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Abstract

The molecular calcium hydride, [(BDI)CaH], (BDI = HC{(Me)CN-2,6-i-Pr.CsHs}>), effects the slow
hydrodehalogenation of CsHsX (X = I, Br) to provide benzene and the respective dimeric calcium
halides, [(BDI)CaX];. Although the analogous hydrogenation of chlorobenzene is observed, this
process yields the calcium hydride-chloride as the alkaline earth-containing product. Assessment of
the bromide- and chloride-based processes by density functional theory (DFT) calculations, imply
that the reactions take place with the retention of the dimeric calcium structures throughout. Both
systems invoke an SxAr-type displacement of the halide, via barriers (ca. 32 — 34 kcal mol™), which
vary only marginally during the transformation of the initial hydride and halide-hydride
intermediates. The isolation of the calcium hydride-chloride is ascribed, therefore, to its more rapid
crystallisation and depletion from solution. Also reported is the reactivity of [(BDI)CaH]. with a,a,o-
trifluorotoluene and anisole, which yield the corresponding dicalcium hydride-fluoride and phenoxide

derivatives, respectively, rather than the products of directed ortho metalation
Keywords: Calcium [Hydride [halobenzene [Hehydrohalogenation

Introduction

From the synthesis of medicinal compounds to agrochemicals, aromatic substitution reactions provide
a broadly useful platform for the modification of aromatic ring scaffolds and are of pivotal importance
in many organic transformations. Although a majority of such transformations operate by the addition
of appropriate electrophiles to electron-rich arene Ttsystems (i.e. electrophilic aromatic substitution),’
it has long been recognised that alternative nucleophilic substitution (SnAr) pathways are also
accessible, particularly for arene systems bearing electron withdrawing substituents.”* Although a
majority of SNyAr processes require the stepwise formation of a discrete, non-aromatic Meisenheimer
intermediate, a number of studies have lent credence to the operation of alternative concerted
substitution (cSnAr) pathways.*> Of particular relevance to the current contribution, are Chiba’s
report of the hydrodehalogenation of haloarenes with a sodium hydride—iodide composite and Tuttle

and Murphy’s recent account of the role of potassium hydride in haloarene reduction (Scheme 1).5%

-1-

© 2021 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/


https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S0040402021000119
https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S0040402021000119

Foreshadowed by an earlier empirical study by Pierre and co-workers,’ this latter study employed a
combination of experimental and computational techniques to demonstrate that concerted
displacement of halide from haloarenes is initiated by attack of the naked hydride donor at the Tv*
orbital of the aromatic ring. Although evidence for single electron transfer was observed for reactions
performed in benzene, the formation of benzyne intermediates was discounted under all conditions,
and a cSnAr mechanism was deduced to predominate in procedures carried out in THF. In contrast,
although documented examples are sparse, related reports of the reactivity of molecular lanthanide or
d® transition metal hydrides with halobenzenes are typically complicated by the formation of the

reactive benzyne intermediate via ortho-metalation and cleavage of the C-halogen bond.!°

t
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Scheme 1: Concerted nucleophilic aromatic substitution (cSNAR) by potassium hydride and the

hydrodehalogenation of iodobenzene.®**

Our current interest in these processes derives from recent advances arising from the chemistry and
reactivity of heavier alkaline earth hydride derivatives.!'* Our particular focus has been provided by
the molecular B-diketiminato calcium hydride, [(BDI)CaH]. (1; BDI = HC{(Me)CN-2,6-i-
Pr,CsH3},), which serves as a potent source of the hydride nucleophile.’>*® We have previously
reported that that the hydride ligands of compound 1 react in a stepwise fashion and through retention
of its dimeric structure during their nucleophilic addition to accessible C=C bonds in alkenes and even
the high energy Tt systems of aromatic hydrocarbons.*®** While the former reactions give rise to a
range of calcium alkyl derives, which are themselves sufficiently reactive to effect the nucleophilic
activation of H, and benzene,*!%% the outcome of hydride addition to a range of polyaromatic
hydrocarbons dis[played an apparent dependence on the energy of the relevant 7% system and could
be correlated with the arene reduction potential (E).>* Whereas degenerate Ca-H/C-H exchange
between benzene (E° = ca. =3.4 V) and compound 1 was calculated to involve a high energy
nucleophilic attack of hydride (AH* 35.5 kcal mol™), similar disruption of the aromaticity of tetracene,
anthracene or naphthalene induced facile loss of atomic hydrogen and the formation of a radical anion
intermediate en route to the ultimate arene dianion products of two electron reduction. While the
reduction of naphthalene (E° = ca. —=3.4 V), in particular, indicates that compound 1 presents as a
highly potent molecular reducing agent, the reaction with benzene may be viewed as broadly
analogous to the dehalogenative processes depicted in Scheme 1b. In this study, therefore, we report
our initial observations of the reactivity of compound 1 with the monohalobenzenes, CsHsX (X =1,

