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The synthesis of the organochromium(ll) complexes
[POCOPtBU]ICr(R) (R = p-Tol, Bn) is reported. Exposure of
[POCOPBU]Cr(Bn) to visible light promotes homolytic Cr-Cg,
bond cleavage and formed {[POCOP®v]Cr},(nl:n'u-N;) via a
putative [POCOPBU]Cr(l) species.

Transition metal dinitrogen complexes are traditionally
prepared using chemical reductants, or in some cases, from
the loss of H; from metal hydride precursors to generate a
low-valent metal centre capable of coordinating N;.1 The
binding mode and subsequently the extent of N activation
at one or more transition metals are critical parameters
that can define the course of subsequent stoichiometric or
catalytic N, functionalization steps.2 Several of the most
efficient molecular N, fixation catalysts are based on Mo
supported by pincer-type ligands?® in which chemical
reduction results in the spontaneous cleavage of the N,
triple bond via a transient M-N,—M intermediate to form
terminal nitride products.* When a M-N;-M species has
been isolated, photolysis is a successful strategy to facilitate
N2 bond cleavage;> however, photochemistry has rarely
been used to prepare M-N,; complexes.®

Despite the numerous examples of Mo-N, complexes
bearing pincer ligands, only two Cr-N, pincer complexes
have appeared in the literature. Recent reports from the
groups of Nishibayashi, and Schneider and Finger used a
neutral PCP or anionic PNP pincer ligands (PCP = 1,3-bis((di-
tert-butylphosphino)methyl)benz-imidazol-2-ylidene; PNP =
N(CHCHP'Buy), to prepare [(PCP)Cro(N;)]»(u-Nz)? and
[(PNP)Cr'"](u-N3),8 respectively, by chemical reduction of a
(pincer)CrCl precursor.

In our continued efforts examining Cr-N, chemistry,® we
sought to understand and control N, activation and
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functionalization with Cr using the anionic POCOP*®U ligand
(POCOPtBU = (CgHs3-1,3-[OP(tBu)z]2) to make a direct
comparison to the N; reactivity of the analogous
Mo(POCOPtBY) system. Schrock and co-workers reported
chemical reduction of [POCOP®YIMol, formed
{[POCOPt®BUIMo(I)(N)}- from spontaneous cleavage of the N,
triple bond.10 [(POCOP®BUu)Mo'(1)]2(u-N2) was proposed to be
an intermediate en route to Mo-nitride formation.

We reasoned a “[POCOP®U]Cr(N,)” complex would be
accessible by chemical reduction of the halide precursor
[POCOP®Y]CrBr, reported by Kirchner and co-workers,?
with an alkali metal reductant such as KCg or Na/Hg. The
addition of 1.1 equiv KCg to a red THF solution of
[POCOP®Y]CrBr under N3 or argon results in isolation of a
pentane-soluble purple solid. Unfortunately, no diagnostic
vn2 bands were identified by IR or Raman spectroscopies.
The UV-vis spectrum shows absorption bands in the visible
region of the spectrum at Amax = 378, 392, and 519 nm (See
ESIf). While the molecular structure has not been
determined, elemental analysis confirmed that nitrogen is
not present in the reduction product.

Since chemical reduction was not an effective strategy
to generate the targeted Cr-N, complex, we assessed the
possibility of generating [POCOP®U]Cr(N;) by thermally
promoted homolytic bond cleavage?? of
organochromium(ll) complexes, akin to reactivity reported
by Smith, Poli, and co-workers using
CpCr'"[(XyINCMe),CH](R) (Ar = Xyl,; R = Bn, CH,CMes) to
generate a Cr(ll) product.l3 Two organochromium(ll)
complexes were prepared by the reaction of [POCOP®U]CrBr
with the desired R:Mg reagent at room temperature in
Et,0/dioxane. [POCOPU]Cr(R) (R = p-Tol (1) and R = Bn (2)) (p-
Tol = 4-Me-CgHa; Bn = CH,CsHs) were isolated as orange and
red solids in 76% and 94% crystalline yield, respectively, Fig 1,
panel a. 1 and 2 are each high-spin Cr(ll) with a pes = 4.5 uB,
consistent with a S = 2 ground-state. Crystals suitable for X-

