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ABSTRACT

The use of sterically demanding m-terphenyl ligands to kinetically stabilize unusual low
coordinate molecular geometries in organometallic complexes of aluminum and lead are
described. The influence of attractive intramolecular interligand London dispersion forces on their
structures was also studied. In Chapter 2, rare examples of diplumbynes, dilead analogues of
alkynes, of the formula RPbPbR with lead-lead multiple bonding were prepared and structurally
characterized. Using the m-terphenyl ligands CsHs-2,6-(CsH2-2,4,6-'Bus)2 (Ar®“6) and CsH-2,6-
(CeH2-2,4,6-'Prs)2-3,5-'Pr, (Ar'P™8) gave multiply bonded structures in the solid state. Calculations
in collaboration with Prof. Stefan Grimme, Markus Bursch, Jakob Seibert, and Leonard Maurer
showed that dispersion energies also contributed significantly to the stability of these molecules.
Chapter 3 describes stable m-terphenyl lead(ll) hydrides that were isolated in the preparation of

the diplumbynes.

Chapter 4 describes the metathesis reactions of heavy group 14 element alkyne analogues of
Ge, Sn, and Pb with Mo-Mo single and triple bonds. These compounds reversibly dissociate in
solution to monomeric radicals. By their direct reaction with (CO)3(n>-CsHs)Mo—Mo(n®-
CsHs)(CO)s and (CO)2(n°-CsHs)Mo=Mo(n>-CsHs)(CO)2, the energetically favored group 14

element-Mo bonds are formed.

Chapter 5 describes the synthesis of the first isolated species with a one-coordinate aluminum
atom. The sterically demanding Ar'™"® ligand stabilizes this geometry. Nonetheless, calculations
showed that a dimer, the dialuminene Ar'P8AIAIAr™®, is slightly favored. This is supported by the
facile reactivity of :AIAr"® with H,. In Chapter 6 the reaction of :AIAr"® with several

organoazides is described. When the m-terphenyl azide ArM®N; (ArMe® = CgHs-2,6-(CsH2-2,4,6-



Mes) is used, the first compound with an Al-N triple bond Ar"®AINArMe was isolated. The
attractive dispersion forces between the two terphenyl substituents on the Al and N atoms
contribute a stabilization energy that is on the same order of magnitude as the Al-N =-type bonds

in the molecule.

Chapter 7 describes a new route to dialuminenes of the formula RAI=AIR. These species are
highly reactive towards arene solvents in which they are soluble. By using a terphenyl ligand
substituted by the -SiMes group, CeH2-2,6-(CeHs-2,6-'Pr2)2-4-SiMes (ArP™-4-SiMes) we
anticipated increasing the solubility of the dialuminene in solvents with which it would not react.
Direct reduction of the iodide precursors to 4-SiMesAr"™Al=AIAr"“-4-SiMe; failed, so a new
route through the comproportionation of Al(Et,0)12Ar"™-4-SiMes or (AlIArP™-4-SiMes), with
the dialuminyne salt Naz(AIAr"™-4-SiMes), was used. In hexanes or ether, this reaction mixture
turns deep purple before rapidly decomposing. However, in benzene the dialuminene-benzene
[4+2] cycloaddition complex is stoichiometrically obtained from the comproportionation

reaction.
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Chapter 1. General Introduction

In the early 20" century, attempts to make compounds containing multiple bonds between
heavier main group elements (third period and below) were unsuccessful, instead resulting in other
singly bonded compounds or oligomers.1* A partial explanation for this was the weak overlap of
the larger 3p orbitals compared to the 2p orbitals due to their greater physical separation as well
as core-core repulsion derived from the higher number of core electrons in the heavier elements.®
This led to the assumption that there existed a “double bond rule” which stated that the main group
elements of principal quantum number greater than 2 do not form multiple bonds.® Work in the
1970s and 80s however showed this principle to be false. Organic compounds with aromatic n
systems were synthesized incorporating heavy heteroatoms including P, As, Sb, and Bi.” Lappert
found that the stannylene :Sn{CH(SiMesz)2}>, while monomeric in solution, formed a weakly
bonded Sn-Sn dimer in the crystal phase.® In 1981, West and coworkers reported the structure of
the disilene (2,4,6-MesCgH2)2Si=Si(CeH2-2,4,6-Mes) containing an Si=Si double bond,® and
Yoshifuji and coworkers reported the P=P doubly bonded diphosphene (2,4,6-
‘BusCgH2)P=P(CsH:-2,4,6-'BusCsH>) 1° which were shown to possess “normal” double bonds. The
use of large ligands at the heavy main group elements in these compounds was key to their
stabilization and isolation. Pauli repulsion between alkyl groups of the ligands (i.e. steric effects)
provides kinetic stabilization by protecting the multiple bonds and preventing oligomerization.

The following decades saw the

R
p7 R R
, , RaZ
synthesis of series of alkene and \’—E_E””” \E_E \E
NR N N
R R R

alkyne analogues of the heavier
E = Si, Ge, Sn, Pb E=Al,Ga, In, TI  E=SiGe,Sn,Pb

11,12
group 13, 14, and 15 elements Figure 1.1 General structures of group 13 and group 14 alkene and

) alkyne analogues showing pyramidalized or trans-bent geometries.
employing the same strategy of



using sterically hindering ligands to protect the multiple bonds. Nonetheless, X-ray diffraction
studies on the resultant group 14 R:EER2 (E = Si—Pb) compounds revealed they had unusual
pyramidalized geometries around the group 14 element (Figure 1.1). Likewise, the group 13 and
group 14 REER compounds (E = AI-TI; Si-Pb) showed trans-bent cores in their solid-state
structures. This differs markedly from the lighter element congeners in which molecular
geometries can be well described and predicted by VSEPR and valence bond theories utilizing sp,
sp?, and sp® hybrid orbitals. However, these distorted structures (i.e. pyramidalized or bent) are
significant as they indicate fundamental changes in the nature of the multiple bonding between the

heavier elements.

Application of classical

valence bond or molecular

orbital theory  bonding

models to the heavier O bl Reputson O
Rin,, O (D R
g~ o1 5 T

element compounds has led

Pyramidalization Trans-bendin
to  much  debate!3% l ’ l ’

Alternative descriptions of _ R} R VRN
&0 QP

i CASD
N 4 R

the bonding in these 0 @ 0 \'///R
N R

compounds have been Figure 1.2 Double donor-acceptor model for the dimerization of R.C: and RC:-

. _ fragments (top) compared with the tin analogues (bottom).
developed to explain their

nonclassical structures. A simple treatment of the bond in the group 14 R:E=ER: species is the
double donor-acceptor model by Lappet® (Figure 1.2, bottom left). Carter, Goddard, Malrieu, and
Trinquier further elaborated this model on the basis of the ground states of the heavy carbene or

carbyne analogue moieties.’>® Methylene R,C: and methyne RC:- fragments have triplet and



quartet ground states respectively, with two or three unpaired electrons. Dimerization of these

fragments to form the trigonal planar or linear geometries in alkenes and alkynes is facile (Figure

1.2, top). For the heavier elements, pairing of the electrons is more stable and the R2E: and RE:-

bottom).

moieties have singlet and doublet ground states, respectively. The now filled orbitals do not
interactions with the empty p orbital on the opposite main group element fragment (Figure 1.2,

overlap due to Pauli repulsion and the molecule distorts so these can engage in donor-acceptor

Another interpretation invokes a second-order Jahn-Teller distortion starting from classical

trigonal planar R2.EER; or linear REER structures.}” Upon bending from the linear D..,» geometry,

symmetry allowed mixing of frontier molecular orbitals in the new Cazn point group results in a

R
R f”/ ff 0'* (bu)
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e 3N R * (b “‘ R
Q@ O+ | — Je o A S— ye g e
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R
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Point Group:

R
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D.n

R
Figure 1.3. Second order Jahn-Teller distortion diagram for the frontier molecular orbitals of REER species (E = Al-

c2h
TI, Si-Pb). The classical linear D..;, structure (left) undergoes trans-bending to a structure with Con symmetry (middle).
Symmetry allowed mixing of the frontier orbitals (right) stabilizes the now “slipped” « (n.) and ©* (n+) orbitals.



significant lowering in energy (i.e. stabilization) of one of the © and n* orbitals (Figure 1.3). This
is facilitated by the smaller energy gaps between the frontier orbitals in the heavier element
compounds due to the decreasing E-E bond strength. Ultimately, the second period elements
appear to be the exception rather than the rule, and the linear or trigonal planar geometries they
adopt are not energetically favorable in their heavier counterparts. This has been attributed to the
efficient 2s/2p mixing (i.e. ‘hybridization’) of the second row elements due to their unique 1s
orbital core structure. This causes the next shell, i.e., the 2s and 2p orbitals, to have almost equal
radii thereby facilitating hybridization.'®%° As the difference between the radial extension of the
ns and np orbitals increases upon descending the groups, their mixing becomes less efficient. Thus,
the R-E and E-E bonding orbitals of the heavier elements have more p character which results in

narrowing of the R-E-E angle.

Beyond their structural novelty, these compounds are of wide interest for their reactivity. The
weak multiple bonds tend to be reactive towards small molecules and unsaturated organic
compounds.?® Indeed, the first activation of dihydrogen? and ethylene?? by main group element
compounds under ambient conditions involved multiply bonded complexes. The frontier orbitals
of these compounds (which include the heavy element multiple bonds) interact with those of small
molecules, e.g. Hz or CoHa, in a manner resembling their interaction with d-orbitals on transition

metals.?® Recent years have
MgBr

Li
N cl O i.THF, -78°C—25°C Z | | = |
seen growing Interest In 2 | + | ii. I,, 0°C _ Ry\ N R7\
R// R// > 1 | 1
1 2

-LiCl
iC Rz//

developing  main  group -"MgBrCI"

Scheme 1.1. General route to m-terphenyl ligands. R: and R signify
element based reagents for substitution patterns on the flanking and central aryl rings e.g., for AriP-4-
SiM83 Ri = 2,6—iPr2 and R, = 4-SiMEg.

catalytic processes.?#?5



ArMe6 AriPr4 AriPrS ArtBuS AriPrS

Figure 1.4. Commonly used m-terphenyl ligands and their abbreviations. The steric demand of the ligand
roughly increases left to right.

Our group has synthesized several multiply bonded compounds of the heavy group 13 and 14
elements of the general formula REER (E = Al-TI, Ge-Pb) and some of their reduced counterparts
[REER] and [REER]?* using m-terphenyl ligands to confer steric protection. These ligands are
readily prepared at large scale and good yield in a “one-pot” procedure?®?’ (Scheme 1.1). The
steric demand of the terphenyl ligand can be adjusted by varying the alkyl groups and their
substitution pattern on the flanking aryl rings. Additionally, substitution at the meta positions of
the central ring restricts the rotation of the flanking rings and pushes them slightly forward,
increasing the steric protection of the element bound to the ispo position.?® This allows some
‘tuning’ of the steric effects to control oligomerization—thus trimeric, dimeric, and even
monomeric metal complexes can be accessed for an element by adjusting the ligand. Common m-
terphenyl ligands used by our group are listed in Figure 1.4 in roughly increasing size along with

their abbreviations.

Recently the influence of dispersion forces on the formation and structures of organometallic
complexes has been recognized.?>*° The attraction between alkyl groups on adjacent organic
ligands, including terphenyls, can lead to structures that are counterintuitive to what may be

predicted based on steric effects alone. In order to explore and exploit the balance of steric



repulsions and dispersion force attractions, the work in this dissertation is mainly focused on the
use of the very sterically demanding ligand Ar'™"® to enforce unusual geometries at Pb and Al —
two elements for which low coordinate low, oxidation state compounds are exceedingly rare. This
general introduction will survey the known multiply bonded REER compounds of the group 13
and 14 elements and their monomeric counterparts with which they are in equilibrium in solution,

as well as introduce the use of dispersion force attraction for the stabilization of unusual molecules.

Group 13 compounds

Boron compounds: Reduction of the terphenyl boron halides BX2Ar (X = CI, Br; Ar =
ArMeE - ArP) \with alkali metals did not give B-B multiple bonded species but instead resulted in
formation of the transient borylenes :BAr.3! These species activated the C-C bond between the
flanking aryl ring and its ortho substituent to give 9-borafluorene derivatives.! Braunschweig and
coworkers have isolated transition metal complexes of these :BAr™e® and :BAr'™"® fragments which
can release the free borylene under photolytic or thermal conditions, allowing controlled studies
of their reactivity.®> It has only been through coordination of N-heterocyclic carbene (NHC)
ligands that the diborenes (NHC)RB=BR(NHC) (R = H, alkyl) have been stabilized and

isolated.36:37

Aluminum compounds: The dialuminenes RAIAIR have yet to be isolated and structurally
characterized. The Al=Al bonds in these compounds appear to be inherently stable (see Chapter
7) and are highly reactive with arenes, resulting in activation of the benzene or toluene solvents in
which they dissolve. Reduction of All,Ar"™“ with KCs in Et,O afforded the dialuminene
ArPUALAIArP™ which was isolated only as its [2+4] cycloaddition product with toluene® and later
its [2+2] cycloaddition product with MesSiCCSiMes.*® Tokitoh and coworkers prepared

bis(aryl)dialuminenes by reduction of Ar(Br)Al-Al(Br)Ar (Ar = Ce¢Hz-2,6-{CH(SiMez)2}> or

6



CeH2-2,6-{CH(SiMe3),}.-4-'Bu) with KCg in benzene, affording their dialuminene/benzene
cycloaddition complexes.*®*! The benzene moiety in these compounds was shown to reversibly
dissociate to afford the reactive dialuminene in solution.*® This allowed the study of the addition
of the dialuminenes to naphthalene, anthracene, dihydrogen,*? and substituted acetylenes.*%4!
Furthermore, at high temperature the benzene solution of the dialuminene appeared to liberate the
monomer :AlAr which underwent [1+2] cycloaddition with PRCCPh.** The only Al-Al double

bonded species isolated and characterized to date utilize Lewis base complexation by NHC

ligands,***4 or chelating amido-phosphine ligands® to stabilize the reactive Al=Al moiety.

Reduction of AlLLAM® and AlLArP“ with excess Na metal afforded the trimeric
Naz(AIArMe)3  which features a metalloaromatic 2 m-electron Als core, and the dimeric
dialuminyne Naz(AIAr"™),.4 The Na cations in these compounds are complexed by the flanking

aryl rings of adjacent terphenyl ligands which is probably crucial to their stability.

Gallium compounds: The anionic compounds Nax(GaAr®), Nax(GaArV®®)s* and
K2(GaArMe);* were first prepared by Robinson and coworkers by reduction of GaCl.Ar (Ar =
Ar'Pe - ArMe8) \with Na or K metal. However reduction of GaCl.Ar'"® with K afforded the cluster
Ko{Gaa(Ar'P®),}.4 The neutral digallenes ArP“GaGaAr™™ and Ar"®GaGaAr'™® were synthesized
by treatment of Gal with the terphenyl lithium salts.>®>! These could be reduced with Na to
Naz(GaAr®™), and Nax(GaAr'™™®),. Substitution of the para position of the central ring of the
terphenyl afforded the digallenes 4-tBuAr"®GaGaAr™-4-tBu and 4-CFs3Ar*%GaGaAr-4-
CF3.52When the meta positions on the central ring were substituted with isopropyl groups, instead
the one-coordinate Ga species :GaAr'™® and :Ga(CsH-2,6-(CeHs-2,6-'Pr2),-3,5-'Pr») are isolated as

crystalline solids.>? Reactivity studies and computational analysis on the isolable dimer and



monomer compounds revealed that the dimer rather than the monomer is the reactive species

towards olefins and dihydrogen.>

Indium compounds: The monomeric :InAr'*™® was prepared by addition of LiAr'*™ to InCl
and showed no In---In contacts in the solid state (the shortest In-In distance was 6.890(2)A).5* The
one-coordinate In atom acted as a Lewis base by addition to MnCp(CO)2(THF) to afford Ar*®In-
MnCp(CO).. By decreasing the size of the ligand, the diindene ArP*InInArP* was isolated®® and
remains the only structurally characterized diindene to date. Upon treatment with B(CeFs)s, the
complex ArP“In-B(CgFs)s was isolated, indicating the lability of the In-In bond to yield :InAr'™
fragments in solution. Further decreasing the size of the terphenyl ligand, the addition of LiArMe

to InCl yielded the cluster Ing(ArM®), with a distorted cubic Ing core.*®

Thallium compounds. Similar to indium, the addition of Li(Et.O)Ar'™® to TICI afforded the
monomeric complex :TIAr™™ with no close TI--- Tl contacts.>” The dithallene ArP*TITIAr™* was
isolated from the reaction of LiAr'™™ and TICI.® Again dissociation to : TIAr"™“ was evidenced by
the formation of Ar®™TI-B(CsFs)s. The dark red compound “T1Ar"#6” was found to be unstable®’
and no structural characterization has been obtained for it. However, the addition of LiCsHs-2,6-
(CeH3-2,6-Me2)2 to TICI afforded the isolable trimer {TIC¢H3-2,6-(CeH3-2,6-Me>).}3 featuring a

Tls triangular core.®

Selected structural parameters for the E-E bonds, R-E-E bending angles, and R-E-E-R

torsion angles in these group 13 compounds are presented in Table 1.1.



Table 1.1 Selected bond length and angle data for heavier group 13 multiple bonded REER and [REER]*

compounds and some related trimeric species. The E-E bonded atoms are in bold red font.

Al—AI (A) R-AI-AIl (°) R-AI-AI-R (°) | Ref
‘BuMeSi(NHC)AIAI(NHC)SiMe'Bu, 2 2.3943(16) — — 43
(Trip)(NHC)AIAI(NHC)(Trip) 2P 2.4039(8) — — 44
Naz[ArP AIAIArP™], 2.428(1) 131.71(7) 180 46
Naz[AIArMes], 2.520(2) — — 46
Ga—Ga (A) R-Ga-Ga (°) R-Ga-Ga-R (°)
ArPGaGaArP 2.6268(7) 123.16(7) 180 50
4-'BuArP®GaGaAre-4-1Buy 2.596(4) 2.012(5), 2.021(2) 158.6(2)
2.512(7) 2.039(7), 2.019(3) -179.7(3) 51
2.552(4) 2.006(3), 2.053(3) 163.4(2)
4-CF3ArPGaGaArP®-4-CF; 2.6031(8) 121.68(5), 128.53(5) 176.26(8) 51
Naz[ArP*GaGaArt4] 2.347(1) 130.7(1) 180 50
Nay[ArPGaGaArFo] 2.319(3) 128.5(4), 133.5(4) -173.2(8) 13
Nay[GaArVe]; 2.441(1) — — 47
2.4260(5),
Ka[GaArves], 2.4317(5), — — 48
2.4187(5)
In—In (A) R-In—In (°) R-In-In-R (°)
ArP4IninArP 2.9786(5) 121.23(6) 180 55
TI—TI (A) R-TI-T I(°) R-TI-TI-R (°)
ArPATITIACP? 3.0936(8) 119.74(14) 180 58
{TICsH3-2,6-(CsH3-2,6-Me2)2} gg%ggg — — 58

ANHC = 1,3-diisopropyl-4,5-dimethyl-imidazolin-2-ylidene. °Trip = 2,4,6-PrsCsH,.




Group 14 compounds

Silicon compounds: The first stable disilyne Si’Si=SiSi’) (Si’ = Si{CH(SiMes)2}.'Pr) was
isolated by Sekiguchi and coworkers using Si- substituted ligands and is stable as a green solid.>®
One electron reduction with K afforded the radical anion complex [K(CH3OC2H4OCHz3)s]
[Si’Si=SiSi'].%° An asymmetric disilyne Si’Si=Si(Si{CH(SiMes)2}.CH.C(CHz)s3) was prepared
and was found to undergo rearrangement and cyclization to the cyclotrisilene.®* A diaryldisilyne
Ar'Si=SiAr’ (Ar’ = CeHo-2,6-{CH(SiMe3s)2}»-4-C(SiMez)3) was synthesized by treatment of the
dibromodisilene Ar'(Br)Si=Si(Br)Ar’ with Li'Bu at -100°C. Elimination of LiBr and 'BuBr
afforded the disilyne which slowly decomposed in solution.®> A dialkyl derivative has been

prepared using the ligand -C(SiMe3)2,CH2'Bu.5

Germanium compounds: Reduction of ArP#(Cl)Ge=Ge(CI)Ar™* with K afforded the first
digermyne  ArP#GeGeAr™™%  The derivatives 4-SiMesAr*™GeGeAr™*-4-SiMes,  4-
CIArP*GeGeAr™-4-Cl as well as Ar®GeGeAr™® and Ar"®GeGeAr™® were prepared
similarly.%>% Ar'Ge=GeiAr’ has also been reported.®” These diaryldigermynes feature wide C-Ge-
Ge-C bending angles in the solid state. Using bulky amide ligands can force the trans bending
angle to decrease and the Ge-Ge bond to lengthen.%®-"° The terphenyl substituted digermynes can
be singly or doubly reduced with alkali metals, affording the monoanionic radicals, or the

dianions.%71

Tin Compounds: The distannynes ArSnSnAr have been isolated with the terphenyl ligands
AriPra - ApPe  ArtBUS and AriP™® as well as the para substituted ligands Ar'P™-4-SiMes, Ar'P™-4-
GeMes, ArP™-4-tBu, Ar'™-4-Cl, ArP™-4-OCH; generally by the reduction of Sn(CI)Ar by alkali
metals.®>7273 Two isomeric forms were found in the solid state structures of the distannynes

differing in their trans-bending angles and consequently their Sn-Sn distances.®® The energy
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difference between these isomers was calculated to be very small (< 5 kcal mol™?) and therefore
likely influenced by crystal packing effects.®>’* Characterized examples of bulky amide and
borylamide substituted derivatives appear to favor the highly trans-bent geometry in the solid
state.”>”® The terphenyl substituted distannynes have been found to be in equilibrium with
monomeric SnAr (Ar = m-terphenyl ligand) radicals in solution, evidenced by *H NMR and EPR
experiments’® as well as evidenced by their C-H activation of benzylic groups.”” Both the single

and double reduction of distannynes to anionic species have been reported.%67%78

Lead compounds: Prior to the work in this dissertation, only one diplumbyne ArP®PbPbArF™
had been reported.” In that compound the Pb-Pb distance (3.1881(1) A) was longer than the single
bond in PhsPbPbPhs (Pb—Pb = 2.844(4) A)® and the C-Pb-Pb bending angles approached 90°.
This suggested the Pb-Pb bond was formed by overlap of the essentially unhybridized 6p orbitals
of the Pb atoms. Rather than being synthesized via the reduction of {Pb(u-Br)Ar"}, with alkali
metals, treatment of the bromide derivative with Al('Bu),H formed the lead hydride intermediate
{Pb(u-H)Ar'"""}, which afforded the diplumbyne with release of H,. The existence of this proposed
hydride was confirmed when it was independently isolated by Wesemann and coworkers who

found it to be unstable above -40°C in solution.®!

Selected structural parameters for the E-E bonds, R-E-E bending angles, and R-E-E-R torsion

angles in these group 14 compounds are presented in Table 1.2.
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Table 1.2. Selected bond length and angle data for heavier group 14 multiple bonded REER, [REER] - and [REER]*
compounds. The E-E bonded atoms are in bold red font.

Si—si (&) R-Si-51 () R_SISIR (%) | Ref
Si'SiSisi® 2.0623(9) 137.44(3) 179.42(3) 59
[K(CH30CzHsOCHs)a][Si'SiSiSi T 2.173(1) 112.84(5), 113.97(5) -177.68(5) 60
Si'SiSi(Si{CH(SiMes)2}2CH2C(CHs)3)? 2.057(1) 113;;3%((%)) 178.36(6) 61
{SiCeH2-2,6-CH(SiMez)o-4-SiMes}s 2.108(4) 133.003) 164.2(5) 62
'BuH2(SiMes)2CSiSiC(SiMes):CH Bu 2.0863(13) 132.05(7) 180 63
Ge—Ge (A) R-Ge-Ge (°) R-Ge-Ge-R (°) | Ref
AP GeGeAr™™ 2.2850(8) 128.67(8) 180 64
4-SiMea-ArPGeGeAr™™-4-SiMes 2.2438(8) 128.44(16) 180 65
4-CI-ArPAGeGeArP-4-Cl 2.3071(3) 128.44(16) 180 65
ArPGeGeArP® 2.2125(13) 136.13(17) 165.8(2) 65
Na[ArPeGeGeArP] 2.3089(8) 114.2(1) 176.9(2) 66
KA GeGeAr™ ] 2.3331(4) 115.55(5) -173.82(9) 66
Liz[AP?GeGeAr™] 2.455(9) 102.97(9) 180 66
Naz[ ArPGeGeAr ™| 2.394(1) 102.37(8) 180 71
Ko[ArPGeGeAr™™] 2.3912(6) 112.14(7) 180 66

: : 2.2060(7 136.18(14), 126.19(13 160.23
{GeCoH2-2,6-CH(SiMes)z-4-SiMes} 2.22608 138.66%14%, 123.60%133 168.9%3; 67
[GeN(SiMes){CsHz-2,6-(CHPh2)2-4-CHs}]z 2.7093(7) 100.09(6) 180 68
[GeN(SiPra){CsHz-2,6-(CHPh)2-4-Pr} ] 2.3568(3) 120.39(4), 121.03(4) _161.68(8) 69
[GeN(SiMes){B(NCsHs-2,6-Pr2)o(CH)3} 2 2.6003(6) 103.09(9), 102.43(9) 135.6(4) 70
[GeN(SiPha){B(NCsHs-2,6-Pr2)o(CH)2} 2 2.6022(10) 107.62(8), 108.11(8) 175.5() 70
Sn—sn (A) R-Sn-Sn (°) R-Sn-Sn-R (°) | Ref
ArPSISnArP 2.6675(4) 125.24(7) 180 72
4-SiMes-ArPSnSnArPA-4-SiMes 3.0577(2) 99.07(3) 180 65
4-GeMes-ArPASnSnArP-4-GeMes 3.077(12) 97.79(17) 180 65
4-CI-ArPSnSnArP-4-Cl 2.6722) 121.8(4) 180 65
4-MeO-ArPSnSnArP™-4-OMe 2.6480(12) 124.2(2) 180 65
4-Bu-ArPASnSNArP-4-Bu 2.6461(3) 123.98(5) 180 65
ArBBSSnAE 2.8547(7) 105.07(10), 117.25(11) 160.02) 73
ArPESISNArP 2.7205(12)- 2.7360(140 | 125.1(2)-127.6(20° | 152.1(3)-166.3(4)° | 65
[K(THR)S[[ArP?SnSnArP™] 2.8081(9) 97.91(16) 180 66
[K(THF)s][ArPSnSnArPe] 2.8123(9) 95.20(13) 180 78
[K(18-crown-6)(THF)2][ArP5SnSnArPe] 2.782(1) 95.0(4), 93.6(4) 180 66
[(THE)sNa{ArP5SnSnArP}] 2.8107(13) 97.9(3), 98.0(3) [179.9(5) 66
Naz[ArPSNSnAMPT] 2.789(1) 104.8(2) [179.3(4) 66
Ko[ArP?SnSnArPA] 2.7754(3) 106.02(5) 180 66
Ko[ArPBSNSnArPH] 2.7763(9) 107.5(1) 178.8(3) 71
[SNN(SPr3){CeHz-2,6-(CHPhz)-4-Pr}]2 3.1434(5) 104.53(10), 103.48(L1) 1485(2) 75
[GeN(SiPhs){B(NCsHs-2,6-Pr2)o(CH)2} ]2 3.0638(7) 103.01(6), 97.83(6) C177.73(9) 70
Pb—Pb (A) R_Pb_Pb (°) R_Pb_Pb_R () | Ref
ArPEPLPLAP® 3.1881(1) 94.26(4) 180 79

8Si’ = Si{CH(SiMes),}.'Pr. "A ranges of values given for disordered Sn atoms sites in the crystal structure.
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Terphenyl ligands as dispersion energy donors

. : . . . Ph Ph
London dispersion (LD) interactions arise < @c- = Ph—\C‘<:>:C'

/ \
) ) _ A Ph Ph
from attraction between instantaneous dipoles R
in the electron clouds of molecules.®2 They are <

2
generally weak and their intensity rapidly R 3
decreases with a distance (r) dependence of r®.
When many of these interactions are present,
(VaVaVp (VaVaVy (VaVaVy

they can sum to significant amounts in or Bu 1-adamantyl  cyclohexyl

. Figure 1.5. Dimerization of Gomberg’s radical does not
between molecules (10s of kcal-mol™).** The form hexaphenylethane. The radicals with all meta

substitution with 'Bu, 1-adamantyl, or cyclohexyl groups

role of LD interactions in stabilizing molecular do dimerize to ethane derivatives.*®

structures has come to the attention of chemists in recent years and they have been manifested in
several ways. For example, the fact that PhsC:- (Gomberg’s radical) does not dimerize to
hexaphenylethane, PhsC-CPhs but instead forms a quinoid structure (Figure 1.5) was puzzling.8*
Curiously, the substituted derivative (3,5-'Bu2CsHs)3C-C(CsH3-3,5-'Buz)s was isolable and had a
long C-C bond length of 1.67(3) A% Calculations revealed that the attractive dispersion
interactions between '‘Bu groups (up to 40 kcal mol™) across the molecule are responsible for its
stability.® Other hexaphenylethane derivatives have been examined by using substituents such as

cyclohexyl and 1- adamantyl®"8 and the dispersion attraction energy is found to increase with the

size of the substituent.

