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Ti" via Reductive N-C Coupling of a Ti"V Nitrido with n-Acids.

Mrinal Bhunia,? Christian Sandoval-Pauker,” Dominik Fehn,® Lauren N. Grant,? Shuruthi Senthil,?
Michael R. Gau,? Andrew Ozarowski,? J. Krzystek, ¢ Joshua Telser,*°Balazs Pinter,*? Karsten

Meyer,*¢ and Daniel J. Mindiola*®

Dedicated to Professor Peter T. Wolczanski on the occasion of his 70™ birthday.

Abstract: The nitrido-ate complex [(PN) Ti(N){u-K(OEt2)}z (1) (PN™
= (N-(2-P'Pro-4-methylphenyl)-2,4,6-Me;CsH.) reductively couples CO
and isocyanides in the presence of DME or cryptand, to form rare,
five-coordinate Ti' complexes having a linear cumulene motif,
[KL)II(PN) TI(NCE)] (E = O, L = Kryptofix222, (2); E = NAd, L =3
DME, (3); E = NBu, L = 3 DME, (4); E = NAd, L = Kryptofix222, (5)).
Oxidation of 2-5 with [Fc][OTf] afforded an isostructural Ti"' center
containing a neutral cumulene, [(PN).Ti(NCE)] (E = O, (6); E = NAd
(7), N'Bu (8)) and characterization by CW X-band EPR spectroscopy,
revealed unpaired electron to be metal centric. Moreover, 1e
reduction of 6 and 7 in the presence of cryptand cleanly reformed
corresponding discrete Ti"' complexes 2 and 5, which were further
characterized by solution magnetization measurements and high-
frequency and -field EPR (HFEPR) spectroscopy. Furthermore,
oxidation of 7 with [Fc*][B(Ce¢Fs)s] resulted in a ligand
disproportionated Ti"V complex having transoid carbodiimides,
[(PN).Ti(NCNAd),] (9). Comparison of spectroscopic, structural, and
computational data for the divalent, trivalent, and tetravalent systems,
including their SN enriched isotopomers demonstrate these
cumulenes to decrease in order of backbonding as Ti'-Ti"—TiV and
increasing order of n-donation as Ti'—Ti"—Ti", thus displaying more
covalency in Ti" species. Lastly, we show a synthetic cycle whereby
complex 1 can deliver an N-atom to CO and CNAd.

Introduction

Transition-metal nitrides play a key role in the formation of N-C
bonds in value-added compounds such as amino acids,
pharmaceuticals, agrochemicals, and heteroaromatics.! One of
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the most attractive strategies for N—C bond formation is N-atom
transfer to alkenes,? dienes,® carbenes,* CO,% isocyanides,%?%¢¢
and cyclic or conjugated olefins.'®” Considering their rich
application in a myriad of disciplines, including materials science
and surface chemistry, the isolation of molecular early-transition
metal nitrides. has garnered considerable interest.®?
Unfortunately, the proclivity of early-transition metal nitrides to
bridge or oligomerize precludes their extensive reactivity
studies.’®'"  Although early-transiton metal nitrides are
nucleophilic at the N-center and exhibit reactivity with various
electrophiles,"® reductive N-C coupling with n-acids, such as
CO and isocyanides, has been underexplored, despite the utility
of the resulting new N-C coupled products in organic
synthesis.'9%¢-%¢  Moreover, the stabilization and concurrent
reactivity study of the resulting low-valent metal complexes
having functionalized nitrogenated substrates through reductive
coupling is highly promising.

Intrigued by the scarce examples of molecular and terminal
group 4 metal nitrides,'*'5 we sought to explore the reductive N—
C coupling of titanium nitride as systematic studies of its reactivity
are largely unknown. Recently, we reported molecular terminal
titanium nitrides, '*® which are nucleophilic at the nitrido N-atom.
However, what would one expect if a nucleophilic titanium nitride
were treated with m-acids such as carbon monoxide or an
isonitrile? In this regard, Cummins (using CO) and Kawaguchi
(using CO and CNxylyl, xylyl = 2,6-Me,Cs) have shown the
reaction with group 5 transition metals such as a vanadium nitride
anion [L3V=N]" (L = N['Bu]Ar, Ar = 3,5-Me,CgHs; L3 = 2,6-(3-Bu-
5-Me-2-OCgH,CH,)-4-Bu-(p-tolyl)NCgHs) to produce three-
coordinate V"' species, L3V, along with the liberation of cyanate
(reaction with CO is shown in top of Scheme 1).535¢ Notably,
Kawaguchi found that a vanadium nitride, derived from reductive
splitting of N2, can react with both CO or CNxylyl to form anionic
V" species having a bound cumulene and its subsequent
displacement in the case of cyanate could be achieved by addition
of a stronger n-acid such as 2-butyne.® This result suggested the
cumulene to be weakly bound to the V" ion. However, a different
scenario has been witnessed by Cummins wherein the VV nitride
anion [L3V=N]" (L = N[‘Bu]Ar) reductively couples with CO, thus
generating free cyanate salt and an open coordination site around
the V-center.®® When examining Nb, Cummins found that the
cyanate ligand undergoes reductive cleavage to yield an Nb
nitride anion, presumably via a putative and highly reducing Nb"'-
cyanate salt (top right, Scheme 1)."* In these cases, the d?
cyanate species [LsM(NCO)]- (M = V, Nb) appear to share
common intermediates en route to N-C bond formation or
splitting, respectively. Given the diagonal relationship between Ti
and Nb and the fact that Ti" is a stronger reducing agent than
isoelectronic V", one would anticipate the microscopic reverse
step to be more favorable: Reductive decarbonylation of a
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we show how 5-coordinate Ti' compounds can
be assembled and how sequential one- and

fairly [L3V_N] Vil [L3Nb(NCO)]—| two-electron oxidation of the Ti" species yields
StsbleN ox 27i | 2v + & o Ti" and TiV complexes possessing linear and
[9'" 1° “Nex N o -co [NbN---CO] terminal NCE motifs with notable changes in
-NCX LV similar? [LNb=N]" the Ti-NCE bonding topology (bottom,
O gol . O . e Scheme 1). Although the titanium nitride can