ray diffraction (XRD) were grown from a concentrated
pentane solution stored at -30 °C. The molecular structures
of 1 and 2 have similar metric parameters. Fig 1, panel b
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Fig. 1 (a) Synthesis of 1, 2, and 3. Panel (b), (c), and (d) molecular structures of 1, 2, and 3, respectively. Thermal ellipsoids are drawn at 50% probability.
Hydrogen atoms are omitted for clarity. Selected bond distances (A) and angles (°): (1) Cr1—C23 = 2.1208(13); Cr1—C1 = 2.1136(12); Cr-P1 = 2.4424(4); Cr-P2
= 2.4487(4); P1-Cr1-P2 = 152.448(14); C1-Cr1-C23 = 174.04(5). (2) Cr1-C23 = 2.1735(19); Cr1-C1 = 2.1110(18); Cr-P1 = 2.4557(5); Cr—P2 = 2.4705(5); P1-
Cr1-P2 = 152.907(19); C1-Cr1-C23 = 175.10(8). (3) Cr1-N1 = 1.843(2); Cr1-C1 = 2.097(3); Cr-P1 = 2.4020(8); Cr—P2 = 2.3807(8); P1-Cr1-P2 = 153.14(3); Cr1—
N1-N2 = 176.4(2). Cr2-N2 = 1.836(2); Cr2-C23 = 2.095(3); Cr2—P3 = 2.3722(10); Cr2—P4 = 2.3840(9); P3-Cr2—P4 = 152.69(3); Cr2-N2-N1 = 173.7(2); N1-N2 =

1.192(3).

and ¢, shows the four-coordinate Cr(ll) centre in a pseudo
square-planar geometry comprised of two phosphorus
atoms, the anionic carbon of the POCOP!u backbone, and
the C-atom of the p-Tol or Bn substituent. The Cr—P and Cr—
C(1) bond distances for the POCOP®u ligand in 2 are
2.4557(5) A, 2.4705(5) A, and 2.1110(18) A, respectively.
The Cr—C(23)gn bond length in 2 is longer than that of Cr—
C(23)p7or in 1, at 2.1735(19) A and 2.1208(13) A,
respectively. Unfortunately, attempts to thermally promote
homolytic Cr—-C bond rupture to access a reduced Cr
complex were unsuccessful. 1 and 2 are stable under N, for
over two days in refluxing toluene (~110 °C).

Next, we examined visible-light photolysis to promote
homolytic Cr—C bond cleavage.!* Photochemically induced
bond cleavage is not uncommon?!®; however, the
photoinduced loss of an organic moiety and the subsequent
binding and activation of N, at a metal centre is rare. In the
singular example with an azophilic early transition metal,
Chirik and co-workers showed the photochemically induced
reductive elimination of (p-Tol)-(p-Tol) from [(n>-
CsHs)2Zr(p-Tol)2] generated the dinuclear side-on bound
dinitrogen complex [{(n>-CsMesH)2Zr}2(u2,n2,n2-N3)].62

Remarkably, photolysis of a benzene solution of 2 with
blue light from 427 nm LED lamps under 1 atm N; led to a
rapid colour change from orange to deep purple, furnishing
the dinuclear Cr complex [(POCOP®®UY)Cr]a(u-N2) (3) in 73%
isolated yield upon recrystallization from pentane, Fig 1,
panel a.l'® Formation of bibenzyl (Bn;) (92% vyield by H
NMR) indicated Cr—C bond homolysis as a key mechanistic
step in the generation of 3 (discussed below). Despite
immediate darkening of the solution, photolysis of 2 for ~4-
6 h was required for complete conversion to 3. In benzene
or toluene, 3 is stable for extended periods of photolysis,
ca. >36 h. Photolysis of 2 in the absence of N, generates a
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dark red solution along with Bn; and toluene formation;
however, the Cr product has not been identified. Exposure
of the dark red solution to 1 atm N, does not form 3. 1 is
unreactive to photolysis with 427 nm light for >24 h, likely a
reflection of a stronger Cr—Cp-toiy1 bond.1”