Br, Cl, F) and related transformations with a,o,o-trifluorotoluene and anisole.
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Results and Discussion

Hydrodehalogenation of halobenzenes. Immediate analysis of a reaction between compound 1 and
two equivalents of iodobenzene in Ce¢D¢ at room temperature provided a 'H NMR spectrum
comprising two predominant compounds. The dicalcium hydride-iodide (2) was tentatively identified
by the emergence of a y-methine BDI signal at 4.76 ppm, while the formation of the dimeric calcium
iodide [3, 0 4.84 (y-Cepr) ppm] was subsequently confirmed by its independent isolation in
analytically pure form (vide infra). The signals arising from compounds 2 and 3, along with a minor
quantity of [(BDI)>Ca] (& 4.94 (y-C) ppm),** were observed to integrate in an approximate ratio of
2:3:1, while the production of additional CsHs was evidenced by a clear increase in intensity of the
signal associated with the residual protio resonance of CsDs (Scheme 2). An analogous reaction of
two equivalents of bromobenzene and 1 similarly afforded a "H NMR spectrum containing a mixture
of unreacted 1, an intermediate species cautiously assigned as the dicalcium hydride-bromide [4, o
4.76 (y-Cepr) ppm] and the dimeric calcium bromide, [(BDI)CaBr]» [5, 0 4.82 (y-Cspi) ppm] (Scheme
2). Although the '"H NMR spectrum of this reaction mixture was effectively unchanged after one day
at room temperature, a further reaction of 1 with a ca. 100-fold excess of bromobenzene afforded a 'H

NMR spectrum that consisted predominantly of compound 5 after three days at room temperature.
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Scheme 2: Reaction of 1 with halobenzenes.

In contrast to the facility of the reactions with its heavier halide congeners, initial analysis of a
reaction performed with two equivalents of chlorobenzene and 1 provided a 'H NMR spectrum
arising entirely from the unreacted starting materials. After one week at room temperature, however,
the consumption of ca. 50% of the initial quantity of 1 was accompanied by the emergence of the
dicalcium hydride-chloride (6), which could be identified in the "H NMR spectrum by the appearance
of a new y-CHgpi resonance at d 4.85 ppm, and which integrated in an approximate 2:1 ratio with an
accompanying hydride signal at 8 3.95 ppm. A subsequent reaction between 1 and an excess of
chlorobenzene afforded almost exclusive formation of compound 6 after one day at room temperature.

In a similar manner to the reaction with C¢HsCl, addition of two equivalents of fluorobenzene
to a C¢Ds solution of 1 provided a '"H NMR spectrum solely indicative of the unreacted starting
materials at the first point of analysis. Storage at room temperature for four days, however, afforded

an intractable mixture of unidentified compounds. Although residual unreacted fluorobenzene could
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be identified in the F{'H} NMR spectrum (5 —112.9 ppm), this resonance was observed alongside a
series of similar but unassignable fluorine resonances at 6 —75.5, —74.3, —=72.8, —72.2, =70.3 and

—44.7 ppm.

