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ABSTRACT: Reduction of 3N-supported ScCl(*¢'guan)(NImP®?) (Sc®') with K(C10Hs) generates the naphthalenide-masked species [(18-
¢-6)K(u-n®:n*-CioHg)Sc(*e'guan)(NImPep)] (Scraph) and cyclometallated [K(18-c-6)(Et,0)][Sc{(DippN)[2-Pr-6-
(CMe2)CsH3N]C(NCHBuU)NIMPPPY(THF)] (Sc“H-Et,0), the latter formed from a rare instance of oxidative addition of a low valent
scandium center across an unactivated C(sp®)-H bond. Moreover, Sc* displays solid-to-solution phase dependent tautomerism within

the moiety of the scandium metallacyle. Finally, a safe and convenient method is described for the dehydration of ScCls-6H,0.

In our laboratory, we have shown that reduction of 3N-sup-
ported Ti(**'guan)(NImP®P)(OTf), (*'guan = [(Bu,CN)C(NDipp).]

ImPPPN = [1,3-bis(Dipp)imidazolin-2-iminato]; Dipp = 2,6-
iPrCsHs) gives the intramolecularly arene-masked Ti(**'guan)(n®-
ImPPPN) (A).r Compound A is a titanium(ll) synthon and potent
reductant that is thermally unstable in solution at room tempera-
ture. Upon standing, A performs intramolecular C-H activation
to form the intermediate hydride species, (H)Ti(Im-
PiPN)[(DippN)(2-PrCesHs-6-(1*-CH2,CHCH3)N)C(NC'Buy)] (B)
that rapidly undergoes [-hydride abstraction to yield cyclome-
tallated Ti(ImPPPN){(DippN)[2-PrCsHs-6-(n*-
CH2CCH3)N]C(NC'Buy)} (C) with elimination of H,.! Of note, the
initial C-H bond activation event does not occur at the more re-
active benzylic methine proton of the isopropyl substituent but
rather at the C-H bond of the vicinal -CH; group. We have been
able to leverage this observed reactivity to promote the catalytic
transfer hydrogenation of cyclic olefins as well as the hy-
drodesulfurization of thiophene.?*

In contrast with its Group 4 and 5 counterparts,>® discrete low-
valent complexes (Sc(0), (1), and (11))"*2 and synthons41¢ of the
more Lewis acidic scandium are significantly more scarce with
only a handful of examples reported to date. A successful strat-
egy for accessing low-valent synthons has been the use of
arene-masked scandium compounds, which formally possess
Sc(lll) bound to reduced arenides such as naphthalenide or an-
thracenide. The ring rearomatization energy provides a driving
force for electron transfer that has given way to promising reac-
tivity. For example, Diaconescu’s ferrocene-diamide stabilized
inverse sandwich [(NN)Sc]o(u-CioHg) (NN = 1,1'-(NSi*
BuMe;),(FeCp,)) mediates pyridine reductive coupling** and P,’
and C-F bond activation,*® while the half-sandwich analogue
[(THF)2K(u-C10Hs)Sc(NN™)] mediates the reductive coupling of
diphenylacetylene affording the respective metallacyclopentadi-
ene.’® More recently, Okuda et al. reported that the anthra-
cenide-masked [Li(THF)s{Sc[N('Bu)(Xyl)]2(k?>-C14aH10)} (Xyl =
3,5-Me,»CgHs) reduces azobenzene, ultimately yielding the dinu-
clear complex {[(‘Bu)(Xyl)N]Sc(u-n?:n>-PhaNo)(THF)}'® How-
ever, it should be noted that reductively induced C-H activation
has not been observed with scandium.

We reasoned that by extending our 3N-platform to the more
electropositive Group 3 metals, in particular neighboring scan-
dium, we may access arene-masked, low-valent synthons with
reactivity that exceeds that observed in our titanium complexes.

