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The photochemically generated synthesis of a terminal uranium nitride species is here reported and an
examination of its intra- and intermolecular chemistry is presented. Treatment of the U() complex
LA'UIIDME) (L%~ = 2,2"-bis(Dippanilide)-p-terphenyl; Dipp = 2,6-diisopropylphenyl) with LiNImPPP
((NImP'PP)= = 1, 3-bis(Dipp)-imidazolin-2-iminato) generates the sterically congested 3N-coordinate
compound LMUNIMPPP) (1). Complex 1 reacts with 1 equiv. of PhsCNz to give the U(v) azide
LAU(N3)(NImP™PP) (2). Structural analysis of 2 reveals inequivalent N,—Ng > Ng—N, distances indicative of
an activated azide moiety predisposed to N, loss. Room-temperature photolysis of benzene solutions of
2 affords the U(iv) amide (N-LA)YU(NIMP®P) (3) via intramolecular N-atom insertion into the benzylic C—H
bond of a pendant isopropyl group of the (LA~ ligand. The formation of 3 occurs as a result of the
intramolecular interception of the intermediately generated, terminal uranium nitride (LAU(N)(NImP'PP)
(3'). Evidence for the formation of 3’ is further bolstered by its intermolecular capture, accomplished by
photolyzing solutions of 2 in the presence of an isocyanide or PMes to give (LAMU
INCN(CgH3sMeo)I(NIMmPPP) (5) and (N,C-LA*)U(N=PMez)(NImP"P) (6), respectively. These results expand
upon the limited reactivity studies of terminal uranium-nitride moieties and provide new insights into

Received 26th November 2019
Accepted 21st January 2020

DOI: 10.1039/c9s5c05992j

Thas article 15 hcensed under a Creative Commeons Attnibution-NonCommercial 3.0 Unported Licence.

(c<)

rsc.li/chemical-science their chemical properties.

Introduction

The study of metal-ligand multiple bonds has played a critical
role in the understanding and development of d-block reactivity
profiles* and continues to be a widely studied area of interest. In
comparison, the chemistry of actinide-ligand multiple bonding
has lagged substantially behind. This is due in part to the poor
radial extension of the actinide 5f valence orbitals, potential
energetic mismatch between the metal and ligand bonding
orbitals, and a higher degree of ionic bonding character,> which
can favour bridging and formation of higher nuclearity
complexes. Despite these challenging factors, significant
advances in early actinide-ligand multiple bonding have been
achieved in recent years,® from the synthesis of imido and
heavier chalcogenide analogues of the pervasive uranyl cation,
UO0,** (e.g., U(N‘Bu),I,(THF),);* [Cp*,Co][U(E)(O)(NRy);] (R =
SiMes; E = S, Se),” to the synthesis of uranium tris- and tetra-
kis(imido) complexes and beyond.®
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Notably, special efforts have been dedicated over the years to
the synthesis and isolation of uranium compounds possessing
terminal nitride moieties. In contrast to the well-developed
nitride chemistry of the transition metals,” complexes
featuring U=N bonds were once considered a so-called “holy
grail” of actinide chemistry as results were long limited to
matrix isolation experiments and systems containing bridging
nitride moieties.® The paucity of these compounds is surprising
as the uranium-oxygen bonds of uranyl (UO,>*) are remarkably
robust and share an isolobal U=O0 bonding relationship to
U=N functionalities. Moreover, complexes featuring terminal
uranium-oxo bonds, once rare, are now fairly well-known.*>*

It bears mentioning that the study of bridged actinide
nitrides of the type An=N=An has proven a to be a fruitful area
of investigation with rich chemistry.®»'° This has included such
novel transformations as the cleavage of CO by [Cs
{[U(0Si(O’Bu););]»(1-N)}] to give the bridged cyanide complex
[Cs{[U(OSi(O’Bu)s)3],(1-CN)(u-O)}]1 as well as reversible dihy-
drogen activation by the same bridged nitride complex to give
the hydride imide [Cs{U(OSi(O’Bu)3);},(1-H)(1-NH)].1%