Figure 1: ORTEP s of compound (a) compound 3, (b) compound 5, (c) compound 6 and (d)
compound 7 with thermal ellipsoids at 30%. Hydrogen atoms, except H1 of compounds 6 and 7, have
been omitted for clarity. Symmetry operations to generate primed atoms: (5) 1-x, 1-y, —z; (6, 7) 1—x,

-y, —Z.



Table 1: Selected bond (A) and angles (°) of 3, 5, 6, 7 and 8.

3(X=1 5(X=Br* [6X=Cl)" [7(X=F" |8(X=0OPhy
Cal-N1 2.3009(16) | 2.2969(17) | 2.3051(13) | 2.3114(11) | 2.3546(11)
Cal-N2 2.2768(15) | 2.3019(18) | 2.3049(13) | 2.3273(12) | 2.3355(10)
Ca2-N3 2.2895(15) | - - ; -
Ca2-N4 2.2848(16) | - - ; -
Cal-X1 3.0798(4) 2.7977(7) 2.6388(11) | 2.173(3) 2.3012(10)
Cal’-X1 - 2.8309(6) 2.6770(11) | 2.178(3) 2.2425(9)
Cal-X2 3.0595(4) - - ; -
Ca2-X1 3.0336(4) - - ; -
Ca2-X2 3.0919(4) - - ; -
N1-Cal-N2 82.53(5) 80.52(6) 81.43(5) 79.26(4) 79.63(4)
N3-Ca2-N4 82.90(5) - - - ;
Cal-X1-Ca2/Ca’ | 86.182(11) | 89.960(17) | 83.82(3) 102.71(16) | 102.03(4)
Cal-X2-Ca2 85.523(11) | - - - -

Symmetry operations to generate primed atoms: * 1-x, 1=y, =z; ® 1=x, =y, =z; ¢ =X, -y, 1-z.

The veracity of the deductions arising from the in sifu analysis of these reactions was supported by the
characterisation of pure samples of compounds 3, S and 6, which were isolated as single crystals
suitable for X-ray diffraction analysis either from the reaction mixture (3) or from toluene/hexane
solutions (S, 6). The results of the solid-state analyses are presented in Figures 1a — 1c and selected
bond length and angle data are provided in Table 1. While all three compounds are dinuclear with L-
bridging halide or hydride ligands, the iodide derivative (3) presents two independent calcium
environments whereas both compounds 5 and 6 are centrosymmetric. Compound 3 comprises two
distorted tetrahedral calcium centres with Ca-N [2.2768(15) - 2.3009(16) 10\], Ca-I [3.0336(4) -
3.0919(4) A] distances and N-Ca-N angles [82.53(5) and 82.90(5)°] which are significantly shorter
and more acute than the respective measurements [Ca-N 2.347(2), 2.367(2); Ca-I 3.1224(8), 3.090(1)
A; N-Ca-N 81.34(8)°] of the previously reported, but ether adducted, calcium iodide,
[(BDI)Cal(Et,0)]».*! The gross structures of compounds 5 and 6 are similar to that of 3 with closely
comparable Ca-N [2.28 - 2.31 A] distances and N-Ca-N angles [81.4 - 82.9°]. As expected, however,
the Ca-X bonds elongate from approximately 2.6 A 3) to 2.8 A (5) to 3.0 A (6) with the increasing
ionic radius of the bridging halide atoms.*> As a consequence of the crystallographic symmetry in 6,
the bridging ligands were disordered in the gross structure. The H1 assignment, therefore, was made
to a residual electron density peak in the penultimate difference Fourier map, and the final least-
squares were conducted with the restraint of both Ca-H distances being similar. With this proviso in

place, the Ca-H [2.05(4) and 2.07(3) A] and Ca-Cl [2.6388(11) and 2.6770(11) A] distances of 6 are
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within the ranges established for the independent Ca-H [2.17(2) and 2.225(16) A] distances of 1 and
the Ca-Cl [2.676(1) and 2.685(1) A] bond lengths of [(BDI)CaCl(THF)],,* despite the coordinated

THF molecule in this latter compound.
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Figure 2: Computed enthalpy (Gibbs free energy in parenthesis) profile for the reaction of bromo-

benzene with complex 1 at room temperature.

