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High-valent nitridorhenium(v) complexes
containing PNP ligands: implications of
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The synthesis of (PNP)Re(N)X (PNP = [2-P(CHMe,),-4-MeCgHsloN, X = Cl and Me) complexes is
described. The methylnitridorhenium complex 3 was found to react differently with CO and isocyanides,
leading to the isolation of a Re(v) acyl complex 4 and an isocyanide adduct 6. Two parallel pathways were
observed for the reaction of 3 with CO: (1) CO inserts into the Re—Me bond to afford 4, and (2) 3 iso-
merizes by distortion of the aryl backbone of the PNP ligand to afford the isomer 3". This is followed by
the reaction of 3" with CO to afford the tricarbonyl complex 5, which was fully characterized. The con-
trasting reaction of 3 with 2,6-dimethylphenyl isocyanide lends further support for the proposed isomeri-
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zation pathway. DFT (M06) calculations suggest that insertion of CNR into the Re—Me bond (27.2 kcal
mol™) is inaccessible at room temperature. Instead the substrate adds to the metal center via the most
accessible face i.e. syn to the rhenium-nitrido bond, to afford 6. The addition of CO to isomer 3" is pro-
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Introduction

High-valent rhenium complexes with oxo and imido ligands
are well established in catalysis." In contrast, the analogous
chemistry of complexes with nitrido ligands is less developed.>
Recently, our group has shown that the trans influence of the
oxo group in square pyramidal oxorhenium complexes affects
the outcome of many fundamental organometallic reactions
with these species.” We were interested in exploring the trans
influence of isoelectronic nitrido ligands in analogous com-
plexes in order to: (1) assess the effect of changing the hetero-
atom in the rhenium complexes that contain a multiple bond
and (2) consequently gain insight from this understanding for
the design of new catalysts that feature high-valent rhenium
complexes.

In order to synthesize neutral nitrido complexes analogous
to the previously reported oxorhenium species it was necessary
to incorporate a monoanionic chelating ligand. Recently, PNP
pincer ligands have been utilized in many catalytic and stoi-
chiometric reactions.” However, the use of PNP complexes
with rhenium in catalysis has been relatively limited, though

Department of Chemistry, North Carolina State University, 2620 Yarbrough Drive,
Raleigh, North Carolina 27695-8204, USA. E-mail: eaison@ncsu.edu

tElectronic supplementary information (ESI) available: X-ray experimental for 4
and 6. CIF files. NMR and IR spectra. Full Gaussian reference and XYZ files.
CCDC 1588815, 1547643 and 1547644. For ESI and crystallographic data in CIF
or other electronic format see DOI: 10.1039/c7dt03615a

758 | Dalton Trans., 2018, 47, 758-768

posed to proceed with a similar mechanism to 2,6-dimethylphenyl isocyanide.

these complexes have been utilized in stoichiometric reac-
tions.” In this manuscript, we describe the synthesis of com-
plexes of the form (PNP)Re(N)X, (where PNP = [2-P(CHMe,),-4-
MeCgH;],N and X = Cl, and Me). The non-rigidity of the PNP
ligand®*® results in conformational isomerization of the resul-
tant rhenium complex. In carbonylation reactions, these con-
formational changes ultimately compete with CO insertion.
Given the prevalence of the PNP ligand framework in tran-
sition metal chemistry,"**%” it is suggested that the observed
non-rigidity may play an important role in the reactivity of
complexes incorporating this ligand.

Results and discussion
Synthesis of (PNP)Re(N)X complexes

Heating a CH,Cl, solution of the previously reported complex,
trans (Ph;P),Re(N)Cl,,%" with one equivalent of 1 and Et;N
afforded (PNP)Re(N)C, 2, in moderate yield (51%) as an orange
powder (Scheme 1). In this reaction, the equivalent of Et;N
serves as an external base to neutralize an equivalent of HCL
The resulting salt Et;N-HCI was easily be removed by washing
the isolated powder with methanol.

Complex 2 was characterized by NMR spectroscopy, elemen-
tal analysis and mass spectrometry. While the X-ray crystal
structure was obtained, disorder around the rotating diaryl-
amido backbone (vide infra) prevented satisfactory refinement.
Characteristic resonances for the aromatic signals of the PNP

This journal is © The Royal Society of Chemistry 2018
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Scheme 1 Synthesis of (PNP)Re(N)CL, 2.

ligand are observed in the "H NMR spectrum of 2. The isopro-
pyl group is observed as two separate methine signals at 2.91
and 2.58 ppm and four separate methyl signals. Similar struc-
tural features of the diisopropyl fragments were observed in
the previously reported oxo analogs (DippDAP)Re(O)X,
(DippDAP = 2,6-diisopropylphenyl-bisaminomethylpyridine;
X = H, Cl, Me, Ph) which feature similar coordination environ-
ments at rhenium.®

By *'P NMR spectroscopy, one signal is observed at
51.9 ppm, confirming that there is a plane of symmetry
through the nitrogen, rhenium and chlorine atoms, which
results in both phosphorus groups in chemically equivalent
environments. The nitridorhenium methyl complex, (PNP)Re
(N)Me, 3, was synthesized by heating a THF solution of 2 with
five equivalents of MeMgBr (Scheme 2).