We have developed a straightforward and safe route for the
dehydration of ScCls;-6H,0 that avoids the use of hazardous thi-
onyl chloride as a drying agent.2° Heating refluxing solutions of
the hydrate in dioxane with excess MesSiCl, followed by drying,
and subsequent reflux in THF with excess MesSiCl gives
ScCl;3(THF); (see Supporting Information (SI) for details). This
material is used to make ScCl(NImPPP)(THF)3?! that is then re-
acted with Li(THF),(**'guan)? to give the tetra-coordinate com-
plex ScCl(*guan)(NImP®P) (Sc®) in 88% yield.

Preliminary attempts to reduce Sc® using powerful reduct-
ants such as KCs, K°, K/KI, K(C14H10), and [K(18-c-6)][C1oHg]?®
under a variety of conditions (e.g., time, temperature, solvent)
gave red- or yellow-colored solutions from which no tractable
products were isolated. In one instance, reaction of Sc® with KCg
over 3 d at -35 °C in toluene yielded a few colorless crystals of
[(tguan)(®PPImN)Sc(u-Cl).K(DME)] - C¢H14 from DME/hexanes
(Figure S19). On the other hand, Sc® reacts with 2 equiv of in-
situ prepared K(CioHs) in THF at -35 °C to rapidly produce a
deep red solution. Subsequent addition of 1 equiv of 18-crown-6
followed by crystallization at -35 °C from ethereal solutions yields
a mixture of colorless plates and red rhombohedral crystals re-
spectively of cyclometallated [K(18-c-6)(Et,0)][Sc{(DippN)[2-Pr-
6-(CMe2)CsH3N]C(NCH!BuU2)}(NImPPP)(THF)]-0.5Et,0 (Sc&
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Scheme 1. Synthesis and reduction chemistry of Sc®.
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Figure 1. Solid-state molecular structures of Sc"®" (right) and Sc®"-Et,O (left). Hydrogen atoms, co-crystallized solvents, and the [K(18-c-

6)(Et,0)]" cation of Sc“"-Et,O are omitted for clarity.

H.Et,0) and the reduced naphthalenide species [(18-c-6)K(u-
n%:n*-CioHg)Sc(**'guan)(NImPPp)] (Scnaeh) (Scheme 1).

The products, Sc®" and Sc"®", exhibit nearly identical solu-
bility properties, which makes their separation challenging and
frustrates the isolation of pure material in good yields. Therefore,
multi-step fractional crystallization is necessary to separate small
amounts of Sc®H (27% isolated yield) from Sc"@" (36% isolated
yield), which is possible due to the slightly higher solubility of
Sc"#hin ethereal or aromatic solvents. The isolation of high pu-
rity Sc"@" is impeded by co-crystallization with Sc®" and the
sensitivity of the molecule (vide infra).

Scn@h crystallizes in the monoclinic space group P2;/c con-
taining a contact ion pair where the [Sc(**'guan)(NImP®P)]" and
[K(18-crown-6)]* fragments are bridged by an n*:n®-bound naph-
thalene unit (Figure 1). The naphthalene exhibits clear structural
distortions from planarity with the scandium-coordinated carbon
atoms (C1-C4) bending approximately 32° from the ring plane,
which has been similarly observed in {(THF):K(u-n*n*-
C10Hs)SC[N('Bu)(Xyl)]2}.1® This bending is consistent with reduc-
tion of the naphthalene to its dianionic form (C1oHs)?; however,
meaningful bond metric analysis on Sc"®"is precluded by se-
vere disorder of co-crystallized solvent molecules with the lattice
that consequently affects data resolution.

The solid-state molecular structure of Sc"#" is maintained in
solution at room temperature as indicated by the appearance of
four characteristic resonances in the *H NMR spectrum in CgDs
at 5.74, 6.08, 6.99, and 7.22 ppm that appear in a 2:2:2:2 ratio
assignable to the protons of the (C10Hs)* fragment. These reso-
nances are shifted downfield from the corresponding signals
found in {(THF)sK(p-n*:n*-CioHs)SC[N('Bu)(Xyl)].} (3.40, 4.13,
5.78, and 6.18 ppm), though comparisons to [(THF)K(u-
C10Hg)Sc(NN™)] cannot be made as the high sensitivity of the
compound prevented spectral characterization by NMR spec-
troscopy. The UV-vis-NIR spectrum of Sc"®" (Figure S23) ex-
hibits absorption bands at A = 284 and 480 nm, the latter respon-
sible for the dark red color that is comparable to that seen in the
reduced arene complexes of scandium {(THF)sK(u-n*n*
C10Hs)SCIN(‘Bu)(XyN]2} (Amax = 536) and {(THF)sK(u-nb:k?-
C14H10)SC[N(tBU)(Xy|)]2} ()\max = 462)15