Ligands that confer these stabilizing effects have been termed dispersion energy donors
(DED:s).88 Recently, Dr. C. R. Stennett applied DED ligands to the synthesis of the second
reported example of a solution stable distannene® and the first time the stabilizing role of LD

interactions in these compounds was recognized. Using a cyclohexyl substituted aryl ring, the
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compound {2,4,6-(CeH11)3CeH2}2Sn=Sn{CsH>-2,4,6-(CsH11)3}> was isolated with a dispersion
contribution of -38 kcal mol™. Solution *°Sn{*H} NMR spectroscopy indicated that the Sn-Sn
double bond remains intact up to at least 100°C. In contrast, the less sterically hindered species
:Sn(CeH2-2,4,6-Ph3)> remains a monomer in the solid state and rapidly decomposes in solution at

ambient temperature.

Another unusual case involved the stability of high oxidation state transition metal alkyls
M(1-norbornyl)s (M = Ti—C0)® and FeR4 (R = cyclohexyl, 2-adamantyl).%? Attractive dispersion
interactions between C-H moieties were found to play an important role in their stability®%* with
dispersion contributions of ca. -40 kcal mol™. These alkyls of the later compounds were formed
from the metal(I1) or metal(l11) halide starting materials. Disproportionation, apparently driven
partly by dispersive attractions, gives the MR4 species. Similarly, Dr. C. L. Wagner found that
addition of LiN(SiMes)(2,6-'Pr.CgHs) to Cul in hexanes afforded the first two-coordinate Cu'"
amide Cu{N(SiMes)(2,6-'Pr.CsHs)}» with concomitant precipitation of Cu metal.%® Again the
disproportionation appears to be driven by attractive dispersion interactions (-20.8 kcal mol™?)
between the ligands. These were previously quantified in the compounds M{N(SiMe3)(2,6-

'Pr,CeHs)}2 (M = Fe, Co, Ni), prepared by Dr. C.-Y. Lin, to be worth ca. -20 to -30 kcal mol*.%

The potential for m-terphenyl ligands to act as DED ligands was first noticed by our group
during the structural characterization of group 14 dithiolates :E(SAr)2 (E = Si-Pb; Ar = ArMe®,
ArPa AriPre AriP) by Dr. B. D. Rekken (Figure 1.6, a).%” As the bulk of the terphenyl substituent
was increased, the S-E-S bending angle was found to narrow, counter to what is expected from
steric repulsion. A similar pattern was subsequently noted in the C-E-C (E = Ge, Sn, Pb) angle of
the group 14 diaryls :EAr; (Ar = ArMes AriPr4 AriP16) 98 Zjegler computed the dispersion energies

arising from attraction between isopropyl groups across the molecules in the series ArPEEAr™
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a) sn b) ArPre ArFre
ArMeG_ /‘\~__,'\ _ArMeG | |
_ . \ \
S-Sn-S = 85.55 A Ay
P Pl >s—aArPe
S-- Cu\--/Cu Cu--Cu/
n
AriPrB_ /~__.’\' _AriPr8
S-Sn-S = 73.09° ArPré

Figure 1.6 Examples of m-terphenyl substituted sterically counterintuitive structures that have been attributed to
LDF effects. a) The S-Sn-S angle of a stannylene decreases when the size of the terphenyl groups increases.®’ b)
Increasing the size of the terphenyl ligand in mixed terphenylthiol/aryl Cu(l) tetramers causes the structure to adopt
a cis rather than trans arrangement of ligands.*

(E = Si-Sn) and Ar'P®PbPbAr’™®. Stabilizations of -27.5 kcal/mol (Si), -29.1 kcal/mol (Ge),
and -26.2 kcal/mol (Sn) were found while in the case of the Pb compound, which had four
additional 'Pr groups, it was -44.0 kcal mol™.% W. Zou of our group prepared a series of mixed
aryl/thiol copper tetramers.2® While {(CuMes)2(CuSAr'¢),} and {(CuMes)2(CuSAr'*,} feature
alternating ligands as expected due to steric repulsion, in {(CuMes)2(CuSAr'*™®),} the terphenyl
thiol ligands are on adjacent Cu atoms (Figure 1.6, b). Comparing the calculated and experimental
“cis-” and “trans-” isomers showed that with the larger SAr'"® ligand the cis-structure is favored
by ca. 15.8 kJ mol ™ (ca. 3.8 kcal mol™*) whereas the cis-structure SAr'™™ is only favored by 0.2 kJ
mol™ (ca. 0.05 kcal mol™?). Eventually the SArP"® ligand is too large and {(CuMes)sCuSAr} is

obtained with only one thiol group incorporated.
Discussion

From the survey of multiply bonded REER compounds of group 13 and 14, it can be seen that
those of Al and Pb remain exceedingly rare. In order to expand the library of these compounds,
we exploited the repulsive effects of sterically encumbering terphenyl ligands while trying to
incorporate groups prone to dispersion force attractions to hold together the weak or reactive E-E

cores. In Chapter 2, a series of diplumbynes was synthesized and examined computationally using
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the ligands Ar'®™, Ar'P-4-SiMes, Ar'®®, Ar®u6 and Ar'"®, The largest terphenyl ligands Ar®6 and
Ar'P® result in a widening of the C-Pb-Pb angles with a simultaneous shortening of the Pb-Pb bond
in the solid state. This change in geometry gives the Pb-Pb bond multiple bonding character.
Dispersion energy stabilization in these compounds was found to account for a significant portion
of the interaction energy. En route to the diplumbynes, some of the intermediate lead(Il) hydrides
were found to be insoluble in the diethyl ether solvent in which they were prepared. These
compounds precipitated as solids that could be isolated in good yield and handled near ambient

temperature as described in Chapter 3.

The heavier m-terphenyl substituted group 13 and group 14 REER compounds are known to
be in equilibrium with monomeric EAr (Ar = m-terphenyl ligand) fragments in solution. In Chapter
4 this is exploited to form new E-Mo and E=Mo (E = Ge, Sn, Pb) bonds by direct reaction of the
dimetallynes (as their monomer fragments) with (CO);:CpMo-MoCp(CO); or
(CO).CpM0o=MoCp(CO)2. The decreasing strength of the E-E bond down the group can be seen
by the facile reaction of the MoMo bonded species with the diplumbyne, while the distannyne
reaction proceeds slowly at room temperature and is accelerated with heat. The reaction with the
digermyne requires high temperature to proceed and no reaction is observed at ambient

temperature.

In Chapter 5, a monomeric alanediyl (i.e. alumylene, :Al-R) is prepared using the extremely
encumbering ligand Ar'®® to enforce one-coordination at the Al atom. Calculations suggested a
weak association energy (ca. 5 kcal mol) in solution to the dimer ArP®AIAIArPS, which was
further evidenced by the rapid reaction of :AIAr"® with H, (cf. the monomer :GaAr®?® is
unreactive towards Hz, while the dimer Ar'"™GaGaAr'™ is highly reactive). Chapter 6 describes

the reaction of :AIArP® with some organic azides RN3; (R = SiMes, 1-adamantyl, ArV¢6). The
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monomeric aluminum imide ArP8AINArMe was isolated and structural characterization revealed
an Al-N triple bond. The dispersion energy contribution between the two terphenyl ligands on the

Al and N atoms was found to be on the same magnitude as the Al-N n-bonds (ca. -21 kcal mol™).

Further attempts to isolate a dialuminene RAI=AIR are described in Chapter 7. The
comproportionation reactions between a dialuminyne salt and aluminum iodides are reported. The
resulting dialuminene is unstable when prepared in hexane or diethyl ether solvents. However,
when it is prepared in benzene, the dialuminene-benzene [2+4] cycloaddition product is obtained

stoichiometrically and cleanly.
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Abstract: A series of four formally triply bonded diplumbyne analogues of alkynes of the general
formula ArPbPbAr (Ar = terphenyl ligand with different steric properties) were synthesized by
two routes. All diplumbyne products were synthesized by a simple reduction of the corresponding
Pb(I1) halide precursor ArPb(Br) by DIBAL-H with yields in the range 8-48%. For one of the
diplumbynes ArP“PbPbAr"™ (Ar'P = CgHs-2,6-(CsHs-2,6-'Pr2),) it was shown that reduction of
ArPpp(Br) using a magnesium(l) beta-diketiminate afforded a much improved yield in
comparison (29 vs. 8%) to that obtained by reduction with DIBAL-H. The most sterically crowded
diplumbyne ArP®PbPbArP™® (Ar'P™® = CgH-3,5-'Pr-2,6-(CsH2-2,4,6-'Prs),) displayed a shortened
Pb—Pb bond with a length of 3.0382(5) A and wide Pb—Pb—C angles of 114.73(7) and 116.02(6)°
consistent with multiple-bond character with a bond order of up to 1.5. The others displayed longer
metal-metal distances and narrower Pb—Pb—C angles that were consistent with a lower bond order
that approached one. Computational studies of all diplumbynes yielded detailed insight of the
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unusual bonding and explained the similar electronic spectra for all diplumbynes arising from the
flexibility of the C-Pb—Pb-C core in solution. Further, the importance of London dispersion

interactions for the stabilization of the diplumbynes was demonstrated.
Introduction

The first stable, heavier group 14 analogue of an alkyne was the diplumbyne Ar'"®PbPbArPr®
(Ar'P"® = CgHs-2,6-(CeH2-2,4,6-'Pr3)2) (1), the syntheses and characterization of which was reported
in 2000.! The following four years saw the synthesis of the remaining heavy element compounds
of the series REER (E = Si, Ge, Sn; R = aryl, silyl)>® and a growing number of group 14
dimetallynes of the elements Si-Sn continue to appear in the literature.”*> No further examples of

diplumbynes have been characterized, however.

As a class the heavier group 14 element

analogues have garnered interest because of _ .
R—E=—E—R E=E

E
4 |
R

Py
m——-7

their peculiar structures and bonding that R

differ markedly from their carbon congeners. A B ¢

) Figure 2.1. Bonding motifs of REER (E = C-Pb, R = alky],
Unlike the carbon-based alkynes, they all aryl, amide, silyl).
possess trans-bent REER cores (B, Figure 2.1). whose bending increases as the group is descended,

until it reaches nearly 90° in the case of lead (C, Figure 2.1) (cf. 94.26(4)°, experimental value for

the diplumbyne 1 below).

In effect, the increasing atomic number upon descending the group results in increasing non-
bonding, lone pair character at the group 14 element. The original triple bond in the carbon-based
alkynes is transformed into a single bond and two non-bonded pairs in the case of lead. These pairs

are now mostly 6s in character and the remaining single bond is a result of head-to-head overlap
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of a 6p orbital from each lead atom which affords an unusually long Pb—Pb bond (3.1881(1) A in
1), (cf. 2.9 A expected from the sum of the single bond radii).'® This result is consistent with

decreasing hybridization of the elements that occurs upon descending the group.’

Early calculations by Frenking and coworkers suggested that the single bonded structure of the
diplumbyne ArP®PbPbAr™™® in the crystalline phase is partially stabilized by packing forces and
indicated via calculations on less crowded model terphenyl ligands that structures having wider
bending angles and some multiple Pb—Pb bond character were more stable.'® Later calculations by
Takagi and Nagase proposed that the diplumbyne assumes a less trans-bent multiple bonded
isomeric form in solution and that the multiple and single bonded forms might be distinguishable

by UV-visible spectroscopy.®

Previous work by our group on terphenyl substituted distannynes, which generally take multiply
bonded trans-bent structures in the crystalline phase, showed that use of a para-substituent on the
central ring of the terphenyl ligand can afford a single bonded distannyne in the crystalline form.’
Presumably, this occurs as a result of changed packing forces, but this possibility has not been
examined in detail, however. Nonetheless, UV-visible spectroscopy has shown that the spectra of
all distannynes are similar in solution and consistent with a multiple bonded structure.?
Furthermore, calculations have shown that the energy difference between the single and multiple
bonded structures is relatively small—only ca. 5 kcal mol™? for 4-MesSi-ArP“SnSnArP4-4-
SiMes—an amount that is similar in energy to packing force (i.e. intermolecular London dispersion
force) effects.?>2 Ziegler and co-workers showed that isopropyl groups on the terphenyl
substituents play an important role in stabilizing the group 14 alkyne analogue structures via
intramolecular dispersion force interactions (cf. -44.0 kcal-mol™ stabilization energy in the case of

AriPrGPbeAriPr6) .24
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Given these observations, and the calculations of Takagi and Nagase which assume that in a
gas phase structure without packing forces the multiple bonded structure is preferred, we sought
to isolate an array of the multiple bonded diplumbyne isomers by altering the substituents on the
terphenyl ligand. These investigations have
afforded a series of new diaryl-
diplumbynes, ArPbPbAr, (Ar = terphenyl)

(Scheme 2.1) that show a considerable

variation of the trans-bending and torsion
angles as well as the lead-lead distance in
the CipsoPbPbCispo  core, including the

highly substituted Ar'P®PbPbAr"® (ArP™8 =

CeH-2,6-(CsH2-2,4,6-'Pr3)2-3,5-Pr2) which

contains a shortened Pb—Pb bond with a 7 8

Scheme 2.1. Lewis representations of compounds 1, 5-8.
calculated bond order between 1.2 and 1.5.

Experimental

General Procedures. All manipulations were carried out using modified Schlenk techniques
or in a Vacuum Atmospheres OMNI-Lab drybox under a N2 or argon atmosphere. Manipulations
of the lead compounds were carried out with careful exclusion of light when possible due to the
tendency of low-valent lead compounds to decompose or disproportionate. Solvents were dried
over columns of activated alumina using a Grubbs type purification system?® (Glass Contour),
stored over Na (Et20) or K (hexanes, pentane, toluene) mirrors, and degassed via three freeze-
pump-thaw cycles prior to use. *H and *C{*H} spectra were recorded on a Varian Inova 600 MHz

spectrometer and were referenced to the residual solvent signals in CsDs.2® UV-Visible spectra
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were recorded in dilute hexane solutions in 3.5 mL quartz cuvettes using an Olis 17 Modernized
Cary 14 UV-Vis/NIR spectrophotometer. Melting points were measured in glass capillary tubes

sealed under argon using a Mel-Temp |l apparatus and are uncorrected.

[Li(Et20)Ar"™®]  was synthesized from ArP®?” (see Supporting Information).
[Li(Et20)2ArBU6]28 (ArtB6 = CgH3-2,6-(CsH2-2,4,6-'Bus)2), LiArP™-4-SiMes?® (ArP-4-SiMe; =
CeH2-4-SiMes-2,6-(CeHs-2,6-'Pr2)2), {Pb(u-Br)Ar“},% (ArP™ = CeHs-2,6-(CeHs-2,6-'Pr2)2), and
[MgMeNacnac], (M*Nacnac = [HC{MeCN(CsH2-2,4,6-Mes)}2])*! were synthesized according to
literature methods. PbBr; and DIBAL-H (neat or 1.0 M in hexanes) were purchased commercially

and used without further purification.

{Pb(n-Br)AriPr8};, (2). A solution of [Li(Et20)Ar'"®] (3.12 g, 4.82 mmol) in Et2O (ca. 40 mL)
was added dropwise over ca. 30 min to a stirred suspension of PbBr. (1.77 g, 4.82 mmol) in Et20
(ca. 10 mL) cooled to ca. 0°C in an ice bath. The mixture was allowed to warm to ambient
temperature and stirred for a further 16 h. The ether solvent was removed under reduced pressure
and the orange residue was extracted with ca. 60 mL hexanes. The filtrate was concentrated to ca.
15 mL under reduced pressure and allowed to stand at ambient temperature overnight to give
orange crystals of 2. Yield: 2.15 g (52%). mp 159-162 °C (dec). *H NMR (600 MHz, CsDs, 298
K): & 7.59 (s, 2H, ArH), 7.24 (s, 8H, ArH), 3.01 (sept, J = 6.9 Hz, 8H, -CH(CHz3),), 2.80 (sept, 3J
= 6.9 Hz, 4H, - CH(CHs)2), 2.71 (sept, 3J = 6.8 Hz, 4H, - CH(CHs)2), 1.4 (d, 3J = 6.8 Hz, 24H, -
CH(CHs)2), 1.27 (d, 3J = 6.7 Hz, 24H, -CH(CHs)2), 1.24 (d, 3] = 6.9 Hz, 24H, -CH(CH3)y), 1.15
(d, ] = 6.8 Hz, 24H, -CH(CHs)2). *C{*H} NMR (151 MHz, CsDs, 298 K): 5 156.0, 149.3, 147.6,
141.8,134.2,122.7,121.4, 34.8, 30.7, 30.6, 26.1, 25.5, 25.4, 24.3. UV-Vis (hexanes): Amax 456 nm

(=750 L molt cm™).
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{Pb(n-Br)Art®}, (3). A solution of [Li(Et20)2Ar®*]28 (1.19 g, 1.65 mmol) in Et,O (ca. 30
mL) was added dropwise over ca. 5 min to a stirred suspension of PbBr; (0.606 g, 1.65 mmol) in
Et>O (ca. 10 mL) cooled to ca. 0°C in an ice bath. The mixture was warmed to ambient temperature
after ca. 30 min and stirred for 18h. The ether solvent was removed under reduced pressure and
the yellow-orange solid was extracted twice with ca. 60 mL hexanes. The combined filtrates were
concentrated to ca. 20 mL under reduced pressure and stored at ca. 8 °C overnight to give yellow
crystals of 3. Yield: 0.625 g (44%). mp 215-220 °C (dec). *H NMR (600 MHz, CsDs, 298 K): §
8.41 (d, 3J = 7.6 Hz, 4H, ArH), 7.61 (s, 8H, ArH), 7.11 (t, 3J = 7.6 Hz, 2H, ArH), 1.35 (s, 72H, -
C(CHs)3), 1.34 (s, 36H, -C(CH3)3). BC{*H} NMR (151 MHz, CsDs, 298 K): & 149.8, 148.1, 141.6,

123.5, 39.1, 35.0, 31.5. UV-Vis (hexanes): Amax 415 nm (¢ = 960 L mol™* cm™).

{Pb(n-Br)ArPr-4-SiMes}2 (4). A solution of LIAr"™-4-SiMes® (1.73 g, 3.36 mmol) in Et,0
(ca. 20 mL) was added dropwise over ca. 10 min to an Et,O (ca. 10 mL) suspension of PbBr (1.33
g, 3.62 mmol) cooled to ca. 0°C in an ice bath. The green mixture was warmed to room temperature
and stirred for three days to afford an orange solution. The ether solvent was removed under
reduced pressure and the orange residue was extracted twice with hexanes (ca. 80 mL). The
combined extracts were concentrated to ca. 15 mL under reduced pressure and stored at ca. -18 °C
to give yellow crystals of 4. Yield: 1.35 g (51%). mp 206-210 °C (dec). *H NMR (600 MHz, CsDs,
298K) & 8.25 (s, 4H, ArH), 7.23 (t, 3 = 7.4 Hz, 4H, ArH) 7.16 (d, 3J = 7.4 Hz, 8H, ArH), 3.13
(sept, 3J = 6.8 Hz, 8H, -CH(CHz3)2), 1.34 (d, 3J = 6.8 Hz, 24H, -CH(CHs3),) 1.03 (d,3) = 6.8 Hz 24
H, -CH(CHa)2), 0.25 (s, 18H, -Si(CH3)3). *C{*H} NMR (151 MHz, CsDs 298K) & 147.9, 146.8,
142.6, 138.9, 137.4, 129.3, 123.7, 30.8, 26.2, 23.7, -1.3. UV-Vis (hexanes): Amax 423 nm (¢ = 840

L mol™t cm™).
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Ar'Pr8PphPbAriPr8.1.5 C7Hs (5-1.5 C7Hs). A solution of 2 (0.429 g, 0.250 mmol) in Et,O (ca.
30 mL) was cooled to ca. -78°C with an ethanol/dry ice bath. A freshly prepared solution of
DIBAL-H (0.10 mL, 0.56 mmol) in Et2O (ca. 15 mL) was added dropwise over ca. 10 min. The
mixture was slowly warmed over 2h to ambient temperature then stirred for an additional ca. 30
min. The volatile components were removed under reduced pressure and the dark red residue was
extracted with hexanes (ca. 40 mL). The solvent was removed under reduced pressure and the
residue was dissolved in ca. 3 mL of toluene. Storage at ca. -30 °C overnight gave 5 as red crystals.
Yield: 0.196 g (48%). mp 141-146 °C (dec). 'H NMR (600 MHz, CsDs, 298 K): & 6.96 (s, 8H,
ArH), 5.77 (s, br, 2H, ArH), 3.10 (sept, br, 3J = 8H), 3.01 (sept, 3J = 7.0Hz, 4H), 2.37 (sept, 3J =
6.7 Hz, 4H), 1.43 (d, 3] = 6.9 Hz, 24H), 1.36 (d, 3J = 6.6 Hz, 24 H), 1.30 (d, 3J = 6.5 Hz, 24H),
1.16 (d, 3J = 6.7 Hz, 24H). ®*C{*H} NMR (151 MHz, CsDs, 298 K): 5 149.7, 147.4, 137.9, 133.4
129.3, 128.6, 125.7, 125.1, 34.6, 31.9, 30.89, 26.4, 24.8, 24.2, 21.5. UV-Vis (hexanes): Amax 429

nm (e = 9300 L molt cm™), 757 (¢ = 2700 L mol* cm™).

ArtBupphpPphArtBUs (6). A solution of 3 (0.200 g, 0.117 mmol) in Et2O (ca. 15 mL) was cooled
to ca. -78 °C with an ethanol/dry ice bath. A freshly prepared solution of DIBAL-H (0.45 mL, 0.25
mmol) in Et2O (ca. 5 mL) was added dropwise over ca. 2 min. The mixture was warmed to ambient
temperature over 1 h and stirred for an additional ca. 30 min. The solvent was removed under
reduced pressure and the dark green residue was extracted with pentane (ca. 30 mL). The solution
was concentrated to ca. 10 mL and stored at ca. -30 °C overnight to give 6 as green blocks. Yield:
0.045 g (23%). mp 132-140 °C (dec). *H NMR (600 MHz, CsDs, 298 K): & 7.91 (d, 3J = 7.5 Hz,
2H, ArH), 7.62 (s, 4H, ArH), 6.63 (t, 3J = 7.6 Hz, 1H, ArH), 1.43 (s, 18 H, p-C(CH)s3), 1.26 (s,

36H, 0-C(CH)3). 3C{*H} NMR (151 MHz, CsDs, 298 K): § 157.2, 150.6, 148.3, 143.1, 136.4,
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123.6, 39.3, 37.5, 34.9, 34.3, 32.5, 31.6, 31.5. UV-Vis (hexanes): Amax 388 (¢ = 7000 L mol™* cm’

1), 668 (¢ = 900 L mol™* cm™).

ArPr4PpPbAriPT (7). Method A: A solution of {Pb(u-Br)ArP™},%° (0.525 g, 0.383 mmol) in
Et>O (50 mL) was cooled to ca. -78 °C with an ethanol/dry-ice bath and 1.0 DIBAL-H in hexanes
(0.78 mL, 0.78 mmol) was added via syringe. The mixture was warmed to room temperature over
30 min and stirred an additional 2 h. The reaction mixture was filtered and the solution was stored

at ca. -18°C for 2 weeks to give amber blocks of 7. Yield: 0.035 g (8%).

Method B: A solution of {Pb(u-Br)ArP“}, (0.400 g, 0.292 mmol) in ether (ca.15 mL) was
cooled to ca. 0°C in an ice/water bath. A solution of [MgM®*Nacnac]>? (0.210 g, 0.292 mmol) in
ether (ca. 10 mL) was added dropwise over ca. 3 min, resulting in an immediate darkening of the
solution. The reaction mixture was removed from the cooling bath and stirred a further 15 min.
The ether was decanted and the dark powder washed with hexanes (ca. 15 mL). The olive-green
powder was identified as 7 by its *H NMR spectrum and sharp melting point (dec). Yield: 0.104 g
(29%). mp = 168-171°C (dec). 'H NMR (600 MHz, CeDs, 298 K): 5 7.66 (d, 3J = 7.5 Hz, 4H, ArH)
7.24 (t,3) = 7.7 Hz, 4H, ArH) , 6.99 (d 3J = 7.8 Hz, 8H, ArH) 6.69 (t, 3] = 7.5 Hz, 2H, ArH) 3.29
(sept, 3J = 6.9 Hz, 8H, -CH(CHz),), 1.09 (d, 3J = 6.8 Hz, 24H, -CH(CHa),), 0.93(d, 3J = 7.0 Hz,
24H, -CH(CHz)2). 1*C{*H} NMR (151 MHz, CgDs, 298 K): § 148.2, 136.5, 133.0, 128.7, 128.4,
124.7, 31.7, 28.8, 26.7. UV-Vis (hexanes): Amax 682 (¢ = 1200 L mol* cm™), 400 (e = 11000 L

mol™* cm™).

4-MesSi-ArP™*PbPbArP-4-SiMes-Et.0 (8-Et20). A solution of 4 (0.600 g, 0.396 mmol) in
diethyl ether (ca. 30 mL) was cooled to ca. -78 °C in an ethanol/dry ice bath and 1.0 M DIBAL-H
in hexanes (0.79 mL, 0.79 mmol) was added via syringe. The mixture was warmed to ambient

temperature over ca. 30 min and stirred an additional 2 h. The solvent was removed under reduced
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pressure and the residue extracted with pentane (ca. 20 mL). The filtrate was concentrated to ca.
10 mL and stored at ca. -30°C overnight to give amber-green dichroic blocks of 8-Et,O. Yield:
0.173 g (32%). mp = 151-156 °C (dec). 'H NMR (600 MHz, CsDs, 298 K): § 7.49(s, 4H, ArH),
7.34 (t, 3 = 7.7 Hz, 4H, ArH), 7.22 (d, 3 = 7.7 Hz, 8H, ArH), 2.95 (sept, 3] = 6.8 Hz, 8H, -
CH(CHz3)2), 1.16 (mult, 3J = 6.9 Hz, 48H, -CH(CHs)2), 0.21 (s, 18H, -Si(CHs)s). *C{*H} NMR
(151 MHz, CeDe, 298 K): 6 147.0, 140.4, 140.2, 140.1, 133.1, 133.0, 128.5, 31.0, 30.8, 24.50,
24.46, 24.39, 24.35, -1.2. UV-Vis (hexanes): Amax 410 (¢ = 18000 L mol™ cm™), 655 (¢ = 860 L

mol™t cm™).