By oo BuN _ Cummins BuN be regarded as  highly nucleophilic, the
nyIyI X=0 L= transformations described here involve 2 e~
reactivity with the nitride ligand serving as a

Kawaguchi Cummins conduit for electron transfer from the substrate

Thiswork T T (CE) to the Ti center. A combination of
[(PN),Ti=N]° \QK o [(PN),Ti(NCNAd),] structural, spectroscopic (IR, HFEPR, CW X-

E=0 TV PN = N Pry TV band EPR), electrochemical and synthetic

N'Bu 'NAd CE ] Q/ redox studies, isotopic labeling experiments,

’ re"erség’e £ NAG and computational studies are provided for
[(PN),TI(NCE)] . —————> [(PN),Ti(NCE)] [(PN)ZTi(NCE)]ca these rare examples of Ti", Ti", and even Ti"V

i +e Tilh -e® Tiv systems supporting cumulenes such as NCE.

stable very stable unstable Moreover, we also describe a synthetic cycle

Scheme 1. (Top left) Cyanate elimination from CO and the V nitride anion, (top middle) State-of-
the-art, and (top right) reductive decarbonylation of an isoelectronic Nb(NCO) anion to the nitride
anion (center). (Bottom) Our current work involving reductive coupling of a Ti nitride with CO, CNAd,

involving a TiV nitrido complex and its
reductive coupling with CE.

and CN'Bu, and subsequent redox chemistry by 1 or 2 e,

transient Ti" isocyanate anion to form CO and the titanium nitride
anion is akin to the behavior of an isoelectronic Nb"' fragment (top
right, Scheme 1). However, Kawaguchi’s isolation of discrete
cumulene salts [L3V(NCO)]™ and [L3sV(NCNxylyl)]” suggested that
3d metal systems, including isovalent Ti", could be likewise
assembled directly from a high-valent nitride precursor.

Inspired by Cummins and Kawaguchi, we show in this study
how an anionic titanium nitride moiety reacts with CE (E = O or
NR; R = Bu, Ad) to form rare examples of anionic Ti'-ate or
discrete Ti" salt complexes containing the cumulenes NCO
(cyanate) or NCNR (cyanamide). Our work demonstrates that the
nitride group in Ti behaves more in line with the V chemistry
shown in Scheme 1, akin to what Kawaguchi described. Notably,

OEt,

1/2 i
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Kryptoflx 222
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CNR, DME |-Et,0

K(DME),

WCT'" N=C N///
M N=C=
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Results and Discussion

Construction and Structural Identification of Cyanate and
Carbodiimide Adducts Bound to Divalent Titanium. The
titanium nitride anion complex [(PN)2Ti(N){u2-K(OEt2)}2 (1) (PN™
= N(2-P'Pr,-4-methylphenyl)-2,4,6-Me;C¢H,) has been shown to
be a potent nucleophile and readily forms imide complexes when
treated with various electrophiles.® Likewise, the nitride nitrogen
of 1 is quite basic and can deprotonate the amine HN{Si(CH3)s}2
(pKa of 25.8 in thf at 25 °C) but not HN'Pr; (pK, of 36 in thf at 25
°C).'® Since complex 1 can readily deoxygenate CIC(O)Bu or
OCCPPh, and completely transfer the nitrido nitrogen, we
explored its reactivity with CO in hopes of mimicking chemistry
reported by Cummins and Kawaguchi (vide supra, Scheme 1).
However, one could also anticipate no reaction taking place given

R ol o
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Scheme 2. Synthesis of Ti" complexes 2-5 from CO and CNR (R =

, N \
iPr, ’Prz KCS iPr,
R=Ad, 3; E=0,6;
=Bu, 4 E=NAd,7;
’ [FelloTA T N'Bu, 8

-Fc, -KOTf, -3 DME

Bu, Ad) addition to the nitride salt 1. Oxidation of 2-5 to form corresponding

neutral Ti"" complexes 6-8. One-electron reduction of the Ti"" complexes 6 and 7 to their corresponding Ti" analogs are also depicted.
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Figure 1. Molecular structures of the Ti' complexes 2 (left), 3 (middle), and 5 (right) with thermal ellipsoids at the 50% probability level.'® Residual
solvent molecules and hydrogen atoms are omitted for clarity. The structure of 4 is shown in the SlI.

the diagonal relationship between Ti and Nb akin to what
Cummins reported for Nb (vide supra, top right of Scheme 1).%%f
To our initial attempt, treatment of 1 with 1 atm of CO in thf
resulted in an immediate reaction but with the formation of a
mixture of species."” However, when conducting the same
reaction in the presence of cryptand, Kryptofix222
(4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane),

we were fortunate to isolate, albeit in moderate yield (34%), the
Ti" cyanate salt [K(cryptand)][(PN).Ti(NCO)] (2) based on single
crystal X-ray diffraction (scXRD) and IR spectroscopic study as
shown on the left of Figure 1 and Scheme 2. The scXRD of 2
provided crucial structural information by revealing C-N bond
formation between CO and the nitrido nitrogen of 1 to yield an
example of a rare five-coordinate Ti'-isocyanate complex
confined to a trigonal bipyramidal geometry (ts = 0.711). The
structure of 2 also shows transoid phosphino groups (P-Ti—P,
175.13(4)°) and a fairly linear topology for the Ti-NCO linkage
(Ti-N-C, 172.3(4); N-C-O, 179.7(6)°). Formation of cyanate
results in significant elongation of the Ti-N (2.102(4) A) when
compared to the extremely short Ti=N bond in 1 (1.660(2) A).14
Table 1 shows salient metrical parameters for 2, wherein N-C
(1.170(6)A)" and C-O (1.214(6)A)>" distances within the linear
NCO-fragment (£N-C-O = 179.7(6)°) support likely triple and
single bonding, respectively. Additionally, a long Ti—N (2.102(4)

A) distance is in good agreement with weakly bound cyanate with
Ti". An IR spectrum of 2 manifests a strong stretch for the bound
cyanate ligand at 2196 cm™', which was irrefutably assigned by
preparing the isotopically '®*N  enriched isotopomer
[K(cryptand)][(PN).Ti("®NCO)] (2-"°N) from 50% 'SN enriched 1-
SN'and CO under similar conditions. Complex 2-'°N has a lower
energy stretch at 2137 cm™, consistent with metal bound
isocyanate linkage.>" Complex 2 was found to be paramagnetic
based on a solution Evans magnetic susceptibility study (per =
2.53 g, thf, 25 °C), which is in accord with an S = 1 system of
early first-row transition metals. Likewise, the '"H NMR spectrum
showed broad features over the range (13.90 to -2.79 ppm) at 25
°C, again consistent with 2 being a paramagnet.

