO to form 4 is calculated to
be downhill by an additional 38 kcal/mol, explaining why the 5-
coordinate isocyanate is not observed experimentally. Overall,
these computations support an outer-sphere mechanism of direct
N-C bond formation through attack by a nucleophilic nitride
directly on electrophilic CO, without pre-coordination of CO at the
rhenium center.
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Figure 8. Free energy profile of the outer-sphere mechanism; energies are
given relative to 3 + 2 CO in kcal/mol.



Discussion
Changes in Re—C and Re-N Bonding in the Redox Series

The rhenium-nitride complexes described here span the formal
oxidation states rhenium(V) to rhenium(lll), corresponding to d
electron counts of two to four. The metrical and spectroscopic
changes from 1 to 2 to 3 offer an opportunity to learn how the
reduced metal nitride species are stabilized. First, compound 1
has slightly shorter Re—Nhitide and Re—Ccnr bonds than the two
other known rhenium(V)-nitride-isocyanide complexes.?! Its C-N
stretching frequency of 2141 cm™" lies at a higher energy than free
CNXyl (2119 cm™; 22 cm™ difference). The C-N stretching
frequency for another rhenium(V)-nitride-isocyanide was reported
at 2172 cm™ which is also shifted to a higher energy than its free
ligand analogue at 2132 cm™ (40 cm™ difference).?®! This is
typical of low d electron count isocyanides, where binding shifts
the band to higher energies by ~50-100 cm~".?"l This increase in
the stretching frequency indicates that the isocyanide is acting
primarily as a ¢ donor.?? In 1, the magnitude of the shift (22 cm~
") is small, which suggests little backbonding.”®! The NBO
analysis of 1 is consistent with the Gray-Ballhausen qualitative
MO diagram for a SQPY nitride in that there is a triple bond to the
nitride. Therefore, reduction of 1 to 2 would be expected to
populate a Re—Nhitige ©* orbital. The 85 cm™ shift to lower energy
of the Re—Nnitrice frequency from 1 to 2 indeed suggests
weakening of the Re—N bond, but reduction has a more profound
impact on the CNXyl ligand. The C—Nxy stretching frequency of is
a remarkable 355 cm™' lower than in 1, the C-N—Xyl angle bends
more than 30°, the C—Nxy bond elongates by more than 0.07 A,
and the Re—C bond contracts by more than 0.10 A. These data
suggest substantial backbonding from the Re center, which
results in partial Re—C = bonding and the Ncnxy becoming sp?-
hybridized.” Isocyanide bending is well established in the
literature,’?! but the identity of the supporting ligand also can
affect the C-N stretching mode.”® The data presented here
suggest that the CNXyl ligand stabilizes the lower oxidation state
in 2 through strong backbonding.
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Figure 9. Nitride and isocyanide rotation about the Re center upon reduction.
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The EPR signal for 2 shows a lower HFC to the Re nucleus than
seen in typical rhenium(IV) compounds.l'8: 6 271 The calculated
spin density plot and the three-center interaction from the o NBOs
suggest delocalization of the unpaired spin across = orbitals of the
entire N-Re—CNXyl core. The o and § NBOs for 2 are not co-
localized; this situation is reminiscent of the allyl radical, where
the o NBOs resemble the allyl anion, the f NBOs resemble the
allyl cation, and the best bonding description is a hybrid of the two
structures.l'”? Together, these spectroscopic and computational
results indicate that 2 is capable of breaking the nitrido wall by

having the excess electron in an orbital that is not just on the
nitride, but is also shared by the isocyanide.