Complex ScC®H.Et,O crystallizes in the monoclinic space
group P24/c featuring two crystallographically independent cat-
ion/anion pairs in the unit cell with one of the molecules displayed
in Figure 1. The solid-state structure displays notable features
with the most salient being the presence of a Sc-C bond with the
methine carbon of an isopropyl substituent of the ketimine-

guanidinate ligand, reminiscent of C. It forms a five-member
metallacycle that gives the scandium a distorted square-based
pyramidal geometry. The Sc-C bond lengths (e.g., Sc1-C59 =
2.315(3) A) fall within the known range for structurally character-
ized scandium metallacycles (2.248(3) A — 2.321(2) A).2*%2 Fur-
thermore, the Sc-C bond is accompanied by significant bond
metric distortions within the guanidinate ligand of ScC®H-Et,0
when compared to Sc®-0.5C;Hg (Figure 2). Elongations of the
Cns-Npipp bonds are seen in Sc¢H-Et,O (C40-N4 = 1.390(4) A;

(@ 'Bu,C 7\
SN
R—N% g “N—R ‘

1.274(2) N5 / A S
1.368(2
(2) %

(b) tBUzCH
N

Figure 2. Comparison of selected bond distances in (a) Sc®-
0.5C7H3 and (b) SCC-H'Etzo.



C40-N6 = 1.413(4) A) over those in Sc®-0.5C;Hg (C40-N4 =
1.348(2) A; C40-N6 = 1.347(2) A) that is accompanied by short-
ening of the C40-N5 = 1.295(4) A bond in Sc®H-Et,0 as com-
pared to C40-N5 = 1.368(2) A in Sc®-0.5C;Hs. Moreover, the
N5-C41 = 1.453(4) A bond distance in Sc®*-Et,0 indicates loss
of the N=C double bond character of the ketimine moiety. Con-
traction of the C40-N5-C41 = 122.6(3)° bond angle of Sc®"-Et,O
is also observed in relation to Sc®-0.5C;Hg (C40-N6-C41 =
139.0(2)°). Altogether, the parameters point to the presence of a
dianionic guanidinate ligand where both coordinating nitrogen at-
oms (N4 and N6) possess formal negative charges. Though un-
precedented for scandium, dianionic guanidinate-supported
early transition metal complexes are known and exhibit bond
metrics similar to those observed in SccH-Et,0.3340

The formation of the Sc-C bond and the dianionic guanidinate
can be explained via hydride migration from a C-H bond of the
isopropyl group to the imine carbon of the ketimine backbone.
The presence of the ‘Bu,C(H)- proton has been confirmed by 'H
NMR spectroscopy, appearing as a singlet at 3.44 ppm in C¢De.
Based upon our previous observations with A and its conversion
to B, we propose that reduction of Sc®-0.5C;Hg generates an
intermediate arene-masked scandium complex of the type
{Sc(*'guan)(n®-ImPPPN)}- (Sc-arene). This species is unstable
and rapidly undergoes intramolecular C-H activation to give
{(H)Sc(ImPPPN)[(DippN)(2-PrCeHs-6-(n*-
CH,CHCH3)N)C(NC'Buy)]} (Sc-H), signifying passing access to
a highly reactive Sc(l) synthon capable of cleaving strong C-H
bonds. The proposed Sc-H intermediate then undergoes intra-
molecular hydride transfer, which is surprising as scandium-hy-
drides are well known to undergo o-bond metathesis.*#6 Along
these lines, this is a departure from the o-bond metathesis that
occurs in the formation of C. This reveals an interesting diver-
gence between the chemistries of scandium and titanium in our
system. While intramolecular C-H activation has been previously
documented in a number of scandium complexes,?>3! reduc-
tively induced C-H bond activation with scandium is unprece-
dented. Though, C-H bond cleavage has been reported in the
vapor condensation synthesis of  Sc(n%-'BusCeHs)[n’-
(CHzCMez)tBU2CGH3].7