In 2010, a major milestone was reached when Kiplinger and
co-workers provided evidence for the intermediate formation of
a terminal uranium-nitride species generated through the
photolysis of the U(wv) azide Cp*,U[N(SiMe;),](N3) to give the
intramolecularly C-H activated product Cp*(n°®-CsMe,CH,NH)
U[N(SiMej3),]."* This result demonstrated that terminal uranium
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nitrides are photochemically accessible but suggested an
inherent instability. A few years later, in a landmark result,
Liddle and co-workers established that not only could terminal
uranium nitrides be synthesized but could also be isolated
when using an appropriate ligand architecture under specific
reaction conditions. Namely, they showed that treatment of the
bulky U(m) complex U(Tren™) (Tren™ [N(CH,CH,-
NSi'Prs);]°7) with NaN; gives the mononuclear U(v) nitride
[Na(12-crown-4),][U(=N)(Tren"""®)] upon workup and addition
of 12-crown-4 polyether, though this compound is sensitive and
rapidly decomposes in ethereal solutions.” A follow-up study
showed that oxidation with molecular iodine affords access to
the hexavalent, terminal nitride U(=N)(Tren""%).* On the heels
of this, Cloke et al., using a bulky U(m) metallocene platform
treated with NaNj3, reported the synthesis and structural char-
acterization of the sodium-capped U(v) nitride [CsHq(Si'Prs),]
Cp*U(=N)Na(OEt,),."*

Critically, these nitride complexes provide valuable new
insights into the area of actinide metal-ligand multiple
bonding; however, given the rarity of these species, much
remains to be learned regarding the reactivity of U=N bonds
with studies thus far largely limited to Liddle's system. For
instance, [Na(12-crown-4),][U(N)(Tren""®)] reacts with Me;SiCl
to give the imide U(NSiMe;)(Tren™"®),"2 while [U(N)(Tren™ )"~
(n=0,1) is reactive towards CE, (E = O, S) heteroallenes leading
to the formation of U(O)(Tren™"®) and U-NCE products through
multiple bond metathesis and complex redox pathways.” On
this note, [U(N)(Tren™)]"~ (n = 0, 1) is susceptible to reductive
carbonylation upon addition of CO, leading to the formation of
U-NCO isocyanates."

Furthermore, evidence is beginning to mount which shows
the reactivity of mononuclear uranium nitrides to be particu-
larly distinct from other uranium-ligand multiple bonds as they
appear to show a propensity for C-H bond activation chemistry.
As in the case of the putative Cp*,U(N)[N(SiMej3),],"* photolysis
of U(N)(Tren™") gives rise to the U(v) N-atom inserted amide U
[N(CH,CH,NSi'Pr;),(CH,CH,NSi'Pr,CHMeCH,N)].** More
recently, it was shown that the one-electron reduction of the
U(wv) bisazide (PN),U(N;), (PN = N(2-'Pr,P-4-MeC4H,)(2,4,6-
Me;CgH,)) does not lead to the formation of a U(v) nitride but
instead generates the potassium-capped parent imido complex
[K(THF);}{(PN)U(NH)['Pr,P(C¢H;Me)N(CsH,Me,CH,)]} by way
of intramolecular C-H bond addition of a pendant methyl
group.*®

In our laboratory, we have been exploring the chemistry of
uranium supported by a bis(anilide) terphenyl ligand ((L*")*").
In the complex L*UI(DME) (A) (Scheme 1), the uranium is
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straddled between two nitrogen atoms in a nearly linear fashion
with the metal situated above the central ring of the terphenyl
moiety with steric protection afforded by encumbering 2,6-dii-
sopropylphenyl (Dipp) groups.'” This platform has been shown
able to support a rare U-Fe actinide-metal bond,"” and we
reasoned that the [L*"U] system may be suitable for accessing
other unique bonding motifs with uranium, such as U=N
bonds. Here, we present our synthesis of a uranium nitride
complex and present its intra- and intermolecular reactivity,
thus expanding the limited portfolio of terminal actinide-
nitride chemistry.