Given the poor yield of 2, we turned our attention to a close
relative of CO, the isocyanides CNR (R = ‘Bu or Ad = 1-
adamantyl). When 1 was treated with two equiv of CNR in DME,
an immediate color change from orange to orange-brown or
yellow-brown, resulted in the formation of reductively N-C
coupled complexes [K(DME);][(PN).Ti(NCNR)] (R = Ad, 3; Bu, 4)
in moderate yields (3, 43%; 4, 39%, Scheme 2). The formation of
3 and 4 was confirmed via a scXRD study and revealed the
system to contain a cyanoamide ligand bound to a Ti'-ate
complex (middle, Figure 1)."7 Akin to 2, scXRD of 3 and 4

Table 1. Salient metrical parameters?! and IR spectral data for the cumulene group in complexes divalent 2-5, trivalent 6-8, and tetravalent 9. Distances are

reported in A, angles in °, and stretches in cm™.

Complex 2 3 4 5 6 7 8 glbl

Ti—=No 2.102(4) 2.092(3) 2.0857(16) 2.073(2) 1.9594(18) 1.9479(18) 1.9524(14) 1.998(4)
No.-C 1.170(6) 1.178(5) 1.195(3) 1.186(3) 1.227(3) 1.227(4) 1.209(2) 1.186(6)
C-0IN, 1.214(6) 1.282(5) 1.276(3) 1.258(3) 1.181(3) 1.228(4) 1.220(2) 1.234(6)
Ti-N.-C 172.3(4) 162.9(3) 167.40(16) 168.10(19) 170.66(19) 157.7(2) 167.15(13) 170.8(3)
No—-C-OIN, 179.7(6) 173.4(5) 173.8(2) 172.1(3) 178.3(3) 174.7(4) 171.08(19) 171.7(6)
v(NC)/(*NC) | 2196/2137 2192/2181 2118/2115 2172/2106 2207/2149 2121/2094 2143/2116 2255/2215

[a] Metrical parameters denotes bond metrics obtained from scXRD studies. [b] Although both NCNAd ligands in the transoid geometry of 9 are symmetrical,
their bond metrics (distances in A, and angles in °) slightly differ; Ti-N, 2.001(4); Na—C, 1.192(8); C-N,, 1.248(7); Ti-No—C, 167.5(4); No—C— N, 173.3(5).
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provided crucial structural information and highlighted rare
examples of five-coordinate Ti" complexes having trigonal
bipyramidal geometries (s = 0.625, 3; 1w = 0.5977, 4). The
structures also showed transoid phosphino groups (P-Ti—P: 3,
170.72(4)°; 4, 169.564(19)°) with a topologically linear TINCNR
linkage (Ti-N-C, 162.9(3)° for 3 and 167.40(16)° for 4, N-C—N,
173.4(5)° for 3 and 173.8(2)° for 4) resulting from C—N coupling of
the isocyanides with the former titanium nitride ligand in 1.'%® The
Ti-N distance for the carbodiimide (2.092(3) A, 3; 2.0857(16) A,
4) is again quite long when compared to the much shorter Ti=N
bond in 1 (1.660(2) A)." As a result, the TINCN unitin 3 and 4 is
nearly linear, most likely due to a significant degree of =n-
backbonding from the Ti" ion into the ©* MO of the NCNR ligand,
which inevitably causes the bond length in the CNR unit (1.282(5)
A for 3, and (1.276(3) A for 4; Table 1) to be longer than that of
free isocyanides.?® Notably, the connectivity of 3 and 4 also
reveals the K* being close to the y-N, which tantalizingly implies a
resonance more in accord with a Ti" bound cyanoamide, [N=C—
NR], ligand having a charge more formally localized on the y-N,
as opposed to [N=C=NR].

Complexes 3 and 4 are paramagnetic, and a solution Evans
magnetic susceptibility study reveals a perr = 2.59 pg (9 = 1.83, 3)
and 2.42 pg (g =1.71, 4) at 25 °C, consistent with an S = 1 system,
and their room temperature '"H NMR spectrum shows broad
features over a wide field range (14.24 to -16.72 ppm). Lastly, the
IR spectra exhibit strong v(NC) stretches at 2192 and 2073 cm™
for 3 and 2118 and 2096 cm™' for 4, which redshifted for their
corresponding 50% SN isotopically enriched
[K(DME)s][(PN):Ti("®NCNR)] (R = Ad, 3-°N; R = Bu, 4-"N)
isotopomers.> These isotopomers are prepared from 50% SN
enriched nitride 1-'°N and the corresponding isonitrile CNR."”
Regrettably and analogous to 2, complexes 3 and 4 proved quite
difficult to isolate in consistent yields given their reactive nature
and also the presence of other impurities (vide infra). Therefore,
we turned our attention to the more crystalline isonitrile substrate
CNAd, as well as rendering the system into a discrete salt by
encapsulation of the K*. Such an approach would also allow us to
better understand the bonding and topology of the Ti"NCNR
ligand due to any subtle distortions caused by electrostatic
interactions and compare this to the discrete Ti' cyanate salt 2.