Calculations were carried out at the DFT level (B3PW91) in order to get some insights onto the
formation of complexes 4, 5 and 6 from the reaction of either bromo- or chloro-benzene with 1. For
clarity, only the reaction of 1 with bromobenzene, that is the formation of 4 and 5, will be discussed in
detail. The formation of 6 is presented in the ESI (Figure S24).

The lowest energy profile in presented in Figure 2 but other possible reactions were computed
and were found to be higher in energy (see Figure S25). As was the case in previous observations of
compound 1,%3! the reaction is found to occur at the dicalcium complex since the dimer disruption
energy is more than 40.4 kcal mol™'. After the formation of a loosely bonded bromobenzene adduct
(Bgr, +0.4 kcal mol™), a SnyAr-type transition state (TS-BCg;) has been located. Consistent with the
relatively slow reaction observed, the associated barrier is 32.0 kcal mol™'. Following the intrinsic
reaction coordinate yields the formation of the very stable benzene solvated complex 4 (Cg;), whose
formation is exothermic by 67.7 kcal mol™'. The latter reaction energy indicates that the experimental
time scale for the completion of the reaction is s direct consequence of the height of this barrier.
Subsequent benzene to bromobenzene exchange is athermic but allows complex 4 to undergo a
further SyAr-type reaction via a similar barrier of 34.0 kcal mol™'. From this perspective, therefore,
the remaining hydride in complex 4 appears to be almost as reactive as that invoked in its own
generation from complex 1. Although the formation of the solvated version of complex 5 (Eg:) is

again highly exothermic (~135.6 kcal mol™' with respect to the entrance channel, -67.9 kcal mol™,



from Cg,), the barriers associated with the production of both 4 and 5 are effectively identical,
irreversible and consistent with the experimental observations of relatively slow reactions. It is
noteworthy that the inclusion of dispersion effect led to a similar profile as that reported in Figure 2.
The associated barriers, however, are too low and inconsistent with a reaction needing three days at
room temperature for completion (see Figure S26). We ascribe this observation as an artefact resulting
from an overestimation of the attractive interactions in the bimetallic species and a resultant lowering
of the barriers.

The formation of complex 6 was computed to follow a similar pathway as that shown in
Figure 2 (Figure S24) with similar barrier. The lack of formation of the chloride equivalent of
complex 5 is, thus, attributed to the rapid crystallisation of complex 6 (Cci in Figure S24), which

prevents further reaction.

Reactivity of compound 1 and a,a,0-trifluorotoluene and anisole. The contrasting reactivity of 1
with fluorobenzene was tentatively ascribed as a consequence of initial ortho-metalation and
subsequent benzyne formation. Similar processes have previously been deduced for reactions
between the range of halobenzenes utilised herein and [Cp*,YH],.!° This reactivity is also reminiscent
of directed ortho-metalation (DoM) chemistry, in which aromatic substituents such as an amide or
methoxy group are employed to direct the site of metalation by organolithium reagents, and which
continues to be a widely employed strategy to effect the regioselective functionalisation of substituted
aromatic and heteroaromatic compounds.***” The trifluoromethyl substituent of a,a,0-trifluorotoluene
is known to induce pronounced increases in the acidity of the aryl-hydrogen bonds. This is
particularly acute at the ortho positions, which are readily deprotonated by s-block organometallics
such that, for example, the regioselective ortho-metalation of a,a,a-trifluorotoluene has been achieved
with n-butyllithium,*** n-butylsodium,> the alkali metal zincate [NaZn(TMP)z-Bu,] (TMP = 2,2,6,6-
tetramethylpiperidide),’’  the  aluminate  [LiAl(TMP)z-Bus]*> and  the  magnesiate
[(PMDETA).K;Mg(CH,SiMes)] (PMDETA = N,N,N',N'".N'"-pentamethyldiethylenetriamine).>?
Notably, the sodium magnesiate inverse crown complex [NasMg)(TMP)s(n-Bu),] selectively
ortho,meta-dimetalates a,a,0-trifluorotoluene via a templating motif.>*