Results and discussion

In an effort to enhance the relative electron richness of our
[LA"U] platform, while adding increased steric protection to
disfavour possible U-N-U cluster formation, the 1,3-bis(Dipp)
imidazolin-2-iminato (Im”PPN~) ligand was reacted with A to
give the 3N-coordinated U(m) complex LATU(NImP'PP) (1)
(Scheme 1). Complex 1 is isolated in 36% yield as dark brown
crystals from the storage of concentrated DME solutions at
—22 °C for 2 days.

The solid-state molecular structure of 1-DME reveals
a highly congested uranium centre, which is effectively illus-
trated through its space-filling model (Fig. 1). As compared to
the uranium-anilide distances of A (U-N = 2.524(4)-2.558(3) A),
the U1-N1 = 2.429(3) A and U1-N2 = 2.369(3) A bonds are
significantly shorter, while the N1-U1-N2 = 128.8(1)° bond

Fig. 1 Solid-state molecular structure of 1-DME (top). Space filling
model of 1 showing uranium (green), nitrogen (blue), and carbon (gray)
atom spheres (bottom).
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angle is now nearly thirty degrees more acute. Of note, the
distance between the uranium and the central ring of the ter-
phenyl ligand (U-Ccentroia = 2.38 A) in 1-DME also contracts
substantially as compared to A (U-Ceentroia = 2-56 13). We ascribe
the significant structural changes within the [L*"U] core from A
to 1-DME as a consequence of having to accommodate the
sterically imposing Im”"PPN~ ligand.

It should be noted that the coordination of iminic N-donor
ligands to U(m) is rare, and inspection of the U-NIm bond
length in 1-DME (U1-N3 = 2.169(3) A) reveals it to be much
shorter than the non-bridging uranium-ketimide bond in the
inverted sandwich complex [Na,(Et,0)]JUN(*Bu)(Mes)],(u:n°-
C,Hg) (U-N = 2.24(1) A).”® However, the U-NIm bonding metrics
(U1-N3 = 2.169(3) A; U1-N3-C43 = 170.4(3)°) are similar to that
reported for tetravalent U(NIm"PP)[N(SiMe;),]; (U-N = 2.137(6)
A; U-N-C = 169.5(5)°)."

With 1 in hand, addition of 1 equiv. of Me;SiN; in DME at
room temperature leads to the formation of the U(iv) complex
LATU(N;)(NImP'PP) (2). Compound 2 is produced in low yield and
is accompanied by the formation of (Me;Si),L*". As the reaction
appears to proceed via the one-electron reduction of Me;SiN3,
we reasoned that Ph;CN; would be a viable azide source as
reduction would lead to the formation of Gomberg's dimer
which should avoid back-reactions with the ligand. As such, use
of Ph;CN; with U[N(SiMe;),]; generates the U(wv) azide U(N3)
[N(SiMe3),]5. Accordingly, treatment of 1 with Ph;CNj; in C¢Dg
at room temperature leads to the quantitative formation of 2 as
observed by "H NMR spectroscopy. The reaction can be per-
formed on a preparative scale at room temperature in solutions
of toluene with crystals of 2 generated from the diffusion of
hexanes into concentrated toluene/benzene solutions stored at
—22 °C, providing 2 in 57% isolated yield (Scheme 2).

The solid-state molecular structure of 2-CgHg is shown in
Fig. 2. Interestingly, oxidation to U(wv) leads to an elongation of
the U-L*" bonds (U1-N1 = 2.455(5) A; U1-N2 = 2.414(5) A; U-
Ceentroid = 2.58 104). On the other hand, the U-NIm bond is
observed to undergo contraction (U1-N3 = 2.135(4) A). Of
particular note, the U-Nj; distance (U1-N6 = 2.142(5) A) is on
the shorter end of the range reported for tetravalent uranium
azides (2.22-2.56 A).** Moreover, the azide unit exhibits
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Scheme 2 Synthesis of 2 and proposed formation of 3 via terminal
nitride 3.
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Fig. 2 Solid-state molecular structure of 2-CgHe.