10.1002/ange.202404601
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Following a similar protocol to 2, treatment of 1 with CNAd
in the presence of the cryptand, Kryptofix222 immediately
resulted in precipitation of the discrete Ti" salt
[K(Kryptofix222)][(PN). Ti(NCNAJ)] (5) in 49% yield (Scheme 2).
Crystalline, dark brown 5 was also paramagnetic based on a
solution Evans magnetic susceptibility study (pes = 2.49 us, thf, 25
°C; giving g = 1.76) and its '"H NMR spectrum, which exhibits
paramagnetically shifted resonances in the 16.02 to -1.15 ppm
range. Similar to 3 and 4, a strong v(NC) stretch was observed at
2172 and 2127 cm™', which redshifted to 2106 and 2071 cm™" for
its 50% BN isotopically enriched isotopomer,
[K(Kryptofix222)][(PN)2Ti('>NCNAd)] (5-'°N). Single crystals of 5
obtained from a concentrated thf solution at —35 °C over 3 days
allowed for a scXRD determination and confirmation of its
connectivity. As shown in Figure 1, complex 5 is a discrete salt
with no contacts between the encapsulated K(cryptand)*
component and the Ti" fragment containing a Ti'-cyanoamide
[(PN)2Ti(NCNAd)]=. The structure of 5 shows a five-coordinate Ti"
system with overall quite similar geometrical features to 3 and 4
as well as a linear TINCNAd topology in accord with a
cyanoamide Ti-N=C-N-Ad framework (Table 1). Despite
complex 5 being formed in relatively better yields (49%), it was
found again that other Ti species were produced in the mixture,
thus precluding us from obtaining these Ti" complexes (2-5) in
pure form. It was speculated that any trace of TiV (complex 1)
could be comproportionating with Ti" species to form Ti".'”
Consequently, we resorted to generating complexes 2-5 in situ,
followed by immediate one-electron oxidation to what we
speculated to be a more stable and neutral Ti" species (vide infra).
This strategy proved fruitful since the Ti"' cumulene species was
not only more stable, but could be used as a precursor to improve
the yield and purity of 2 and 5 via their one-electron reduction.

Construction and Structural Identification of Cumulene
Motifs on Trivalent Titanium.

Given that complexes 2-5 are formed in relatively moderate yields,
it was surmised that more stable forms of the cumulene species
could be achieved via oxidation of the reaction mixture to convert
the reactive Ti'-ate species to corresponding neutral, less

Figure 2. Molecular structures of the Ti"'complexes 6 (left), 7 (middle), and 8 (right) with thermal ellipsoids at the 50% probability level and hydrogen

atoms are omitted for clarity.'®
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reducing Ti" derivative. Accordingly, adding CO (1 atm) or CNR
(1 equiv) to nitride 1, followed by the immediate addition of solid
oxidant [Fc][OTf] (Fc = [Fe(n>-CsHs)2]*, 1 equiv) to the mixture,
and immediate workup resulted in the isolation of the Ti'' species
[(PN)2Ti(NCO)] (6) or [(PN),Ti(NCNR)] (R = Ad, 7; R = Bu, 8) in
89, 92, and 87 % yield, respectively (Scheme 2). An scXRD study
of each confirmed the linear orientation of the isocyanate (N-
bound) or carbodiimide ligand, with reduced n-backbonding
between the Ti" ion and the N,~C moiety (Figure 2, Table 1)
comprising the short C-O (in 6) and C-N (in 7 and 8) bond as
compared to their corresponding Ti' analogs. These findings are
all in accord with the ligand being more representative of "N=C=E
(E = O, NAd, and 'Bu) as opposed to N=C-E". IR spectral data of
6-8, as well as the respective '°N enriched isotopomers
[(PN),Ti(*®*NCO)] (6-'5N) and [(PN).Ti(">NCNR)] (R = Ad, 7-®N; R
= Bu, 8-"°N) also corroborate the presence of a strong v(CE)
stretch, which redshifted for its respective "N enriched
isotopologue (Table 1). Complexes 6-8 are paramagnetic having
one-unpaired electron corroborated from solution state magnetic
susceptibility study (Evans: pe = 1.71(2) pg for 6, 1.67(3) s for 7,
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Figure 3. a) Cyclic voltammograms (CVs) of 7 in thf with 0.1 M
["BuaN][PFe]. Full range CV with 0.1 V/s scan rate (red trace); blue traces
are CVs of only the reversible redox event of the Ti""" couple with various
scan rates as indicated. b) Randles-Sevéik plot for redox event of the Ti'!
couple.

1.85(2) s for 8; CsDe, 25 °C).

To gain further insight into the redox chemistry of the
trivalent titanium, we collected a cyclic

Table 2. Spin Hamiltonian parameters for [(PN)2Ti"(X)
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and S44) exhibited two 1e” redox events centered at -2.42 V and
-0.67 V vs. Fc”* (0.00 V). Figure 3 shows a fully reversible
cathodic wave at -2.42 V that is diffusion controlled, as implied by
a Randles-Sev¢ik analysis (Figure 3b), which shows the linear
correlation between i, and (V/s)"2. Scanning anodically reveals a
quasi-reversible anodic wave at -0.67 V when also judged on the
Randles-Sevéik analysis (Figure S45), but this feature results in
an additional peak forming at -1.63 V, thus clearly implying such
a process to be irreversible under electrochemical conditions. The
quasi-reversible wave at -0.67 V suggested that one-electron
chemical oxidation of 7 could result in formation of a putative
[(PN);TiV(NCNAd)]* at the electrode surface, but that such a
species is unstable under electrochemical conditions. Further
studies confirmed that the chemical oxidation of 7 does indeed
result in the formation of a new species, which we were able to
identify and characterize (vide infra).