In a similar manner, the methoxy substituent of anisole effects predominant ortho-metalation
via inductive and complex-induced proximity effects.” DoM of anisole was initially observed with n-

BuLi and PhLi during the seminal studies of Gilman® and Wittig.”’ Directed ortho-lithiation has since

8 58,59

been investigated with NMR spectroscopy,”® computational calculations, isotopically labelled
experiments® and X-ray crystallography.S! Similarly, ortho deprotonation with alkali metal zincate,
[(THF)LiZn(TMP)(z-Bu),],>  aluminate, [((THF)LiAI(TMP),(i-Bu),],*  and  magnesiate,
[((PMDETA)KMg(TMP),(CH,SiMe;)],% complexes has been readily achieved.

Based on these significant precedents, therefore, it was postulated that the basicity of

compound 1 may enable the deprotonation of a,a,a-trifluorotoluene and anisole in a similar fashion.
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Immediate assessment of a reaction between two equivalents of a,a,a-trifluorotoluene and 1 in CsDs
afforded a '"H NMR spectrum containing only unreacted starting materials. Continued monitoring over
7 days, however, demonstrated the slow formation of the calcium hydride-fluoride [{(BDI)Ca}x(u-
F)(u-H)] (7), which was identified by the appearance of diagnostic doublet resonances at & 3.84 ppm
and 8 —42.0 ppm in both the 'H and 'F NMR spectra (3Jur = 37.3 Hz). Although the mechanism of
fluoride abstraction was not investigated in detail, the absence of a 'F resonance attributable to CsH-
sCHF, [8(*F) =111 ppm]® and the appearance of unidentified singlet resonances in the YF NMR
spectrum at 6 —63.0, —72.8 and —83.8 ppm indicates that the reaction is unlikely to be predicated
solely on a direct metathetical Ca-H/F-C exchange process.

Despite the apparent complexity of the reaction, and in a similar manner to the reactions with
halobenzenes described above, treatment of 1 with a ca. 100-fold excess of a,a,a-trifluorotoluene
afforded a solution that contained predominantly compound 7 [§ 4.83 (Ca-H), 3.84 (y-Cgp1) ppm] after
only one day at room temperature. Monitoring of this solution by 'H and 'F NMR spectroscopy
confirmed that compound 7 persisted in solution and provided no detectable evidence for
redistribution to either compound 1 or [(BDI)CaF],. Crystallisation of the reaction mixture from
toluene afforded single crystals of 7 suitable for X-ray diffraction analysis (Figure 1d and Table 1).
Although the bridging fluoride and hydride ligands are again disordered, the centrosymmetric Ca-J,-
F-Ca’ bridged structure of compound 7 is comparable to those of the previously reported [3-
diketiminato calcium fluorides, [(BDI)CaF(THF)], and [HC{(F;C)CN(2,6-i-
Pr,CsH3) },CaF(THF)],.%¢" Despite the additional molecules of THF within the calcium coordination
spheres of both of these previously reported compounds, the p-F-Ca bond lengths of 7 lie within the
established range [7: 2.173(3), 2.178(3); [(BDI)CaF(THF)]2: 2.170(2), 2.189(2); [HC{(F3C)CN(2,6-i-
Pr,CsHs) },CaF(THF)] 2.168(2), 2.186(2) Al.

E \
\ / Cai E @ E \Ca< >Ca E 2 CH4

(1) Ar = 2,6-i-ProCgH3

Scheme 3: Synthesis of compound 8.