inequivalent nitrogen—nitrogen distances (N6-N7 = 1.24(1) A,
N7-N8 = 1.13(2) A) which indicates activation of the azide
moiety. Together, the short U-N; bond and azide activation is
characteristic of what has been described in the literature as
a covalent metal-azide interaction.*

Complex 2 is soluble in ethereal solvents while possessing
moderate solubility in aromatic solvents such as benzene and
toluene. The "H NMR spectrum of 2 in toleuene-dg is compli-
cated, giving rise to 50 distinct resonances appearing from
—22.3 t0 28.9 ppm (see ESI Fig. SI3 and SI4t), which we attribute
to increased rotational restriction owing to occupation of the
axial position by the azide unit. Accordingly, each of the 16
methyl groups of the isopropyl functionalities in 2 gives rise to
a unique resonance integrating to three protons each.

Attempts to reduce 2 with external reductants such as KCg or
[Li(18-crown-6)][biphenyl]** inevitably led to the formation of
alkali metal salts of the (L*")*>" ligand. Additionally, treatment
of 2 with strong Lewis acids (e.g. Sm(OTf);) also failed to initiate
N, loss. Furthermore, thermolysis of CsDg solutions of 2 up to
refluxing temperatures does not lead to any change within the
"H NMR spectrum.

Gratifyingly, photolyzing solutions of 2 with UV light (365
nm) for at least 24 hours does lead to new reactivity. This
generates a paramagnetic species with a "H NMR spectrum that
features 50 resonances within the range of —56.6 to 97.0 ppm
(see ESI Fig. S161). Removal of the solvent and recrystallisation
from hexanes provides crystals of the C; symmetric U(iv) N-atom
inserted product (N-LAU(NIm'PP) (3-CgH,,) (Scheme 2), and
its solid-state molecular structure is depicted in Fig. 3.

Overall, the structural changes as compared to 2-CsHg are
modest (3-CgH,,: U1-N1 = 2.415(3) A, U1-N2 = 2.388(3) A, U1-
N3 = 2.159(3) A); yet, the uranium atom does become offset
from the central terphenyl ring moving from a nominal n°
interaction to a n* orientation. By far, the most salient feature of
3-CgHy, is the formation of a new U-amide bond (U1-N6 =
2.167(3) A) from insertion of a nitrogen atom into a pendant
isopropyl group of the (L*")*" ligand. This result is strongly
reminiscent of the chemistry observed in the photolysis of
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Fig. 3 Solid-state molecular structure of 3-CgHj4.

Cp*,U[N(SiMe;),](N3) and U(N)(Tren™5),"»*3 providing strong
evidence for the passing formation of (L*")U(N)(NIm""PP) (3')
possessing a terminal uranium nitride bond (Scheme 2). And,
as with these systems, the ligand in 2 acts to intercept the
nitride through intramolecular trapping.

The formation of 3’ begs the question of the formal oxidation
state assignment of its uranium centre. The elimination of N,
from the azide unit is typically a two-electron process, which
would render a U(vi) assignment for a diamagnetic 3'. Yet,
formation of radical or nitrene character at the nitride moiety
clouds canonical oxidation state assignments. Following the
photoreaction by '"H NMR and UV-vis spectroscopies (see ESI
Fig. SI5 and SI13%) shows the conversion of 2 to 3 without the
apparent formation of any intermediate species. Furthermore,
following the low temperature photolysis of 2 in toluene-dg at
—10 °C by 'H NMR spectroscopy also fails to trap or detect
a fleeting species. This suggests that the nitride intermediate
formed in the reaction is highly reactive and undergoes rapid
reactivity with the ligand.

In an effort to chemically intercept 3, CO was added to
a C¢Dg solution of 2. Upon addition, the immediate appearance
of a complex series of resonances is observed in the "H NMR
spectrum concomitant with partial consumption of the starting
material. The reaction is complete in 12 hours at room
temperature. Workup of the reaction mixture and crystal-
lisation from a hexanes/Et,O solution provides small yellow
crystals of the U(iv) compound (CO-LA")U(N;)(NImP'PP) (4) in low
yield, formed from insertion of CO into a uranium-anilide bond

N3
CE ”\L|J'V
2 ——>» N—C’| —N
C6H5 N|mDiPp
==
4

Scheme 3 Synthesis of 4.