X-ray Crystallography. Crystals of 2-8 were removed from a Schlenk flask under a stream of
nitrogen and immediately covered with hydrocarbon oil. A suitable crystal was selected, attached
to a glass fiber on a copper pin and placed in the cold N2 stream on the diffractometer. Data were
collected at 90 K on a Bruker APEX II diffractometer with Mo Ka radiation (A = 0.71073 A).
Absorption corrections were applied using SADABS®* (2,3,5,6,8) or TWINABS®*® (4, 7) The
crystal structures were solved by intrinsic phasing methods using SHELXT?* and refined by full
matrix least-squares procedures using SHELXL.*® All non-H atoms were refined anisotropically.

Disordered solvent in 3 was treated using the SQUEEZE algorithm.3®

Computational Methods. Quantum mechanical calculations were performed with the
TURBOMOLE 7.0.2%"* ORCA 4.1.0%4, xtb 6.1.0 and NBO6.0** program packages.
Geometries were pre-optimized in the gas-phase from the experimental structures applying the
GFN2-xTB* extended tight-binding method. All structures were further optimized at TPSS*-
D3(BJ)**-ATM*"*8/def2-TZVP* level of theory. Gibbs free energies were calculated at PBEQ*
and B3-LYP°1+COSMO-RS*>*3(toluene)/def2-TZVPP level in combination with the D3 and

D455 dispersion correction schemes. All bond order and orbital analyses were conducted at
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TPSS-D3(BJ)-ATM/def2-TZVP level of theory. UV/Vis spectra were calculated at STDA-
XTB%(GBSA(toluene))/TPSS-D3(BJ)-ATM/def2-TZVP and sTD*'-BHLYP%®/def2-TZVP level.
Molecular dynamics simulations were performed at GFN2-xTB(GBSA(toluene)) level For further

computational details see the Supporting Information.
Results and Discussion

Synthesis and spectroscopy. The terphenyl lead(11) bromide precursors 2-4 were synthesized
following established procedures®>**® py addition of a diethyl ether solution of the terphenyl
lithium salt to a diethyl ether suspension of PbBr,. During the preparation of 4, the reaction mixture
assumed a dark green color, likely due to some formation of the diarylplumbylene Pb(Ar’™-4-
SiMes),. Continued stirring of the reaction mixture for an extended time (ca. 3 days) leads to
redistribution with the remaining unreacted PbBr» to afford 4. The aryl lead bromides form yellow
to orange crystals which are thermally stable up to their melting points, but are prone to
decomposition by light over extended periods of time, noted by a darkening of color or deposition

of lead metal.

The diplumbyne 1 was originally

2 DIBAL-H

EL,0, -78°C, 2 h {Pb(H)Ar}, 2:20
synthesized in ca. 10% yield by addition of 2 DE‘V
[MgMesNacnac],
i Et,0, 0°C, 30 min
LiAIH4 to {Pb(u-Br)ArP®}, in diethyl ether {Pb(u-Br)Ar}, —_— (PbAr),

- "[MgBr¥esNacnac],"

. . Scheme 2.2 Synthetic routes for diplumbynes. Reduction of
o~ 1
solution at ca. -78°C." The diplumbynes 5-8 e aryl lead(I1)bromides with DIBAL-H forms the lead(11)

hydride in situ. Which releases H, upon warming to give
were synthesized by addition of a DIBAL-H compounds 1, 5-8. Alternatively, reduction with

[MgMeNacnac]. was used to give 1 and 7.
solution in diethyl ether or hexanes to the
respective aryl lead bromide cooled to ca. -78°C with an ethanol/dry ice bath as shown in Scheme

2. It was proposed originally! that an aryl lead hydride “Pb(H)Ar” is formed as an intermediate,

which upon warming releases dihydrogen to form the diplumbyne. More recent work by
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Wesemann and his group have shown that this hypothesis is essentially correct and the hydride
can be isolated and structurally characterized as the hydrogen-bridged dimeric species {Pb(p-
H)Ar'®}, which, however, decomposes to the diplumbyne and dihydrogen above ca. -40 °C.5!
The resulting diplumbyne 1 and compounds 5-8 also have limited thermal stability and are
sensitive to light, which limits the yields of the reactions and necessitates quick workup and
isolation of the products. They are stable for extended periods of time in the solid state but tend to
decompose in solution at ambient temperature, resulting in a deposition of lead metal and
protonated ligand, likely due to H atom abstraction from solvent molecules. The diplumbyne 5 is
stable in solution for at least several weeks at ambient temperature in the absence of light, while 7
and 8 are stable in solution only at low temperature, ca. -20 °C, and slowly decompose at ambient
temperature. Diplumbyne 6 decomposes in solution at temperatures as low as -30 °C and rapidly

decomposes at ambient temperature.

Compound 7 exhibited poor solubility in common hydrocarbon and ethereal solvents, and as a
result only low yields (< 10%) could be isolated from the treatment of {Pb(u-Br)Ar"™}, with
DIBAL-H. Additionally, the low stability of 7 in solution and the comparatively high solubility of
the protonated terphenyl ligand formed by decomposition prevented an accurate determination of
the purity of 7 by *H NMR spectroscopy (only ca. 1:1 ratios of 7 and Ar®™H were observed in
CeDs at 298 K). However, the crystals of 7 showed a sharp melting/decomposition point in the
range 168-171°C, during which the amber colored crystals turned black. We found that higher
yields (ca. 30%) of 7 (as well as of 1-see Supporting Information) could be isolated by reduction
of {Pb(u-Br)Ar"™}, with the magnesium(l) reagent [Mg™eNacnac],® reported by Jones and
coworkers. Addition of one equivalent of [MgM®Nacnac]2to {Pb(u-Br)Ar*™}, in diethyl ether at

0°C resulted in an immediate color change from yellow-orange to dark brown. After removing the
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volatile components under reduced pressure and washing the solid with hexanes, 7 was obtained

as an olive-green powder which had a decomposition point matching that of crystalline 7 and

identical *H and *C{*H} NMR spectra.
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Figure 2.2. UV-Vis spectra 5-8 in the range 300-900 nm
(a) and 500-900 nm (b).
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The UV-visible spectra of 5-8 in hexanes
show two absorptions: one between 388-429
nm and another in the range of 655-759 nm.
(Figure 2.2 and Table 2.1) The observation
of two absorptions in the solution spectra are
consistent with predicted spectra for
structures containing multiple bond
character in solution (a single absorption, n.+
— 7, would be expected for a single-bonded,
strongly trans-bent structure), and have
previously been calculated to belong to the
n. — n+ and © — 7* transitions.’®% The
absorbances appear at lower energy in
comparison to those of the analogous
digermynes (320-380 nm, 430-510 nm) and
distannynes (402-403 nm, 582-612 nm),’
consistent with the decreasing strength of

the E—E bond as the group is descended.



Table 2.1. Summary of key structural and spectroscopic data for 1, 5-8. 2Ref 1, "This work.

(PDAPO)2 (1) (PDAMP®)2(5)  (PDAMES)LP (6)  (PDArP™)2(7)  (PDAr-4-SiMes)? (8)

Pb_Pb/ A 3.1881(1) 3.0382(6) 3.0394(9) 3.1751(4) 3.2439(9)
2.945(5) (6%)

C-Pb/A 2.303(2) 2.311(3)- 3.357(6)- 2.301(2) 2.3076(17)
2.314(2) 3.366(6) 2.282(3)

C-Pb-Pb/° 94.30(9) 114.73(7)- 101.77(14)- 98.60(5) 95.22(5)
116.02(6) 103.93(15) 100.82(15)

C-Pb-Pb-C/° 180 -133.64(9) 136.8(2) 180 180

hmac/ M (¢/Lmolt 397 (10000)° 429 (9300) 388 (7000) 400 (11000) 410 (18000)

cmbn_ —ns

dmax /M (¢/ L mol* 719 (1800)° 759 (2700) 668(900) 682 (1200) 655 (860)

cmt) w — m*

X-ray structures. The structures of the diplumbynes are shown in Figure 2.3. The most
important structural parameters of the diplumbynes 5-8 are the Pb—Pb bond lengths and the Cipso—
Pb—Pb bending and torsion angles. These and other selected structural data are summarized in
Table 2.1. Diplumbynes 5 and 6 have the shortest aggregate Pb—Pb distances of 3.0382(6) A and
3.0394(9) A respectively. Both structures are non-centrosymmetric, the Cispo—Pb—Pb angles in 5
being 114.73(7)° and 116.02(6)° (cf. 94.30(9)° in the original diplumbyne 1) with a Cipso—Pb—Pb—
Cipso torsion angle of -133.64(9)°, while 6 has Cipso—Pb—Pb angles of 101.77(17)° and 103.93(15)°,
and a Cipsoe—Pb—Pb—Cipso torsion angle of 136.8(2)°. In 7 the Pb—Pb distances is 3.1751(4) A and
the structure is centrosymmetric with Cipso—Pb—Pb angles of 98.60(5)°. The two lead atoms in the
core of 8 are disordered over two sites in 94% and 6% occupancies. Both components are
centrosymmetric, with the major component having a Pb—Pb distance of 3.2439(9) A and a Cispo—
Pb—Pb angle of 95.22(5)°, while the minor component has a Pb—Pb bond length of 2.945(5) A and
the Cispo—Pb—Pb angle is 100.82(15)°. These parameters may be compared to the Pb—Pb distance

(3.1881(1) A), Cipso—Pb—Pb angle (94.30(9)°) and 180° torsion angle in the original diplumbyne 1.
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Unlike in the structure of 6, the Cipso—Pb—Pb bond angles in 5 are substantially widened
compared to that in the original 1. This is likely due to the steric demand of the highly substituted
Ar"8 ligand and corresponds to a shortening of the Pb—Pb bond by about 0.15 A in comparison to
1 (3.1881(1) A). The wide angle, approaching 120°, suggests a multiple bonded isomer of the
diplumbyne analogous to the structures seen for its Si, Ge, and Sn analogues. The bond parameters

of 5 are very close to the Pb—Pb distance (3.071 A), C-Pb—Pb trans-bending angle (117.7°), and

ArPPsPbPbAIP™ (7) 4-Me,Si-Ar*"“PbPbA P 4-4-SiMe, (8)

Figure 2.3. Thermal ellipsoid plots (30%) of the new diplumbynes 5-8. Hydrogen atoms are not shown for clarity.
Dashed bonds designate the minor components of disordered groups.
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the C-Pb—Pb—C torsion angle (119.8°—although fixing the torsion angle at 140° only raised the

energy by 0.7 kcal mol™) predicted by Nagase and Takagi for the multiply bonded isomer of 1.1°

The bond parameters of 7 and the major component of 8 are close to the Pb—Pb bond (3.1881(1)
A) and the Cipso-Pb—Pb angles (94.30(9)°) originally reported in 1 and are consistent with a Pb—Pb
single bonded structure. The structures of 6 and the minor component of 8 have short Pb—Pb bonds
comparable to 5 but relatively narrow angles near 100° similar to 1 and 7. This is in contrast with
the singly bonded distannynes 4-MesSi-ArP“SnSnAr"™-4-SiMes and 4-MesGe-ArP“SnSnArP-
4-GeMes which show lengthened Sn—Sn bonds at angles of 97.79(17)- 99.07(3)°.” The short bonds
in 5, 6, and 8 (Pb2—Pb2A) are still longer than typical Pb—Pb singles bonds in diplumbanes (cf.
2.84 A in PhsPbPbPhs),% but are similar to the Pb—Pb distances in reported diplumbenes said to
contain Pb—Pb double bonds: 3.0515(3) A in Trip.Pb=PbTrip,% (Trip = 2,4,6-'PrsCeH>), 2.9899(5)
A in  Trip(Hyp)Pb=Pb(Hyp)Trip®* (Hyp = Si(SiMes)s) and 2.9033(9) A in

Mes(Hyp)Pb=Pb(Hyp)Mes.®

Computational studies. To investigate the structure-bonding relationship and the influence of
intramolecular London dispersion interactions in compounds 1 and 5-8, their molecular structures
cut out of the crystal structures were optimized in the gas-phase with and without the D3 dispersion
correction. In addition, the opposing structural motif (strongly trans-bent with longer Pb—Pb bond
(Figure 2.1, structure C) vs. less trans-bent with short Pb—Pb bond (Figure 2.1, structure B)) was

generated from the basic structure of the corresponding crystal structure cutout.

The generated structures are denoted by an asterisk (e.g. 1*). In all structures, the underlying
structure motif B or C is retained after geometry optimization. This reflects the existence of two
dominant structural minima. The structures with a shorter Pb—Pb bond and a less pronounced trans-

bent angle (5, 6, 1*, 7*, 8*) are unusual. For the experimental structures, the dispersion corrected
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optimized gas-phase structures show fair agreement of the key structural parameters: the Pb—Pb
bond length (d(Pb-Pb)), the trans-bent angle (¢(C-Pb-Pb)) and the torsion angle of the C-Pb—Pb-
C unit (6(C-Pb-Pb-C)) (Table 2.2). Upon neglecting the dispersion correction (Table 2.2, values
in parentheses), both a stretching of the Pb—Pb bond and a pronounced increase of the trans-
bending angle are observed. This indicates a large influence of intramolecular dispersion
interactions on the molecular structure by partial compensation of steric repulsion between the
large terphenyl ligands. The intramolecular dispersion interaction energy (AEpisp.) Vvaries
unsystematically between the structures in a range of 20-33 kcal-mol* (PBEO) or 30-51 kcal-mol *

(B3LYP), respectively (Table 2.3).

Table 2.2. Selected calculated gas-phase bond parameters for 1, 5-8 and 1*, 5*-8* at TPSS-D3(BJ)-ATM/def2-TZVP
level of theory. Non-dispersion corrected values are given in parentheses.

1 5 6 7 8 1* 5* 6* 7% 8*
4(Pb-pb) /A 3216 2972 3079 3207 3207  3.022 3294 3281 3001  3.003
(3.314) (2.965) (3.192) (3.268) (3.270) (3.072) (3.468) (3.379) (3.073)  (3.077)
4(C-Pb1) /A 2329 2319 238 2321 2318 2337 2358 2355 2324 2323
(2.349) (2.328) (2.387) (2.341) (2.338) (2.335) (2.368) (2.375) (2.333)  (2.331)
dCPb A 239 2818 2300 2321 2317 233 236 2354 2325 2323
(2.349) (2.332) (2.384) (2.341) (2.338) (2.333) (2.367) (2.375) (2.334)  (2.332)
o(C-Pb1-Pb2)/ 935 1182 989 948 943 1104 1020  99.7 1116 1109
° (100.5) (131.6) (114.2) (102.4) (102.4) (120.7) (109.8)  (104.8) (118.8)  (118.6)
o(C-Pb2-Pb1)/ 935 1185 1003 948 942 109.6  99.3 99.7 1112 1109

(100.5) (128.9) (1055) (102.4) (102.0) (119.9) (109.7)  (104.8) (119.3)  (119.0)
0(C-Pbl-Pb2-  180.0 1453 1339 1800 1789 —1092 1744 1800 —1198 -117.8
C)/° (180.0) (144.2) (131.9) (180.0) (-179.8) (~113.7) (~177.0) (180.0) (~120.0) (~119.5)
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Table 2.3. Gibbs free energies and dispersion interaction energy contributions for 1, 5-8 and 1*, 5*-8* at PBEO/def2-

TZVPP//TPSS-D3(BJ)-ATM/def2-TZVP
parentheses) level of theory. All values given in kcal-mol™'.

and

B3-LYP/def2-TZVPP/TPSS-D3(BJ)-ATM/def2-TZVP (in

1 5 6 7 8 1* 5* 6* 7* g*
Ao -11.9  -191 -160 46 63 -13.1 288 238 -103 134
(-23.7) (-313) (-28.1) (-14.5) (-16.8) (26.7) (-42.5) (-34.0) (-233) (-27.0)
AGue(D3) 164 94 16.2 186 179 13.0 0.1 3.9 122 9.1
(19.7)  (121) (20.8) (220) (21.1)  (146)  (L7) (81)  (133)  (10.2)
AGue(D4) 148 75 14.1 173 165 115 -1.6 15 11.0 8.0
(152) (72) (154) (180) (17.1)  (102)  (-3.1) (2.3)  (9.4) (6.3)
ABoin{D3) -309 288 331 249 250 268 291 287 212 213
(-48.2) (—44.1) (-51.0) (-40.0) (-40.0) (-42.0) (-44.8) (-43.8) (-33.9) (-34.1)
ABore (D) 299  -275 317 242 243 253 278 273 202 204
(-44.4)  (-40.1) (-46.4) (-36.7) (-36.9) (-38.4) (-40.5) (-39.7) (-30.5) (-30.8)
AGo6+D3) 35 9.3 122 65 8.8
(5.1)  (104) (128) (86)  (10.9)
AGes(D4) 3.3 9.0 126 62 8.5
(50)  (103) (131) (86)  (10.8)

Previous studies showed that the D3 and especially the D4 dispersion corrections for the

repulsive B3LYP hybrid functional correlate well with the dispersion energy contribution to the

interaction energy obtained from DLPNO-CCSD(T) local energy decomposition calculations.® It

is noteworthy that the calculated dispersion interaction energies far exceed the dissociation free

energies (AGuiss) for all systems and are a dominant factor in the stabilization of diplumbynes

against dissociation into two doublet fragments. For all compared structure pairs, the experimental

structure motifs are favored over the generated model systems in terms of free energy, with the

difference in-creasing with increasing congestion of the terphenyl ligands. This is supported by a

qualitative conformer search at GFN2-xTB(GBSA(toluene)) level applying the iMTD-GC

algorithm within the CREST67 program, which confirms the experimental structure motifs being

favored in solution for all studied compounds.
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Figure 2.4. Selected frontier Kohn-Sham orbitals for bonding motifs C (a) and B (b) of 1, 5-8 (experimental
structures) and 1%, 5*-8* (generated structures) at TPSS-D3(BJ)-ATM/def2-TZVP level of theory. Isosurface value
=0.05 e 2-bohr 32,
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Bonding in diplumbynes. Electronic structure calculations, analysis of the Kohn-Sham
frontier orbitals (Figure 2.4) and NBO analyses (Figure 2.5) yield insight in the correlation of the
Pb—Pb bonding in the structural motifs B and C and their key structural features. All structures
with motif C show a HOMO which reflects a 6 bond consisting of symmetrical overlap of two Pb
centered 6p orbitals. With a widening of the trans-bent angle and stronger torsion of the C—Pb—

Pb—C unit in motif B, the HOMO is twisted and now resembles an out-of-plane p-p single bond.

Figure 2.5. Schematic illustration of the bonding in 5. NBO of the Pb-Pb single bond in 5 (i1) and NBO
combinations reflecting the Pb(s)—Pb(p) donor-acceptor interactions (i2, i3, i2°, i3”). Isosurface value = 0.05
efl/2.b0hrf3/2.

For both structural motifs, the analysis of the Kohn-Sham molecular orbitals does not reveal
any characteristics of a n-like multiple bond. However, the NBO analysis reveals a decisive
difference between the two structural motifs. While the NBO analysis (in agreement with Foster-
Boys localized MOs) for motif C yields only one Pb—Pb single bond corresponding to the shape
of the HOMO, all structures with motif B show distinct donor-acceptor interactions between a Pb

centered 6s-lone pair and a vacant 6p orbital at the opposite Pb atom (Figure 2.5). The severity of

these interactions is strongly dependent on the trans-bent and torsion angles and is reflected by the
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second order perturbation estimate (XE(2)) from

a 3sF d(eb-po) —+— 180
. ) ] 34k @(C-Pb-Pb
the NBO analysis. The observation of a single <« a3} 1 160 <
& 32 \ M 140 &
31 p
bond with donor-acceptor contributions in motif & :é L {1208
T 29r {100%
B is also consistent with Wiberg, Mayer, 220 { 80
b 181 Mayerv}g% =
Lowdin, and NLMO/NPA bond orders (BO) 16 F L loewdinBO ——
g 14} |
that do not exceed a maximum of 1.5 for the o '2 W
8 1.0 V4 \\4—1/\_.( /“
terphenyl substituted systems (Table 2.4, Figure 22
. . . ¢ 80 SE(2) —o—
2.6). For motif C no E(2) contributions between 70}
g 60
. 50 F
the Pb atoms are present and all bond ordersare g 40}
= 30 F
close to or are slightly below a value of one. A % fg I
0 —I 1 1 1 1 L 1 1 1 L
two-dimensional scan of ¢(C—Pb-Pb) (0 to 1 5 6 7 8 1*r &5 & 7™ &
Structure

130°) and 6(C—Pb—Pb—C) (90 to 180°) for a Figure 2.6. Summary of key structural parameters of the
Pb-Pb bonding (a), bond order analyses (b), and second

order perturbation estimate (XE(2)) of Pb(s)—Pb(p)
donor-acceptor interactions in the NBO basis (c).

model system Ph-Pb-Pb-Ph vyields further
detailed insight into the dependence of the discussed quantities on the trans-bent angle and torsion

angle (Figure 2.7).

sTD-DFT calculations of the UV/vis excitation spectra confirm a relationship between structure
and pronunciation of the excitation at longer wavelengths (Figure 2.8a,b). This only occurs in
minimum structures of motif B and corresponds to a HOMO— LUMO+1 excitation (Figure 2.8b).
Molecular dynamics simulations at GFN2-xTB(GBSA(toluene)) level reveal, that the
manifestation of the absorption band at longer wavelengths (approx. 600-800 nm) only provides a
limited indication of the structural motif of the observed minimum structure. The high flexibility

of the C—Pb—Pb—C unit in regard to the trans-bent angle as well as the Pb—Pb bond length leads to
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approximately comparable UV/Vis spectra for the minimum structures of both structural motifs

(Figure 2.8c, d).
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Figure 2.7. 2D structure scan of the trans-bent angle ¢(C-Pb-Pb) (0 to 130°) and dihedral angle 6(C-Pb-Pb-C) (90 to
180°) for a model system Ph-Pb-Pb-Ph at TPSS-D3(BJ)-ATM/def2-TZVP level. a) Structure parameter definition; b)
Pb-Pb bond length; c) NLMO/NPA BO; d) ZE(2); e) Excitation energy (sTD-BHLYP/def2-TZVP) of the
HOMO—LUMO+1 transition.
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Figure 2.8. Calculated UV/Vis spectra for the minimum structures of motif C (a) and B (b) at

sTD-BHLYP(CPCM(n-hexane))/def2-TZVP//TPSS-D3(BJ)-ATM/def2-TZVP level (applied shift =—0.2 eV). MD

based averaged UV-Vis spectra for structures 1, 5-8 (c) at sSTD-BHLYP(CPCM(n-hexane))//GFN2-
xTB(GBSA(toluene)) level of theory (applied shift =—0.2eV). (d) ¢(C-Pb-Pb) angle distributions for the MD
simulation of all investigated structures. MD simulation time of 1 ns.
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Table 2.5. Tabulated absorption band maxima of the calculated UV-Vis spectra of 1, 5-8 and 1*, 5*-8* between 350
and 900 nm (applied shift = —0.2eV). ¢ in L mol-*cm-! are given in parentheses.

1 5 6 7 8 1* 5* 6* 7* g*
single Al 397 364 364 390 410 331 428 420 340 341
structure  nm (e (41530), (23541), (12638), (45496)  (48898)  (15994), (33129), (33605), (18433), (17488),
/L 751 448 525 396 670 756 405 413
mol ' (357)  (11314),  (3847), (21931),  (787) (509)  (17520), (19419),
cm™) 708 770 636 653 649
(10616) (364) (3510) (4585) (5499)
MD Al 416 357 344 359 440 411 366 385 420 356
averaged nm (e  (39630), (14590), (20780), (12340), (25630), (32120), (18510), (20600), (22000), (12220),
/L 667 435 379 426 726 550 377 515 658 437
mol™'  (274),  (20480), (20000), (22740),  (1265)  (1412), (18530),  (3534),  (1245),  (25940),
em™) 797 657 562 682 847 425 562 749 706
(429) (2939) (3565) (1878) (313)  (18190),  (3667) (1160) 1772)
638
(3134)

Conclusions

A series of new diplumbynes has been synthesized by two facile routes. Their structures show
a large variation in their Pb—Pb bond lengths and Cispo—Pb—Pb angles in the solid state. The Pb—Pb
distances range from 3.0382(6) A for ArP®PbPbAr"?® (5) to 3.2439(9) A for 4-MesSi-
ArPPpPbArP™-4-SiMes (8) (cf. 2.945(5) A in its minor component) with respective bond angles
of 114.73(7)-116.02(6)° in 5 and 95.22(5)° in 8. Thus, the variation in Pb—Pb distance is ca. 0.3
A, ca. 10%). The apparent ‘softness’ of the Pb—Pb distances and bending angles are in agreement
with the calculations of Frenking and coworkers indicating that they are susceptible to alteration
by changes in the packing effects (i.e. London dispersion interactions).*® Additionally, the
structure of 5 is in good agreement with structural parameters predicted by Nagase and coworkers

for the isomer of Ar®®PbPbArP™® (1) containing multiple bond character.®

DFT computational studies verify the different bonding in the observed structural motifs,
highlighting a donor-acceptor interaction augmentation of the Pb—Pb bond upon widening of the
trans-bent angle, resulting in shortened Pb—Pb bonds with bond orders up to 1.5. London dispersion

interactions prove crucial for stabilizing all sterically congested diplumbynes investigated in this
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study, strongly influencing the trans-bent angle. High steric congestion and the associated ligand
fixation enable the stabilization of less trans-bent structural motifs. STD-DFT calculations reveal
a clear correlation between changes in the Pb—Pb bonding due to the trans-bent angle and the
appearance of the electronic spectra of the minimum structures. Further MD simulations show that
the high flexibility of the C—Pb—Pb—C unit leads to similar UV/vis spectra for both structure motifs

with increased intensity of the HOMO— LUMO+1 excitation.
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Supporting Information

Preparation and characterization of [Li(Et20)ArPr8]. Ar®®[S! (12.0 g, 17.3 mmol) was
dissolved in a mixture of hexanes (ca. 80 mL) and Et>O (ca. 20 mL) and cooled to 0°C in an
ice/water bath. 1.7 M tert-BuL.i in pentane (20.8 mL, 35.5 mmol) was added dropwise over 10
min. The mixture was allowed to come to ambient temperature and stirred for 12 h. The volatile
components were removed under reduced pressure and the solids extracted with hexane (ca. 60
mL). The pale-yellow solution was concentrated to ca. 20 mL and stored at -18°C overnight to
give colorless crystals of the lithium salt. Yield: 9.3 g (83%) mp = 143-145°C (turns yellow with
gas evolution) *H NMR (400 MHz, C¢Ds, 298 K): § 7.32 (s, 1H, ArH), 7.16 (s, 4H, ArH), 3.39
(sept, br, 4H, -CH(CHz3)2), 2.87 (m, 4H, -CH(CHs).), 2.66 (q, br, 4H, O(CH2CHs)), 1.36 (m,
24H, -CH(CHs)y), 1.29 (d, 12H, -CH(CHa)2), 1.21 (d, 12H, -CH(CHs)2), 0.49 (t, br, 6H,
O(CH2CHa)2). BC{*H} NMR (101 MHz, CsDs, 289 K): & 147.5, 146.2, 145.5, 144.7, 141.2,
121.0,120.7, 117.2, 65.8, 34.7, 32.0, 31.0, 30.0, 26.2, 25.5, 24.5, 24.4, 23.1, 14.4, 14.1. "Li{*H}
(155 MHz, CeDs, 289 K): 6 0.95.