Although no reaction was observed by '"H NMR spectroscopy between two equivalents of anisole and
1 in C¢Ds over a duration of 16 hours, heating the solution at 60 °C for a similar period induced the
formation of a single new [-diketiminate derivative, compound 8, which was most clearly
characterised by a new y-Cgpy signal at 6 4.91 ppm. The formation of compound 8 was accompanied
by the appearance of a further singlet resonance at 6 0.16 ppm, which was readily attributed to

methane.®® The origin of these observations was resolved by removal of deuterobenzene and
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crystallisation of the solid residue from toluene. The resultant single crystal X-ray analysis confirmed
the identify of 8 as the calcium phenoxide derivative, [(BDI)CaOPh], (Figure 3, Table 1), and the
overall stoichiometry of the reaction shown in Scheme 3. The calcium centres of the centrosymmetric
structure of 8 are coordinated by typical calcium-nitrogen interactions from the f-diketiminate ligand
[2.3546(11) and 2.3355(10) A] and bridging phenoxide ligands, the Ca-O bond lengths of which
[2.3012(10) and 2.2425(9) A] lie within the range of previously reported bridging aryloxide Ca-p»-O-
Ca interactions (2.25 - 2.37 A).%72

Figure 3: ORTEP representation of compound 8 with thermal ellipsoids at 30%. Hydrogen atoms
have been omitted for clarity. Atoms with primed labels related to those in the asymmetric unit by the

—x, —y, -z symmetry operation.

Rather than the anticipated ortho-metalation, the generation of 8 and methane (Scheme 3) requires an
apparent o-bond metathesis of the Ca-H bond of 1 with the O-CH3 bond of anisole. Although the
rupture of the C(sp?)-O (ca. 273 kJ mol™)”® bond rather than the C(sp*)-O (ca. 419 kJ mol™)" bond
may be rationalised by the thermochemical preference for the formation of the resultant Ca-O bond
(348 kJ mol™), this process occurs with notable kinetic facility and selectivity. Whilst ether cleavage

7> such a well-

is well-documented with a plethora of alkali metals and organoalkali compounds,
defined cleavage of the aliphatic C-O bond of anisole with a molecular metal hydride appears to be
unprecedented. The addition of DME to [(BDI)CaH(Et,O)], has, however, been shown to effect
diethyl ether cleavage to provide the calcium ethoxide [(BDI)CaOEt],.”® Similarly, the cerium hydride

[Cp2CeH] (Cp' = 1,2,4-tri-tert-butylcyclopentadienyl) promotes C-O cleavage of a range of



dialkylethers, [RCH,CH,OR'] (R = H, Me, Et; R’ = CH,CHR) to the corresponding cerium alkoxides
[Cp2’OR],”

In summary, the B-diketiminato calcium hydride (1) effects the dehydrohalogenation of iodo-
bromo- and chlorobenzene under mild conditions. Furthermore, compound 1 is able to activate strong
bonds of a,a,a-trifluorotoluene (C-F; ~500 kJmol™) and anisole (C-O; 273 kJmol™). Although the
outcome of both these latter processes is striking, their viability may be attributed to the resultant

thermochemical strength of the resultant Ca-F (557 kJ mol ™) and Ca-O (348 kJ mol™") bonds.”

Experimental Section

All manipulations were carried out using standard Schlenk line and glovebox techniques under an
inert atmosphere of argon. NMR experiments were conducted in J Young tap NMR tubes prepared
and sealed in a Glovebox. NMR spectra were collected on an Agilent ProPulse spectrometer operating
at 500 MHz ('H), 126 MHz (**C), 470 MHz ('°F). The spectra were referenced relative to residual
protio solvent resonances or an internal standard. Solvents (toluene, hexane) were dried by passage
through a commercially available (MBraun) solvent purification system, under nitrogen and stored in
ampoules over 4A molecular sieves. CsDs was purchased from Sigma-Aldrich Corp., dried over a
potassium mirror before vacuum distilling under argon and storing over molecular sieves. Calcium
iodide (99.95%) and organic reagents were purchased from Sigma-Aldrich Corp. and either distilled

or recrystallised prior to use. [(BDI)CaH], (1) was synthesised by a literature procedure.*

Synthesis of [(BDI)Cal]. (3)