In contrast to 1 and 2, the nitride ligand of 3 moves closer to the
pincer plane and the CNXyl ligand shifts into the apical position
(Figure 9). The CNXyl ligand also becomes extremely distorted
with a C—N-Cxy angle of 124.5(4)°, a C—Ncnxy bond of 1.278(6)
A and C—Nxy stretching frequency of 1605 cm™". These metrics
are comparable to the previously reported aminocarbyne (Figure
10, 1ll) complex [(dppe).Re(CNHMe)CI][BF4] (C—N—Cwne angle of
123(2)°, aven of 1575 cm™, C-N bond length of 1.35(3) A)
despite the isocyanide N in 3 being only monosubstituted.?® A
similar comparison could be drawn between 3 and some
iminoacyl complexes (Figure 10, 1V).?® Our NBO analysis of 3
suggests that despite being more reduced than 2, rearrangement
of the nitride and CNXyl ligands retains the full Re—Nhitrige triple
bond, but has two lone pairs localized on C and N of the CNXyl
ligand. The absence of an NBO with Re—Ccnxyi © bonding
suggests that the Lewis structure V (Figure 10) most accurately
describes 3. This assignment requires a formal two electron
reduction of the isocyanide ligand. Thus while compound 3 is
formally d* rhenium(lll), it is better described as d? rhenium(V).
The assignment as rhenium(V) is bolstered by the chemical shift
of the supporting ligand in the 3'"P{'"H} NMR spectrum at 85.8 ppm,
which is in the region of other rhenium(V)-nitride complexes
bearing phosphine ligands (79.1 ppm for ("PNP)Re(N)CI and
96.8 ppm for 1). In contrast, reported shifts for (PNP)Re'
compounds are all further upfield at 40 ppm or lower.%
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Figure 10. Lewis structures for various degrees of isocyanide weakening and

activation.

Comparison Between d* Complexes with Nitride and
Isocyanide Ligands

Most five-coordinate terminal nitrido complexes adopt SQPY
geometries and have formal d electron counts of two or less as
expected from the GB model.['l One reported series of “PNP®Y
pincer osmium complexes demonstrates both four and five
coordinate  nitrides with d* configurations (“PNP =
N(CHCHBu2)." The five-coordinate chloride precursor,
[(“PNP)Os(N)CI][PFe] (D; Figure 11), exhibits the expected SQPY
geometry for a d? nitride, but two-electron reduction forms a SQPL
product (“PNP)Os(N) (E) as predicted by the qualitative MO
diagram in Figure 1. Addition of CN'Bu to E leads to the formation
of the thermally unstable, five coordinate d* Os nitride,
(“PNP)Os(N)(CNtBu) (F). F was the only reported example of a
five-coordinate d* nitride complex to break the nitrido wall.

T e T I

_N 2 Na/Hg CNBu _
N—Ols: nae N—O|sEN _— /N;Os:N
—Na
A N Q °C
PtBu2 NaPF6 P‘BUZ tBu’N ;P‘Buz
D E F

Figure 11. Synthesis of a five-coordinate Os** nitride supported by “PNP.[4



Although 3 and F are isoelectronic, they exhibit very different
isocyanide backbonding. Nitride F has a much shorter C—Ncntsu
bond length of 1.175(3)/1.180(3) A, longer C-N-Cgu angle of
155°/161°), and higher v(C—Ncnigu) of 2007 cm™" suggesting that
the isocyanide is not accepting as much electron density. In the
osmium case, bending at Ccnisu was described as being required
to avoid ¢ conflict that would arise from the CNBu lone pair
interacting with a filled d.? orbital. To avoid this conflict, the filled
d? orbital can n-backbond into the unoccupied n*-orbital of CN'Bu
(Figure 12, Model A). This contrasts with 3, in which the significant
distortion of the CNXyl ligand warrants the alternative explanation
depicted in Figure 12 where the CNXyl ligand is best described
as the dianion (Model B). In Model B, there is no need to avoid a
o conflict as the dz? orbital in 3 is unoccupied. The difference
between preferred bonding models in F vs. 3 may be attributed to
the lower electronegativity of rhenium, which leads to stronger
backbonding, and to the charge-stabilizing effect of the Xyl ring in
conjugation with the isocyanide multiple bond.

tBU 1

df .. _N.

@Q 5

Model A Model B
CN-Ccnr
Angle ) = 165 125
v(C-N) (cm™") = 2007 1605

Figure 12. Different bonding models for the observed Ccnr bending.

Reactivity with Carbon Monoxide

A number of transition metal and actinide nitride complexes have
been observed to react with CO to form cyanate or isocyanate, 3
but here we review the reactivity of only terminal nitride
complexes to provide context.[Bb 10-12.200.321 |n general, a terminal
nitride can react with CO through either outer-sphere attack on
CO by the nitride or through inner-sphere coordination of CO
followed by subsequent N-C coupling. With Td, d° nitrides, the
sterics of the supporting ligands have been seen as the most
important determinant of the mechanism. Metal centers with bulky
supporting ligands typically proceed through outer sphere,
nucleophilic attack of the nitride on CO; this applies to the
vanadium-nitrides in the middle of Figure 2 and Figure 13 (G).['*
1l With less sterically demanding ligands, an inner-sphere
mechanism is observed, as with nitride H in Figure 13.1'""a A
computational comparison of nitrides H and | further supported
the dependence of the mechanism on the sterics of the supporting
ligands.?® Ti nitrides can also react as nucleophiles toward CO,
as demonstrated by the reactivity of an anionic titanium(IV)-
nitride (L in Figure 14).1%2° The d* Td iron(IV)-nitride J (Figure 14)
formed isocyanide through an outer-sphere mechanism, but in
this case the nitride acted as an electrophile toward CO.32