Complex 3 was isolated as a red powder and was character-
ized by "H and *'P NMR spectroscopy, elemental analysis and
X-ray crystallography (see ESIT). A similar splitting pattern to 2
was observed in the 'H NMR spectrum for the aromatic and
isopropyl groups. In addition, a new triplet at 1.82 ppm (J =
4.7 Hz) was assigned to the methyl ligand. This is consistent
with the coupling of protons from the methyl group to two
identical phosphorus atoms. The chemical shift for the methyl
ligand is in good agreement with similar isoelectronic oxo
complexes.*”*® To further confirm the presence of the
rhenium-methyl bond in 3, the deuterated analog, 3-d, was
synthesized from CD;MgBr. The spectrum for 3-d was similar
to 3, however, the signal for the methyl ligand was not
observed in the "H NMR spectrum.

kh
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Cl 5 equiv MeMgBr p\ lII/

THF, reflux, 1 h
)\ / \
Scheme 2 Synthesis of (PNP)Re(N)Me, 3.
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Reactivity of 3 with CO and CNAr

Complex 3 reacts with CO at low temperatures and pressures
(1 atm, 298 K) to afford the acyl species 4 in 35% yield. This yield
can be significantly improved by briefly heating the reaction
mixture at 80 °C to afford complex 4 in 64% isolated yield. In
addition to 4, complex, 5, assigned as (PNP)Re(CO); was also
formed, (vide infra), over several days, via the further reduction
of the metal center. The acetyl complex 4 was characterized by
'H and *'P NMR spectroscopy, FT-IR spectroscopy, X-ray crys-
tallography and elemental analysis. By "H NMR spectroscopy,
protons on the methyl group were observed as a singlet at
2.95 ppm. The loss of coupling to the phosphorus atoms is
consistent with the insertion of CO into the Re-Me bond in 3.
Other resonances are consistent with previously reported PNP
complexes.” A slight shift of the *'P NMR signal was observed
for 4 (57.7 ppm) compared to 3 (54.6 ppm) (Scheme 3).

X-ray quality crystals were obtained by the slow evaporation
overnight of a methylene chloride solution of 4 at room tem-
perature. The thermal ellipsoid plot for 4 is displayed in Fig. 1.
The relatively short Re1-N1 bond is indicative of a rhenium-
nitrogen triple bond.® Furthermore, Re1-C1 bond length is
shorter than expected and possesses significant carbene char-
acter resulting from the n donation from the metal nonbond-
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Scheme 3 Synthesis of 4.
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Fig. 1 X-ray crystal structure of 4. Ellipsoids are at 50% probability level.
Selected bond lengths (A): Re1-N1 1.673(6); Rel-C1 2.016(7); C1-O1
1.250(9); C1-C2 1.524(11); Re1-P1 2.463(0); Re1-N2 2.135(4).
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ing d, orbital into the antibonding orbital of the acyl ligand."’
Similar behavior was observed for acyl complexes of the oxo
analogs that incorporate diamidopyridine (DAP) and diamido-
amine (DAAm) ligands.*”*"!

The assignment of the C=O stretch for 4 by FTIR spec-
troscopy was not obvious. Thus, DFT calculations (M06)"? were
performed to assist in this assignment.”® By DFT, the C—=0
stretch for the acyl ligand was identified at 1520 cm™". The cal-
culated FTIR spectrum is in excellent agreement with the spec-
trum obtained experimentally (see ESIT). The low value of the
C=O0 stretch is consistent with increased donation from the
nitrido ligand to the metal center. Increased electron density
at the metal results in increased n-backbonding to the =*
orbital of the C=O fragment. In comparison, the acyl stretches
for similar isoelectronic oxo species, are observed at
1587 cm™ ' for complexes that incorporate the diamidoamine
(DAAm)*? ligands, and 1620 cm™* for complexes bearing
weakly donating 2-mercaptoethylsulfide (SSS) ligands.>

Characterization of 5

In order to further elucidate the structure of 5 additional
reactions of 3 with CO were examined (Scheme 4). Exposure of
3 to a CO atmosphere at 80 °C for 24 h results in quantitative
formation of 5. This reaction presumably releases a mixture
of reactive methylisocyanate and acetyl isocyanate, which
undergo reactivity with exogenous water to afford methylamine
and acetamide respectively. The details of this transformation,
and the evidence for isocyanate formation are discussed
later.