In solution, Sc"#" is unstable, and slowly converts to Sc®*
accompanied by the loss of naphthalene over the course of sev-
eral days at room temperature (Figure S15). However, it is un-
likely that Sc"@" is the direct precursor to Scc*H in the reduction
of Sc® based upon the slow rate at which the conversion hap-
pens. Instead, it is likely that elimination of naphthalene from
Sc"#h produces either Sc-arene or a “naked,” coordinatively un-
saturated Sc(l) species that subsequently undergoes oxidative
addition across the C(sp®)-H bond.

Curiously, the solution phase spectra of crystalline Sc®*"-Et,O
does not match the structural arrangement observed in the solid-
state. This compound has been thoroughly characterized by 1D
and 2D NMR correlation spectroscopy (*H, ¥*C{*H}, *C DEPT,
COSY, TOCSY). Namely, in solution, the metalation is observed
at the methyl carbon of the isopropyl group to give the tautomer
[K(18-c-6)(Et,0)][Sc{(DippN)[2-Pr-6-
(CH3CHCH2)CsH3N]JC(NCHBu2)}(NImPPP)(THF)] (ScCH-taut). In
CsDs, the Sc-CH, protons appear together as a poorly resolved
multiplet (Figure S5) due to signal overlap, but the TOCSY spec-
trum shows clear coupling of the protons within the CH3;CHCH.-
Sc moiety (Figure S8). In THF-dg, the Sc-CH, signals are re-
solved into two separate peaks (Figure S9) that shows the pro-
tons to be diastereotopic with an ABX splitting pattern with peaks
at -0.60 (Ha) and -0.50 (Hg) ppm along with the proton of the
methine carbon appearing as a broad signal at 3.79 ppm (Hx).

Dissolving crystals of Sc®H-Et,0 followed by recrystallization
does not change its molecular structure in the solid-state. Crys-
tals can be grown from THF, affording Sc®"-THF (Figure S17),
giving the same methine-activated solid-state structure. To test

whether the tautomerization occurs as a function of temperature,
variable temperature NMR spectra show no change within the
metalated isopropyl group of Sc®*"-taut down to -40°C (Figure
S10), which is below the -35°C temperature used in the crystal-
lization of Sc®H-Et,0. We are not aware of other examples of
phase dependent tautomerization in inorganic complexes,
though it has been reported in small organic molecules,** and
we tentatively ascribe the phenomenon as a result of crystal
packing effects.

In summary, we have described the reduction chemistry of
the scandium(lll) chloride complex Sc® using K(CgHio) to afford
a mixture of two products, Sc"®" and Sc®H. X-ray crystallo-
graphic analysis of Sc"@" reveals a naphthalene masked scan-
dium complex where the structural features are in accordance
with a (CgH10)? ligand coordinated to a Sc(lll) center. The solid-
state molecular structure of Sc®"-Et,0 shows a number of
changes and is marked by formal hydride transfer from an iso-
propy! substituent to the ketimine backbone of the guanidinate,
generating a dianionic guanidinate ligand. This transformation
likely occurs through oxidative addition of a putative Sc(l) center
across an intramolecular C-H bond to give a reactive Sc-H spe-
cies, the first example of reductively induced C-H activation with
a Group 3 metal in a homogeneous solution. Moreover, phase
dependent tautomerization is observed in the metalated bond of
ScCH.Et,0. These results show key divergences in the reduction
chemistry of scandium versus titanium within the same 3N-plat-
form. Future work will focus on exploring the reactivity of Scnaeh
as a Sc(l) synthon.
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