Synthesis of ArP®PbPbArP™ (1). A solution of {Pb(u-Br)Arf®},52(1.00 g, 0.650 mmol) in
Et,0 (ca. 20 mL) was cooled to 0°C in an ice/water bath. A solution of (MgM®Nacnac). (0.468 g
0.650 mmol) in Et2O (ca. 5 mL) was added dropwise over 2 min, resulting in an immediate color
change from yellow to dark brown. The solution stirred for 30 min and the volatile components
were removed under reduced pressure. The dark residue was extracted with hexanes (ca. 30 mL)
and stored at -30°C for 2 days to give large brown blocks of 1-hexane (0.608 g, 0.415 mmol,

64%), identified by the *H NMR spectrum in CgDe.
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Table 2.S1. Selected X-ray Crystallographic data for 2 — 8.

Compound 2 3+[solvent] 4 5-1.5 C;Hs 6 7 8-Et,0
Formula CeyH122BroPb,  CeqHioBroPb,  CegHgoBr2SizPh, CigoH265Pbs CesHi12:Pb> CeoHz4Pb2 CroH100Si2Pb;
Formula 1706.02 1706.02 1513.76 3368.83 1546.19 1209.57 1428.05
Weight (g
mol ™)
T (K)/A (A) 90(2)/0.71073  90(2)/0.71073  90(2)/0.71073  90(2)/0.71073  90(2)/0.71073  90(2)/0.71073  90(2)/0.71073
Crystal Monoclinic Monoclinic Triclinic Monoclinic Monaclinic Triclinic Monoclinic
System
Space Group P2:/n C2/c P-1 P2:/n C2/c P-1 P2;/c
z 4 4 1 2 8 1 2
Crystal color Yellow block  Yellow block Yellow plate Red Green block Amber block Amber/green
and habit parallelepiped block
a (A) 14.946(2) 14.6489(14) 11.3682(9) 18.3288(13) 20.3372(17) 9.1688(8) 11.4812(12)
b (A) 19.052(3) 26.975(3) 12.7595(10) 23.6315(17) 18.4518(14) 12.7083(11) 25.639(3)
c(A) 28.498(4) 22.733(2) 12.9493(10) 20.2841(15) 38.674(3) 13.0164(12) 12.8116(14)
a(®) 90 90 94.5630(12) 90 90 64.2950(10) 90
B 98.929(2) 105.4841(13)  103.1496(10)  104.2710(10)  90.3948(15) 81.6790)10  114.5876(13)
Y (©) 90 90 114.1017(10) 90 90 69.5720(10) 90
V (A% 8016(2) 8656.9(14) 1637.9(2) 8514.7(11) 14512(2) 1280.6(2) 3429.4(6)
p (ng mm™) 1.414 1.309 1.535 1.314 1.415 1.568 1.383
Abs. coeff 5.231 4.844 6.425 3.992 4677 6.601 4,976
(mm™)
F(000) 3440 3440 748 3460 6320 598 1440
Crystal size 0.361x0.331  0.194x0.099 0520x0.312x 0.252x0.125 0.086x0.068  0.160x 0.158  0.538 x 0.438
(mm) x 0.248 x 0.092 0.078 x 0.068 x 0.053 x 0.141 x 0.216
0 range (°) 1.799 to 1.628 to 1.782 to 27.485 1.595 to 1.490 to 1.736 to 1.920 to
30.615 30.598 30.000 25.250 30.510 27.570
Reflns 93991 49125 7514 96170 44040 7751 29678
collected
Ind. Reflns. 24555 13272 7514 24841 13165 7751 7912
R(int) 0.0290 0.0880 — 0.0419 0.0956 — 0.0201
Obs. refins 21212 9197 7230 18353 9320 7178 7496
(1>20(1))
Completeness 99.9% 99.9% 99.9% 100.0% 100.0% 100.0% 100.0%
to 20 =
25.242°
Goodness-of- 1.055 0.986 1.051 1.005 0.975 1.081 1.034
fit on F?
Final R R1=10.0216 R1=10.0372 R1 =0.0402 R1=0.0283 R1=0.0420 R1=0.0232 R1=0.0162
(1>206(1))
WR2=0.0441 wR2=0.0788 WR2 =0.1091 WR2=0.0576 wR2=0.0783 WwWR2=0.0597 wR2 =0.0408
R (all data) R1 =0.0287 R1 =0.0658 R1=0.0416 R1 =0.0489 R1=0.0734 R1=0.0268 R1=0.0174
wR2=0.0456 wR2=0.0882 wR2=0.1100 wR2=0.0644 wR2=0.0863 wR2=0.0611 wR2=0.0413
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NMR Spectra

FT'TH
T
)
5z1
P Hw\w
ww,g.

i

10—
087"
T0E—

U
Wmh.mm

6E'EC
o

B

008

= 1£¢

= 96T

-1.0

0.0

0.5

1.0

1.5

T
4.0 3.5

4.5
f1 (ppm)

Figure 2.51. *"H NMR spectrum of {Pb(u-Br)Ar®},(2) in CsDs at 25°C.
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Figure 2.52. BC{*H} NMR spectrum of {Pb(u-Br)Ar"®},(2) in C¢Dg at 25°C.
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Figure 2.53.'H NMR spectrum of {Pb(u-Br) Ar®}, (3) in C¢Ds at 25°C.
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Figure 2.54. 3 C{*H} NMR spectrum of {Pb(u-Br)Art*},(3)in C¢Ds at 25°C.
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Figure 2.58. *C{*H} NMR spectrum of (PbAr’"®), (5) in C¢Ds at 25°C.
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Figure 2.510. *3C{*H} NMR spectrum of (PbAr®6), (6) in CsDs at 25°C.
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Figure 2.511.*H NMR spectrum of (PbAr*#), (7, #) + Ar"™H (*) in C¢De at 25°C.
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UV-Visible Spectra
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Figure 2.515. UV-Visible spectrum of {Pb(u-Br)Ar®},(2) in hexanes (685 pM).
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Figure 2.516. UV-Visible spectrum of {Pb(u-Br)Ar6}, (3) in hexanes (101 mM).
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Figure 2.517. UV-Visible spectrum of {Pb(u-Br)(4-SiMes-Ar“)}, (4) in hexanes (921 uM).

72

600



Absorbance
[¥5]

300 400 500 600 700
Wavelength (nm)

Figure 2.518. UV-Visible spectrum of (PbAr"®), (5) in hexanes (280 pM).
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Figure 2.519. UV-Visible spectrum of (PbAr"®), (5) in hexanes (42.0 uM).
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Figure 2.520. UV-Visible spectrum of (PbArt®“), (6) in hexanes (596 uM).
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Figure 2.521. UV-Visible spectrum of (PbArt®), (6) in hexanes (44.7 uM).
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Figure 2.522. UV-Visible spectrum of (PbAr"*), (7) in hexanes (107uM).
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Figure 2.523. UV-Visible spectrum of {Pb(4-SiMes-ArP*)}, (8-Et,0) in hexanes (30.3 uM).
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Crystal Structures

Figure 2.524. Thermal ellipsoid plot of {Pb(Br)Ar*®}, (2) (30%). H
atoms not shown for clarity. Pbl is disordered over two sites with a 1%
occupancy at position Pb1A.

Figure 2.525. Thermal ellipsoid plot of {Pb(u-Br)Ar'¢}, (3)
(30%). H atoms not shown for clarity.
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Figure 2.526. Thermal ellipsoid plot of {Pb(u-Br)(4-SiMes-ArP*)}, (4) (30%). H atoms not
shown for clarity.

Photos of Compounds

Figure 2.527. Dark brown crystals of 1.
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Figure 2.528. A red crystal of 5.

Figure 2.529. A green crystal of 6.

Figure 2.S30. A crystal of 7 (left) and powdered 7 (right).
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AN

Figure 2.S31. A crystal of 8 under a microscope
illustrating their dichroic character.

Computational Details

General remarks, geometry optimizations, energy calculations and vibrational frequency

calculations
All visualizations of structures, MOs and NBOs were created with UCSF Chimera®® 1.10.2.

Quantum mechanical calculations were performed with the TURBOMOLE 7.0.254%%, ORCA
4.15%57 and xtb 6.1.0%8 program packages unless otherwise stated.S>5%S1% Geometries were pre-
optimized with the GFN2-xTBS!! extended tight binding method and finally optimized using the
TPSSS2 meta-GGA functional in combination with the triple- def2-TZVPS!2 basis set. The
numerical quadrature grid m4 grid was employed for the integration of the exchange-correlation
contributions and default convergence criteria for energies and gradients were applied as
implemented in TURBOMOLE. The default Stuttgart-Dresden effective core potential ecp-465
was applied for all Pb atoms. All structures were pre-optimized applying the fast and robust
GFN2-xTBS! Tight-Binding quantum mechanical method. Minimum structures were verified as
minima on the potential energy hyper surface by the absence of imaginary frequencies (i > 35
cm™ ) in the harmonic frequency calculation. Imaginary frequencies below this threshold were

inverted and included in the thermostatistical correction calculation.
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All geometry optimizations and single point energy calculations were performed applying the

resolution-of-identity (RI) approximation for Coulomb integralsS®

with matching default
auxiliary basis sets.5*® The D357 and D4(EEQ)S'85!° dispersion correction schemes applying
Becke-Johnson (BJ) damping®2%52t and including Axilrod-Teller-Muto (ATM)S22523 type three-
body dispersion to the total dispersion energy was applied (D3(BJ)-ATM generally applied for

geometry optimizations). For a review on this topic see Ref. S24

Ro-vibrational corrections to obtain free energies were obtained from a modified rigid rotor
harmonic oscillator statistical treatmentS?® (T = 25.0 °C, 1 atm pressure) based on harmonic
frequencies calculated at the geometry optimization level (TPSS-D3(BJ)-ATM/def2-TZVP). To
avoid errors in the harmonic approximation, frequencies with wave numbers below 100 cm™

were treated partially as rigid rotors.5?°

Final gas phase single point energies were calculated with the PBE0S?® and B3LYP?' hybrid
functionals with the large polarized quadruple-{ Gaussian AO basis set def2-TZVPPSand the

mb5 grid.
Solvation corrections and Gibbs free energies

Solvation effects were further considered by the COSMO-RS5%52° model, used as implemented
in COSMOtherm (Version C3.0, release 16.01)%%° with the 2016 parameterization for toluene
(parameter file: BP_TZVP_C30_1601.ctd; default Gsoiv Option). Calculated solvation corrections
were further corrected for the volume work of 1 bar to 1 M ideal gas. The default
BP86531:532/def-TZVPS® level of theory was used for single point calculations on the optimized

geometries.
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Final Gibbs free energies were obtained by summing the gas phase single point energy E, the
dispersion correction Episp., the ro-vibrational correction GrrHo and the solvation correction

5Gsoiv (EQ. 2.51).
Gtot. = E + Episp. + GrrHO + Gsolv., corr. (Equation 2.51)
NBO analysis

NBO analyses were carried out with the NBO6%3* program package implementation in ORCA

4.1 at the geometry optimization level of theory.
UV/vis spectra and molecular dynamics simulations

UV/vis spectra were calculated applying simplified Tamm-Dancoff approximated>® time-
dependent density functional theory (sTD-DFT) (ORCA 4.1). For the sTD-DFT calculations the
BHLYPS3® hybrid functional was applied with the triple-( def2-TZVPS® basis set. The
RIJCOSXS3" approximation (GridX6) was applied to accelerate the sTD-DFT calculations. All
UV/vis spectra were calculated applying the conductor-like polarizable continuum solvation

model®*® (CPCM) for n-hexane.

To obtain averaged UV/vis spectra molecular dynamics (MD) simulations at
GFN2-xTB(GBSA(toluene)) level were carried out starting from the corresponding DFT
structures. The simulations were carried out for 1000 ps with preceding equilibration for 100 ps.
A time step of 1 fs was used and the SHAKES3®S algorithm was applied, constraining all
hydrogen containing bonds. From the resulting trajectory 200 snapshots were taken equidistantly
and used as structural input for STDA-XTB calculations. A standard threshold of 7 eV was
applied for the sSTDA part. The MD averaged absorption spectrum results from a mean over all

individual spectra of the snapshots.
81



60000

50000 |

40000

30000

e/L-mol-cm™

20000

10000

0

300

400

500 600 700
wavelength / nm

800

900

Figure 2.532. Molecular dynamics averaged UV/vis spectra of
all generated structures at STD-BHLYP(CPCM(n-hexane)

level.

Tabulated data

Table 2.S2. Structure scan data for the model system Ph-Pb-Pb-Ph.

AT L v LS ——
! BO leVv
/° /° / keal-mol ™ 1A kcal'mol™*
100 100 -849.207 3.086 0.00 1.04 1.92
100 105 -849.205 3.072 1.23 1.07 1.87
100 110 -849.203 3.046 214 1.10 1.82
100 115 -849.201 3.011 3.66 1.15 1.77
100 120 -849.198 2.972 5.99 121 1.72
100 125 -849.196 2.938 9.09 1.26 1.69
100 130 -849.193 2.912 12.52 1.32 1.75
100 90 -849.210 3.062 0.00 1.02 1.99
100 95 -849.205 3.072 1.23 1.07 1.87
110 100 -849.206 3.100 0.00 1.04 2.02
110 105 -849.204 3.077 1.25 1.07 197
110 110 -849.202 3.043 241 111 1.92
110 115 -849.200 2.997 4.54 1.17 1.87
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0.00
1.14
2.59
5.60
10.73
16.79
2217
0.00
1.14
0.00
0.00
2.59
7.16
15.22
23.01
28.90
0.00
0.00
0.00
0.00
2.23
9.89
22.44
31.26
36.72
0.00
0.00
0.00
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1.24
1.30
1.36
1.03
1.07
1.03
1.06
111
1.18
1.27
1.35
1.41
1.03
1.06
1.02
1.05
1.10
1.20
1.32
1.40
1.46
1.02
1.05
1.02
1.03
1.09
1.24
1.38
1.46
1.50
1.02
1.03
1.01

1.83
1.79
1.75
2.10
1.97
2.09
2.06
2.01
1.97
1.95
1.92
1.88
221
2.06
2.18
2.13
2.09
2.07
2.07
2.06
2.02
2.30
2.13
2.25
2.19
2.15
2.15
2.22
221
2.16
2.36
2.19
231



150
150
150
150
150
150
150
150
160
160
160
160
160
160
160
160
160
170
170
170
170
170
170
170
170
170
180
180
180
180
180
180
180

105
110
115
120
125
130
90

95

100
105
110
115
120
125
130
90

95

100
105
110
115
120
125
130
90

95

100
105
110
115
120
125
130

-849.201
-849.197
-849.194
-849.194
-849.194
-849.193
-849.206
-849.201
-849.203
-849.200
-849.195
-849.193
-849.193
-849.193
-849.193
-849.205
-849.200
-849.203
-849.199
-849.194
-849.191
-849.193
-849.193
-849.193
-849.204
-849.199
-849.203
-849.199
-849.188
-849.191
-849.192
-849.193

-849.193

3.152
3.115
2.895
2.824
2.800
2.790
3.137
3.152
3.172
3.176
3.168
2.829
2.795
2.781
2.776
3.158
3.176
3.183
3.194
3.210
2.789
2.775
2.769
2.767
3.175
3.194
3.186
3.202
2.783
2.774
2.768
2.765

2.765
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0.00
1.38
17.13
33.31
41.05
44.99
0.00
0.00
0.00
0.00
0.00
34.79
46.41
51.01
52.67
0.00
0.00
0.00
0.00
0.00
53.97
58.01
58.90
58.33
0.00
0.00
0.00
0.00
63.17
63.58
63.20
62.12

60.47

1.02
1.06
131
1.45
151
1.55
1.01
1.02
1.00
1.01
1.03
1.43
151
1.55
1.58
1.00
1.01
1.00
1.00
1.00
1.52
1.56
1.59
1.60
1.00
1.00
1.00
1.00
1.52
1.55
1.58
1.60
1.61

2.24
2.19
231
2.37
2.36
231
241
2.24
2.35
2.28
1.92
2.50
2.53
2.52
2.46
243
2.28
2.37
2.30
221
221
2.68
2.68
2.62
244
2.30
2.38
2.30
2.68
2.73
2.76
2.79
2.76



180 90 -849.203 3.185 0.00 1.00 2.43

180 95 -849.199 3.202 0.00 1.00 2.30
90 90 -849.211 3.057 0.00 1.03 1.88
90 100 -849.207 3.081 0.00 1.05 1.82
90 105 -849.206 3.071 1.12 1.07 1.78
90 110 -849.203 3.051 1.83 1.10 1.74
90 115 -849.201 3.025 294 1.13 1.74
90 120 -849.198 2.994 4.56 1.18 1.75
90 125 -849.195 2.966 6.69 1.23 1.78
90 130 -849.192 2.942 9.23 1.27 1.83
90 95 -849.206 3.071 1.12 1.07 1.78

Table 2.53. Absolute contributions to G in kcal-mol™*. All calculations were conducted
applying the C1 point group. “Frag” denotes the PbR fragment in the doublet ground state.

5Gso|v.,
corr.
TPSS- Eos.  Eoe, Eps, atM Ep4, ATM GrrHo (n-
D3(BJ)- PBEO/def2- PBEO/def2- A™ ATM B3LYP/def2- B3LYP/def2- (250  hexane
ATM/def2- TZVPP TZVPP  (pgEo) (PBEQ) TZVPP TZVPP (B3LYP) (B3LYP) °C)
TZVP - -1 [keal /keal 25.0
/a.u. / kecal mol /keal [ keal /a.u. / kcal mol Lol ot Ikeal <)
la.u. mol™ mol- mol~
[ kcal
molt
1 _3190'2367413186.098803 1999307.18 -179.39 -179.66 -3187.563546 -2000226.32 -320.25 -307.07 864.84 -32.93
1frag-1595.082561- -999645.99 -75.51 -76.43 -1593.779013 -1000111.43 -138.44 -134.09 421.47 -19.09

1593.037289

5 -3662.300438 .

3657.429249 229507151 -216.18 -216.17 -3659.128946 -2296138.08 -384.29 -368.14 1063.90-37.32

Sfrag-1831.116954 1828.707630 1147531 36 -93.84 -94.78 -1829.567212 -1148070.76 -170.41 -164.82 520.80 -21.47

6 -3662.182576 .

3657 284477 2294980 66 -228.36 -228.35 -3658.963293 -2296034.13 -406.80 -389.96 1069.93-34.73

Bfrag-1831.053437 |

1828.633157 1147484.63 -98.11 -99.12 -1829.482243 -1148017.44 -178.92 -173.24 524.62 -20.71

7 -2718.169941 9714.749288 1703530.90 -148.39 -149.16 -2715.971674 -1704297.96 -266.86 -256.46 668.23 -28.58
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Tfrag-1359.049432 -851755.65

1357.359021

8 -3535.759105 3531.672490 2216157.95

Birag-1767.843128 1765 820519 1108069.11

-3190.236233

*
! 3186.097238 1999306.20

-3662.289317 _

*
S 3657.418458 2295064.73

-3662.160717

N -
6 3657.269768 2294971.43

-2718.165176 .

. -
! 2714.739554 1703524.79

-3535.753441 _

. -
8 3531.662529 2216151.70

-62.57 -63.64 -1357.978125 -852144.14

-169.41 -169.85 -3533.187944 -2217108.91

-72.62 -73.52 -1766.586573 -1108549.81

-177.07 -177.47 -3187.559052 -2000223.50

-216.54 -216.76 -3659.115764 -2296129.81

-223.97 -223.56 -3658.951788 -2296026.91

-147.64 -148.66 -2715.957071 -1704288.79

-168.09 -168.79 -3533.173468 -2217099.83

-115.18

-304.11

-133.14

-318.10

-385.02

-399.88

-266.99

-303.50

-111.97

-291.41

-128.79

-305.03

-369.01

-382.73

-256.67

-290.92

323.55 -15.84

781.29

-30.26

380.06

-17.57

864.95

-32.89

1066.59 -37.16

1069.44 -35.63

667.44 -28.17

781.89 -29.67

AEDisp. = EDisp., complex — (EDisp., fragment 1 + EDisp., fragment 2)

(Equation 2.S2)

Table 2.54. AEpisp. and absolute dispersion corrections for the full complex and its unrelaxed

fragments in kcal-mol .

PBEO B3LYP

D3(BJ)-ATM D4(EEQ)-ATM D3(BJ)-ATM DA(EEQ)-ATM
1 Episp,complex  -179.39 -179.66 -320.25 -307.07
Episp, fragment1  ~74.22 -74.86 -136.00 -131.34
Eoisp, fragment2  ~74.22 -74.87 -136.01 -131.35
AEpigp, -30.94 -29.93 -48.24 -44.39
5  Ebisp.complex  -216.18 -216.17 -384.29 -368.14
Eoisp, fragment1  -93.77 -94.43 -170.25 -164.17
Episp, fragment2  -93.61 -94.29 -169.94 -163.91
AEpisp, -28.79 -27.45 -44.10 -40.07
6  Ebisp.complex  -228.36 -228.35 -406.80 -389.96
Episp, fragment1  -97.19 -98.11 -177.19 -171.42
Enisp., fragment2  -98.07 -98.56 -178.64 -172.10
AEpisp, -33.10 -31.69 -50.97 -46.44
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1*

5*

6*

7*

8*

EDisp., complex
EDisp., fragment 1
EDisp., fragment 2
AEDisp.

EDisp., complex
EDisp., fragment 1
EDisp., fragment 2
AEDisp.

EDispA, complex
EDisp., fragment 1
EDispA, fragment 2
AEDisp.

EDisp., complex
EDispA, fragment 1
EDisp., fragment 2
AEDisp.

EDisp., complex
EDisp., fragment 1
EDispA, fragment 2
AEDisp.

EDispA, complex
EDispA, fragment 1
EDisp., fragment 2
AEDisp.

EDisp., complex
EDisp., fragment 1

EDispA, fragment 2

AEDisp.

-148.39

-61.73

-61.73

-24.94

-169.41

-72.18

-72.19

-25.04

-177.07

-75.13

-75.17

-26.76

-216.54

-93.87

-93.58

-29.09

-223.97

-97.64

-97.64

-28.69

-147.64

-63.25

-63.24

-21.15

-168.09

-73.41

-73.38

-21.29

-149.16

-62.49

-62.50

-24.17

-169.85

-72.76

-72.78

-24.31

-177.07

-75.86

-75.89

-25.32

-216.76

-94.56

-94.42

-27.78

-223.56

-98.12

-98.12

-27.32

-148.66

-64.24

-64.23

-20.19

-168.79

-74.22

-74.19

-20.38

-266.86

-113.44

-113.44

-39.97

-304.11

-132.02

-132.05

-40.04

-318.10

-138.03

-138.09

-41.99

-385.02

-170.25

-169.98

-44.79

-399.88

-178.02

-178.03

-43.83

-266.99

-116.57

-116.55

-33.87

-303.50

-134.76

-134.70

-34.05

-256.46

-109.86

-109.86

-36.74

-291.41

-127.26

-127.28

-36.87

-305.03

-133.29

-133.33

-38.41

-369.01

-164.24

-164.22

-40.54

-382.73

-171.51

-171.51

-39.72

-256.67

-113.09

-113.07

-30.52

-290.92

-130.11

-130.05

-30.76
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Chapter 3. Two Quasi-Stable Lead(l1) Hydrides at Ambient Temperature
Joshua D. Queen, James C. Fettinger and Philip P. Power *

Department of Chemistry, University of California, Davis, One Shields Avenue, Davis,

California 95616, United States

Reproduced from Chem. Commun. 2019, 55, 10285-10287 with permission from the Royal

Society of Chemistry.

Abstract. Simple reaction of their terphenyl lead bromide precursors with DIBAL-H in diethyl
ether solution at ca. -78°C leads to the isolation of the hydrides {Pb(p-H)Ar"“}, (ArP™ = CeHs-
2,6 (CeH3-2,6-"Pr2)2) (1) and {Pb(p-H)ArMe}, (ArMe6 = CoHs-2,6(CsH2-2,4,6-Mea)2) (2) in good
yield (60-80%). The isolated solids are stable at up to ca. 5°C for several weeks but are
thermally labile in solution. Hydride 1 decomposes to the diplumbyne ArP“PbPbAr"™ while
2 decomposes to the plumbylene Pb(Ar™e),. The decomposition of 1 was determined to be zero

order with a rate constant of ca. 2.0x10° M min at 298 K.

Since the initial report of a stable tin(I1) hydride in 2000,* low valent hydride derivatives
of the heavy group 14 elements have become well established for the elements Si-Sn'*
over the past two decades. They display a diverse range of structures and are of particular
interest for their reactivity with small molecules®8 and potential uses in catalysis.*>?° The
existence of an unstable lead(Il) hydride “Pb(H)Ar"®” (ArP® = CgHs-2,6-(CeH2-2,4,6-
'Pr3);) was implicated in the synthesis of the terphenyl substituted diplumbyne
Ar'PPHPbArP™® which was obtained via treatment of {Pb(u-Br)Ar*"®}, with LiAlH4.2?
However, it wasn’t until recently that the existence of the lead(Il) hydride was established
by Wesemann and coworkers?? who synthesized it by treatment of Ar'"Pb{CH(Ph)(PPh.)}
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with catechol borane, and showed that it has the symmetrically bridged hydride structure
{Pb(u-H)Ar"®}, (3) and converts to the diplumbyne ArPPbPbAr"™® above -40°C in
solution with Hz elimination.

In related work on Sn(ll) hydrides we have shown that they can be stabilized by a variety of
terphenyl substituents.»?>%> Moreover, the structure of the hydride product was found to be
dependent on the aryl substituent used.?* and that bulkier substituents favored the unsymmetrical
ArsnSn(H)2Ar (Ar = terphenyl group) over the symmetric {Sn(u-H)Ar}. structure. We applied
this approach to the synthesis of lead(ll) hydrides and their subsequent conversions to
diplumbynes®® and other low-valent lead species. We found that some of the intermediate lead
hydrides that were formed precipitated out of diethyl ether as relatively stable solids and can be
isolated in good yields (60-80%). We now report the isolation of the aryl lead(Il) hydrides {Pb(u-
H)ArP*}, (Arf™ = CgH3-2,6 (CsHs3-2,6-'Pr2)2) (1) and {Pb(u-H)ArMe}, (ArMe = CeHs-2,6(CeH2-
2,4,6-Mes),) (2) and show that although 1 converts to the expected diplumbyne ArP“PbPbArP™

in solution,?® 2 is transformed to the diarylplumbylene Pb(ArMe),27

The lead hydrides were synthesized in a simple manner by treatment of {Pb(p-Br)Ar"“},%8 or
{Pb(u-Br)ArMe},2 with DIBAL-H (di-isobutyl aluminium hydride) in diethyl ether solution at -
78°C (Scheme 3.1). This resulted in the precipitation of 1 and 2 as yellow-green solids. Decanting
the supernatant liquid and washing the solid with ether and hexanes gave 1 in ca. 80% and 2 in ca.