A green powder was obtained by removing 5 via precipi-
tation with pentane. Three sets of terminal CO stretches at
2018 and 2003 cm™" (weak) and 1909 and 1887 cm™" (s) were
observed by FTIR spectroscopy (see ESIf). The intensity of
these stretches suggests a trans disposition for the two carbo-
nyl ligands." The two sets of carbonyl ligands are attributed
to two conformations imposed by the rotation of the PNP aryl
rings around the nitrogen linker (vide infra). Slow evaporation
of a reaction mixture afforded X-ray quality crystals of 5 (see
ESIt) a tricarbonyl complex previously reported by Ozerov and
co-workers® that is consistent with the FTIR data. The struc-
ture features a meridional arrangement of carbonyl ligands,
typical for other rhenium complexes bearing this PNP ligand.
The distortion around Ar-N-Ar moiety is 27°, which is similar
to the nitride species 4. In order to further confirm the struc-
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Scheme 4 Formation of 5 from 3.
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Scheme 5 Independent synthesis of 5.

ture of 5, the complex was synthesized independently accord-
ing to Scheme 5. The spectroscopic characteristics of 5 syn-
thesized via this route are identical to that observed from the
carbonylation of 3.

Mechanism for the carbonylation of 3

In order to evaluate the mechanism for the reaction of 3 with
CO, room temperature kinetic studies were performed. The
time profile for the carbonylation of 3 is shown in Fig. 2. As
depicted in this figure, the formation of 4 proceeded exponen-
tially to approximately 35% yield. This yield was also consist-
ent with the isolated yield for 4 at room temperature.

From Fig. 2, 3 decays exponentially as well as the total
rhenium concentration. A plot of ks for the decay of 3 versus
CO pressure (Fig. 3) is linear (slope = 1.1 x 10" min™" psi™)
with a significant intercept (intercept = 3.2 x 10 min™"). The
exponential decay of the total rhenium concentration is con-
sistent with the formation of another rhenium species in
addition to 4. As suggested above, this species has been
assigned as an intermediate that eventually leads to the Re()
tricarbonyl species 5.
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Fig. 2 Time profile for carbonylation of 3 in the presence of CO.
Conditions: [3] = 0.04 M in benzene-dg, pCO = 20 psi. Conversions
monitored by *H NMR spectroscopy in a J. Young tube with mesitylene
as the internal standard. Rate constants (min™): 4 = 15(3) x 1072
3 =4.8(6) x 107%; [Rely = [3] + [4] = 3.8(2) x 107>,
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Fig. 3 Plot of kops for the decay of 3 versus CO pressure. Reactions
were performed in triplicate in benzene-dg with [3] = 0.04 M and CO
pressures of 10, 20, 30, 40 psi.

The data obtained from Fig. 2 and 3 suggest that 3 reacts
via two parallel independent pathways. These pathways can be
expressed by eqn (1) (where ks, = rate constant for isomeriza-
tion and k;,s = rate constant for insertion) and the proposed
mechanism depicted in Scheme 6. Complex 3 either reacts
with CO directly to produce 4 (insertion), or via isomerization
via distortion of the PNP ligand around the Ar-N-Ar backbone
to generate isomer 3’, which is then trapped by CO (vide infra)
to afford the intermediate 3'-CO. The subsequent reaction of
intermediate 3'-CO or 4 with additional equivalents of CO over
several hours leads to 5 (vide infra).
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Scheme 6 Proposed mechanisms for the parallel pathways for the
carbonylation of 3.
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The rate of isomerization of 3 is given by eqn (2) while the
rate of formation of 4 is given by eqn (3).

d[3-co]

dr = kiso[s] (2)

dla _,
o = fins[CO)3] 3)

From eqn (2) and (3) the ratio of [4]/[3"-CO] is given by eqn
(4)-
(4] kins[CO]
[3"(:0] kiso '

(4)

From the slope and intercept in Fig. 3 and the CO pressure
of 20 psi used in Fig. 2, eqn (4) predicts a ratio of [4]/[3"-CO] of
2:3. This is consistent with the data in Fig. 3 and the isolated
yield for 4.

Kinetic simulations' were also employed in order to
provide further verification for the mechanism in Scheme 6.
Rate constants from Fig. 2, and a CO pressure of 20 psi were
utilized for this simulation. In addition, rate constants for the
formation of 3'-CO were estimated from DFT calculations (vide
infra). As shown in Fig. 4, these simulations accurately repro-
duce the experimental data in Fig. 2, lending support for the
mechanism in Scheme 6.

Reaction of 3 with 2,6-dimethylphenyl isocyanide

To gain further insight into the nature of the CO addition
pathway, reactions were performed with 2,6-dimethylphenenyl
isocyanide, which is isoelectronic with CO. Complex 3 reacts
with 2,6-dimethylphenyl-isocyanide to afford the pseudo octa-
hedral complex 6 (Scheme 7). Complex 6 was characterized by
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Fig. 4 Kinetic simulations according to the proposed mechanism in
Scheme 6. Rate constants were: kins = 2 X 107 min™; kiso = 3 x 1073
min~; ks = 62 mol™ min~ . Legend: [3] = green; [4] = blue; [3"-CO] =
red; [Rel = [3] + [4] = purple; [3'] = black.
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Scheme 7 Synthesis of 6.