2384 | Chem. Sci, 2020, 1, 2381-2387

Edge Article

(Scheme 3). Photolysis of 2 in the presence of a CO atmosphere
also leads to the formation of 4 as the only isolable product.
While such reactivity is not well-documented among 5f-element
amide compounds, it has been previously reported in the
reactions of Cp*,M(NR,), (M = Th, U, R = CH3;; M = U, R =
C,H;) with CO to give Cp*,M(n*-CO-NR,),.2*

Weak X-ray diffraction data for 4 precludes an in-depth
structural analysis, but connectivity is definitively established
(see ESI Fig. SI1t) and shows the carbonyl moiety binds to the
uranium in an n>-fashion. Photolysis of solutions of 4 does not
result in any observed reactivity, signalling that the U-N,
interaction is highly sensitive to the coordination environment
of the uranium metal centre.

Using a bulky isocyanide to prevent ligand insertion, room
temperature photolysis of 2 in the presence of C=N(C¢HzMe,)
in C¢Dg results in the formation of a new paramagnetic species
as indicated by '"H NMR spectroscopy (see ESI Fig. SI8f).
Removal of the solvent and extraction into a mixture of diethyl
ether and hexanes followed by storage at —22 °C for 4 days
affords dark brown-red crystals in 44% yield. Analysis by single
crystal X-ray diffraction revealed the formation of the U(wv) car-
bodiiminate complex (L*")U[NCN(CsH;Me,)](NIm"P) (5-Et,0)
(Scheme 4) and (Fig. 4).

The core [(LAU(NImP'PP)]" structure of 5-Et,0 (U1-N1 =
2.408(3) A, U1-N2 = 2.450(3) A, U1-N3 = 2.136(3) A, U1-Ceentroid
= 2.58 A, N1-U1-N2 = 142.6(1)°) is similar to that found for
2-CgHg. Moreover, the uranium-carbodiiminate bond (U1-N6
= 2.235(3) A) is longer in length than the U-N; bond in 2-C¢Hg
but much shorter than the U-Nc,1,, bond found in the U(w)
triazacyclononane  tris(aryloxide) complex [(“BuArO)stacn]
U(NCNMe) (U-N = 2.327(3) A), formed by a multiple-bond
metathesis reaction that proceeds via nitrene transfer between
[(‘BuArO)stacn]U=NSiMe; and CNMe.**

Ar
/
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! NImPe
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5
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Scheme 4 Synthesis of 5 and 6.
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Fig. 4 Solid-state molecular structures of 5-Et,O (top) and 6-Et,O
(bottom).

Furthermore, photolyzing benzene solutions of 2 with
a slight excess of PMe; leads to a highly complicated mixture of
products as shown through '"H NMR spectroscopy. From these
mixtures, one major product is reproducibly isolated in
approximately 15% yield as yellow crystals, though separation
of pure material has been hampered by co-crystallisation of
other as-of-yet unidentified products. The "H NMR spectrum of
the major product in C¢D¢ is suggestive of C; symmetry in
solution as it exhibits 51 distinct resonances with 19 peaks
attributable to the three protons of each methyl group (see ESI
Fig. SI1071). Moreover, only one resonance in the *'P{'H} NMR
spectrum is observed in the reaction mixture, appearing at
12.1 ppm (see ESI Fig. SI11%).

In line with this, the solid-state molecular structure of the
yellow crystals obtained through X-ray diffraction analysis
revealed the formation of the asymmetric, arylated U(iv) phos-
phinimide (N,C-LA"*)U(N=PMe,)(NIm"""P) (6) (Scheme 4). As
seen in Fig. 4, a number of structural and chemical changes
occur including ligand cyclization to give a carbazole func-
tionality accompanied by deprotonation of the central terphenyl
ring to give a U-Cuy bond (U1-C24). Nonetheless, clearly
present in 6-Et,O is the formation of a -N=PMe; group (U1-N6
= 2.115(2) A; U1-N6-P1 = 161.7(2)°), with metrical parameters

This journal is © The Royal Society of Chemistry 2020
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comparable to its U-NIm interaction (U1-N3 = 2.141(2) A; U-
N3-C43 = 168.8(2)°) and the U-N=PPh; bond in Cp;UNPPh;
(U-N = 2.07(2) A; U-N-P = 172(1)°).>> We reason that upon
formation of the phosphinimide, steric congestion forces
structural rearrangement, consequently initiating a cascade of
chemical events that gives the complicated product mixture
containing 6. Photolysis in the presence of the more encum-
bered phosphine, PMe,Ph, leads exclusively to the formation of
3.