60% yield. Extraction of a portion of the solids with either toluene or THF at ca. 0°C and storage

of the resulting solutions at 2 catB- Ar 2 DIBAL-
. CgDg, -40°C Et,0, -78°C
2 ArPb{CH(Ph)(PPh,)} ———— \ PN ~————  (ArPbBr),
ca. -30°C gave yellow Pb Pb
g y Ar = ArPr.'E ~ / \ Ar = Ar""‘i,Ar"”EG

w 2017 This work
blocks of 1 or yellow-green esemann Ar is wor

blocks of 2 that were Scheme 3.1 Current known synthetic routes to terphenyl substituted lead(ll)
hydrides.
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suitable for X-ray diffraction studies (see photos in Supporting Information). Both 1 and 2 (Figure
3.1) display dimeric hydrogen-bridged structures with planar Pb2H> cores (sum of the internal
angles = 360°), which are similar to that seen for the structure of 3 reported by Wesemann and
coworkers.?? The dimeric structure of 2 contrasts with the analogous Sn hydride {Sn(H)ArMe6}, 25
which has a tetrameric structure containing four Sn—Sn bonds and a terminal hydrogen bound to
each tin. The Pb—H distances are in the range 2.04(3) A to 2.09(4) A, similar to the distances
reported in 3 (1.98(4)-2.03(5) A). The ligands are bound to the lead atoms almost perpendicularly
to the PboH; core with Pb—Cipso angles of 89.61(11)° to 93.44(3)° (cf. 92.3(6) in the case of 3) with

respect to the Pb2H> plane.

Wesemann and co-workers reported two observable *H NMR signals in solution for the

lead hydride 3 at 35.83 ppm and 31.43 ppm in ds-toluene, which were attributed to the

{Pb(u-H)Ar™}, (1) {Pb(u-H)Aree}, (2)

Figure 3.1. Thermal ellipsoid plots (50%) of 1 and 2. Terphenyl hydrogen atoms and co-crystallized solvent
molecules are not shown for clarity. Selected bond lengths [A] and angles [°]: 1: Pb1-C1: 2.3066(12), Pb1-H1:
2.04(3), Pb1-H1A: 2.05(2), Phl---PblA: 3.2662(3), Pb1-H1-Pbh1A: 105.9(1), H1-Pb1-H1A: 74.1(1), (Pb1-C1)-
(Pb2H2): 93.44(3). 2: Pb1-C1: 2.289(4), Pb1-H1: 2.08(4), Pb1-H1A: 2.09(4), Pbl.--PblA: 3.2791(5), Pb1-H1-
Pb1A: 104(3), H1I-Pb1-H1A: 76(3), (Pb1-C1)—(PbzH,): 89.61(11).
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presence of rotamers of 3 in solution.?? The more downfield shifted signal is the prominent
signal at 298 K while the more upfield signal is more prominent at 193 K, indicative of an
equilibrium between the two rotamers in solution. The extreme downfield chemical shift of
the hydride resonance has been determined by relativistic DFT methods to be due to the
spin-orbit coupling effects of the heavy lead atoms.*® Essentially, it was found that the
relatively low HOMO-LUMO gap of low valent 6p elements allows for efficient magnetic
coupling of the frontier orbitals; combined with the primarily 6p character of the metal
contribution to the bonding orbitals, the result is a drastic deshielding of the bonded
hydrogen atom.3!

Our previous work on tin(Il) hydrides showed that increasing the size of the terphenyl
ligand affects the solution structure,?* e.g. the symmetric hydrogen bridged structure of
{Sn(u-H)Ar'"®}, in the solid state converts to the deep blue asymmetric structure
ArPsnsn(H)2Ar"8 in solution. The *H NMR spectra of yellow solutions of 1 and 2 at
298 K display only one downfield singlet at 33.91 ppm (*J %7pp.'n = 696 Hz) in CsDs for 1
and at 33.91 ppm in CeDs or 33.65 ppm in dg-THF (*J 27ty = 708Hz) for 2
corresponding to the hydride signal. The signals are slightly upfield in comparison to that
of the lead hydride *H chemical shift for 3 at 35.83 ppm (*J 2%’py-1n = 725 Hz) reported at
298 K and are in close agreement with the chemical shift calculated for the symmetric
bridging hydride structure in solution.® The ATR-FTIR spectra of 1 and 2 both display a
near identical feature in the range ca. 950 to 1050 cm™* which match Pb-H bands
determined for 3 (900-1100 cm™).%?

The hydrides 1 and 2 can be stored as solids under anaerobic and anhydrous conditions

at 5°C in the absence of light but decompose slowly over several days if kept at ambient
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temperature. When dissolved in hydrocarbon or ethereal solvents they both immediately
begin to release H, and decompose. Monitoring the degradations by *H NMR spectroscopy,
we observed that 1 converts to the expected amber diplumbyne Ar"™“PbPbAr'"™ 26 and
determined the rate to be zero order with a rate constant of ca. 2.0x10° M min* (1.2x103
M hr1). The hydride 2 instead converts to the purple plumbylene Pb(ArM),2” with
concomitant deposition of Pb metal. This suggests the putative diplumbyne
“ArMeSpPhPhArMe®” that may form upon elimination of Hz from 2 is not sufficiently
stabilized by the smaller mesityl groups on the flanking rings of the terphenyl ligands
compared to Ar'"®PbPbAr’""® and ArP“PbPbAr"™ and instead a rearrangement is preferred.
We have previously found that ArMe® is not sufficiently large to stabilize the digermyne
ArMeGeGeAr™e®® and instead the cyclotregermenyl radical (GeArM®)s is obtained.®?
Ziegler and co-workers have demonstrated computationally that isopropyl substituents on
the terphenyl ligands play a crucial role in stabilizing group 14 dimetallynes through
intramolecular London dispersion interactions which overcome the Pb-Pb bond
dissociation energy (cf. -44 kcal-mol™).3® Working with Stefan Grimme’s group on a series
of diplumbynes bearing terphenyl ligands of varying size, we have further confirmed that
the Pb—Pb bond dissociation energy is compensated for by dispersion force attractions
between ligands on opposing Pb atoms.?®

Attempts to apply this protocol to the preparation of other terphenyl supported lead(ll)
hydrides has so far been unsuccessful and we have not observed any precipitation of other
lead(ll) hydride systems. We attribute this to the low solubility of 1 and 2 compared to
other terphenyl lead systems we have investigated.?® Examining the crystal structure of 2,

a network of close interligand H---H contacts can be observed between molecules with
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distances of 2.368(25) A, (see Supporting Information—Figure 3.S8) shorter than twice the
van der Waals radius of hydrogen (2ru = 2.40 A).3* Such an interaction is not observed in
the structure of 1 recrystallized from toluene, as several solvent molecules surround the
structure which presumably contribute to the stability of the crystals. However, these
crystals were found to be much more prone to thermal decomposition than crystals of 2 or
powdered 1. The results strongly suggest that as isolated solids, 1 and 2 may be stabilized
by intermolecular London dispersion force energies (i.e. ‘packing’ forces) which stabilize
the molecular structures.3® When these are removed by dissolution of 1 or 2 in hydrocarbon
or ethereal solvents, decomposition to the diplumbyne or plumbylene ensues.

Compounds 1 and 2 are very rare examples of hydride derivatives from the 6™ period p-
block elements that are isolable under ambient or near ambient conditions, the other notable
example is BiH(ArVe®),.36

In summary, the treatment of {Pb(u-Br)Ar®™}, and {Pb(u-Br)ArMe}, with DIBAL-H
in diethyl ether at -78° gives the lead(ll) hydrides 1 and 2 in ca. 60-80% vyield as green-
yellow powders. The products are thermally unstable in solution and degrade to
diplumbyne ArP“PbPbAr™ in the case of 1 and plumbylene Pb(ArMe), in the case of 2 .
However, they can be stored in the solid state under a nitrogen or argon atmosphere and in
low light conditions at < 5°C for several weeks without noticeable decomposition.

We wish to acknowledge the US National Science Foundation (CHE-1565501) for support

of this work
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Supporting Information

Experimental Details

General Procedures. All manipulations were carried out using modified Schlenk techniques or
in a Vacuum Atmospheres OMNI-Lab drybox under a N> or argon atmosphere. Manipulations of
the lead compounds were carried out with careful exclusion of light due to the tendency for low
valent lead compounds to decompose or disproportionate. Solvents were dried over columns of
activated alumina using a Grubbs type purification system (Glass Contour)%?, stored over Na
(Et20) or K (hexanes, toluene) mirrors, and degassed via three freeze-pump-thaw cycles prior to
use. 'H and BC{*H} spectra were recorded on Varian Inova 600 MHz or Bruker Avance 11 HD
Nanobay 400 MHz spectrometers and were referenced to the residual solvent signals in CsDe or
ds-THF.32 Infrared spectra were collected on a Bruker Tensor 27 ATR-FTIR spectrometer.
Melting points were measured in glass capillary tubes sealed under argon using a Mel-Temp 11
apparatus and are uncorrected.

The starting materials {Pb(u-Br)Ar®“},5% and {Pb(u-Br)ArMe6},%* were synthesized according
to the literature procedures. DIBAL-H (1.0 M, hexanes) was purchased commercially and used
without further purification.

{Pb(p-H)Ar’"™}, (1). A solution of {Pb(u-Br)Ar**}, (0.950 g, 0.694 mmol) in diethyl ether
(ca. 50 mL) was cooled to -78°C in an ethanol/dry ice bath and 1.0 M DIBAI-H in hexanes (1.42
mL, 1.42 mmol, 2.05 eq) was added dropwise via syringe. The mixture was stirred for 30 min,
during which time it was warmed up to 0°C. The yellow precipitate was allowed to settle and the
supernatant liquid was decanted. The solid was washed with cold, ca. 0°C ether (ca. 15 mL) and
hexanes (ca. 20 mL). The product was dried under reduced pressure to give 1 as a green-yellow

powder that was pure by *H NMR spectroscopy. Yield: 0.690 g (82%). mp: 76-91°C (dec). 165-
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169 (melts). *H NMR (600 MHz, CsDs, 298 K): 5 32.63 (s, 2H, 1207114 = 696 Hz, PbH) 7.49
(d, 4H, 3J = 7.5Hz, ArH), 7.30 (t, 4H, 3J = 7.7 Hz, ArH), 7.05 (d, 8H, 3J = 7.8 Hz, ArH), 3.00
(sept, 8H, 3J = 6.9 Hz, CH(CHs3)2), 1.05 (d, 24H, 3J = 6.7 Hz, CH(CH3)2) , 0.96 (d, 24H, 6.9 Hz,
CH(CHz3)2).

For crystal growth, toluene (ca. 20 mL) was added to 0.100 g of powdered 1 at ambient
temperature (ca. 23°C) and stirred for 5 min. The pale-yellow solution was filtered away from
undissolved 1 and stored at ca. -30°C for 2 weeks, after which time several pale-yellow crystals
of 1-4C7Hg suitable for X-ray diffraction studies were obtained.

{Pb(n-H)ArMes};, (2). A solution of {Pb(u-Br)ArM®}, (0.825 g, 0.687 mmol) in diethyl ether
(ca. 25 mL) was cooled to -78°C in an ethanol/dry ice bath and 1.0 M DIBAI-H in hexanes (1.41
mL, 1.41 mmol, 2.05 eq) was added dropwise via syringe. The mixture was stirred for 30 min,
during which time it was warmed up to 0°C. The yellow precipitate was allowed to settle and the
supernatant liquid was decanted. The solid was washed with cold, ca. 0°C ether (ca. 15 mL) and
hexanes (ca. 20 mL). The product was dried under reduced pressure to give 2 as a green-yellow
powder. Yield: 0.426 g (60%). mp: 76-91°C (dec). 165-169 (melts). 'H (400 MHz, C¢Ds, 298
K): & 33.91 (s, 2H, PbH). *H (600 MHz, ds-THF, 298 K): & 33.65 (s, 2H, 1J207pp.114 = 708 Hz,
PbH). The only other trace *H and 3C{*H} signals were assigned to Pb(ArMe®), 5

For crystal growth, THF (ca. 25 mL) was added to 0.100 g of powdered 2 at ambient
temperature (ca. 23°C) and stirred for 10 min. The brown solution was filtered away from
undissolved 2 and stored at ca. -30°C for 3 days, after which time several yellow-green dichroic
crystals of 2 suitable for X-ray diffraction studies were obtained.

X-Ray Crystallography. Crystals of 1 and 2 were removed from a Schlenk flask under a stream

of nitrogen and immediately covered with hydrocarbon oil. A suitable crystal was selected,
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attached to a glass fiber on a copper pin and placed in the cold N2 stream on the diffractometer.

Data were collected at 90 K on a Bruker APEX DUO diffractometer (1) or 100 K on a Bruker

D8 VENTURE diffractometer (2) with Mo Ka radiation (A = 0.71073 A). Absorption corrections

were applied using SADABS.S® The crystal structures were solved by intrinsic phasing methods

using SHELXTS’ and refined by full matrix least-squares procedures using SHELXL.® All non-

H atoms were refined anisotropically.

Table 3.S1. Selected X-ray Crystallographic data for 1 and 2.

Compound 1-4 C7Hs 2
Formula CssHlostz C48H52Pb2
Formula Weight (g mol?) 1580.12 1043.27
T (K)/» (A) 90(2)/0.71073 100(2)/0.71073
Crystal System Triclinic Monoclinic
Space Group P-1 C2/m
Z 1 2
Crystal color and habit Yellow block Yellow block
a(A) 11.9074(15) 10.0988(11)
b (A) 13.2780(17) 22.633(2)
c(A) 13.7294(18) 8.7512(9)
a(°) 110.8199(14) 90
BC© 103.3533(16) 99.263(2)
v (©) 102.2870(15) 90
V (A3 1867.4(4) 1974.1(4)
p (mg mm3) 1.405 1.755
Abs. coeff (mm™) 4.545 8.549
F(000) 800 1008
Crystal size (mm) 0.455x0.270 x 0.166 0.153 x 0.108 x 0.037
0 range (°) 2.047 to 30.553 2.967 to 27.488
Reflns collected 22485 7728
Ind. Reflns. 11379 2325
R(int) 0.0134 0.0164
Obs. reflns (1>26(1)) 10955 2221
Completeness to 26 = 25.242° 99.9% 99.8%
Goodness-of-fit on F? 1.058 1.158
Final R (I1>26(1)) R1=0.0139 R1=0.0211
wR2 = 0.0338 WR2 = 0.0492
R (all data) R1=0.0149 R1=0.0228
WR2 = 0.0341 wR2 = 0.0499
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NMR Spectra
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Figure 3.S1.H NMR spectrum of 1 in C¢Dg at 298 K. The inset shows the Ph-H signal region.
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Figure 3.52.*H NMR spectrum of 1 in C¢Ds at 298 K in the range 30-34 ppm.
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Infrared Spectra

v(Pb-H) = ca. 950-1050 cm""
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Figure 3.S5 ATR-FTIR spectra of {Pb(u-H)Ar™}, (1, blue) and {Pb(u-H)ArMe}, (2, orange).
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Kinetics Data
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Figure 3.S6. Plot of time (min) vs concentration (mM) of a sample of {Pb(u-H)Ar®™“}, (1) in C¢Ds at 25°C.
Concentrations were referenced to an internal standard of ferrocene.
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Figure 3.88. Crystal packing of {Pb(u-H)Ar"e}, (2). Lines show short H---H contacts (2.368(25) A) between
adjacent molecules. Red lines are to molecules not depicted. Each flanking ring has two contacts to an adjacent
molecule in the crystal-8 total per molecule of 2.
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Photos of Compounds

Figure 3.59. Powdered {Pb(u-H)Ar"}, ().

Figure 3.510. Powdered {Pb(u-H)ArVe}, (2).
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Abstract. The reaction of the molybdenum-molybdenum triple-bonded  dimer
(CO)2CpMo=MoCp(CO)2 (Cp = n°-CsHs) with the triple-bonded dimetallynes ArP“MMAr™ or
ArPMMATIP (ArP™ = CeH3-2,6-(CeHz-2,6-'Pr2)2, Ar'P™ = CgHs-2,6-(CeH2-2,4,6-'Prs)2; M = Ge,
Sn, or Pb) under mild conditions (<80°C, 1 bar) afforded Ar'"™“M=MoCp(CO), or
ArP®M=MoCp(CO), in moderate to excellent yields. The reactions represent the first isolable
products from a metathesis of two metal-metal triple bonds. Analogous exchange reactions with
the single-bonded (CO);CpMo-MoCp(CO)s gave ArM—MoCp(CO)s (Ar = Ar'®™ or ArP® ; M =
Sn or Pb). The products were characterized by NMR (XH, 13C, 11°Sn, or 2°Pb), electronic, and IR

spectroscopy and by X-ray crystallography.

Alkene and alkyne metathesis reactions are one of the cornerstones of organometallic chemistry
and are of key importance in alkene and alkyne synthesis.! In 1974, Mortreux reported
homogeneous alkyne metathesis catalyzed by Mo(CO)s? and in 1981, Schrock and coworkers
demonstrated the metathesis of acetylenes by tungsten(V1) alkylidyne complexes.® These
stoichiometric metathesis reactions, for example the reaction of ‘BuC=W(O'Bu)s with PhC=CPh
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to give PhAC=W(O'Bu)s and PhC=C'Bu, proceed in high yield under mild conditions. Also, it was
found also that several tungsten(V1) alkylidyne complexes display catalytic metathesis reactions
with acetylenes such as 3-hexyne.®* Mechanistic investigations showed that
tungstacyclobutadienes are intermediates in these reactions.* A similar chemistry was later
observed for the analogous molybdenum species,> and triple bond metathesis of transition metal
phosphides and nitrides have since been reported to proceed through similar intermediates.®°
Further work showed that the metal-metal triple-bonded dimers (‘BuO)sM=M(O'Bu)s (M = Mo,
W) exchange with alkynes under mild conditions to yield the metal alkylidynes RC=M(O'Bu)z>*
and cleave N=N bonds to give imido complexes.'? Alkyne metathesis and the related olefin

metathesis has since found wide application in organic synthesis and polymerization.'® The

application of metathesis methods to organic synthesis led to the award of a Nobel Prize in 2005.4

The isolation of heavier
THF
<80°C

group 14 element AMEMAr  + (CORCPMo=MoCpCO), 2 o 5 AM=MoCp(CO),
. M = Ge (1a), Sn (2a, 2b), Pb (4)
dimetallynest® of formula n80%
THF or C¢Dg
=R80°C
RMMR (M =Si, Ge, Sn,Pb; R am= I (CORCPMo—MoCp(CO); 290 3 ArM—MoCp(CO)s
M = Sn (3a, 3b), Pb (5)
Ar=

M = Ge (1a)
>00%

= aryl, silyl, or amide ligand) O O O B
and of stable complexes with 2 AIM=MoCp(CO),
Ar iPr4 Ar iPr6

triple bonds between heavier

Scheme 4.1. Metathesis routes to compounds 1a-5.
group 14 elements and
transition metals by salt metathesis or ligand elimination®? have suggested that triple bond
metathesis reactions featuring the heavier group 14 elements might be feasible. However, the

requirement for large substituents to stabilize these compounds suggested that steric effects might

hamper or prevent such reactions. Nonetheless, we now show that the m-terphenyl supported
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dimetallynes ArP*MMAr"* or ArPSMMArP® (Ar'P™ = CgHz-2,6-(CsH3-2,6-"Pr2)2, Ar'P'® = CsHs-
2,6-(CsH2-2,4,6-'Pr3)2; M = Ge, Sn, Pb) react readily with triple-bonded (CO)2CpMo=MoCp(CO).
(Cp = mn°-CsHs) or single-bonded (CO)sCpMo-MoCp(CO)s to give triple-bonded
ArP“M=MoCp(CO)2 (M = Ge, Sn) (1a, 2a) and Ar"®M=MoCp(CO). (M = Sn, Pb) (2b, 4) or the
single-bonded Ar®#Sn—-MoCp(CO)s (3a) and Ar*™M-MoCp(CO)s (M = Sn, Pb) (3b, 5) in

moderate to excellent yields (Scheme 4.1).

Heating a solution of the digermyne ArP“GeGeAr'™™ and (CO).CpMo=MoCp(CO). in THF to
80°C for 18 h afforded the red-orange molybdogermylyne ArP“Ge=MoCp(CO); (1a) in ca. 89%
yield as orange needles. Reaction of the digermyne with single-bonded (CO)sCpMo—-MoCp(CO)3
in CeDs at 80°C also gave 1a with > 90% conversion after 7 days. Previous attempts to prepare the
single-bonded germylene complexes ArGe-MoCp(CO)s (Ar = m-terphenyl ligand) from ArGeCl
and NaMoCp(CO)s gave the triple-bonded germylyne complexes ArP®Ge=MoCp(CO)2 (1b)* and
AMBGe=MoCp(CO). (1c)?? (ArM® = CgHs-2,6-(CsH2-2,4,6-Mes);) owing to facile CO
elimination. It has since been found by Jones and coworkers that, by using a sterically demanding
amide ligand, the molybdogermylenes {CeH2-2,6-(CHPh2)2-4-Me}(R)NGe-MoCp(CO); (R =

SiMe;s or Ph) can be isolated.?®

For distannynes, treatment with (CO).CpMo=MoCp(CO). in THF at ca. 25°C afforded a color
change from dark green to red over 1-2 days to give the molybdostannylyne products
ArPSn=MoCp(CO). (2a) or Ar"®Sn=MoCp(CO). (2b) in 28% and 54% yields respectively.
Similarly, the blue-purple single-bonded molybdostannylene Ar"™Sn—-MoCp(CO)s (3a) was
obtained in ca. 44% yield by stirring the distannyne with (CO)3:CpMo-MoCp(CO)s in THF for 2
days at ambient temperature. The metallostannylene Ar"®Sn—MoCp(CO)s (3b)?* was prepared

similarly in CeDs in quantitative yield.
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Figure 4.1. Thermal ellipsoid plots (50%) of Ar’"*Ge=MoCp(CO), (1a) (top left), Ar'**Sn=MoCp(CO): (2b) (top
right) Ar’#Sn-MoCp(CO); (3a) (bottom left), and ArP*®Pb=MoCp(CO), (4) (bottom right). H atoms and
disordered atoms in 2b are not shown for clarity. Selected bond distances (A) and angles (°): 1a: Ge-Mo: 2.2831(2),
Ge-Cl1: 1.9441(13), C1-Ge-Mo: 179.06(4). 2b: Sn-Mo: 2.4691(7), Sn-C1: 2.036(4), C1-Sn-Mo: 173.1(3). 3a: Sn-
Mo: 2.9066(3), Sn-C1: 2.2030(18), C1-Sn-Mo: 113.88(5).4: Pb-Mo: 2.5143(2), Pb-C1: 2.201(2), C1-Pb-Mo:

175.03(7).

When the diplumbyne ArP®PbPbAr"® and (CO).CpMo=MoCp(CO). were stirred in THF at
ca. 25°C for 18 h, a dark green solution of Ar®®Pb=MoCp(CO). (4) was obtained from which 4
was isolated as dark blue-green crystals in 63% yield. Treatment of the diplumbyne with

(CO)3CpMo-MoCp(CO)s in CeDe at ambient temperature for 2 days gave the molybdoplumbylene

ArP5ph_MoCp(CO)s(5) which had previously been obtained via a salt elimination route.?®

The structures of 1a, 2b, 3a, and 4 were determined by X-ray crystallography and are shown in

Figure 4.1. The structures unequivocally establish the existence of metathesis products for both
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triple and single-bonded species. For the triple-bonded species the M=Mo bond lengths are
consistent with the sum of the triple bond radii of the respective elements?® and are ca. 0.45-0.50
A shorter than those of the single-bonded congeners. With C~-M=Mo angles greater than ca.
170.0°, the triple-bonded structures are also consistent with those synthesized independently by

salt elimination routes in conjunction with ligand (CO or N3) elimination.1¢-2

Stannylyne 2b is the second structurally characterized molybdostannylyne complex after
Tp'(CO):Mo=SnArM® (Tp’ = tris(3,5-dimethylpyrazolyl)borate) reported by Filippou.?’ The Sn-
Mo distance is ca. 2.47 A (cf. the sum of the triple bond radii Sn(rs)+Mo(rs) = 2.45 A?® and the
Sn=Mo distance in Tp'(CO).Mo=SnAr™®® = 2.5068(6) A) and is much (ca. 0.45 A) shorter than
the Sn-Mo single bonds in 3a (2.9065(6) A) or in the known stannylenes 3b (2.897(3) A) and
ArMeSn_MoCp(CO)s (3c) (2.905(2) A).?* There is a wide Cispo-Sn-Mo angle near 172.0° which
may be contrasted with the much narrower angles in the molybdostannylenes (cf. 113.87(5)° in
3a, 110.1(1)° in 3b, or 110.7(1)° 3c) in which repulsion from the non-bonding lone-pair on the Sn
atom results in a strongly bent geometry. The Pb-Mo distance (2.5144(4) A) in the plumbylyne 4
is similar to the sum of the triple bond radii (2.50 A)?® and slightly shorter than the bonds in trans-
Br(PMes)sMo=PbAr'™®  (2.5495(8) A),®  Tp'(CO).Mo=PbArM®  (2.5545(2) A),® or

Tp'(CO)2Mo=PbAr'™™® (2.5723(2) A).%°

The electronic spectra of the triple-bonded compounds display an intense absorption between
329-356 nm which tails into the visible region and may be due to transitions within the
MoCp(CO). moiety or possibly involving the M-Mo ¢ bond. They also display medium intensity
absorptions at 423 nm for la, 455 nm for 2a, 457 nm for 2b, and at 419 nm for 4 which are
primarily responsible for the intense colors of these complexes (Figure 4.S39 of the Sl). These

likely correspond to the M-Mo m—m* transitions®* and have weak lower-energy shoulders
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probably due to Mo d—* transitions.?* The general red-shifting of the absorbances is consistent

with a decrease in the M=Mo bond energy as the group is descended from Ge to Pb.%’

The infrared spectra of the triple-bonded complexes display two major bands in the CO
stretching region with some shoulder features. The bands in 1a appear at 1930 cm™ and 1872 cm™,
while the two bands of 2a, 2b, and 4 are in the ranges 1899-1910 cm™ and 1847-1853 cm™. These
data are consistent with decreasing transfer of electrons from Mo into the group 14 element p
orbital as the group is descended from Ge to Pb, resulting in increased Mo(d)—CO(n*) donation.
The bands are also of lower energy than those in triple-bonded 3a-3c and 5 (1865-2020 cm™) as
the group 14 element lone pair used in the triple bond increases electron density on the Mo and

facilitates the Mo(d)—CO(n*) back-bonding.

The 9Sn{*H} NMR spectra of 2a and 2b each display a single resonance at 1021 ppm (2a)
and 1040 ppm (2b). These values are further upfield than the signals of the single-bonded
stannylene complexes 3a and 3b which appear at 2448 ppm (3a) and 2414 ppm (3b)?* indicating
increased shielding in the multiple-bonded species. The 22’Pb{*H} NMR spectrum of 4 displays a
singlet at 4686 ppm, which, like its tin counterpart, is further upfield than the plumbylene 5 which

features a singlet at 9660 ppm.?®

The formation of 1a, 2a, 2b, and 4 represent the first report of products isolated from the
metathesis of two metal-metal triple bonds. Previous investigations of the metathesis of
(CO)2LpMo=MoCp(CO)2 with (CO).LpW=WCp(CO). showed that after irradiation with UV
light at 25°C or thermolysis at 120°C, Mo=W containing ions could be observed in the mass
spectra of the reaction products®®, but these were not isolated and their formation was deemed to
result from single bond metathesis of (CO)3:CpMo-MoCp(CO)z with (CO)sCpW-WCp(CO)s

present in the reaction mixture followed by CO elimination.?®=°
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The ready formation of heavy group 14 element alkylidyne complexes via metathesis described
here can be contrasted to the reaction of (CO).CpMo=MoCp(CO). with alkynes which give the
isolable complexes (CO).CpMoMoCp(CO)2(u-RCCR) in which the alkyne moiety is coordinated
perpendicularly to the Mo-Mo bond.3%®? Such structures are likely intermediates in the formation
of group 6 metal alkylidyne complexes by isomerization to 1,3-metallocyclobutadienes.®
Reactions of group 14 dimetallynes with unsaturated hydrocarbons are known to give formal [2+2]
cycloaddition products which proceed through [1+2] cycloadditions.3*® However, the large steric
demand of the ligands stabilizing the heavy alkyne analogues discussed here make it unlikely that

the reactions proceed through -bond complexes or tetrametallic-cyclobutadiene intermediates.