NMR spectroscopy and X-ray crystallography. Insertion of the
isocyanide ligand into the Re-Me bond did not occur since the
methyl ligand is observed as a triplet at 0.78 ppm with the
characteristic coupling to two equivalent phosphorus nuclei.
Other resonances are consistent with previously reported PNP
complexes.”

X-ray crystal structure of 6

Vapor diffusion of pentane into a concentrated solution of 6 in
benzene afforded X-ray quality crystals. The thermal ellipsoid
plot of 6 is depicted in Fig. 5. The strong trans influence of the
nitrido ligand, as well as the steric bulk imposed by the isopro-
pyl groups on the PNP ligand, results in the coordination of
the isocyanide group syn to the rhenium-nitrido and
rhenium-amide bonds. The result of this coordination
environment is that the methyl group (C36) is trans to the iso-
nitrile carbon (C27) and the nitrido ligand (N2) is trans to the
amide (N1) bond. The strong trans influence of the nitrido
ligand substantially elongates the Re1-N1 bond to 2.29 A,
which compared to the corresponding bond in the X-ray struc-
ture for 4, (2.14 A) is approximately a 7% increase in Re-N
bond length observed.

2.3}!/4% ;
t
= & s C27) X
'Q“ D <

N1/JRe1 ) { ®
M /\‘/@
(/3

n—

w Q/AM )

C36

Fig. 5 X-ray crystal structure for 6. Ellipsoids are at the 50% probability
level. Hydrogens are omitted for clarity. Selected bond lengths (A): Rel—
N1 2.289(3); Rel-N2 1.687(2); Rel-C36 2.223(4); Rel-C27 2.046(4);
Rel-P12.412(0); Rel-P2 2.424(0); C27-N3 1.175(5).
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The reactivity of 2,6-dimethylphenyl isocyanide with 3 is
complementary to the analogous reaction with CO. The dispa-
rate reactivity observed may provide insights into the mecha-
nism for the formation of 5.

DFT calculations

Insertion of carbon monoxide and methyl isocyanide. In
order to gain insights into the mechanism for the reactions of
3 with CO and CNR, DFT(M06)"* calculations were performed.
For simplicity and computational cost, methyl isocyanide was
utilized as the isonitrile substrate since isonitriles are isoelec-
tronic with CO.

The free energy diagram describing the insertion of CO and
methyl isocyanide is shown in Fig. 6. The strong trans influ-
ence of the nitrido ligand results in similar insertion mecha-
nisms to related oxo species.? Both reactions proceed by initial
association of CO/CNR to form the encounter complexes 3co
or 3cng- The Re-CO and Re-CNR bond lengths (2.88 and
2.62 A) are long which suggests that these species are weakly
associated adducts. The long bond lengths and relatively high
energies of these two intermediates suggest that these species
are transient and proceed directly to the insertion transition
states TS1co and TS1cng. The high energy of intermediates 3¢o
or 3¢nr is a direct consequence of the strong trans influence of
the nitrido ligand, which renders the association of CO or
CNMe unfavorable. The difference in the free energies of acti-
vation (AAG¥) between the transition states for the insertion of
CO and CNMe into the Re-Me bond in 3 accounts for the
observed difference in reactivity between the two substrates.

As depicted in Fig. 6, the insertion barrier for methyl iso-
cyanide is 3.9 kcal mol™" higher than the corresponding
barrier for CO insertion, while the overall reaction is exergonic
for both substrates (AG® = —12 kecal mol™" and —15 keal mol ™).
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Fig. 6 Calculated Gibbs free energies of transition states and inter-
mediates leading to acyl (4co) or iminoacyl (4cnr). Computational
details: geometry optimization and frequency calculations were carried
out with the M06 functional with the 6-31G (d,p) basis set on light
atoms and SDD + f basis set on Re. Displayed energies include solvation
included via the PCM model in benzene and were calculated with the
6-311G++(d,p) basis set on light atoms and SDD + f basis set on rhenium.
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Fig. 7 DFT optimized structures of insertion transition states TSco (left)
and TScnr (right). Diisopropyl groups of the PNP ligand are displayed in
wireframe format for clarity. Legend: nitrogen = purple; rhenium = blue;
phosphorus = orange; carbon = black; hydrogen = white.

These data are consistent with the experimental observation
that while the insertion of CO was observed, the corresponding
insertion of 2,6-dimethylphenyl isocyanide did not occur at
room temperature. Further, the calculated activation energy for
methyl isocyanide (27.2 kcal mol™") is likely lower than the acti-
vation energy for the more sterically encumbered 2,6-dimethyl-
phenyl isocyanide, which was used in experimental studies.

The structures of the insertion transitions states for CO and
CNMe are depicted in Fig. 7. The two transition states closely
resemble transition states for insertion in previously reported
oxorhenium(v) methyl, phenyl and hydride complexes.’ In
both cases, significant elongation of the Re-Me bond is
observed, which is consistent with significant bond cleavage.
Since isocyanide is a weaker m acceptor than CO, the higher
energy of TScng Mmay be attributed to the attenuated stabiliz-
ation of the transition state via the = donation from the metal
centered d,, orbital into the antibonding C=N orbital of the
isocyanide ligand.