Iodobenzene (7.27 pL, 0.065 mmol) was added to an unstirred toluene (ca. 0.5 ml) solution of 1 (30
mg, 0.033 mmol). After 16 hrs at room temperature hexane (ca. 0.5 ml) was added to the resultant
pale-yellow solution which was stored at =35 °C to afford colourless crystals of 3 (18 mg, 45%).
Single crystals suitable for X-ray diffraction analysis were obtained directly from the analogous NMR
scale reaction of iodobenzene with 1 in C¢Ds.'H NMR (500 MHz, benzene-ds) & 7.18 - 7.14 (m, 6H,
Ar-H), 4.84 (s, 1H, NC(CH3)CH), 3.10 (hept, *Jun = 6.8 Hz, 4H, CH(CH3),), 1.65 (s, 6H,
NC(CH3)CH), 1.25 (d, *Jun = 6.8 Hz, 12H, CH(CH}3),), 1.13 (d, *Jun = 6.8 Hz, 12H, CH(CH}3),) ppm.
BC{'H} NMR (126 MHz, benzene-ds) 8 166.5 (NC(CH3)CH), 142.1 (Cormno), 125.5 (Cpara), 124.5
(Cheta)s 95.2 (NC(CH3)CH), 29.0 (CH(CHz3)2), 25.9, 24.6 (CH(CHs)2), 24.2 (NC(CH3)CH) ppm.
Elemental analysis for CssHsCaxloN4: C, 59.58; H, 7.07; N, 4.79%. Found: C, 59.75; H, 7.18; N,
4.76%.

Synthesis of [(BDI)CaBr]: (5)

Bromobenzene (500 pL) and C¢Ds (50 puL.) were added to 1 (30 mg 0.033 mmol) and stored at room

temperature for three days affording a pale-yellow solution. The resulting solution was evaporated to
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dryness, redissolved in toluene (ca. 0.5 ml), layered with hexane (ca. 0.5 ml) and cooled to =35 °C to
yield 5 as colourless single crystals (11 mg, 30%). '"H NMR (500 MHz, benzene-ds) & 7.17 - 7.11 (m,
6H, Ar-H), 4.84 (s, 1H, NC(CH3)CH), 3.06 (hept, *Jun = 6.7 Hz, 4H, CH(CHas),), 1.66 (s, 6H,
NC(CH3)CH), 1.18 (d, *Juu = 6.7 Hz, 12H, CH(CH3)>), 1.11 (d, *Jun = 6.7 Hz, 12H, CH(CH3)>) ppm.
BC{'H} NMR (126 MHz, benzene-ds) & 166.2 (NC(CH3)CH), 143.2 (Cipso), 142.2 (Cormo), 125.5
(Cpara), 1245 (Ciea), 954 (NC(CHs3)CH), 28.9 (CH(CHs)2), 25.2, 24.6 (CH(CHs)2), 23.9
(NC(CH3)CH) ppm. Elemental analysis for CssHg,Ca:BroNa: C, 64.79; H, 7.69; N, 5.21%. Found: C,
64.51; H, 7.57; N, 5.18%.

Synthesis of [{(BDI)Ca}(u-Cl)(u-H)] (6)

Chlorobenzene (500 uL) and C¢Ds (50 pL) was added to 1 (30 mg 0.033 mmol) and stored at room
temperature overnight (ca. 16 hrs) affording a pale-yellow solution. The resulting solution was
evaporated to dryness, redissolved in toluene (ca. 0.5 ml), layered with hexane (ca. 0.5 ml) and cooled
to =35 °C to yield 6 as colourless single crystals (8 mg, 25%). 'H NMR (500 MHz, benzene-de) & 7.13
- 7.06 (m, 12H, Ar-H), 4.84 (s, 2H, NC(CH3)CH), 3.95 (s, 1H, CaH), 3.08 -3.00 (m, 8H, CH(CH3),),
1.66 - 1.65 (m, 12H, NC(CH3)CH), 1.15 - 1.05 (m, 48H, CH(CHs)2) ppm. *C{'H} NMR (126 MHz,
benzene-ds) 6 166.0, 165.7 (NC(CH3)CH), 143.0, 143.0 (Cipso), 142.2, 142.1 (Cormo), 125.5, 125.3
(Cpara), 124.5, 124.5 (Ciew), 94.1 (NC(CH3)CH), 28.8, 28.6 (CH(CHs)2), 25.2, 24.9, 24.7, 24.4
(CH(CH3)»), 23.7, 23.7 (NC(CH3)CH) ppm. Elemental analysis for CsgHs3Ca,CIN4: C, 73.18; H, 8.79;
N, 5.89%. Found: C, 73.12; H, 8.92; N, 5.85%.