The reactivity may be attributed at least in part to the charge-shift nature of the triple bonds in
group 14 dimetallynes.3*-3® We have recently reported studies of the reversible dissociation of the
distannyne Ar#SnSnAr"™ in solution®® and showed that the terphenyl substituted distannynes
exist in equilibrium with the corresponding Sn(I)Ar radicals (Kgiss = 1.78 x 10° for
ArPsnSnArP™ at 298 K). Therefore, we suspect the metathesis reactions are likely to proceed via
interaction of Ge(l), Sn(l), or Pb(l) radical fragments with the Mo-Mo bonded species. The higher
bond energy of the digermyne necessitates heating of the reaction mixture, while the tin and lead

metathesis reactions proceed spontaneously at ambient temperature (ca. 25°C).

In each case the heavy alkylidyne species is thermodynamically favorable due to the formation
of strong heterometallic triple bonds?’ (Table 4.S2). The higher bond strengths of the M=Mo bonds
in comparison to those of the homonuclear main group triple bond may be rationalized in terms of
the CGMT (Carter, Goddard, Malrieu, and Trinquier) bonding model for their formation.*** This
model requires a doublet—quartet excitation in preparation of each main group MAr fragment for

bonding. Only one such energy input is required for the heteronuclear main group-transition metal
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triple bond whereas the homonuclear triple-bonded species requires double this amount. As a
result, the linear isomer of dimetallynes H-M=M-H (M = Si—Pb) is not an energetic minimum.*+4
The calculated excitation energies (in kcal-mol™) for the group 14 species M—H are 47.1 (Ge),
45.9 (Sn), and 57.0 (Pb).*” Hence there is a large energy difference between the homo- and

heteronuclear triple bonds.

In conclusion, the germanium, tin, and lead analogues of alkynes undergo triple-bond
metathesis with the Mo=Mo bond in (CO)2CpMo=MoCp(CO)2 to give the heavy alkylidyne
products la, 2a, 2b, and 4. In addition, the molybdostannylenes 3a and 3b and
molybdoplumbylene 5 are formed through metathesis with (CO)3CpMo—MoCp(CO)s. The relative
facility of the metathetical exchange reactions described above lend further support to the view
that many heavier main group multiple-bonded compounds feature charge-shift bonds which is
consistent with their high reactivity.3~% Studies of metathesis reactions with other metal-metal

triple-bonded molecules are in hand.
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Supporting Information
Experimental Details

General Procedures. All manipulations were carried out using modified Schlenk techniques
or in a Vacuum Atmospheres OMNI-Lab drybox under a N2 or argon atmosphere. Manipulations
of the lead compounds were carried out with careful exclusion of light when possible due to the
tendency of low-valent lead compounds to decompose or disproportionate under illumination.
Solvents were dried over columns of activated alumina using a Grubbs type purification system>?
(Glass Contour), stored over Na (THF) or K (hexanes, pentane, toluene) mirrors, and degassed
via three freeze-pump-thaw cycles prior to use. The H, BC{*H}, °Sn{*H}, and 2°’Pb{*H}
NMR spectra were recorded on Varian Inova 600 MHz or Bruker Avance 111 HD Nanobay 400
MHz spectrometers. The *H and C{*H}NMR spectra were referenced to the residual solvent
signals in CsDs (8 7.16 ppm)>2. The 1°Sn{*H} and 2°’Pb{*H} NMR spectra were referenced to
external standards of SnMe4 (6 0.0 ppm) or PbMes (8 0.0 ppm) in CeDe. UV-Visible spectra were
recorded in dilute hexane solutions in 3.5 mL quartz cuvettes using an Olis 17 Modernized Cary
14 UV-Vis/NIR spectrophotometer. Infrared spectra were collected on a Bruker Tensor 27 ATR-
FTIR spectrometer. Melting points were measured in glass capillary tubes sealed under argon
using a Mel-Temp Il apparatus and are uncorrected.

[Mo(n°-CsHs)(CO)s]2 was purchased commercially. ArP“GeGeAr P 53 ArPrSnSnAriPr S4
ArPSnSnAr S5 ArPrppPhArP™. CoHig, 57 and [Mo(n°-CsHs)(C0)2].%® were prepared

according to the literature procedures.
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ArPr{Ge=Mo(n®-CsHs)(CO):2 (1a). ArP*GeGeAr™™ (0.235 g, 0.250 mmol) and [Mo(n°-
CsHs)(C0O)2])2 (0.108 g, 0.250 mmol) were placed in a heavy-walled Teflon screw-cap Schlenk
flask and dissolved in ca. 40 mL of THF. The flask was sealed and the mixture was heated to

80 °C (oil bath temperature) for 18 h during which time there was a subtle color change from
deep red to red-orange. The mixture was cooled to room temperature and the volatile
components were removed under reduced pressure. The orange residue was extracted with
hexanes (ca. 60 mL) and filtered through Celite. Storage of the filtrate at ca. -18 °C overnight
afforded yellow-orange needles of Ar'P“Ge=Mo(n°-CsHs)(CO).. The mother liquor was
decanted, concentrated to ca. 8 mL and stored at ca. 5°C for one week to afford X-ray quality
crystals of Ar"™Ge=Mo(n°>-CsHs)(CO)2 as red blocks. Yield: 0.304 g (89%) mp = 199-215 °C
(decomposes with a color change to brown). *H NMR (600 MHz, CsDs, 298K): & 7.33 (t, 3Jun =
7.7 Hz, 2H, Trip p-H), 7.24 (d, Jun = 7.8 Hz, 4H, Trip m-H), 7.10 (t, 3Jun = 7.6 Hz, 1H, p-H),
7.04 (d, 3Jun = 7.6 Hz, 2H, m-H), 4.67 (s, 5H, CsHs), 2.92 (sept, 3Jun = 7.0 Hz, 4H, -
CH(CHz)2), 1.48 (d, 3Jun = 6.9 Hz, 12H, -CH(CHs)2), 1.09 (d, 3Jnn = 6.9 Hz, 12H, -CH(CH3)y).
BC{'H} NMR (151 MHz, CsDs, 298 K): & 231.3, 166.7, 148.1, 143.3, 135.8, 130.23, 130.19,
128.8,123.9, 86.3, 31.4, 25.3, 23.9. ATR-FTIR: ¥ico (cm™) = 1961 (w), 1930 (s), 1918 (m), 1890
(w), 1872 (s), 1845 (m). UV-Vis (hexanes) Amax = M (¢ = L-mol*-cm™): 325 (shoulder, 26000),

329 (27000), 423 (3400), 540 (shoulder, 290).

Reaction of ArPraGeGeArPr4 with [Mo(n®-CsHs)(CO)s]z. ArP“GeGeAr™™ (9.5 mg,

0.010 mmol) and [Mo(n°>-CsHs)(CO)s]2 (6.0 mg, 0.012 mmol) were dissolved in ca. 0.8 mL CsDs
in an NMR tube. The mixture was heated to 80°C for 7 days, after which >90% conversion to

ArPGe=Mo(n°-CsHs)(CO)2 (1a) was determined by *H NMR spectroscopy.

127



ArPriSn=Mo(n®-CsHs)(CO):2 (2a). A solution of Ar'P™SnSnAr P (0.258 g, 0.250 mmol) and
[Mo(n>-CsHs)(CO)2]2 (0.108 g, 0.250 mmol) in THF (ca. 30 mL) was stirred at 25°C for 2 days,
resulting in a color change from dark forest-green to dark red. The volatile components were
removed under reduced pressure and the dark red-brown residue was extracted with ca. 40 mL
hexanes. The dark red solution was filtered through Celite and concentrated to ca. 10 mL and
stored at -30°C to give ArP#Sn=Mo(n®-CsHs)(CO). as a red-purple solid. Several attempts to
grow crystals of 2a that were suitable for single crystal X-ray diffraction were unsuccessful due
to extensive twinning. Yield: 0.102 g (28%). mp = 145-152°C (decomposes with a color change
to black). *H NMR (400 MHz, CsDs, 298 K) & 7.34 (t, 3Ju 1 = 7.8 Hz, 2H, Dipp p-ArH) 7.20-
7.26 (m, 6H, m-ArH and Dipp m-ArH), 7.16 (triplet, overlapping with solvent residual peak, 1H,
p-ArH), 4.73 (s, 5H, CsHs), 2.92 (sept, 3Jun = 7.1 Hz, 4H, -CH(CHs)2), 1.43 (d, 3Jnn = 6.9 Hz,
12H, -CH(CHz3)2), 1.06 (d, 3Jun = 6.8 Hz, 12H, -CH(CHs3)2). *C{*H} NMR (101 MHz, CgDs,
298 K) 6 232.7, 187.4, 148.0, 143.4, 136.8, 130.4, 129.6, 129.5, 124.3, 84.8, 31.2, 25.4, 23.9.
195n{*H} NMR (149 MHz, CsDs, 298 K) & 1021. ATR-FTIR: Tico (cm®) = 1932 (w), 1899 (s),
1850 (s). UV-Vis (hexanes) Amax = hm (¢ = L-mol™-cm™): 356 (36100), 455 (3200), 570

(shoulder, 850).

ArPrsSn=Mo(n°-CsHs)(CO):2 (2b). ArP®SnSnAr®® (0.300 g, 0.250 mmol) and [Mo(n®-
CsHs)(C0O)2]2 (0.108 g, 0.250 mmol) were dissolved in THF (ca. 25 mL) and stirred for 1 day at
25°C during which time the solution changed from dark green to red. The volatile components
were removed under reduced pressure and the red-brown was residue was extracted with pentane
(ca. 40 mL). The solution was concentrated to ca. 3 mL and stored at ca. -30°C to give
ArPSn=Mo(n°-CsHs)(CO): as red plates. Yield: 0.221 g (54%). mp = 149-158°C (decomposes
with color change to black). *H NMR (600 MHz, CeDs, 298 K) & 7.30 (s, 4H, Trip m-ArH), 7.28
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(d, 2H, 3Jun = 7.8 Hz, m-ArH), 7.21 (t, 3Jun = 7.9 Hz, 1H, p-ArH) 4.73 (s, 5H, CsHs), 2.99
(sept, 3Jun = 6.9 Hz, 4H, 0-CH(CHz3)2), 2.92 (sept, 2H, Jun = 6.9 Hz, p-CH(CHs)2), 1.50 (d,
334 n = 7.0 Hz, 12H, -CH(CHs)2), 1.36 (d, *Ju = 6.9 Hz 12H, -CH(CH?3)2), 1.14 (d, *Jnn =

6.8 Hz 12H, -CH(CHa)2). *C{*H} NMR (101 MHz, C¢Ds, 298 K) & 232.9, 187.7, 150.6, 148.1,
143.5, 134.5, 129.8, 129.5, 122.4, 84.7, 35.0, 31.3, 25.5, 24.2, 23.9. 119Sn{*H} NMR (149 MHz,
CsDs, 298 K) & 1040. ATR-FTIR: ¥ico (cm™) = 1958 (w) 1910 (s), 1853 (s). UV-Vis (hexanes)

Amax = M (¢ = L-mol™*-cm™): 356 (33000), 457 (2700), 546 (shoulder, 570).

ArPriSn_Mo(n3-CsHs)(CO)s (3a). A dark forest-green solution of ArP#SnSnAr'®™ (0.516 g,
0.500 mmol) in THF (ca. 30 mL) was added to a red solution of [Mo(n°>-CsHs)(CO)s]2 (0.245 g,
0.500 mmol) in THF (ca. 10 mL) at 25°C. The mixture was stirred for two days after which the
volatile components were removed under reduced pressure. The purple residue was dissolved in
toluene (ca. 50 mL) and filtered through a Celite plug. The dark navy-blue filtrate was
concentrated until incipient crystallization and stored at -30°C for two days to give X-ray quality
purple crystals of Ar'P“#Sn—Mo(n®-CsHs)(CO)s. Yield 0.335 g (44%). mp = 170-173°C. *H NMR
(400 MHz, CsDs, 298 K): & 1.00-1.16 (m, broad, 12H, -CH(CHs)), 1.39 (d, 3Jun = 6.8 Hz, 12H,
-CH(CHs)2). 3.41-3.55 (m, br, 4H, -CH(CHs)2), 4,24 (s, 5H, CsHs), 6.95-7.44 (m, 9H, ArH).
BBC{'H} NMR (151 MHz, CsDs, 298 K): & 184.7, 144.9, 135.9, 130.6, 129.5, 124.8, 123.6,
122.9,92.5, 31.0, 30.8, 26.6, 26.5, 24.5, 24.4, 23.4, 23.1. *°Sn{*H} NMR (224 MHz, CsDs, 298
K): § 2448. ATR-FTIR ico (cm™) = 2016 (s), 1960 (s), 1870 (s). UV-Vis (hexanes) Amax = NM (&

= L-mol™-cm™): 367 (5600) 580 (960).

ArPrSn_Mo(n3-CsHs)(CO)s (3b). ArPSnSnArP™® (12.0 mg, 0.010 mmol) and [Mo(n®-
CsHs)(CO)3]2 (6.5 mg, 0.013 mmol) were combined in an NMR tube and dissolved in ca. 0.7 mL

of CsDe. After 2 days, the dark green mixture had turned dark blue and the *H and *°Sn{*H}
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NMR spectra showed signals consistent with the formation of Ar"'6Sn—Mo(n>-CsHs)(CO)s with

no Arf8SnSnAr’*® remaining.

ArPPh=Mo(n3-CsHs)(CO)2 (4). ArP®PbPbAr P®.CsH14 (0.100 g, 0.068 mmol) and [Mo(n°-
CsHs)(C0)2]2 (0.030 g, 0.069 mmol) were placed in a Schlenk tube and dissolved in ca. 10 mL
THF. The mixture was stirred for 18 hours at ambient temperature and the volatile components
were removed under reduced pressure. The dark green residue was extracted with ca. 10 mL
hexanes and filtered through Celite. The green solution was concentrated to ca. 5 mL and stored
at ca. 5 °C for 2 days to give dark blue-green crystals of ArP®Pb=Mo(n>-CsHs)(CO).. Yield:
0.078 g (63%). mp = 146-154°C (decomposes with a color change to black). *H NMR

(400 MHz, CeDe, 298 K): 6 7.94 (d, 3] = 7.4 Hz, 2H, m-ArH), 7.32 (t, 3 = 7.4 Hz, 1H, p-ArH),
7.29 (s, 4H, Trip ArH), 4.72 (s, 5H, CsHs), 3.03 (sept, 3J = 6.8 Hz, 4H, 0-CH(CHz)2), 2.92 (sept,
3] = 6.9 Hz, 2H, p-CH(CH3)2), 1.45 (d, 3J = 6.9 Hz, 12H, -CH(CHa)2), 1.36 (d, 3J = 6.9 Hz, 12H,
-CH(CH?3)2), 1.14 (d, 3J = 6.8 Hz, 12H, -CH(CH3)2). *C{*H} NMR (101 MHz, C¢Ds, 298K): &
229.8,150.4, 147.7, 143.0, 136.7, 135.2, 127.4, 122.3, 84.5, 35.0, 31.2, 25.4, 24.3, 23.9.
207ph{1H} NMR (84 MHz, CsDs, 298 K): 5 4686. ATR-FTIR: ¥ico (cm™®) = 1962(w), 1903(s),
1847(s), 1823(m). UV-Vis (hexanes): Amax, (¢, L mol™ cm™) 357 nm (26000), 419 (3800), 480

(shoulder, 1900), 619 nm (550).

ArPrph_Mo(n®-CsHs)(CO)s3 (5). ArPPbPbArP®.CeHi4 (16.0 mg, 0.011 mmol) and [Mo(n°-
CsHs)(CO)3]2 (8.0 mg, 0.016 mmol) were combined in an NMR tube and dissolved in ca. 0.7 mL
of CsDs. After 2 days, the red mixture had turned blue-green and the *H NMR and 2°’Pb{*H}
showed signals consistent with formation of Ar'®®Pb—Mo(n®-CsHs)(CO)s and no ArP®PbPbArPr®

remaining.
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X-Ray Crystallography

Crystals of 1a, 2b, 3a, and 4 were removed from a Schlenk flask under a stream of nitrogen
and immediately covered with hydrocarbon oil. A suitable crystal was selected, attached to a
MiTeGen microloop, and mounted on the goniometer of the diffractometer under a cold stream
of N2. Data were collected at 90 K on a Bruker APEXII diffractometer (1a, 3a, 4) or 100 K on a
Bruker D8 VENTURE diffractometer (2b) with Mo Ka (A = 0.71073 A) or Cu (1.54178)
radiation. Absorption corrections were applied using SADABS.® The crystal structures were
solved by intrinsic phasing methods using SHELXTS and refined by full matrix least-squares

procedures using SHELXL.5!* All non-H atoms were refined anisotropically.

Table 4.51. Summary of X-ray crystallographic data for 1a, 2b, 3a, and 4.

Compound la 2b 3a 4
Formula C3a7H42M002Ge Ca3Hs4M002Sn C3sH42M003Sn Cs3Hs4M0O2Pb
Formula Weight (g mol) 687.23 817.51 761.34 906.00
T (K)/A(A) 90(2) / 0.71037 100(2) / 1.54178 90(2) / 0.71073 90(2) /0.71073
Crystal System Monoclinic Triclinic Monoclinic Monoclinic
Space Group P21/n P-1 P21/n P2i/c
z 4 2 4 4
Crystal color and habit Red block Red plate Purple block Blue-green rod
a(A) 11.3692(9) 9.6023(4) 8.5886(7) 13.3557(4)
b (A) 16.3298(12) 9.8505(4) 17.4666(14) 10.6317(3)
c(A) 18.4110(14) 21.0495(8) 22.6926(19) 28.1313(8)
a (%) 90 87.9879(15) 90 90
B 102.4620(10) 82.7837(15) 97.2770(10) 94.2515(11)
Y (©) 90 88.3199(14) 90 90
V (A3) 3337.6(4) 1973.41(14) 3376.8(5) 3983.5(2)
p (mg mm3) 1.368 1.376 1.498 1.511
Abs. coeff (mm?) 1.306 7.876 1.146 4.568
F(000) 1416.0 840 1544 1808
Crystal size (mm) 0.239 x 0.190 x 0.160  0.377 x 0.163 x 0.067 0.256 x 0.146 x 0.064 0.179 x 0.086x0.037
260 range (°) 4.436 t0 61.116 4.236 t0 72.626 4.306 to 55.02 1.452 to 30.605
Reflns collected 38995 13323 30122 40468
Ind. Reflns. 10223 7775 7760 12215
R(int) 0.0303 0.0336 0.0346 0.0393
Obs. reflns (1>26(1)) 8829 7301 6591 10171
Completeness 100% 99.7% 100% 100%
Goodness-of-fit on F? 1.024 1.066 1.027 1.033
Final R (I>26(1)) R1 =0.0243 R1 =0.0542 R1 =0.0221 R1 =0.0269
wR2 = 0.0576 wR2 =0.1236 wWR2 =0.0443 wR2 =0.0512
R (all data) R1 =0.0314 R1 =0.0568 R1 =0.0312 R1 =0.0378
wR2 = 0.0604 wR2 = 0.1256 WR2 = 0.0473 WR2 = 0.0549
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Bond Energies

Table 4.S2. Calculated or experimental bond energies for triple bonds in the dimetallynes, the molybdenum dimers,
and the group 14 M=Mo triple bonds. *Ref S12. °Ref 34. °Ref S13. YRef S14. °Ref 27.

Compound Bond Energy (kcal mol™)
Ar"GeGeAr™ 33.8°
Ar®snsnAr™® 25.9
Ar™snsnAr®™ 17.2°
Ar"°PbPbAr"" 10.1*

(CO),CpMoMoCp(CO), | 69°

(CO):CpMoMoCp(CO); | 32.59

HGeMoCp(CO), 76.3°
HSnMoCp(CO). 64.8°
HPbMoCp(CO). 58.8°
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NMR Spectra
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Figure 4.51. *H NMR spectrum of Ar"*Ge=Mo(n®-CsHs)(CO)2 (1a) in CsDs at 298 K.
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Figure 4.52. 3C{*H} NMR spectrum of ArP“*Ge=Mo(n>-CsHs)(CO). (1a) in CsDs at 298 K.
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Figure 4.S3. *H NMR spectrum of 1a formed from the reaction of ArP“GeGeAr® (#) and excess [Mo(n°-
CsHs)(CO)s)2 (6 = 4.67 ppm, overlapping with CsHs resonance of 1a) in CsDs at 80°C for 1 week.
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Figure 4.S5. *C{*H} NMR spectrum of ArP“Sn=Mo(1n>-CsHs)(CO), (2a) in C¢Ds at 298 K.
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Figure 4.S6. °Sn{*H} NMR spectrum of Ar**Sn=Mo(n®-CsHs)(CO)- (2a) in C¢Dg at 298 K.
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Figure 4.58. *C{*H} NMR spectrum of ArP6Sn=Mo(n>-CsHs)(CO), (2b) in CsDs at 298 K.
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Figure 4.59.9Sn{*H} NMR spectrum of ArP8Sn=Mo(n>-CsHs)(CO). (2b) in CsDs at 298 K.
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Figure 4.510.'H NMR spectrum of ArP#Sn—Mo(n>-CsHs)(CO)s (3a) in CeDs at 298 K.
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Figure 4.511. *C{*H} NMR spectrum of ArP“Sn—Mo(n>-CsHs)(CO)s (3a) in CsDs at 298 K.
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Figure 4.512.1°Sn{*H} NMR spectrum of ArP“Sn—Mo(n>-CsHs)(CO)s (3a) in CsDs at 298 K.
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ArPeSNSNArPS (#) with [Mo(>-CsHs)(CO)s]2 (1) in CsDe at 298 K. Bottom: Reaction mixture just after
preparation. Top: Reaction mixture after 2 days.
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Figure 4.514. 1*°Sn{*H} NMR spectrum of ArP®Sn—Mo(n>-CsHs)(CO)s (3b) in CsDg formed from the reaction of
ArPESNSNAIP® with [Mo(n5-CsHs)(CO)s]2 in CeDs at 298 K.
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Figure 4.515.*H NMR spectrum of Ar"®PbMo(n>-CsHs)(CO). (4) in CsDs at 298 K.
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Figure 4.516. *C{*H} NMR spectrum of ArP®PbMo(n>-CsHs)(CO) (4) in CsDs at 298 K.
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Figure 4.517.2Pb{*H} NMR spectrum of ArP®Pb=Mo(n>-CsHs)(CO)2 (4) in C¢De at 298 K.
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Figure 4.518.'H NMR spectra showing the formation of ArP®Pb—Mo(n°®-CsHs)(CO)s (5) (*) from the reaction of
Ar'PPhPh AP (#) with [Mo(n3-CsHs)(CO)s2 (1) in CsDg at 298 K. Bottom: Reaction mixture just after
preparation. Top: Reaction mixture after 2 days.
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Figure 4.519. 27Pb{*H} NMR spectrum of Ar"®Pb—Mo(n®-CsHs)(CO)s (5) formed from the reaction of
ArPPHPHAP with [Mo(n®-CsHs)(CO)s]. in CeDs at 298 K.
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Infrared Spectra
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Figure 4.520. ATR-FTIR spectrum of Ar"*Ge=Mo(n®-CsHs)(CO) (1a) at 298 K.

152

600

o

8

0.6

0.4

0.2

Transmittance



3600 3100 2600 2100 1600
Wavenumber (cm)

Figure 4.521. ATR-FTIR spectrum of Ar"#Sn=Mo(n®-CsHs)(CO), (2a) at 298 K.
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Figure 4.522. ATR-FTIR spectrum of ArP®Sn=Mo(n°-CsHs)(CO)- (2b) at 298 K. A hydrocarbon impurity
saturates the fingerprint region.
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Figure 4.523. ATR-FTIR spectrum of ArP“Sn—Mo(n®-CsHs)(CO); (3a) at 298 K.
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Figure 4.524. ATR-FTIR spectrum of ArPPb=Mo(n®-CsHs)(CO). (4) at 298 K.
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UV-Visible Spectra
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Figure 4.525. UV-Visible spectrum of ArP*Ge=Mo(n>-CsHs)(CO); (1a) 640 uM in hexanes at 298 K.
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Figure 4.526. UV-Visible spectrum of ArP“Ge=Mo(n°-CsHs)(CO) (1a) 128 uM in hexanes at 298 K.
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Figure 4.527. UV-Visible spectrum of Arf*Ge=Mo(n°*-CsHs)(CO)2 (1a) 20 uM in hexanes at 298 K.
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Figure 4.528. UV-Visible spectrum of ArP*Sn=Mo(n>-CsHs)(CO). (2a) 589 uM in hexanes at 298 K.
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Figure 4.529. UV-Visible spectrum of ArP*Sn=Mo(n>-CsHs)(CO) (2a) 118 uM in hexanes at 298 K.
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Figure 4.S30. UV-Visible spectrum of ArP#Sn=Mo(n>-CsHs)(CO), (2a) 11.8 pM in hexanes at 298 K.
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Figure 4.531. UV-Visible spectrum of ArP®Sn=Mo(n®-CsHs)(CO)2 (2b) 856 uM in hexanes at 298 K.
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Figure 4.S32. UV-Visible spectrum of ArP®Sn=Mo(n>-CsHs)(CO)2 (2b) 171 uM in hexanes at 298 K.
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Figure 4.S33. UV-Visible spectrum of ArP®Sn=Mo(n>-CsHs)(CO)2 (2b) 17.1 uM in hexanes at 298 K.
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Figure 4.S34. UV-Visible spectrum of ArP™Sn-Mo(n°-CsHs)(CO)s (3a) 650 uM in hexanes at 298 K.
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Figure 4.535. UV-Visible spectrum of ArP“Sn—Mo(n®-CsHs)(CO); (3a) 65 pM in hexanes at 298 K.
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Figure 4.S36. UV-Visible spectrum of ArP®Pb=Mo(n°-CsHs)(CO). (4) 1.37 mM in hexanes at 298 K.
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Figure 4.537. UV-Visible spectrum of ArP®Pb=Mo(1>-CsHs)(CO)2 (4) 137 uM in hexanes at 298 K.