Crystals of 3 for XRD were grown from a concentrated
pentane solution stored at —30 °C. The molecular structure
in Fig 1, panel d, shows the two (POCOP®Y)Cr units bridged
by an N; ligand. The opposing (POCOPtUY)Cr fragments are
rotated 90° with respect to each other to minimize steric
interactions of the tert-butyl groups. Compared to the
precursor 2, the Cr—P bond lengths in 3 have contracted by
ca. ~0.078 A, with an average Cr—P bond of 2.3847 + 0.0125
A. Noting the metrics about the Cr1-N1-N2—Cr2 linkage,
the Cr1-N1 and Cr2—-N2 bonds are short at 1.843(2) A and
1.836(2) A, respectively. The N1-N2 bond distance of
1.192(3) A indicates significant N, activation via Cr back-
donation into m* orbitals of N,, (dn.n free N, 1.095 A),
denoting the N; ligand, in this case, is best described as an
[N2]2~ group bound to two formally Cr(ll) centres.

Further support for the assignment of a reduced [N;]>~
ligand was thewn band for 3 that was identified in the
Raman spectrum at 1639 cm! (in pentane). Photolysis of 2
under an atmosphere of 1°N; furnished [(POCOP®Y)Cr],(u-
15N,) (315N) that displays the expected shift of the vy band
to 1585 cml. Surprisingly, the N; ligand in 3 is prone to
exchange. Stirring a pentane solution of 315N under 1 atm
14N, for 22 h results in ~30% incorporation of “N, as
assessed by Raman data (see ESIf). 3 is stable in THF
without the loss of N,. The structural and spectroscopic
features of 3 are comparable to [(PNP)Cr]2(u-N;) reported
by Schneider, Finger and co-workers that exhibits an N—N
bond length of 1.2080(14) A, a v = 1651 cm-! (Raman),
and a solution-state magnetic moment of pes = 6.3+0.1 ug.®
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Using DFT calculations, [(PNP)Cr]2(u-N2) was best described
as two high-spin Cr(ll) centres (S = 2) antiferromagnetically
coupled to the S = 1 [N3]? ligand with a Jar ® —1400 cm-1.28 3
exhibits a solution-state magnetic moment of ues = 6.87 uB
suggesting a similar electronic structure with a St = 3 spin-
state. However, broken-symmetry DFT calculations of 3
revealed larger antiferromagnetic coupling, Jar ® —3215 cm-
1 indicating greater covalency between the Cr' centres and
[N2]2-. The UV-Vis spectrum of the deep purple solution of 3
exhibits two intense absorption features at Amax = 495 nm (&
= 9568 M1 cm™1) and 578 nm (&= 10503 M1 cm™1). These
diagnostic absorption bands definitively establish that 3 is
not generated in the chemical reduction of [POCOPU]CrBr
with KCg (vide supra), see ESI7.

A plausible mechanism for the photochemical formation
of 3 is depicted in Fig. 2. Photolysis of 2 generates a LMCT
excited state resulting in homolysis of the Cr—Cg, bond
forming a one-electron reduced (POCOP®Y)Cr(l) fragment

/‘Bu
O—EP“BU
Crl {[Cr'")—Bn}*
o
'Bu
2 Cr-C

bond
0.5 homolysis

(not observed) /'Bu (920/ °

O—l| P\IBU
Cr'—N=N cr'
Q-/ ~ T aG-217 217 (crl
kcal mol~"!

O==p=='Bu

B !
u 'Bu Bu,"“
P—_
N, brid_ge O_g“Bu tBur/ (o]
formation 05 (';H':N:chﬂl
—05N, / |
§ 'Bu
AG=-11.4 O—R='Bu " _P—0
kcal mol~! S

Bu I:hd
3

Fig. 2 Proposed mechanism for photochemically induced Cr-C bond
homolysis in 2 to form 3. N, coordination to Cr(l) and the generation of 3
upon N, bridge formation were assessed by DFT calculations. [Cr] =
(POCOP!BY)Cr.