Synthesis of [{(BDI)Ca}.(u-F)(u-H)] (7)

a,a,0-trifluorotoluene (500 pL.) and CsDs (50 pL) was added to 1 (60 mg 0.065 mmol) and stored at
room temperature overnight (ca. 16 hrs) affording an orange solution. The resulting solution was
evaporated to dryness, redissolved in toluene (ca. 0.5 ml), layered with hexane (ca. 0.5 ml) and cooled
to =35 °C to yield 7 as colourless single crystals (13 mg, 11%). '"H NMR (500 MHz, benzene-ds) &
7.10 —7.03 (m, 12H, Ar-H), 4.83 (s, 2H, NC(CH;3)CH), 3.83 (d, *Jur = 37.3 Hz, 1H, CaH), 3.11 - 3.03
(m, 8H, CH(CH3),), 1.66 - 1.65 (m, 12H, NC(CH5)CH), 1.14 (d, *Jun = 6.8 Hz, 24H, CH(CH5),), 1.05
(d, 3Jun = 6.8 Hz, 12H, CH(CH5),), 1.02, 0.98 (d, *Jun = 6.8 Hz, 6H, CH(CH3),) ppm. *C{'H} NMR
(126 MHz, benzene-ds) 6 165.4, 165.4, 165.3(NC(CH3)CH), 144.5, 143.9, 143.5 (Cips0), 141.9, 141.9,
141.7 (Cormo), 125.0, 125.0, 124.8 (Cpara), 124.5, 124.3, 123.6 (Cinera), 94.6, 94.4, 94.3 (NC(CH3)CH),
28.4, 28.3, 28.3 (CH(CHs)y), 25.0, 24.7, 24.6, 24.2, 24.2, 24.2 (CH(CHs),), 23.6, 23.6, 23.5
(NC(CH3)CH) ppm. F NMR (470 MHz, benzene-ds) & —42.0 ppm (3Jur = 37.3 Hz). Repeated

attempts at elemental analysis failed to provide meaningful results.

Synthesis of [(BDI)CaOPh]: (8)
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Anisole (7.14 pL, 0.065 mmol) was added to a C¢Ds solution of 1 (30 mg, 0.065mmol) and heated at
60 °C overnight (ca. 16 hours) affording a pale-yellow solution. The resulting solution was
evaporated to dryness, redissolved in hot toluene (ca. 0.5 ml) and cooled to room temperature to yield
colourless blocks of 8 (15 mg, 42%) suitable for single crystal X-ray analysis. '"H NMR (500 MHz,
benzene-de) & 7.13 - 7.06 (m, 8H, Ar-H), 6.66 (t, *Jun = 7.4 Hz, 1H, OPh-H,u4), 6.38 (dm, *Jyn = 7.6
Hz, 2H, OPh-H,uu,), 4.91 (s, 1H, NC(CH3)CH), 3.16 (hept, *Juu = 6.9 Hz, 4H, CH(CH3),), 1.65 (s,
6H, NC(CH5)CH), 1.11 (d, *Jun = 6.9 Hz, 12H, CH(CHs),), 0.81 11 (d, *Jun = 6.9 Hz, 12H,
CH(CHs)>) ppm. “C{'H} NMR (126 MHz, benzene-ds) 8 166.8 (NC(CH3)CH), 162.5 (OPh-Cjy),
145.8 (Cipso), 142.0 (Corino), 130.3 (OPh-Cinera), 124.9 (Cpara), 124.3 (Cinera), 118.0 (OPh-Cpara), 117.9
(OPh-Corno), 94.4 (NC(CH3)CH), 28.7 (CH(CH3)2), 24.5 (NC(CH3)CH), 24.3 (CH(CHs)2) ppm.

Repeated attempts at elemental analysis failed to provide meaningful results.
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