Syn addition of CO/CNR. The reaction between 3 and 2,6-di-
methylphenyl isocyanide to yield 6 proceeds via the addition
of CNR syn to the rhenium amide bond. While this reactivity
was not observed in the case of CO, it may account for the for-
mation of 5. As a result, we carried out DFT studies on the CO/
CNR addition syn to the Re-N(amide) and Re=N bonds. The
results obtained are depicted in Fig. 8.

The two pathways leading to addition products 6 and 3¢o
both proceed via similar transition states. The barriers are
comparable and accessible at room temperature; however, the
CO addition product is thermodynamically unfavorable (AG® =
4.3 keal mol™") and is therefore not observed experimentally.
The addition product 6, on the other hand, is thermoneutral
(0.1 keal mol™) and consistent with this, additional equiva-
lents of 2,6-dimethylphenyl isocyanide were needed to prevent
the loss of the isocyanide ligands in methylene chloride solu-
tions of 6.

The transition states depicted in Fig. 9 appear to favor sub-
strate approach from the least hindered side of the PNP
ligand. In both structures, the positioning of the right ring
“up” relieves steric factors by forcing isopropyl groups away
from the substrate thus allowing its coordination.

This journal is © The Royal Society of Chemistry 2018
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Fig. 8 Calculated Gibbs free energies of transition states and inter-
mediates leading to addition products 6 or 6co. Computational details:
Geometry optimization and frequency calculation were carried out with
the M06 functional with the 6-31G (d,p) basis set on light atoms and
SDD + f basis set on Re. Energies include solvation implemented via the
PCM model in benzene and calculated with the 6-311G++(d,p) basis set
on light atoms and SDD + f basis set on rhenium.

TS24 TS2\r

AG* = 16.2 kcal/mol AG* = 16.4 kcal/mol

Fig. 9 DFT optimized structures of transitions states leading to coordi-
nation of CO or CNR. Diisopropyl groups of the PNP ligand are displayed
in wireframe format for clarity. Legend: nitrogen = purple; rhenium =
blue; phosphorus = orange; carbon = black; hydrogen = white.

To summarize, the insertion reaction of CO into the Re-Me
bond of 3 is observed because the activation energy for inser-
tion (23.3 kecal mol™) is kinetically accessible at room tempera-
ture, whereas the corresponding activation energy for isocyanide
insertion (27.2 kcal mol™) is not. As a result, isocyanide inser-
tion into the Re-Me bond is not observed experimentally. Thus
the preference for CO insertion versus CNR insertion is kinetic.
In contrast, the syn addition of CNR to the plane containing the
Re-N(amide) and Re=N bonds is thermoneutral (0.1 kcal),
whereas the corresponding reaction with CO is endergonic
(4.3 keal mol™), and reversible. Thus, the preference for CNR
addition compared to CO addition is thermodynamic, and as a
result, while 6 was isolated, the corresponding CO addition
product was not. More importantly, these data show that the
addition CO and CNR to 3 and 3’ is accessible at room tem-
perature. Because CNR is isoelectronic with CO, 6 can be viewed

Dalton Trans., 2018, 47, 758-768 | 763
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Fig. 10 Overlaid structures for the isomers 3 (red) and 3’ (blue).

as a model for 3'-CO, which results from the addition of CO to
3'. However, as described above, both reactions are reversible
at room temperature.

Conformational isomerization in 3. The major structural
difference between 3 and 3’ involves the torsion angle between
two aryl rings linked by the central nitrogen (amide) atom
(Fig. 10).

While isomer 3 has a torsion angle of 22.7°, isomer 3’ con-
tains a torsion angle of 31.1°. Since CO insertion into the Re-
Me bond requires the approach of CO trans to the Re=N frag-
ment, insertion in 3 is more likely as this isomer provides a
less sterically hindered channel for the approach of CO
(Fig. 11). There is therefore a much greater preference for the
addition of CO syn to the Re=N and Re-N(amide) bonds in 3'
rather than trans to the Re=N bond.

Conformational changes of the flexible PNP ligand back-
bone (Pathway B) were found to have a significantly lower acti-
vation energy (15.6 kcal mol™") compared to methyl migration
(23.3 kecal mol™"). The isomer, 3’, formed upon isomerization,
significantly differs in energy from the starting complex, 3,
4.4 keal mol™*. This behavior is likely the result of steric inter-
actions imposed by the isopropyl groups, which renders one
isomer slightly less stable upon isomerization (Scheme 8).

Closed Channel

Open Channel

Fig. 11 Calculated structures for two isomers of (PNP)Re(N)Me, 3. The
isopropyl groups are depicted as space-filling models to show channels
for the approach of the CO molecule. Legend: nitrogen = purple;
rhenium = blue; phosphorus = orange; carbon = black; hydrogen =
white.
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Scheme 8 Relative energies for CO addition syn to the Re=N bond in
3and 3.