0.8
0.7
0.6
0.5

0.4

Absorbance

0.3

0.2

0.1

300 400 500 600 700 800 900
Wavelength (nm)

Figure 4.538. UV-Visible spectrum of ArPPb=Mo(n>-CsHs)(CO) (4) 27.4 uM in hexanes at 298 K.
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Photos of Compounds

Figure 4.539. Photos of CsDs solutions of compounds (left to right) 1a, 2b, 3a, 4, and 5.
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Chapter 5. The monomeric alanediyl :AIAriP™ (Arifré = C¢H-2,6-(CsH2-2,4,6-Pri3)2-3,5-
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Abstract. Reduction of the aluminum iodide All,ArP® (1; ArP® = CgH-2,6-(CsHo-2,4,6-Pr's),-
3,5-Pr'2) with 5% wi/w Na/NaCl in hexanes gave a dark red solution from which the monomeric
alanediyl :AIAr'™'8 (2) was isolated in ca. 28% yield as yellow-orange crystals. Compounds 1 and
2 were characterized by X-ray crystallography, electronic and NMR spectroscopy, and theoretical
calculations. The Al atom in 2 is one-coordinate and the compound displays two absorptions in its
electronic spectrum at 354 nm and 455 nm. It reacts with Hz under ambient conditions to give the

aluminum hydride {AIH(u-H)Ar"®},, probably via a weakly bound dimer of 2 as an intermediate.

The chemistry of the group 13 elements is largely defined by the increasing stability of the +1
oxidation state as the group is descended from B to TI! For aluminum, low-oxidation-state
compounds have generated much interest,>* but they are more challenging to isolate in
comparison to those of the other group 13 metals because of their higher reactivity and tendency

to disproportionate.? The isolation of the landmark Al'' compound R2AI-AIRz (R = —CH(SiMes)2),
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the first AI-Al bonded molecular species, by Uhl*? in 1988, and of the first organo Al' species
Al,Cp*s (Cp* = n°-CsMes) by Schnickel and co-workers™ in 1991 as well as the icosahedral
cluster Ko[Al12'Bui2]** were major breakthroughs. Continued advancement has been made via the
synthesis of further AlsR4 derivatives (R = alkyl, silyl, amide),'>"!® of dialuminenes RAI=AIR (R
= large m-terphenyl, aryl, or silyl groups), which were trapped either as their cycloaddition
products with aromatic species!®? or stabilized and isolated by complexation with NHC
ligands,?*?? and of the monomeric P-diketiminate complexes :Al(P"’"Nacnac) (PPPNacnac =

[R{C=N(2,6-CsH3-"Pr2)}2], R = CHs, C(CH3)3).3*

Several anionic low-oxidation-state Al complexes have also been reported, such as the
dialuminyne? Nax(AIAr™™), (oxidation state AI% Ar"™* = CgHs-2,6-(CeHs-2,6-'Pr2)2) with a
nonclassical Al-Al triple bond and the metalloaromatic cycloalane Naz(AIArM®); (oxidation state
Al033; AMe6 = CoH3-2 6-(CeH2-2,4,6-Mes)z), which are analogous to the corresponding Ga
complexes Nax(GaAr™™®), (Ar® = CsHs-2,6-(CeH2-2,4,6-'Pr3)2) and Nax(GaArM®); of Robinson
and co-workers.?8?” Treatment of the dialanes Trip2AlAITrip2 (Trip = CsH2-2,4,6-'Prs) and
R2AIAIR: (R = CH(SiMes)2) with alkali metals in donor solvents gave the radical anion complexes
[Li(TMEDA)][Trip2AlAITrip2],2 [Li(TMEDA),][R-AIAIR2]?® (TMEDA = N,N,N' N'-tetrameth-
ylethane-1,2-diamine), and [K(DME)s][R2AIAIR2]* (DME = 1,2-dimethoxyethane) with Al-Al
bond orders of 1.5. The chelating NON/NONP®? scaffolds (NON = 4,5-bis(2,6-
diisopropylanilido)-2,7-di-tert-butyl-9,9-dimethylxanthene; NONP®P = O(SiMe2NDipp)2; Dipp =
CeH3-2,6-Pr2)®-% also stabilize the Al' compounds [KAI(NON)]z or [KAI(NONPPP)],, and the
structurally related [KAI{N(Dipp)2SiMe2CH:}2]. has also been reported.® In addition alkyl or

alkyl-amino ligands stabilize the cyclic AlO salts [K(toluene).]
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[AIC(SiMes),CH2CH2C(SiMes),]**  and  [K(12-crown-4][AIN(Ad)CHCHC(SiMes)2].>® These

“aluminyl” complexes have nucleophilic Al centers that display a diverse reaction chemistry.3®

Despite these advances, monomeric compounds of Al' remain especially rare, with the only
well-characterized examples being the aforementioned :Al(°PPNacnac) and the more recently
reported :APPF'Cp (*Cp = CsH2-1,2,4-'Bus),*” although AlsCp*s had been shown earlier to
dissociate into :AICp* monomers at elevated temperature.®® Wiberg and co-workers have also
shown that the dialane R2AIAIR: (R = Si'Bus) dissociates into R2Al" radicals upon heating to 50
°C.3%40 These compounds have a rich chemistry®® that involves oxidative additions,* reversible

olefin coordination,*> C—F and C—H bond activation,*>** and C—C bond coupling.*+*®

However, no compound containing a singly coordinated Al atom has been isolated. A common
theme among the low-oxidation-state aluminum compounds has been the use of chelating or -
bonding ligands to stabilize the reactive Al center. Although AIH and the monohalides AIX (X =
F, Cl, Br, 1) have been studied, they are only observed in the gas phase at high temperature and
low pressure,*® or as metastable solutions when condensed in toluene/ether at cryogenic
temperatures.*’® Driess and co-workers characterized an AIBr moiety using a push—pull strategy
by coordination of one Fe(CO)4 and two NHC ligands to the Al atom.*® Recently Braunschweig
and co-workers characterized monomeric AIH trapped by two cyclic (alkyl)(amino)carbene
(CAAC) ligands,* although a non-negligible resonance structure (36%) involving an Al(lII)

diradical centered on the two CAAC ligands contributes to its stability.

Our group has shown that the use of sterically demanding terphenyl ligands allowed the
structural characterization of one-coordinate univalent compounds of Ga,* In,>2and TI°® and
transition-metal M(1) (M = Mn, Fe, Co) fragments, which form coordination complexes with

arenes.>** These results suggested that a similar stabilization of a one-coordinate compound of Al
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was feasible. However, numerous attempts to isolate such a compound via a reduction of aryl

aluminum dihalides were unsuccessful owing to the extreme reactivity of the reduced aluminum

species. We turned to the use of the extremely sterically crowding terphenyl ligand Ar'®® (ArP™® =

CeH-2,6-(CsH2-2,4,6-'Prs)2-3,5-'Pr2) in combination with the reducing agent Na/NaCl, which,

upon reduction of the precursor All,ArP™8, afforded the monomeric alanediyl :AIAr™™® containing

a one-coordinate aluminum atom.

The precursor aluminum iodide 1 (Figure 5.1) was prepared by treatment of the corresponding

trihydridoaluminate salt [LiAIHzAr"™®]% with an excess of methyl iodide in diethyl ether at 0 °C

(Scheme 5.1). Crystallization from hexanes gave 1as colorless blocks in 91% vyield.

Figure 5.1. Thermal ellipsoid plot (50%) of
AllLArP® (1). Hydrogen atoms are not shown.
Selected distances (A) and angles (°): Al(1)-1(1):
2.5125(18) Al(1)-1(2): 2.4840(18), Al(1)-C(1):

1.9653(57), Al(1)-+-C(7): 3.347(5) Al(1)---C(22):
2.745(5), Al(1)-+-C(23): 2.766(6), I(1)-Al(1)-1(2):

103.88(6), C(1)-Al(1)-1(1): 124.85(17), C(1)-
Al(1)-1(2): 127.80(17), Al(1)-C(1)-C(2):
128.48(40), Al(1)-C(1)-C(6): 110.89(39).

Compound 1 is an uncommon example of a three-
coordinate monomeric aluminum(l11) halide.>”8 The
coordination environment of the Al atom is slightly
pyramidalized (sum of the interligand angles at Al =
356.5(4)°), and the sterically demanding ligand
prevents dimerization or the coordination of Et2O
solvent that is normally seen for similar
compounds.®® One of the flanking phenyl rings is
bent toward the Al atom (AI-C(1)-C(6) =
110.89(39)° vs Al-C(1)-C(2) = 128.45(40)°), and
two of the Al---Cying) distances (AI-C(22) = 2.745(5)
A, Al-C(23) = 2.766(6) A) are the closest Al---C
approaches, indicating a weak attraction between the

electron-rich n-system and the Lewis acidic Al atom.
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_ Et,0, 0°C . hexanes, 2d CeDg, 25°C .
[LIAIHAF™®] All AP —— ——  {AIH(u-H)ArP™8),
-3 CH, 1

Scheme 5.1 Synthesis of compounds 1 and 2 and the reaction of 2 with H.

These are, however, much longer than, for example, the Al-C distances in Als«Cp*s (AI-C =

2.29(1)-2.38(1) A)*® and are expected to be very weakly bonding at most.

The unusual monomeric structure of 1 suggested that the Ar'™"® ligand could be effective for the
stabilization of other low-coordinate Al complexes. Attempts at a reductive dehalogenation
of 1 with KCg or Na mirrors gave pale yellow-green solutions from which only Ar"®H could be
isolated. A recent report by Jones and co-workers showed that alkali metals supported on their
halide salts are effective reagents for the preparation of Mg(l) and Al(I) B-diketiminate
complexes,® and we chose 5% weight Na on NaCl as a reducing agent for 1. A hexanes solution
of 1 stirred over an excess of freshly prepared Na/NaCl yielded a dark red solution after 2 d.
Filtration and removal of the solvent, followed by recrystallization from benzene at ca. 8 °C, gave
the compound :AIAr™™® (2) as yellow crystals in ca. 28% yield, which were thermally stable up to
their melting point of 228-231 °C. Upon isolation and drying under reduced pressure these crystals

of 2 darkened to an orange color.

The crystal structure of 2 (Figure 5.2) revealed two crystallographically independent molecules
in which the Al atoms are bound only to the ipso carbon of the central ring of the Ar'"® ligand.

The AI-C distances of 1.988(4) and 2.003(4) A (calculated value 2.023 A at the PBE1PBE-
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Figure 5.2. Thermal ellipsoid plot (50%)
of one of the crystallographically
independent molecules of :AIArP™® (2).
Hydrogen atoms and solvent benzene
molecules are not shown (cf. Figure 5.57).
Selected bond lengths (A) and angles (°)
{values in braces correspond to the other
crystallographically independent molecule
of 2}: Al(1)-C(1): 1.9883(36)
{2.0028(37)}, Al(1)-C(1)-C(2):
121.29(28) {121.22(29)}, Al(1)-C(1)-
C(6): 119.41(30) {119.46(31)} C(2)-C(1)-
C(6): 119.27(29) {119.31(31)}.

G3BJ/def2-TZVP level) are only slightly longer than the Al-
C single bond in 1. It crystallizes from benzene in the space
group Pc and is packed in a head-to-tail fashion (Figure 5.S7
in Supporting Information) preventing any Al-Al bonding
in the crystal structure. The long Al---H and Al---C
separations for atoms in the nearby methyl groups (>2.9 A),
flanking rings (3.0 A), or benzene molecules of
crystallization (>4.8 A) indicate no strong secondary
bonding interactions in the crystal structure. An analysis of
generalized compliance constants calculated for the
optimized structure of 2 supports this conclusion. However,
the Quantum Theory of Atoms in Molecules shows a bond
path and a bond critical point between the C—H atoms and
the aluminum center with very low electron density value of
0.006 e bohr3. An examination of the Natural Bond Orbitals
further revealed that the C-H---Al donor-acceptor
interactions, calculated at the second-order perturbation

level, have a stabilization energy of only 7-8 kJ mol™, that

is, considerably less than that typically found for C—H---metal agostic interactions.®* Thus, 2 is an

example of a compound containing a singly coordinated aluminum atom. The Al atom lies almost

symmetrically between the two flanking rings, and nearly in the extended plane of the central ring

of the terphenyl ligand. This is similar to its Ga congener but not to the related In and Tl compounds

:MArP® (M = In, T1),525% where the metal atoms lie 0.23 and 0.28 A from the extended plane.

172



The frontier molecular orbitals of 2 are the n-type highest occupied molecular orbital (HOMO)

occupied by the Al nonbonding lone pair, while the lowest unoccupied molecular orbital (LUMO)

(Tout-of-plane) and LUMO1 (tin-piane) Orbitals are mainly composed of the Al 3p orbitals (Figure 5.3).

The electronic spectrum of 2 shows two absorptions at 455 and 354 nm (calculated values 467 and

351 nm), which are responsible for its yellow-orange color. These are calculated to correspond to

[
»

Energy

Figure 5.3. LUMO+1 (top), LUMO (middle), and HOMO

(bottom) of AIArs (2) (+0.05 isovalue).
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the lone pair n — Tout-of-plane and n — in-
plane transitions, respectively, both of
which are symmetry-allowed. The
absorptions are slightly lower in energy
than  those of the  gallium

congener :GaAr'™® (437 and 351 nm).>*

Compound 2was found to react
rapidly with Hzin CeDe, giving the
known compound {AIH(p-
H)Ar'®}, % identified by its *H NMR
spectrum, in high vyield. The facile
formation of  {AIH(u-H)Ar"®}; is
surprising, considering that its gallium
congener :GaAr”®shows no such
reactivity.®> In contrast, the related
digallene ArPGaGaAr'™™ readily
reacts with Hzto afford {GaH(u-

H)ArP™},, suggesting that the metal—



metal bonded dimer ArP8AIAIAr™™® is the reactive species in solution. Similar reactivity was seen
for the dialuminene-benzene cycloaddition products reported by Tokitoh and co-workers.®® Upon
retro-cycloaddition, free dialuminene is liberated in solution and was further found to react with
H>to give the corresponding aluminum dihydride product. Inoue and co-workers also
demonstrated that H,adds to the classical double bond in the dialuminene
Trip(NHC)AIAI(NHC) Trip to give the dialane Trip(NHC)HAI-AIH(NHC)Trip.?? Analysis of the
frontier orbitals of 2 indicates that its direct reactivity with Hz is likely to involve a very high-
energy transition state, and all attempts to follow this reaction path computationally were met with
steep increases in energy with no identifiable transition state. Consequently, a weak association of
2 equivalents of 2 to form the corresponding dialuminene could be crucial for the observed
reactivity by lowering the activation energy. Calculations probing the energetics of this process
indicated that dimerization of 2 is energetically slightly favored (AG = —20 kJ mol?) in the gas
phase. Thus, a judicious choice of solvent may allow the characterization of the dialuminene

ArFeAJAIArPTS,

In conclusion, we have isolated the monomeric alanediyl :AIAr"™® (2) containing a one-
coordinate aluminum atom by reduction of the precursor arylaluminum diiodide All2ArP™® (1) with
excess 5% w/w Na/NaCl in hexanes. Two absorbances at 455 and 354 nm in the electronic
spectrum of 2 correspond to the Al lone pair n — Toutof-plane and n — Tin-plane transitions.
Compound 2 appears to have good thermal stability and reacts with Hx to give the aluminum
hydride complex {AIH(u-H)Ar"®},in contrast with its heavier congener :GaAr'™®. Further
reactivity studies of 2 with small molecules and the preparation of other low-coordinate aluminum

complexes are in hand along with computational investigations of the mechanisms involved.
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Supporting Information
Experimental Details

General Procedures. All manipulations were carried out using modified Schlenk techniques or
in a Vacuum Atmospheres OMNI-Lab drybox under argon atmosphere. Solvents were dried over
columns of activated alumina using a Grubbs type purification system (Glass Contour), stored
over an Na mirror (Et20), K mirror (hexanes), or 3 A molecular sieves (benzene), and degassed
via three freeze-pump-thaw cycles prior to use. The *H and *C{*H} NMR spectra were recorded
on Varian Inova 600 MHz spectrometer and were referenced to the residual solvent signals in
CeDs (*H: & 7.16 ppm, BC{*H}: § 128.06 ppm).>*” UV-Visible spectra were recorded in dilute
hexane solutions in 3.5 mL quartz cuvettes using an Olis 17 Modernized Cary 14 UV-Vis/NIR
spectrophotometer. Melting points were measured in glass capillary tubes sealed under argon

using a Mel-Temp Il apparatus using a partial immersion thermometer.

[LiAIH3ArP™®15% and 5% w/w Na/NaCIS®® were prepared according to the literature methods.
CHsl was purchased commercially, dried over CaH>, and degassed via the freeze-pump-thaw
method before use. H> gas was dried by passage through a column containing P.Os and
Drierite™,

Synthesis of Compounds

AlLArP® (1). A solution of [LiAIH3Ar"™®] (3.15 g, 5.23 mmol) in Et,O was cooled to 0°C in an
ice/water bath. Neat CHsl (1.65 ml, 26.5 mmol) was added dropwise via syringe with rapid
stirring. The mixture was kept in the bath and allowed to warm slowly (over ca. 8 h) to ambient
temperature under a flow of inert gas to allow venting of the CH4 byproduct. The volatile

components were removed under reduced pressure and the white residue was extracted twice
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with ca. 40 mL of hot (ca. 60°C) hexanes. The combined colorless filtrates were concentrated to
ca. 40 mL and stored at -18°C overnight to give colorless blocks of 1 (1.92 g). The mother liquor

was concentrated to ca. 15 mL and stored at -18°C to yield a further 2.10 g.
Yield: 4.02 g, 4.75 mmol (91%).
mp = 217-220°C (dec).

IH NMR (600 MHz, CsDs, 298 K): 5 7.62 (s, 1H, p-ArH), 7.32 (s, 4H, Trip m-ArH), 3.07 (sept,
3] = 6.8 Hz, 4H, -CH(CHs)2), 2.82 (sept, 3] = 6.8 Hz, 4H, -CH(CHs)y), 1.50 (d, %J = 6.8 Hz, 12H,
-CH(CHs3)2), 1.29 (d, 3] = 6.9 Hz, 12H, -CH(CHs)2), 1.25 (d, 3] = 6.7 Hz, 12H, -CH(CHs)2), 1.14

(d, 33 = 6.7 Hz, 12H, -CH(CHs),).

BC{*H} NMR (151 MHz, CeDs, 298 K): 5 150.7, 147.1, 147.0, 143.5, 138.6, 125.8, 124.5, 34.9,

30.6, 30.1, 26.4, 25.4, 25.3, 24.5.
2IAI NMR (156 MHz, CsDs, 298 K): Not observed.

-AlArP'® (2): Crystalline 1 (0.850 g 1.00 mmol) was added to a flask containing 2.30 g of freshly
prepared 95:5% w/w Na/NaCl powder (prepared from 0.1159/5.00 mmol Na (5.0 eq) and 2.19 g
NaCl). Hexanes (ca. 100 mL) was added and the mixture was vigorously stirred for 3 days. The
resulting dark red solution was filtered and the volatile components were removed under reduced
pressure to afford a red oil that slowly solidified upon standing. Recrystallization from benzene
(ca. 5 ml) at ca. 8°C for 2 days afforded bright yellow crystals of 2. Upon isolation and drying

under vacuum, crystals of 2 darken to an orange color.
Yield: 0.166 g, 0.280 mmol (28%)

Mp = 228-231°C (dec).
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IH (600 MHz, CsDs, 298 K): 7.46 (s, 1H, ArH), 7.28 (s, 4H, ArH), 2.98 (sept, 3] = 6.8Hz, 4H, o-
CH(CHs)2), 2.85 (sept, 3J = 7.0 Hz, 2H, -CH(CHs)2), 2.76 (sept, J = 6.7 Hz, 2H, -CH(CHa)y),
1.42 (d, 3] = 6.7 Hz, 12H, -CH(CHs)2), 1.25-1.23 (mult, 24H, -CH(CHs)2), 1.18 (d, 3] = 6.8 Hz,

12H, -CH(CHa)y).

BC{H} (151 MHz, CsDs, 298 K): 162.0, 148.9, 148.7, 145.4, 139.5, 134.4, 123.7, 121.8, 34.7,

30.4, 28.9, 26.1, 25.0, 24.9, 25.3

2IAI NMR (156 MHz, CsDs, 298 K): Not observed.
UV-Vis (hexanes): 354 nm (2800), 455 nm (730).
Reaction of :AIArP™ with H>

Yellow crystals of 2 (10.0 mg 16.9 umol) were dissolved in ca. 0.7 mL CsDg in a J. Young NMR
tube. The tube was evacuated, placed under an atmosphere of dry H» and agitated, resulting in an
immediate change of the solution from orange to colorless. *H NMR spectroscopy revealed

complete conversion of 2 to the known hydride {AIH(pu-H)Ar'},.53
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Figure 5.51.*H NMR spectrum of All,ArP® (1) in CsDs at 298 K.
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Figure 5.52. *C{*H} NMR spectrum of All,Ar'"® (1) in C¢Dg at 298 K.
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Figure 5.56. UV-Visible spectrum of :AIArF® (2), 295 uM in hexanes.
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X-Ray Crystallography

Compound 1: Crystals of 1 were removed from a Schlenk flask under a stream of nitrogen and
immediately covered with hydrocarbon oil. A suitable crystal was selected, attached to a MiTeGen
microloop, and mounted on the goniometer of the diffractometer under a cold stream of N». Data
were collected at 90 K on a Bruker Duo>>APEXII CCD system at —183°C (90K) using Cu Ka (A
= 1.54178) radiation. Data were integrated with SAINTS® and an absorption correction (multi-
scan) was applied using SADABS.® The structure was solved using SHELXTLS’ program
package by intrinsic phasing methods using SHELXT®® and was refined by full matrix least-
squares procedures using SHELXL.S® All non-H atoms were refined anisotropically. Solvent

accessible voids in the crystal structure (V = 108 A%) were treated with the SQUEEZE algorithm.S°

Compound 2: A yellow block with approximate dimensions 0.379 x 0.220 x 0.164mm?® was
placed and optically centered on a Bruker Duo> APEXII CCD system at —183°C (90K). Indexing
of the unit cell used a random set of reflections collected from three series of 0.5° wide w-scans,
10 seconds per frame, and 30 frames per series that were well distributed in reciprocal space. Four
w-scan data frame series were collected [MoKq] with 0.3° wide scans, 20 seconds per frame and
606 frames collected per series at varying ¢ angles (¢=0°, 90°, 180°, 270°). The crystal to detector

distance was 5.15cm, thus providing a complete sphere of data to 26max=54.99°.

All crystallographic calculations were performed on an Intel Xeon E5-1620v2 at 3.70GHz
with eight core processor and 16GB of extended memory. CellnowS determined the twin
relationship between the two components, a rotation of 179.9° about the real axis 0 0 1 produced
the transformation matrix -1 0-0.5 01 0 00 1, generated the orientation matrices for the
components and output a useable multiple matrices input file for the integration program

SAINTSS, Saint was run three times using the output optimized merged matrix file from the
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previous run. Data collected were now corrected for absorption using TWINABSS'2S13 and
Blessing’s method and merged generating both single component HKLLF4 and multi-component
HKLFS5 files. The SHELXTLS’ program package was now implemented to determine, based
upon systematic absences and intensity statistics, the non-centrosymmetric monoclinic space
group Pc (no. 7). The structure was determined by direct methods with a majority of the non-
hydrogen atoms being located for the two unique molecules of interest directly using the
program XT38, Refinement of the structure was achieved using the program XL5°. The two
molecules refined well along with the six benzene solvent molecules being refined as perfect
hexagons (AFIX66) The HKLF5, the 2 component twin data file contained 23587 unique data
was chosen for the final refinement cycles. All non-hydrogen atoms were refined anisotropically.

Hydrogen atoms were idealized. The final structure was refined to convergence with
R(F)=7.47%, wR(F2)=11.29%, GOF=1.003 for all 23587 unique reflections [R(F)=4.79,
WR(F2)=9.98% for those 17285 data with Fo > 4c(F0)]. The final difference-Fourier map was

featureless indicating that the structure is both correct and complete
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Table 5.S1. Selected X-ray crystallographic data for compounds 1 and 2

Compound 1+[solvent] 2-(CsHes)3
Formula Ca2He1All2 CsoH7oAl
Formula Weight (g mol*) 846.68 827.21

T (K)/ A A) 90(2) 90(2)
Crystal System Trigonal Monoclinic
Space Group R-3 Pc

Z 18 4
Crystal color and habit Colorless plate Yellow block
a(A) 28.5955(5) 14.0683(8)
b (A) 28.5955(5) 21.4815(13)
c(A) 25.8675(5) 17.9802(11)
a (°) 90 90

B 90 108.6180(10)
Y (®) 120 90
AU:S) 18318.1(8) 5149.4(5)

p (mg mm) 1.382 1.067
Abs. coeff (mm) 12.522 0.075
F(000) 7776 1808
Crystal size (mm) 0.149 x 0.109 x 0.042 0.379 x 0.220 x 0.164
260 range (°) 4.94 to 144.272 1.798 to 27.513
Reflns collected 28384 23587
Ind. Reflns. 7912 23587
Obs. refins (1>24(1)) 7672 17285
Completeness 100 99.9
Goodness-of-fit on F? 1.201 1.003
Final R (1>24(1)) 0.0570 0.0479
wR2 0.1532 0.0998

R (all data) 0.0581 0.0747
wR2 0.1539 0.1129
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Figure 5.57. Unit cell packing of 2-(CsHe)s
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Computational Details

Geometries of :AIAr™® (2) and ArP®AIAIArP™® were optimized in the gas phase with dispersion
corrected density functional theory, namely the PBE1PBE functional 545 def2-TZVP basis
sets>!® and Grimme’s D3 correction with Becke-Johnson damping,31%52° using the Gaussian 16-
C.01 program suite.52! The structures were confirmed to be minima on the potential energy
hypersurface via calculation of the associated vibrational frequencies (all positive). Compliance
constants,52252 Quantum Theory of Atoms in Molecules bond paths and bond critical points,?*
and second-order perturbative estimates of donor-acceptor interactions in Natural Bond Orbital
basis,>?° as descriptors of non-covalent C---Al and H---Al interaction strengths, were calculated for
2 using programs Compliance 3.0.2, AIMAII 19.10.12, and NBO 7.0.5.526-528 \/ertical excitation
energies and associated oscillator strengths were calculated for 2 with the time-dependent density
functional theory as implemented in the Gaussian 16-C.01 program package.?® The same

functional-basis set combination was used as with prior geometry optimizations.
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Figure 5.58. Calculated UV-Visible spectrum of :AlIArF™ (2).
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Table 5.52. xyz-Coordinates of AIArFe (2)
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AIArPE (2)
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-3.056044
-2.458510
-2.990897
-4.086922
-4.680026
-4.150894
-1.210590
0.000034
1.210593
1.223455
-0.000091
-1.223573
2.458557
2.990963
4.086958
4.680027
4.150893
3.056067
2.391563
3.426216
2.544897
3.603418
5.855457
7.091949
0.000509
-2.505037
-2.597677
2.504840
2.655419
-2.391432
-3.426044
-5.855608
-7.092172
-2.544801
-3.603297
-1.728744
-2.071503
-5.508081
2.597335
-2.655645
2.071780
5.507356
1.729071
-0.000150
4.601627
4.491983
1.686242
1.326777
1.625578
2.902384
4.466039
3.196249

-0.433751
0.040500
-0.339011
-1.194198
-1.682319
-1.283704
0.864271
0.159286
0.864392
2.261730
2.921255
2.261605
0.040677
-0.338818
-1.194038
-1.682219
-1.283617
-0.433628
0.143912
0.840258
-0.036279
0.735846
-2.624953
-2.038199
-1.864141
3.060519
3.919054
3.060768
3.924914
0.143644
0.839779
-2.624870
-2.037432
-0.036454
0.735527
-1.003742
-1.249830
-3.989771
3.919486
3.924795
-1.249618
-3.990053
-1.003436
4.007361
-1.649108
-1.496874
0.623475
-1.826219
-0.943467
-1.925067
0.102850
1.091828