and PhCH,*.2® Homocoupling of two PhCH;* leads to
bibenzyl formation. The Cr(l) fragment is trapped by N,
forming a mononuclear (POCOPtUY)Cr(N;) product. DFT
calculations suggest the N, binding step to be
thermodynamically favorable, AG® = -21.7 kcal moll. N;
bridge formation to generate 3 AG® = -11.4 kcal mol! was
favored over (POCOP®U)Cr(N,). Attempts to trap the
(POCOPtBU)Cr(I) fragment by photolysis of 2 in the presence
of 1 equiv PMes; were unsuccessful. Unexpectedly, the
addition PMes; appears to quench the photochemical
reactivity of 2 as bond homolysis was not observed; no Bn;
or 3 was formed.

In the formation of 3 from 2, we attempted to trap the
PhCH,* liberated during photolysis using TEMPO radical
(TEMPO = 2,2,6,6-(tetramethylpiperidine-1-yl)oxyl).
However, TEMPO reacts directly with 2 generating TEMPO-
Bn2® without exposure to blue light. Addition of 1 equiv
TEMPO to 2 in benzene under N, formed TEMPO-Bn with

This journal is © The Royal Society of Chemistry 2024

unreacted 2 also present. The addition of 2 equiv of TEMPO
under N; forms TEMPO—-Bn in 77% NMR vyield with the full
consumption of 2 (See ESIf). 3 is not generated in this
reaction, rather, we postulate the Cr(l) fragment is trapped
by TEMPO forming a Cr-TEMPO adduct,?! i.e.
(POCOP®BU)Cr'(TEMPO) in both reactions. Photolysis of the
putative (POCOPtBUY)Cr'(TEMPO) product with 427 nm light
does not generate 3.

Time-dependent Density Functional (TD-DFT)
calculations were used to evaluate the photochemical
reactivity of 2 using 427 nm light. As shown in Fig. 3, the
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Fig. 3 Experimental UV-Vis spectrum (solid red line) of 2 recorded in toluene
and the TD-DFT plot (dashed black line, scaled for comparison) of 2. Blue
bars indicate predicted electronic transitions identified by TD-DFT
calculations. Frontier molecular orbitals of 2 involved in photo-induced
Cr—Cg, bond homolyis are shown in the inset.

calculated TD-DFT plot is in good agreement with the UV-vis
spectrum of 2 (toluene) in describing the absorption band
around Amax = 395 nm (&= 2041 M-1 cm-1). Based on the TD-
DFT simulation, we assign this band as a Cr-Cg, Ligand-to-
Metal-Charge Transfer (LMCT). The LMCT excited state
displays a significant value for the oscillator strength
representing a HOMO-to-LUMO electronic transition. The
spin-up (a) HOMO is characterized by a Cr—Cg, o metal-
alkyl bond, whereas the LUMO level by a dn Cr-based
molecular orbital (see ESIt). An optical transition between
these two levels results in homolytic bond cleavage due to
its LMCT character. The feature at Amax = 496 nm (& = 525
M-1 cm-1) in the UV-Vis spectrum was assigned as a Cr-
based d-d transition. While the TD-DFT plot does not
precisely replicate the broad appearance of this band,
excitation of this low-energy d-d transition does not
promote Cr-Cgn homolysis as 2 is unreactive to 525 nm light
for 26 h. In conclusion, this work highlights the
sensitivity of the (POCOPtuY)Cr(ll) fragment to the
experimental conditions employed to generate a Cr-N;
complex. While both the chemical reduction of
(POCOPU)CrBr and photolysis of 2 produced purple Cr
products, the conventional chemical reduction route does
not form the targeted Cr-N, complex. We describe a rare
example of N3 activation driven by visible light photolysis of
a Cr-alkyl precursor (2) to form the dinuclear N, complex, 3.
Photochemically induced M-C bond homolysis may provide
a general alternative strategy for the preparation of M-N;
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complexes that avoids harsh chemical reductants. Studies
are underway to broaden the scope of small molecule
activation at Cr(l) by the photolysis of 2 and we are
assessing the prospect of cleaving the N, triple bond in 3 in
the development of a catalytic system for N, reduction to
NHs.
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