Keeping an eye on the reactive nature of Ti" cumulene
species from a nitride anion precursor, we suspected that
generating the electride from KCg and the cryptand would
facilitate the reduction of Ti" cumulenes and facile separation of
the pure salt.?" To our delight, chemical reduction of 6 and 7 with
KCs in the presence of Kryptofix222 in toluene over a period of 3
h resulted in clean formation of the Ti" salt species 2 and 5 in 92%
and 94% vyields, respectively (Scheme 2). This route allowed us
to obtain divalent complexes in bulk and pure form to probe them
spectroscopically. Complexes 2 and 5 still are metastable and
decompose gradually over 8 days, even when stored as solids at
-35°C.

EPR Spectroscopic Studies of Divalent and Trivalent
Complexes. Although the reductively coupled ate complexes 3
and 4 are readily decomposed even when stored as solids at low
temperatures, complexes 2 and 5 are metastable and amenable
to further spectroscopic studies. Since these are d? (non-
Kramers) species, we resorted to employ high-frequency and -
field electron paramagnetic resonance (HFEPR) spectroscopy.??

Both complexes 2 and 5 measured as solids at cryogenic
temperatures yielded HFEPR spectra of outstanding quality and
easily interpretable as originating from the triplet (S = 1) spin state.
Figures 4 and S47-S50 show their representative spectra
accompanied by simulations assuming a powder distribution of
microcrystallites and using the standard spin Hamiltonian shown
in equation 1. The parameters included in Table 2 were obtained
through the tunable-frequency methodology (see Figure S50),
containing the previously reported complex
[(K(Kryptofix222)](PN),TiCl].%

H=u,B{g}S+D {Eg —25(s + 1)} +E($2-352) (eq. 1)

A detailed analysis of these spin Hamiltonian parameters is
beyond the scope of this reactivity oriented study, but we note
qualitatively that although the three Ti' complexes listed in Table
2 are very similar, the strongest ligand, in terms of both s-donation
and m-acceptance, carbodiimide, (in 5) has the smallest D value

voltammogram (CV) of the model Complex | X % g % D om E om™ ED
compound 7. The squarewave ref? Cl 1.960 1.953 1.995 +2.137 +0.081 0.038
voltammetry of 7 in thf with 0.1 M 2 NCO 1.966(1) | 1.959(1) | 1.998(2) | +1.967(5) | +0.063(2) [ 0.032

5 NCNAd | 1.969(1) | 1.965(1) [ 2.000(1) | +1.845(2) | +0.059(1) | 0.032

electrolyte ["BusN][PFs] (Figure 3a, S43
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Figure 4. HFEPR spectra of powdered samples of 2 (top) and 5
(bottom), recorded at 10 K with microwave frequency 212.000 GHz
(black traces). Red traces are simulations for S = 1 with parameters
as in Table 2. The two features appearing at ~7.7 T (asterisks) in
each complex are due to a minute amount of Ti"impurity (g ~ 1.96)
and an unidentified radical (g ~ 2.00), not simulated.

while the weakest donor, chloride, has the largest. Note that the

dxz,dyz orbitals are coupled by Lo, to dxy,dx?-y? providing a
mechanism for zero-field splitting (zfs) in the S = 1 Ti" congeners.
Qualitatively, stronger ligands would increase the relative energy
of electronic excited states with populated ¢ anti-bonding orbitals
(dxy,dx?-y?) relative to the ground state (dxz,dyz; vide infra) with
populated =w-backbonding orbitals, which reduces their
contribution to zfs. The greater separation between these two sets
of orbitals in 5 vs. 2 vs. the chlorido complex may thus be the
basis for the corresponding decrease in D (Table 2).

Given that complexes 6-8 contain one unpaired electron
(vide supra), we collected their CW X-band EPR spectra (Figure
5). The room temperature (293 K) spectrum of a 1.0 mM toluene
solution of 6 showed an isotropic signal with an effective g-value
giso = 1.97, which splits into a 3-line pattern in a 1:2:1 ratio due to
hyperfine (hf) coupling to both P nuclei (3'P, I = 1/2, 100% natural
abundance) and was determined as Ai, = 18.8 x 10™* cm™
(2.0 mT) (Figure S51). As shown in the top left panel of Figure 5,
upon decreasing the modulation amplitude from 1.0 to 0.1 mT,
further hf coupling, Aiso = 2.20 x 10 cm~" (0.2 mT), involving the
two symmetry equivalent N nuclei could also be resolved ("N, /=
1, 99.6% natural abundance). At 95 K, in frozen solution, the
spectrum changes into an axial signal with hf coupling to both P
nuclei, which was detected at both g-values (g, = 1.99, and
gL =1.97)as A;=20.1 x 10 cm" (2.2 mT), and AL = 20.3 x10-
“cm™ (2.2 mT) (top right, Figure 5). This supports the high
symmetry of 6 due to the linear cumulene moiety. In contrast, the
room temperature (293 K) solution spectrum of a 1.0 mM toluene
solution of 7 features axial symmetry with effective g-values g =
1.98, g1 = 1.95 and hf coupling to both 3P nuclei as
A=20.0x10%*cm' (22mT), and A.=19.6x10%cm™
(2.2 mT) (middle left, Figure 5). However, the frozen toluene CW
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X-band EPR spectrum of 7 at 95 K shows rhombic symmetry (g1
=1.98, g» = 1.96, g3 = 1.90), with resolved hf coupling to two 3'P
nucleias A; = 19.0 x 10~ cm™ (2.1 mT), and A, = 18.3 x10~* cm-~
(2.0 mT) (middle right, Figure 5). To conclusively determine if hf
coupling was due to the carbodiimide N, we also collected CW X-
band EPR spectra on the 50% '°N enriched isotopomer 7-°N, but
found the spectra to have identical features to natural abundance
7 (blue trace, middle spectra in Figure 5). Therefore, while the
unpaired electron is likely based in a metal centric orbital, the
hyperfine coupling solely derives from the chelating PN
phosphorus and nitrogen nuclei and not the former nitride nitrogen
atom. The CW X-band EPR spectrum of 8 showed similar
features to that of complex 7, but with some subtle differences
such as rhombic symmetry at 293 K with effective anisotropic g-
values (g1 = 1.98, g» = 1.96, and gz = 1.95) having hf coupling to
two 3'P nuclei as A1 =19.3 x 10~ cm™ (2.1 mT), A, = 18.9 x10~
4em™ (2.1 mT), and A3 =20.9 x10™* cm™" (2.3 mT) (bottom left,