While the syn coordination of CO to 3 to yield complex
(PNP)Re(N)(CO)(Me) is endergonic by 4.3 kecal mol™", the same
reaction with 3' is exergonic (—2.1 kcal mol™") with a barrier of
11.1 keal mol~" (Scheme 8). The low barrier for CO addition to
3’ compared to isomerization is consistent with the experi-
mentally determined rate law. This process makes the CO inde-
pendent isomerization of the PNP ligand rate limiting, result-
ing in the observed intercept in Fig. 3 for the overall reaction
of 3 with CO.

Release of isocyanate and formation of 5. The volatile and
unstable nature of methyl isocyanate makes it difficult to
experimentally observe the release of this molecule in the reac-
tion of 3 with CO. Therefore; the reduction of 4 with excess CO
was examined. This reaction should lead to the formation of 5
and acetyl isocyanate CH3C(O)NCO, which should be easier to
detect via spectroscopic methods. The reduction of 4 proceeds
quantitatively at 80 °C to yield 5, along with acetamide, by "H
NMR spectroscopy (Scheme 9).

While acetyl isocyanate is not detected directly, its interme-
diacy is implied by the quantitative detection of acetamide,

A A%,

P~ m/ko CO (50 psi) )L
\Q\ AN )\ CeHq, 80 °C \Q\ /|\ )\ Me”™ “NH,
2 5h co i
exegenous H,0 Y acetamide

4 5

Scheme 9 Reduction of acyl species to tricarbonyl.
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Scheme 10 Decomposition of acetyl isocyanate.
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Fig. 12 Calculated free energies leading to isocyanate release and the
formation of tricarbonyl complex 5.

which is formed by rapid trapping of the electrophilic isocya-
nate by trace amounts of water in solvent, followed by de-
carboxylation to eliminate CO, (Scheme 10).

Methyl isocyanate was likely not detected because of its
relative instability in the presence of exogenous water. This
reaction would produce methylamine, a gaseous compound
that is difficult to detect by spectroscopic methods.

The reduction pathway leading to 5 likely proceeds via
direct CO attack at the nitrido ligand, to afford 7, a rhenium
(m) isocyanate complex (Fig. 12). This initial reduction is
highly exergonic (AG® = —18.5 kcal mol™') with an acti-
vation energy (TS’CO(N)) of 28.5 kcal mol™'. The calculated
energy is consistent with the observed slow formation of 5
(complex 5 is observed only after heating at 80 °C or at room
temperature after several days). Isocyanate release and the
formation of 5 are highly exergonic processes with an overall
energy of —73.4 keal mol™". Although the experimental results
are consistent with this pathway and adventitious hydrolysis of
released MeNCO, other potential pathways in which free
MeNCO is not released cannot be ruled out.

Conclusions

In this manuscript, the synthesis of novel (PNP)Re(N)X (X = Cl
and Me) complexes is described. The methylnitridorhenium
complex 3 was found to have complementary reactivity with
CO and isocyanides, leading to the isolation of a Re(v) acyl
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complex 4 and an isonitrile adduct 6. Two parallel pathways
were observed for the reaction of 3 with CO: (1) CO inserts into
the Re-Me bond to afford 4, and (2) 3 isomerizes by distortion
of the aryl backbone of the PNP ligand to afford the isomer 3’,
this is followed by carbonylation followed by methyl migration
to produce 5 and presumably methyl isocyanate.'®"”

The complementary reactivity of 3 with 2,6-dimethylphenyl
isocyanide lends further support for the proposed isomeriza-
tion pathway. DFT (MO06) calculations suggest that insertion of
CNR into the Re-Me bond (27.2 keal mol™") is inaccessible at
room temperature. Instead the substrate adds to the metal
center via the most accessible face i.e. syn to the rhenium-
nitrido bond, to afford the isocyanide adduct 6. The addition
of CO to isomer 3' is proposed to proceed with a similar
mechanism to 2,6-dimethylphenyl isocyanide.

This study suggests that like the analogous oxorhenium
complexes, carbonylation of rhenium methyl bonds in nitri-
dorhenium complexes is facile. However, it appears that the
further tuning of the ligand backbone is necessary in order to
prevent the unfavorable decomposition pathways. Ideally, a
planar backbone is preferred in the further design of second
generation Re(PNP) alkyl complexes in order to prevent unfa-
vorable CO coordination and favor insertion chemistry
exclusively.

Experimental section

General considerations

Complex Re(N)(PPh3),(Cl), and the PNP ligand were prepared
as previously reported.*”” All other reagents were purchased
13 31
c, *'p
NMR spectra were obtained on 300 or 400 MHz spectrometers

from commercial sources and used as received. 'H,

at room temperature. Chemical shifts are listed in parts per
million (ppm) and referenced to their residual protons or
carbons of the deuterated solvents respectively. All reactions
were run under an inert atmosphere with dry solvents unless
otherwise noted. FTIR spectra were obtained in KBr thin films.
Elemental analyses were performed by Atlantic Micro Labs,
Inc. Mass Spectrum analysis was carried out on a high resolu-
tion mass spectrometer — the Thermo Fisher Scientific Exactive
Plus MS, a benchtop full-scan Orbitrap mass spectrometer —
using Heated Electrospray Ionization (HESI). The sample was
diluted in acetone and analyzed via syringe injection into the
mass spectrometer at a flow rate of 15 uL min™"
spectrometer was operated in positive ion mode.