By .\'}} Bu
TR N
Bu-N an-/v\N
(“ N\ .
dipp
G H
Mes M
tBU m tB m leS
Mo.., r )> Fe
Mes\Nﬂ Nj

Q/Nﬁs

“?Ei

Figure 13. Selected examples of Td metal-nitrides that form NCO~. Mes =
2,4,6-Me3CesH2.

Moving to SQPY complexes, a tungsten complex K split
dinitrogen to form d? tungsten(lV) terminal nitrides
(PNP®BY)W(N)(CO) that reacted with CO to yield free cyanate.®%
In this case, the mechanism was shown by isotope labeling to be
an inner sphere pathway in which the pre-associated CO
carbonylates the nitride, followed by coordination of two CO
molecules.

N PIPI'Z

N \l)\\/ Mesleh""l\'"N
“4°CO Mes—no" |
Cpigy, N7

PIPFZ
K L

Figure 14. SQPY metal-nitrides that react to form NCO-.

Beyond Td geometries, a SQPL d* ruthenium(IV)-nitride M with a
PNP®U pincer supporting ligand was computed to undergo
isocyanate formation via outer sphere, direct nucleophilic attack
on CO (M in Figure 15).°1 The formally molybdenum(ll)
diphosphine-arene complex described above (C in Figure 15)
also reacts with CO to form NCO~.['J |sotope labeling experiments
indicated that the mechanism is most likely outer-sphere.

PtBU2
iprpp— NTK
N-Ru=N Mo N
P'Bu, O ' \’P Pa
]
M c

Figure 15. SQPL Ru-nitride and Mo-nitride complexes that react to form NCO~.

Nitride 3 is formally a d* system like M and C, but avoids the
buildup of electron density at the metal by storing the additional
electrons in the CNXyl ligand, and thus it is best viewed as
rhenium(V)/CNXyl*~. However, many of the bonding orbitals are
delocalized throughout the Nxy—C—Re—Nnirice unit, providing a
path for the electrons stored in CNXyl* to return to the metal
center. When CO is introduced, the nitride interacts with the n*



orbital of CO to allow direct (outer-sphere) N—C bond formation,
followed by electron flow from CNXyl to rhenium as the NCO
ligand forms its final geometry. This rapid reaction to form 4 is
followed by a slow replacement of isocyanide by CO to form 5.

A compelling aspect of the redox series 1-3 is that isocyanide
ligands are easily introduced into coordination complexes, and
may be a generalizable method for enabling unreactive terminal
nitride complexes (including those derived from N2 splitting, as
done here) to have accessible reduced forms that can undergo
reactivity with electrophiles. Though the specific reaction
described here leads ultimately to a rhenium-carbonyl complex
that is not amenable to completion of a catalytic cycle, it reinforces
the value of isocyanides as supporting ligands.3

Conclusions

We show rhenium-nitride-isocyanide complexes that span three
formal oxidation states and avoid the "nitrido wall" by delocalizing
electrons throughout the N-Re—CNXyl core. The formally Re(IV)
complex 2 uses a Re—CNXyl n backbonding interaction to move
some electron density in the SOMO off the Re center. Further
reduction to 3 results in greater delocalization of electron density
into the CNXYyl ligand, and the product is best described as a
rhenium(V) nitride despite its formal rhenium(lll) oxidation state.
Even though it bypasses the "nitrido wall" by moving electrons to
the isocyanide, they can return when the nitride ligand engages
in nucleophilic reactivity with CO. In another recent study, we
showed that the use of isocyanide as a second supporting ligand
in this Re system enables PCET to the nitride to form ammonia."®!
Here, deeper reduction is also accommodated, making the nitride
electron-rich enough for attack on CO to form N-C bonds from an
N2-derived nitride. This series of reactions sums to the conversion
of N2 and CO to NCO".
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