g-values g-values
2.00 1.95 2.10 2.00 1.90
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Figure 5. Top: CW X-band EPR spectrum of 6 (black trace) recorded as
a 1 mM solution in toluene at 293 K (left) and 95 K (right) and its simulation
(red trace). Experimental conditions left: microwave frequency (v) = 8.939
GHz, modulation amplitude (MdA) = 0.1 (left) and 0.5 mT (right), microwave
power (MP) = 1.0 mW, modulation frequency (MdF) = 100 kHz, time
constant (tc) = 0.1 s. Middle: CW X-band EPR spectra for 7 (black trace)
and isotopically enriched 7-®N (blue trace) recorded as a 1 mM solution in
toluene at 293 K (left) and 95 K (right) and its simulation (red trace).
Experimental conditions: microwave frequency v = 8.959 GHz, MdA = 1.0
(**N) and 0.3 (*®N) mT (left) and 0.1 mT (right), MP = 1.0 mW, MdF = 100
kHz, tc = 0.1 s. Bottom: CW X-band EPR spectrum of 8 (black trace)
recorded as a 1 mM solution in toluene at 293 K (left) and 95 K (right) and
its simulation (red trace). Experimental conditions: v = 8.944 GHz, MdA =
1.0 (left) and 0.1 (right) mT, MP = 1.0 mW, MdF = 100 kHz, tc = 0.1 s.
Simulation parameters for all spectra are reported in the SI.
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Figure 5). Moreover, at low temperature, in frozen toluene solution
(95 K), the CW X-band EPR spectrum evolves into a rhombic
signal with hf coupling to both 3'P nuclei, which was further
resolved at two of the three g values and was determined to be
A1=185x10%cm™” (2.0mT), and A;=18.8x10"*cm™’
(2.1 mT) (bottom right, Figure 5). Notably, the EPR spectrum at
liquid helium temperature (7-9 K) did not lead to any additional
spectral improvement (Figure S56). Thus, the EPR spectral
signatures for 6-8 are consistent with the unpaired electron being
housed in a metal centric orbital, which is relatively non-bonding
(dxz and/or dyz) and might be perpendicular to the cumulene
moiety assuming the trigonal bipyramidal geometry in these
systems.

Structural Identification of the Carbodiimide Motif on
Tetravalent Titanium. To chemically access a tetravalent and
putative species such as [(PN),Ti(NCE)]* from a Ti" precursor, we
turned to a weak oxidant (e.g., the oxidation potential of 7 was -
0.67 V when judged by its CV data, vide supra), but also one
having a weakly coordinating anion to minimize disruption of the
cumulene moiety and preserve the same coordination number on
TiV. Attempts at chemical oxidation of 6 resulted in a myriad of
products that were not further pursued; however, treatment of 7
with [Fc*][B(CeFs)s]2422% (Fc* = [Fe(CsMes)]*)?*c yielded an
immediate color change from red to blood red. Workup of the
reaction mixture in thf allowed isolation of the bis-carbodiimide Ti'V
complex [(PN).Ti(NCNAd),] (9) in 34% vyield (Figure 6a). The
reaction mixture did contain other intractable materials, most
likely originating from ligand disproportionation and
decomposition of what we propose to be putative dication
[(PN)2Ti(thf);]?*. Once isolated, NMR spectral data revealed
complex 9 to possess Cs symmetry evident from symmetrical 'H
NMR spectral features along with an equivalent phosphorus
environment (3'P NMR: 34.0 ppm)."” The scXRD confirmed the

a)
[Fe) (3
B(CgF. 3
g/—\‘ [ (thef 5)al Ad_ \
/'Ti*N:C:N\ E— N:C:N:Ti:N:C:N\
N | Ad -Fc Mes_ /% Ad
'Prp N Bipr,
. @ .
b)

Figure 6. a) Oxidation of 7 with [Fc*][B(CeFs)4] to form 9. b) Molecular
structures of the Ti'V complex 9 with thermal ellipsoids at the 50%
probability level. Residual solvent molecules and hydrogen atoms are
omitted for clarity.'®
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carbodiimide groups to be fransoid, whereas the phosphino and
anilido nitrogens for the PN ligands are cisoid to each other
(Figure 6b). Metrical parameters for the two NCNAd scaffolds do
not deviate significantly from its predecessor 7, but the Ti-N
bonds are slightly elongated most likely due to trans-influence
(Table 1). Preparing the 50% '°N enriched isotopomer
[(PN)2Ti("®NCNAd).] (9-'°N) showed a single resonance at 60.0
ppm in the >N NMR spectrum,'® whereas the IR spectrum
further demonstrated a red shifted v('*NC) at 2215 cm™, when
compared to unlabeled 9 (v(NC) at 2253 cm™).25 These high
energy stretches are consistent with essentially little or no -
backbonding taking place (Table 1).5f

Computational Studies and Understanding of Bonding
and Structure of the NCE (E = O or NAd) Fragment in Ti",
Ti" and Ti'V lons. To shed light on the bonding characteristics,
especially the extent of electron delocalization along the Ti-NCE
functionality with Ti', Ti", and Ti"V centers, we turned to density
functional theory (DFT) calculations (see Sl for deatils).!”