. The mass

General procedure for kinetic data

A solution of 3 (0.04 M) was prepared and aliquots of the solu-
tion were transferred into four separate J-Young tubes under
N, atmosphere in the glove box. The J-Young tubes were
degassed via three freeze-pump-thaw cycles and were pressur-
ized with CO at various pressures. Reactions were monitored
by "H NMR spectroscopy. Yields were determined with mesity-
lene as an internal standard.
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Computational details

Geometry and transition state optimizations were performed
with a 6-31G(d,p)'® basis set on light atoms and SDD basis
set'® with an added f polarization function on rhenium. Each
optimization involved tight optimization criteria implemented
in Gaussian 09%° (opt = tight) with an ultrafine integral grid
(int = ultrafine). All structures were fully optimized and analyti-
cal frequency calculations were performed on all structures to
ensure either a zeroth order saddle point (a local minimum)
or a first order saddle point (a transition state). The minima
associated with each transition state were determined by ani-
mation of the imaginary frequency. Energetics were calculated
at 298 K with the 6-311++G(d,p)*" basis set for C, H, N, O, P
atoms and the SDD basis set with an added f polarization
function on Re. Reported energies utilized analytical frequen-
cies and the zero point corrections from the gas phase opti-
mized geometries and include solvation corrections which
were computed using the PCM method,?*” with benzene as the
solvent as implemented in Gaussian 09.

Synthesis of (PNP)Re(N)CI, 2

Complex (PPh;),Re(N)Cl, (200 mg, 0.25 mmol) was added to a
25 mL pressure vessel and dissolved in 15 mL of CH,Cl,,
PNP-H ligand (106 mg, 0.25 mmol, 1 equiv.) was then added to
the vessel and the resulting red solution was briefly stirred for
5 min. Anhydrous Et;N (43 pL, 0.25 mmol) was then added to
the mixture and the vessel was heated in 60 °C oil bath for
5 hours. Upon cooling to room temperature, solvent was
removed in vacuo. The resulting residue was taken up in
hexane, filtered, washed with minimal MeOH and dried under
vacuum (89 mg isolated, 0.134 mmol, 54% yield). '"H NMR
(CH,Cl,, 298 K, 300 MHz) &: 7.43 (d, J = 8.5 Hz, 2H, aryl-H);
7.16 (s, 2H, aryl-H); 6.99 (d, 2H, J = 8.5 Hz, aryl-H); 2.91 (bs,
2H, iPr-H); 2.58 (sp, J = 6.3 Hz, 2H, iPr-H); 2.52 (s, 6H, p-CH,);
1.45 (overlapping m, 6H, iPr-CH3); 1.26 (overlapping m, 12H,
iPr-CH,); 0.96 (overlapping m, 6H, iPr-CHj3). *'P NMR (CH,Cl,,
298 K, 400 MHz) 6: 51.9 ppm (s). FTIR cm™: 1079 (Re-N).
Elemental analysis: (C,6H,40CIN,P,Re) theory (C: 47.02, H: 6.07,
N: 4.22) found: (C: 46.72, H: 5.93, N: 4.04). Mass spectrometry
(LC-MS): calculated [M + H]" = 665.19855; experimental
[M +H]" = 665.19668.

Synthesis of (PNP)Re(N)Me, 3

Complex 2 (PNP)Re(N)CI (200 mg, 0.251 mmol) was added to a
25 ml scintillation vial and dissolved in 15 ml of THF. MeMgBr
solution in hexanes (2 equiv., 0.2 ml) was added via the
syringe and the initially green solution was allowed to reflux
for 1 h where it eventually turned red. The resulting red solu-
tion was cooled to room temperature. Addition of excess water
precipitated the product, which was filtered, washed with
hexane and dried in vacuo (100 mg isolated, 0.155 mmol, 62%
Yield). "H NMR (CH,Cl,, 298 K, 300 MHz). 6: 7.35 (d, J =
8.3 Hz, 2H, aryl-H); 7.08 (s, 2H, aryl-H); 6.93 (d, 2H, J = 8.3 Hz,
aryl-H); 2.76 (bs, 2H, iPr-H); 2.52 (sp, J = 6.3 Hz, 2H, iPr-H);
2.27 (s, 6H, p-CH,); 1.82 (t, J = 4.7 Hz, 3H, Re-Me); 1.39 (over-
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lapping m, 6H, iPr-CH3); 1.15 (overlapping m, 12H, iPr-CHj,);
0.94 (overlapping m, 6H, iPr-CHs). *'P NMR (CH,Cl,, 298 K,
400 MHz), &: 54.6 ppm (broad). FTIR cm : 1079 (Re-N).
Elemental analysis: (C,;H,3N,P,Re) theory, (C: 50.37, H: 6.73,
N: 4.35); found: (C: 50.37, H: 6.86, N: 4.10). Mass spectrometry
(LC-MS): calculated [M + H]" 645.25317; experimental [M + H]"
=645.25409.