Importantly, complex 2 does not react with C=N(C¢H;Me,)
or PMe; in the absence of light, and the formation of 5 and 6
occur exclusively under photolysis. This proves that 3’ is a key
intermediate and a sufficiently long-lived species such that it is
susceptible to chemical trapping, bypassing competitive intra-
molecular C-H insertion pathways. Moreover, the formation of
these complexes represents the first examples of intermolecular
chemistry for a photochemically generated uranium nitride.

The reactivity of 3’ with nucleophiles is akin to that observed
for the reductive carbonylation of UY'(N)(Tren™"®) with CO to
give U"(NCO)(Tren™®)," and while 3’ is a putative terminal
nitride, its reactivity is further reminiscent of the chemistry
between dinuclear {{UN‘BuAr);],(u-N)}* (Ar = 3,5-dimethyl-
phenyl) and CN™ which generates the bridged carbodiiminate
[U(N“BuAr);],(u-NCN).2® Overall, the formation of 3, 5, and 6
through partial N-atom transfer concomitant with reduction of
the metal centre is, from first principles, consistent with classic
electrophilic nitride character. While we favour this particular
perspective, we acknowledge it may be an oversimplification as
uranium nitrides have been demonstrated to exhibit ambiphilic
character. For instance, DFT analysis indicates that the reaction
of U(N)(Tren™®) with CO proceeds through donation of the
nitride lone-pair into the CO w*-orbital, signalling initiation via
nucleophilic attack of the nitride onto CO.* This is not unlike
the reactivity profile known for some terminal iron nitrides
which have also been described as possessing a dual-nature
transition state, where the nitride simultaneously exhibits
both nucleophilic and electrophilic character in the reactions of
PhB(MesIm);Fe=N (PhB(MesIm); = tris(mesitylcarbene)
borate)*” and [LA"JFeN(py) (LA™ = (“Bu,CN)C(Ar*N),, Ar* = 2,6-
bis(diphenylmethyl)-4-tert-butylphenyl)*® with phosphines to
give [Fe-N=PMe;] products. As such, this reveals an interesting
reactivity pattern for uranium nitrides, and further study of 3’ is
underway to better elucidate the reactivity character of its
nitride group.

Conclusion

In closing, while the landmark isolation of monouranium
nitrides have been achieved through the synthesis of
[UN)(Tren™®)"~ (n = 0, 1) and [CgH(Si'Pr;),]Cp*U(=N)
Na(OEt,), by the groups of Liddle and Cloke, respectively,'>**
much remains to be learned regarding the character of UN
bonds. Here, we have demonstrated that LA"U(N,)(NImP'PP) (2)
provides an accessible platform for testing such reactivity as its
photolysis generates the (LADU(N)(NImPPP) (3') intermediate
which can be intra- and intermolecularly intercepted. In the
latter case, addition of the nucleophiles C=N(C¢H;Me,) and
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PMe; to 3’ gives the U(wv)-imine products (L*")U[NCN(CeH;-
Me,)](NIm®PP) (5) and (N,C-LA"*)U(N=PMe;)(NIm"'’P) (6),
respectively, produced as a result of nitride capture and partial
N-atom transfer. Thus, for the first time, we demonstrate that
accessing intermolecular uranium-nitride chemistry under
photochemical conditions is possible. These reactions can be
classically described as proceeding through an electrophilic
nitride, though the potential for nitride ambiphilicity cannot be
ruled out at this stage and a thorough reaction survey of 3’ with
other substrates is ongoing.
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