Our simulations on non-truncated molecular models
revealed equilibrium structures for [(PN).Ti"(NCO)]™ (anion of 2),
[(PN),TiI"(NCNAd)]" (anion of 5), (PN)Ti"(NCO) (6),
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Figure 7. Formal description of the electronic structure for the NCNAd
ligand in the anionic component of complex 5 and interactions with
the Ti" ion within molecular orbital theory, assuming an effective trigonal-
bipyramidal geometry around the metal. SOMQO’s are shown with red-
colored electrons.
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(PN);Ti"(NCNAd) (7), and (PN).Ti" (NCNAd), (9), that are in
excellent agreement with the experimentally observed geometries
obtained from scXRD (Tables S7 — S11). In agreement with the
above described measurements, solution-state DFT also predicts
reduction potentials of —2.58 V and —0.89 V vs. Fc%* for the Ti"/Ti"
and TiV/Ti" redox couples of the terminal Ti carbodiimide 7,
respectively. Also, in agreement with CW X-band EPR
spectroscopy, computational studies predict a doublet ground
state for the neutral Ti" species 7, featuring a non-bonding metal-
centered radical having & symmetry to the -NCNR moiety (dx.,
SOMO in Figure 8). These benchmarks convincingly substantiate
our methodology, i.e, the computed structures capture salient
characteristics of these molecular systems, including their
electronic structures.

We used quasi-restricted orbitals (QROs), molecular orbital
composition analyses, Mayer bond orders, and atomic charges to
analyze and characterize the nature of bonding of the Ti-NCO
and NCNAd functionalities in the Ti" anionic fragments of 2 and 5,
Ti" neutral species 6 and 7 and the hypothetical Ti"V cationic
complexes [(PN);TiV(NCO)]* (10) and [(PN).Ti'V(NCNAd)]* (11),
i.e., the likely intermediates from the one-electron oxidized forms
of 6 and 7, respectively. Figure 7 formally describes the electronic
structure along the NCNAd ligand in 5 and predicts two
perpendicular sets of -NCNR 17 orbitals, i.e., Tr1-T14 -TT6 and Tro-TT3-
s, each corresponding to the classical three-center three-atomic-
orbital system: a full in-phase bonding combination (11 and Tr2),
one with a nodal plane across the central carbon atom (13 and
14), and finally the antibonding combination (115 and T16). While 4
and T, represent two T bonds along the N-C—N axis, 113 and 4
characterize lone pairs at the terminal atoms. Two d-orbitals have
T symmetry; the formally non-bonding dy, and dx, of high energy
due to being antibonding with two equatorial ligand donor orbitals
in the o subspace. The dx; orbital is also non-bonding and of lower
energy, but more notably, this orbital has & symmetry to the —

%, =72.49 % = 77.14
Yo = 1.88 ¥ Yope = 1.00
¢ = 6.18 % = 4.27
Yop, = 5.19 | %g = 2.90

L g
Yor; = 91.37 %q; = 90.87
Yopg = 0.06 » Yo = 0.20
% = 0.01 % = 0.71
Yoy, = 0.04 | % =048

%, =7.54 %t = 2.55
Yoo = 20.71 » Y% = 40.35
% = 2.88 % = 5.40
%o, = 21.56 | %g = 25.62
Y%r; = 2.24 %r; = 5.61
Yone = 19.29 & Y%opg = 34.35
%oc = 3.90 % =4.21
Yop, = 23.97 | %o =22.89

z HOMO - 10 HOMO - 11

X [-6.384 eV] [[7.311 eV]
Y (PN),Ti"(NCNAd) (PN),Ti"(NCO)

Figure 8. Relevant QROs of the neutral Ti"' complexes 6 (right) and
7 (left) characterizing the increasing -donation from the metal center
to the T-system of the -NCNR/-NCO fragment. Mulliken orbital
compositions for the Ti, and cumulene atoms are also listed.%s
display the total contribution of an atom to the molecular orbital.
Hydrogen atoms are omitted for clarity.
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NCNR fragment and, thus, does not overlap. In this arrangement,
the mixing of 13 with dy, and 174 with dy, represents ligand to metal
1 donation, whereas the combination of dy,, if filled or semi-filled,
with g is characteristic of metal to ligand 1 back-donation (Figure
7).

The quasi-restricted molecular orbitals (Figures S64—S69)
computed for Ti' fragments of 2, 5; Ti"'complexes 6, 7 (Figure 8);
and hypothetical Ti'V fragments 10, 11, align perfectly with this
formal description. The atomic composition of the orbitals implies
that m-backdonation is negligible in 5 (Ti") and nonexistent in both
7 (Ti") and 11 (TiV), as the T-backdonating d,, is unoccupied in
the latter two species. Noteworthy, the energy mismatch between
dxy and 113 is so large in all species that their mixing is negligible.
This notion can be witnessed in HOMO-10 of 7 (Figure 8), with
only a 2.2% Ti contribution in the ligand 13 orbital. Thus, the key
differences in the Ti-NCNAd bonding topology for Ti", Ti" and TiV
originate solely from the T donation from 14 to dy,, which
increases gradually when going from the Ti" fragment of 5 to Ti"
(7) and TiV (11). This T donation is portrayed unmistakably by the
HOMO-4 of 7 in Figure 8, with a 14 % relative contribution from
Ti to the total orbital composition of the Ti-NCNAd scaffold
(relative contrbution is calculated from the total contributions of
atoms to an MO localized on the Ti-NCE fragment, i.e., %Ti/ (%Ti
+ %Nq + %C + %N,)). The analogous orbitals have a relative Ti
contribution of 4% and 18% in 5 and 11, respectively, thus
demonstrating an increasing T donation as the oxidation state
increases. The same conclusions can be drawn from the terminal
Ti—-NCO functionalities in 2, 6 and the hypothetical cation
fragment of 10 (Figures S64—S66), having the relative increasing
Ti contribution in HOMO-11: Ti'" (2 %) < Ti" (8 %) < TiV (11%)
(Figure 8).