Synthesis of (PNP)Re(N)(MeC(=0)), 4

Complex 3 (PNP)Re(N)Me (60 mg, 0.155 mmol) was added to a
25 ml pressure vessel and dissolved in 10 ml of benzene. The
vessel was degassed using three separate freeze-pump-thaw
cycles and pressurized with 40 psi of CO. The solution was
heated for 1 h at 80 °C. Upon cooling, all volatiles were then
removed in vacuo and the resulting solid was treated with
excess pentane, filtered and dried in vacuo. Recrystallization
from benzene/pentane afforded analytically pure complex
(40 mg isolated, 63% Yield. "H NMR (CH,Cl, 298 K,
300 MHz), 6: 7.35 (d, J = 9.1 Hz, 2H, aryl-H) 7.00 (s, 2H, aryl-H),
6.98 (d, 2H, J = 9.1 Hz, aryl-H) 2.95 (s, 3H, Re-C(O)Me) 2.53
(bs, 2H, iPr-H), 2.43 (sp, J = 6.3 Hz, 2H, iPr-H), 2.27 (s, 6H,
p-CH3) 1.35 (overlapping m, 6H, iPr-CH3), 1.10 (overlapping m,
18H, iPr-CH;) *'P NMR (CH,Cl,, 298 K, 400 MHz) &: 57.7 (s).
FTIR cm™": 1520 cm™' (CO). Elemental analysis:
CygH43N,0P,Re-0.5 (C¢Hg) theory (C: 52.38, H: 6.52, N: 3.94)
found (C: 52.42, H: 6.40, N: 3.72).

Synthesis of (PNP)Re(CO)s, 5

In a 25 ml storage tube under an inert atmosphere, Re(CO)5Cl
(84.3 mg, 0.23 mmol) and PNP ligand (100 mg, 0.23 mmol, 1
equiv.) were suspended in benzene. Triethylamine (64 uL,
0.46 mmol, 2 equiv.) was then introduced to the reaction
mixture and the resulting yellow solution was allowed to reflux
for 1 h. Upon cooling to room temperature, the reaction
mixture was filtered through Celite. Removal of solvent under
high vacuum with heating at 60 °C afforded (PNP)Re(CO);
which was recrystallized by slowly evaporating a CH,Cl, solu-
tion (82% Yield). '"H NMR (C¢Hs, 298 K, 300 MHz), &: 7.45 (d,
2H, ] = 8.4 Hz, aryl-H) 6.81 (s, 2H, aryl-H) 6.71 (d, 2H, J =
8.4 Hz, aryl-H) 2.17(m. 4H, iPr-H) 2.12 (s, 6H, p-CH;) 1.04 (m,
24H, iPr-CH3;). *'P (C¢Hg, 298 K, 300 MHz) 44.71 (s). Elemental
analysis: CoH,4oNO3;P,Re-0.5 (CH,Cl,) theory (C: 47.80, H: 5.58,
N: 1.89) found (C: 48.08, H: 5.59, N: 2.08).

Synthesis of (PNP)Re(N)(Me)(2-isocyano-1,3-dimethylbenzene),
6

Complex (PNP)Re(N)Me (25 mg, 0.039 mmol) was added to a
25 ml scintillation vial and taken into the glovebox. 2,6-
Dimethylphenyl isocyanide (15.3 mg, 0.117 mmol) was dis-
solved in benzene and transferred into the vial. The resulting
orange mixture was allowed to stir at room temperature for
1 h. Addition of excess pentane resulted in a tan solid, which
was filtered, washed with excess pentane and dried under
vacuum (13.7 mg isolated, 0.018 mmol, 45% yield). "H NMR
(CH,Cl,, 298 K, 300 MHz), 5: 7.10 (bs, 4H, aryl-H), 7.00 (s, 3H,
aryl-isocyanide), 6.75 (d, J = 8.5 Hz, 2H, aryl-H), 2.78 (overlap-
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ping m, 4H, iPr-H), 2.20 (s, 6H, aryl-CHj;), 2.04 (s, 6H, isocya-
nide-CH;), 1.40 (sxt, J = 7.2 Hz, 12 H, iPr-CH;), 1.25 (q, J =
6.9 Hz, 6H, iPr-CH,), 1.17 (sxt, J = 7.7 Hz, 6H, iPr-CH,), 0.78
(t,J = 6.7 Hz, 3H, Re-Me). *'P NMR (CH,Cl,, 298 K, 400 MHz)
&: 42.5 (broad multiplet). Satisfactory elemental analysis could
not be obtained due to the lability of isocyanide ligand. Mass
spectrometry (LC-MS): calculated [M + H]" = 776.28970; experi-
mental [M + H]' = 776.32667.
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