As shown in Figure 8, and in agreement with the CW X-band
EPR spectroscopic measurements for the Ti" species 6-8, the
unpaired electron is housed in a non-bonding and metal-centered
orbital of & symmetry that is perpendicular to the cumulene moiety
(dxz in Figure 7 and SOMO in Figure 8). Hence, no interaction of
the unpaired electron is possible with the cumulene in accordance
with the EPR-spectra showing similar features for 7 and its
isotopomer 7-"5N (vide supra, middle spectra of Figure 5). Figure
8 also reveals the topologies of HOMO-4 in Ti", which suggest
some 1 donation from the -NCNAd fragment to the Ti" core,
which accounts for the experimentally observed decrease in the
Ti—Nq distance (1.95 vs. 2.07 A) and an increase in the Ti-Ny bond
order (0.80 vs. 0.54) with respect to the Ti" fragment in 5 (vide
supra). The depopulation of the dy, orbital (Figures 7 and 8) when
going from Ti" to Ti" may also diminish the repulsion along the Ti—
Nq and C—N, axes, leading to the observed strengthening of the
Ti—-Nq and C-N, bonds (Figure 9). Admittedly, a decrease in the
attraction between the N—C bond also occurs, manifested in the
slight elongation of such bond. We observed the same structural
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Figure 9. Bond lengths, Mayer bond orders and dipole moment
corrected Hirschfeld atomic charges of anionic Ti" fragment of 5, the
neutral Ti" complex 7 and the hypothetical cationic Ti'" fragment 11.

changes and trends (Figure S63) for the corresponding analogs 2
(anion fragment), 6, and 10 (cation fragment).

This molecular orbital analysis establishes that the
electronic structure of the cumulene species 5, 7, and 11 can
be best represented by a dominant Ti—-N,=C=N-R Lewis
resonance structure, with a non-negligible contribution from
the Ti=N=C=N-R form only in the case of Ti", i.e., 11. This
conclusion conforms to the bond order indices, atomic
charges and bond lengths summarized in Figure 9. Namely,
N=C bond orders fluctuate between 1.8 and 2.2 in all
species, and the charge distribution along N=C=N-R remains
alike for 5, 7, and 11. On the other hand, there is a sharp
increase in the Ti—-Ny bond order and shortens of this bond
as going from Ti" to T"'and Ti"V. This results attributed from
1 donation of the -NCNR fragment to the metal, which can
be expressed by mixing of Ti=N=C=N-R into the dominant
Ti—No=C=N-R resonance form.

A Cycle for N-Atom Transfer to n-Acids Using Complex 1,
NaN; and a Base. The fact that CO and isocyanides such as
CNAd and CN'Bu readily coupled with the nitride ligand in 1 to
form a Ti'" ion having a dative cumulene salt tantalizingly
suggested that such a process could be rendered catalytic in the
presence of excess N3~ and r-acid. Cummins®® and Kawaguchi®®
have used a V"trisanilide and V"' N-(p-tolyl)-4-Bu-anilido-2,6-bis-
aryloxido systems respectively, to promote N-atom transfer to CO,
whereas, Smith% used tris(carbene)borate based Fe'V-nitride and
Bertrand?® used bis(imidazolidin-2-iminato)phosphinonitrene for
N-atom transfer to isocyanides. Meyer and co-workers have also
documented a cycle for N-atom transfer using a U" complex,
N3SiMe; (N-atom source), CNCH3, CH.Cl, and a reductant.?”
Although treatment of 1 with CO and CNAd in the presence of
cryptand and NaNs in thf resulted in immediate formation of parent
cumulene salts such as NaNCO and NaNCNAd, respectively
(confirmed by IR spectroscopy),'” catalysis was shunned due to
the deleterious formation of the parent imide [(PN).Ti(NH)] via an
unstable and putative Ti" azide intermediate
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Scheme 3. A synthetic cycle for N-atom transfer from 1 to CO and
CNAd using NaNs and a strong base such as KCH:Ph with
concomitant formation of NaNCE (E = O or, NAd).

[K(Kryptofix222)][(PN).Ti(Ns)]. Previous studies have invoked the
extrusion of Nz from [(PN).Ti(Ns)] to accompany the formation of
a transient nitridyl radical [(PN).Ti(N-)], which engages in H-atom
abstraction, most likely from the PN ligand.?® As a result, a
catalytic cycle involving N-atom transfer from 1 to CO and CNAd
is not yet possible due to the inaccesibility of direct formation of
titanium nitride anion complex, 1, rather the detrimental parent
imide, 12 is formed (Scheme 3). Despite the parent imido forming
from this reaction, we could close the synthetic cycle for N-atom
transfer by treating [(PN).Ti(NH)] with KCH.Ph to reform the
nitride moiety as shown in Scheme 3.

Conclusion

In summary, we demonstrate how a nucleophilic titanium nitride
reacts with carbon monoxide or alkyl isocyanides via two electron
reductive N-C coupling to prepare rare examples of five-
coordinate Ti" cumulene complexes. Having a low-valent system
provided the opportunity to probe how the assembled cyanate and
amidonitrile moiety changes into their corresponding isocyanate
and carbodiimide motif, upon changing of the metal oxidation
state from Ti'—Ti" and vice versa. Thus, the Ti-N distances and
the topology of the NCN motif were somewhat sensitive to
changes in the titanium oxidation state. This feature is likely
attributed to the unpaired electrons (e.g., d? and d' systems) being
mostly metal centric and e™—e™ repulsions being more critical in
the Ti-N bonding. Moreover, 1e~ oxidation of Ti" resulted in the
formation of Ti"V, which benefits from greater n-donation, in accord
with decreasing repulsions as the d-electron count decreases:
Ti"STi">TiV. Our study also demonstrates that maximum
covalency is present in a neutral Ti" cumulene moiety. We also
show a synthetic cycle for N-atom transfer via reductive N-C
coupling using a titanium nitride, which provides a unique
opportunity for the formation of cyanate and carbodiimide salts
and their isotopically labelled products.
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A titanium nitride undergoes N-C bond
coupling with carbon monoxide and
isocyanides to form Ti' cumulene
complexes [(PN).Ti(NCE)]” (E = O,
NAd, NBu). Oxidation of these affords
the Ti" cumulene [(PN),Ti(NCE)].
Further oxidation affords a TiV bis-
cumulene  frans-[(PN),Ti(NCNAd),].
Structural,  electrochemical, and
spectroscopic studies (HFEPR, CW X-
band, NMR and IR spectroscopies),
including "N isotopic labelling studies
are presented and discussed to
understand the bonding and topology.
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