-1.076284
0.104559
1.346559
1.382500
0.229326

-0.990042
0.043563
0.000035

-0.043542

-0.037175

-0.000040
0.037118

-0.104527

-1.346535

-1.382479

-0.229307
0.990060
1.076311

-2.648428

-3.526938
2.443375
3.226023

-0.301903
0.371429

-0.000063
0.070203
1.328413

-0.070257
1.178490
2.648446
3.527163
0.301868

-0.370749

-2.443336

-3.226158
3.402588

-3.236094

-0.285028

-1.328352

-1.178447
3.236300
0.284204

-3.402793

-0.000062
1.907178

-2.343394
2.295425
2.680825
4.185654
3.457375
3.450435
4.176091
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3.964615
6.086636
5.278872
6.344739
4.634499
7.357230
7.946885
6.921816
1.614281
2.463372
1.241255
0.973154
3.928690
2.949752
4.193661
-4.601669
-4.491942
-1.686212
-1.326485
-1.625260
-2.902025
-4.465864
-3.196061
-3.964588
-6.086459
-5.280020
-6.345590
-4.635131
-7.357105
-1.947237
-6.922276
-1.614252
-2.462951
-1.240847
-0.972862
-3.928608
-2.949518
-4.193426
3.332512
2.486787
3.560819
1.813229
1.877137
3.622997
2.578678
-3.332639
-1.877453
-3.623281
-2.578800
-2.487188
-3.561183
-1.813592

1.598371
-2.765009
-3.910196
-4.683904
-4.420894
-1.071861
-2.710511
-1.887977

0.871470
-1.761135
-0.642648
-1.499090

1.646072

1.265833

0.141308
-1.649145
-1.497051

0.623383
-1.826294
-0.943751
-1.925393

0.102467

1.091438

1.598091
-2.765391
-3.909495
-4.683467
-4.421059
-1.071299
-2.709612
-1.886572

0.871314
-1.761538
-0.643031
-1.499244

1.645660

1.265230

0.140741

2.345028

3.317416

4.433862

4.681483

4.691805

4.433722

3.327489

2.344697

4.691783

4.433492

3.327477

3.316849

4.433390

4.681070

2.663158
-1.363868
1.350393
0.173614
-0.210414
-0.062534
0.262726
1.440887
-2.401996
-3.688742
-4.311981
-2.788181
-2.988519
-4.413978
-3.869057
-1.907162
2.343412
-2.295364
-2.680494
-4.185454
-3.457139
-3.450594
-4.176224
-2.663411
1.363842
-1.351275
-0.174423
0.209038
0.063884
-0.262228
-1.440157
2.402021
3.688521
4.311763
2.787814
2.988927
4.414229
3.869243
-0.088217
-2.231659
-1.375692
-1.340000
1.219858
1.182563
2.088528
0.088037
-1.219700
-1.182505
-2.088548
2.231639
1.375747
1.340244



Table 5.53. xyz-Coordinates of ArPBAJAIArFS
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AriPrBAlAlAriPrB
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2.222400
2.553500
1.995000
1.137900
0.813000
1.355200
3.500900
3.008800
3.906900
5.278200
5.723500
4.871600
3.324900
2.863600
2.273500
2.132300
2.601500
3.199100
2.989700
1.707100
3.724100
2.611600
1.537400
0.383000
1.146700
-1.193400
-3.029700
-3.788000
-5.152300
-5.728900
-5.013700
-3.650100
5.462300
6.216000
6.261700
7.389500
-3.054400
-2.890600
-2.128700
-1.541200
-1.731600
-2.473800
-6.001500
-6.500500
-5.743300
-6.463300
-2.819300
-2.623300

3.232300
2.017300
1.709000
2.620900
3.831400
4.106700
1.075400
0.141900
-0.749600
-0.696400
0.247800
1.124000
-1.797000
-2.995800
-3.948700
-3.759300
-2.573200
-1.590400
-3.242800
-2.865200
-0.335300
0.463700
-4.843900
-4.342300
-0.008600
0.238200
-0.081400
-1.029100
-1.195100
-0.406000
0.523900
0.689700
2.119400
3.219800
-1.637100
-0.883700
-1.870300
-1.441300
-2.211300
-3.408400
-3.825100
-3.080600
-2.193800
-3.305300
1.333300
0.444100
1.676600
2.973800

-1.087000
-1.708700
-2.958000
-3.565300
-2.974700
-1.727100
-1.040100
-0.112500
0.503300
0.243600
-0.669800
-1.330900
1.398100
0.826200
1.647300
3.014300
3.561400
2.782900
-0.662000
-1.393100
3.445500
4.116100
3.878700
4.736800
0.643700
-0.639400
0.110400
-0.599700
-0.350600
0.634700
1.379300
1.107200
-2.304400
-1.561600
0.900500
1.598300
-1.595900
-2.927100
-3.794400
-3.404800
-2.096300
-1.184200
-1.102000
-0.182600
2.426900
3.436900
1.863400
1.357300
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-1.823900
-1.219900
-1.425900
-2.215400
-3.588000
-2.623900
-0.761300
0.026100
-2.640600
-1.378200
-3.294000
-4.120100
-0.428800
-1.377600
-2.441600
-3.180800
2.325300
1.076800
-0.032600
-1.044900
2.785000
1.743500
-7.176400
-6.733300
-4.655200
-1.690500
-3.055900
-2.285400
0.582200
-1.142400
6.376300
6.823400
3.104500
0.868100
3.314800
4.827700
2.615000
3.389000
-6.788900
-1.991200
-1.291600
-4.088200
-1.847500
-3.164700
-2.123500
-4.196400
-5.231600
-5.346700
-0.045200
0.702600
0.624000
-0.641100

3.863000
3.524000
2.242700
1.315700
-0.205800
0.806200
-4.213600
-5.372200
-3.587700
-3.365300
3.446400
4.708700
4.565400
5.523300
-0.035100
0.119000
0.427600
-0.385100
4.876900
4.308400
3.606400
3.412600
-1.517000
2.297800
-0.596600
-4.721900
-5.054500
3.689700
3.985100
-0.801200
1.456200
-2.639900
0.716700
5.900700
5.036900
-0.663100
-5.496100
-4.674600
-0.523400
-1.869400
-4.758400
0.273400
1.096900
1.704100
0.401100
-1.027400
0.279500
-1.336500
-3.522300
-5.047800
-5.852400
-6.133900

2.063800
3.266700
3.750700
3.078500
-3.454800
-4.060600
-4.420700
-3.830400
0.231800
1.056500
0.085000
0.322100
4.023000
4.743300
3.721500
5.050000
-3.693000
-4.017700
-3.662400
-4.643900
0.266800
1.359700
-1.802200
1.778400
-4.475300
-5.522900
0.278800
-1.030000
4.999500
3.939800
-3.330300
-0.103700
-4.974300
-4.353200
0.310900
4.447500
4.741700
-0.998600
0.837000
-4.815700
-1.767500
-2.608800
-3.346600
-4.369800
-4.944400
-5.369300
-4.784500
-4.069500
-4.883900
-3.038000
-4.608100
-3.416800
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-2.426100
-1.124000
-2.236500
-3.436800
-0.538400
-1.534500
-1.084500
-3.933300
-3.293200
-2.254200
-1.675500
-0.966500
-3.973100
-4.805500
-4.705500
-3.478100
-1.565800
-2.788300
-1.705700

0.123500
-2.079200
-0.820900
-1.961300

0.087000

1.206400

1.233700
-3.069100
-2.549100
-3.449200
-4.092600
-0.581600
-1.352500
-0.494500
-5.367200
-5.673700
-7.068100
-7.157400
-7.882900
-7.721000
-6.843300
-4.996500
-7.291500
-6.881500
-5.791300
-6.244600
-7.203800
-7.526100

6.786100

0.719600

1.101400

2.958900

0.473300

-5.416000
-5.249000
-3.905700
-2.999700
-3.938800
-3.681100
-2.312700
-5.244200
-5.346100
-5.711700
4.865400
1.947200
2.654700
4.589200
4.954400
5.566200
4.461500
4.014400
2.790600
5.147800
5.985800
6.317300
4.985000
3.492100
4.780200
3.252600
-0.622300
0.621600
-0.860000
0.707400
-0.920200
-1.791100
-0.280900
-2.650900
-3.813500
-4.049600
-2.901600
-1.105800
-2.234500
-0.696700
1.925900
-0.093700
1.045300
-0.297300
2.937900
2.936100
1.748300
0.299900
2.372300
5.047800
-0.174900
-0.569100

-5.106900
-6.295000
-5.998900
0.694000
0.657300
2.091000
1.072400
-0.342800
1.305100
-0.067800
1.671500
4.686700
-0.241900
1.162700
-0.567800
0.539500
-0.745000
-1.944700
-1.269500
3.275700
4.046300
5.248500
5.495100
5.840500
5.413700
4.519200
3.046400
5.787400
5.456400
4.941700
3.010700
4.351600
4.650500
-1.867600
0.315600
-0.747600
0.592700
-1.076300
-2.421700
-2.440200
2.962900
2.967900
4.248600
3.871200
1.043100
2.531200
1.262900
-0.884700
-4.533900
-1.248100
-3.036800
-3.127200
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1.352100
0.444200
2.482400
3.419700
3.992300
-0.587700
-0.553700
-1.696900
-1.667000
1.568500
0.274900
1.453500
3.619800
0.862200
2.149300
1.387500
4.003000
3.842300
2.503800
2.505900
1.917800
4.157000
1.813900
3.006200
2.157800
4.437300
5.257700
5.630600
1.142200
0.716100
-0.051400
-0.401400
3.429400
2.198500
3.042300
3.778500
0.858400
1.809200
1.461300
4.280500
3.599500
2.591200
4.631500
5.574700
6.595800
7.068900
7.290300
6.676200
5.884700
5.713700
8.018700
8.031900

-1.347700
0.138100
1.263000

-0.215000
1.319600
5.401800
3.860700
5.102100
3.542900
6.351800
6.698800
5.419700
2.931700
4.029900
3.672600
2.376200
5.238000
5.215800
5.767000

-2.407300

-4.878300
0.290500
0.709700
1.395400

-0.101000

-1.249800
0.254300

-1.239200

-5.609100

-3.580200
-5.163000
-3.900900

-5.886400

-6.320200

-4.770700

-2.582500

-3.452800

-3.026100

-1.807800

-4.982900

-4.762500

-5.385200
2.586900
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3.970300
2.803100
1.078200
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0.616600

-2.201700

-0.353300

-1.577300

-4.457600
-4.739500
-5.688600
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-4.781800
-2.876200
-5.512000
-5.016400
-4.178700
-3.647300
-4.808100
-5.141800
0.473900
1.174500
2.340400
1.421800
-0.512100
1.251400
0.249900
4.629600
1.215100
2.660500
3.408800
4.529900
4.935100
5.283300
4.858000
3.984200
3.201000
5.445900
5.313200
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5.326700
5.439500
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-1.040500
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-1.257200
-0.448100
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-2.864800
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1.660400
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2.147200



ITITTITT

6.999400
6.027100
7.506600
7.376900

-0.147600
-3.218300
-3.338400
-2.127800

2.303900
-0.575500
0.386700
-0.895800
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Photos of Compounds

Figure 5.59. Crystals (left) and solution in CsDs (right) of :AIArP (2).
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Chapter 6. A Monomeric Aluminum Imide (Iminoalane) with Al-N Triple-Bonding:

Bonding Analysis and Dispersion Energy Stabilization.
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Abstract. Reaction of :AIAr® (ArlP® = CgH-2,6-(CsHo-2,4,6-'Prs),-3,5-'Prz) with ArMEN; (Ar\es
= CeHs-2,6-(CsH2-2,4,6-Mez)2) in hexanes at ambient temperature gave the aluminum imide
ArPEAINArMe8 (1), Its crystal structure displayed short Al-N distances of 1.625(4) and 1.628(3) A
with linear (C-Al-N-C = 180°) or almost linear (C-Al-N = 172.4(2)°; AI-N-C = 172.5(3)°)
geometries. DFT calculations confirm linear geometry with an AI-N distance of 1.635 A.
According to energy decomposition analysis, the Al-N bond has three orbital components totaling
—1350 kJ mol-* and instantaneous interaction energy of —551 kJ mol-* with respect to :AlAr™®
and ArV®N:. Dispersion accounts for -89 kJ mol-2, which is similar in strength to one Al-N z-
interaction. The electronic spectrum has an intense transition at 290 nm which tails into the visible
region. In the IR spectrum the Al-N stretching band is calculated to appear at ca. 1100 cm™. In

contrast, reaction of AIAr® with 1-AdNs or MesSiN; gave transient imides that immediately
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reacted with a second equivalent of the azide to give Ar"eAI[(NAd)N2] (2) or

ArPAL(N3){N(SiMes)2} (3).

The chemistry of compounds with group 13 element-nitrogen bonding has been extensively
studied.'® Current interest is driven by their applications as precursors for group 111-V materials,*
H. storage media,'**® and an interest in M—N (M = AI-TI) multiple bonding. Early work on the
group 13 amine complexes showed they could be condensed at elevated temperature with release
of RR’ (R,R’" = organic group or hydrogen); a common route to amide, imide, and nitride

compounds** (Scheme 6.1).

'

-RR’ -RR’ -RR
R;MNR';, —> R,MNR'’, —> RMNR’' —> MN
amine complex amide imide nitride

Scheme 6.1. Stepwise condensation of group 13 amine complexes to nitrides.

The group 13 metal imides (also called N-iminometallanes) of formula [RMNR']» (R = alkyl,
aryl, hydrogen, halide; R’ = alkyl, aryl, silyl, hydrogen; M = Al-In; n = 4-8) were first studied in
detail by Cesari and coworkers in the 1960s and ’70s and several examples featuring cage
structures with alternating metal and nitrogen vertices were structurally characterized.'®>'° Roesky
and coworkers characterized the quasi-isomeric tetrameric amido-Al(l) compound
[AIN(Dipp)(SiMes)]s (Dipp = 2,6-Pr-CsHs) with a tetrahedral Als core and terminal amide
groups.?° The lower imido aggregates (n = 1-3) remain scarce but are especially interesting since
M-N multiple bonding becomes possible. Thus the unique trimer [Al(Me)N(Dipp)]s,?* which is an
Al analogue of borazine (i.e. an “alumazine”), features relatively short (ca. 1.78 A) Al-N bonds.
The planar AlzNs ring has 6-x electrons but has little aromatic character as shown by its reaction
chemistry.?22® Several dimeric, [RAINR '], compounds with Al2N, cores and short Al-N distances
in the range 1.796-1.842 A, which is slightly longer than that seen in the alumazine derivative,

have also been reported.?+2°
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Monomeric RAINR’ compounds remain unknown, which is probably a result of high
association energies (cf. dimerization of HAINH is exothermic by ca. 580 kJ mol™).%® Their
synthesis via hydrocarbon or dihydrogen elimination usually proceeds at elevated temperatures
that often results in C-H activation of the ligands.3* However an alternative synthesis by the
reaction of organoazides with M(I) species at low temperatures avoids C-H activation. For
example, Roesky and coworkers reported that the reaction of :AlCp* (Cp* = n°-CsMes), formed
by dissociation of (AICp*), at elevated temperature, with RsSiNs (R = 'Pr, Ph, 'Bu), gave the imido
dimers {Cp*Al(u-NSiR3)}2.26 Using the larger, chelated Al(I) B-diketiminate :AlP"PNacNac
(PPPNacNac = HC{(CMe)(NDipp)}2) gave the transient imides P"P"NacNacAl=NR which reacted
with a second equivalent of the azide to give cyclic AINs products PP’"NacNacAI[(NR)2N_].3%%
Attempts to stabilize the imide using more sterically demanding m-terphenyl azides failed to give
an isolable aluminum imide, although this route did yield a corresponding Ga imide.®* The Al
imide underwent C-H activation of a methyl group on a flanking ring of the P""NacNac ligand or

C-C activation of the aryl ring of the nitrogen terphenyl ligand.®

Nonetheless, monomeric aluminum imides were obtained by coordinative blocking of the Al
atoms. Cui and coworkers showed that addition of an NHC (N-heterocyclic carbene) to
:AI[HC{(C'Bu)(NDipp)}.] resulted in insertion of the Al atom into the N-C bond of the B-

. diketiminate ligand.*®  This
‘Bu_ Dipp — - —

K. Dipp
K Mes N’ .
=Y . N’ N gave the four-coordinate
+ Dipp h Di ' Di
\ / . I , PP~ Al—_,,-Dipp
Al=N Dipp~ ,Al___Dipp N—, N - o :
e/ X rIJ rIl o terminal Al imide 1 (Figure
o SN S S O O
Pr-N )7& 4 O By \ gy|  6.1) with a short (1.705(2) A)
— -2 — S -2
I I I Al-N bond. Recently the
Figure 6.1. Structurally characterized terminal aluminum imides. groups of Coles and Aldridge

Mes = 2,4,6-MesCeH2; Dipp = 2,6-Pr,CsHs.
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separately reported that the reaction of anionic Al(l) aluminyls with organoazides gave terminal
aluminum imides Il and 111 (Figure 6.1) with AI-N distances of 1.7251(11) and 1.723(2) A,
supported by multidentate NON ligands that exist as dimers with bridging K* cations.3"® It was

shown that the AlI=N bonds reacted readily with small molecules such as CO and CO,.%638

No compounds of formula RAINR' in which Al and N are two-coordinate have been isolated
and characterized. The reaction of laser-ablated Al atoms with NH3 gas gave the planar trans-
bent parent compound HAINH as a minor product, identified by IR spectroscopy in a solid argon
matrix.3® Ab initio computations by Davy and Jaffrey found HAINH to be “quasi-linear” with
only a 0.2 kcal mol™ barrier between the linear and bent geometries and a short Al-N bond
distance of 1.63 A, which may be interpreted on the basis of Al-N triple bonding. Computations
for HAINH and MeAINMe showed linear geometries with short (ca. 1.63-1.65A) Al-N
distances!3%4041 and NBO analysis of MeAINMe by Gilbert indicated that it had an Al-N triple

bond composed of one - and 2 n-bonds.*?

Previously, our group described the synthesis of gallium and indium imides with two-
coordination at both the group 13 metal and N atoms by reaction of an m-terphenyl azide with the
dimetallenes ArP*MMAI"™ (M = Ga, In; ArP™ = CgHs-2,6-(CeHs-2,6-"Pr2)2), which exist in
equilibrium with :MAr'®™* monomers in solution.*® This suggested that a similar Al species could
be isolable, but the lack of an analogous Al(1) precursor (i.e. ArAIAIAr or :AlAr) precluded its
synthesis. Recently we reported the monomeric alanediyl :AIArP"® (Ar'® = CsH-2,6-(CeH2-2,4,6-
'Prs3)2-3,5-'Pr2) with a one-coordinate Al atom.* We show here that its reaction with Ar™eN;
(ArMe6 = CgHs-2,6-(CeH2-2,4,6-Mes), gives the aluminum imide ArP8AINAME having two-
coordinate Al and N atoms with a notably short AI-N bond length of 1.625(4) or 1.628(3) A

consistent with Al-N triple bonding. Additionally, the reaction of :AIAr'"® with the less sterically
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demanding azides 1-AdN3z (1-Ad = adamantyl) or MesSiN3 give transient imides which react

immediately with a second equivalent of azide to give products featuring ring closure or silyl

migration.

Compound 1 was
prepared by reaction of
:AIArP8 with ArMeN;

(Scheme 6.2, a) in

hexanes at ambient
temperature, giving
immediate  vigorous

evolution of N> and

formation of a red

a)

b)

Pr Trip hexanes,

25°C, 5 min
Al: + RNj —h» I—N

'Pr Trip

ipr Trip hexanes,
-78°C or 25°C
20 min
Al: + RN3
-Na
'Pr Trip

Tr|p

Trip

Pr Trip
AINR
Pr Trip

not isolated

RN;

R =1-Ad

R = SiMes

Pr

ipr

Pr

Pr

Trip ?d
N
~N
AI: Il 2
IT,N
Trip Ad
Trip
N(SiMe3),
Al
N 3
N;
Trip

Scheme 6.2. a) Synthesis of compound 1. b) synthesis of compounds 2 and 3. Trip =

2,4,6-PrsCsHz; Mes = 2,4,6-Me3CeHy; 1-Ad = 1-adamantyl).

solution. After ca. 5 min, the solids had dissolved and gas evolution had ceased. Storage at ca. -

30°C for 3 days gave orange plates of 1 in ca. 91% vyield. The crystal structure of 1 (Figure 6.2)

contains two crystallographically independent molecules. One of these lies along the 2-fold proper

rotation axis of the 12/a space group and contains a strictly linear C-Al-N-C core. The second

molecule maintains a planar C-Al-N-C array but deviates slightly from linearity at the Al (C-Al-

N =172.5(3)°) and N (Al-N-C = 171.4(2)°) atoms. The Al-N bond lengths of 1.625(4) and 1.628(3)

A are the shortest reported to date and agree with those calculated for HAINH and

MeAINMe.1:30404% The [inear structure of 1 is in marked contrast to the heavier congeners

ArP*M=NAr' (M = Ga, In; Ar’ = CeHs-2,6-(CeH2-2,6-Me;-4-'Bu),) which are strongly bent at the

M and N atoms (Ga-N = 1.701(2) A; C-Ga-N = 148.2(2)°; Ga-N-C = 141.7(3)°; In-N = 1.928(2)

A; C-In-N = 142.2(1)°; In-N-C = 134.9(2)°).%
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The UV-Vis electronic spectrum of 1 has
a single absorbance at 290 nm which tails
into the visible region, producing an orange
color. Time-dependent DFT calculations on
1 suggest that the low-intensity absorption
tail is mostly due to the HOMO—LUMO+1
transition at 387 nm, whereas the main

feature is due to two high-intensity

transitions at 287 and 316 nm. The Al-N
Figure 6.2. Thermal ellipsoid plot (50%) of one of the

crystallographically independent molecules of
ArPSAINAr™e (1). H atoms and n-hexane solvent not
shown. Selected bond lengths (A) and angles (°) {values in
braces correspond to the other crystallographically 1100 cm, however no distinct spectral
independent molecule of 1}: Al(1)-N(1): 1.625(4)
{1.628(3)}, Al(1)-C(1): 1.935(4) {1.931(3)}, N(1)-C(43):
1.378(5) {1.366(4)}, C(1)-Al(1)-N(1): 180 {172.4 (2)},
Al(1)-N(1)-C(43): 180 {172.5(3)}, C(1)-Al(1)-N(1)-C(43):
0 {167.0(2)}. band.

stretching band of 1 was calculated to be ca.

features are apparent for assignment of the

Imide 1 slowly decomposes in solution over ca. 12 hours at ambient temperature as indicated
by fading of the orange color to colorless. *H NMR spectroscopy (Figure 6.S3, supporting
information) is consistent with decomposition via C-H activation of one of the methyl groups on
the flanking rings that is analogous to that in PP"NacNacAl=NAr'""“35 A singlet at § 3.50 ppm is
assigned to the resulting amine proton, while the Al-CH: group gives a multiplet at 5 0.05-0.13
ppm. Solid 1 is thermally stable at ambient temperature for at least several days, but rapidly

decomposes to a white solid above 83°C.

Dispersion corrected DFT calculations for 1 at the PBELPBE- GD3BJ/def2-TZVP level yield
an optimized structure with a linear C-Al-N-C core and an Al-N bond length of 1.635 A in

excellent agreement with the crystal structure. The Kohn-Sham orbitals (Figure 6.S15,
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supporting information) and those of the

model system Ph-NAI-Ph (Figure 6.3) show

Q
: y B . -0.188a.u.
Jm | ‘\ 7‘J (-5'11 eV)

three major components to the Al-N bond, J‘ ]

one of o-type and two nondegenerate of n- '4
9 ? -0.231 a.u.
type. NBO analysis yielded three two-center , { (-6.28ev)
Al-N bonding orbitals with occupations close 9
@
to 2 electrons and ca. 90% localization on the 0463 A,
(-12.6 eV)

N atom.*® Consequently, the calculated A
Wiberg bond index for the Al-N bond is only ,

Figure 6.3. Occupied PBE1PBE-GD3BJ/def2-TZVP
orbitals of Ph-NAI-Ph localized on the AIN bond (NPh
moiety on the left, AIPh moiety on the right; isosurface
value + 0.05 a.u.).

0.89. More detailed bonding analyses using
the ETS-NOCV method and the fragments
:AIArP™® and ArMeN: at the geometries they adopt in 1 also revealed three primary contributions
to the Al-N bond. The major component (-1120 kJ mol-2, ca. 83 % of the total orbital interaction
—1350 kJ mol~Y) involves charge flow from Al to N, whereas the two minor components (—100
and —102 kJ mol-1, each ca. 8 % of the total orbital interaction) describe backdonation from N to
Al. Taken as a whole, the Al-N bond in 1 has the format characteristics of a triple bond with
donation from Al to N greatly exceeding backdonation from N to Al. The calculated
instantaneous interaction energy between :AIAr®® and ArM®®N is 551 kJ mol-* (cf. Gibbs
interaction energy of —429 kJ mol-! taking into account fragment relaxation) with significant
stabilization, —89 kJ mol-2, from dispersion interactions. The possibility of charge-shift character

in the Al-N bond has not yet been supported by computational data.*6-8

Addition of AdN3z or MesSiNs to :AIArP™® gives the tran-sient imides ArP®AINR (R = 1-Ad,

SiMes), which immediately reacts with a second equivalent of the azide (Scheme 6.2, b).
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Figure 6.4. Thermal ellipsoid plots (50%) of Ar"8AI(NAd).N; (2, left) and Ar'P®A1(N3)N(SiMe;): (3, right).
Hydrogen atoms and toluene are not shown. Selected bond lengths (A) and angles (°): 2: Al(1)-C(1): 1.9710(12),
Al(1)-N(1): 1.8126(9), Al(1)-N(4): 1.8220(11), N(1)-N(2): 1.3899(15), N(2)-N(3): 1.2643(16), N(3)-N(4):
1.3853(12), C(1)-Al(1)-N(1): 135.49(4), C(1)-Al(1)-N(4): 138.11(4), N(1)-Al(1)-N(4): 86.39(4). 3: Al(1)-C(1):
1.9775(14), AI(1)-N(1): 1.8088(12), N(1)-Si(1): 1.7518(12), N(1)-Si(2): 1.7546(12), Al(1)-N(2): 1.8210(13), N(2)-
N(3): 1.2132(18), N(3)-N(4): 1.1407(19), C(1)-Al(1)-N(1): 143.91(6), C(1)-Al(1)-N(2): 102.62(6), N(1)-Al(1)-
N(2): 113.44(6), N(2)-N(3)-N(4): 175.71(16).

Roesky, Aldridge, and coworkers have shown that organic azides with small substituents such as
-SiMegz, -SiPhs, and 1-Ad react in a 2:1 ratio with :Al[DippNacac] or an aluminyl anion to give
planar AIN4 heterocycles.323338 Reaction with the first equivalent of azide results in N2 loss and
a highly reactive species with a terminal AI=NR moiety, which undergoes ring closure with a
second equivalent of the azide. The reaction of :AlAr'"™ with 2 equivalents of 1-AdNs gave 2
(Figure 6.4, left) as colorless crystals. The Al-N bonds are 1.8126(9) and 1.8220(11) A which are
in the typical range for these AIN4 compounds.®>*3* However steric congestion between the
terphenyl flanking rings and the adamantyl groups result in a deformation of the central ring of
the terphenyl ligand, illustrated by torsion angles of C(1)-C(2)-C(3)-C(4) = 20.43(14)° and C(1)-

C(6)-C(5)-C(4) = 20.06(14)°. The *H and *C{*H} NMR spectra of 2 also display broad signals
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indicating restricted movement of the 1-adamantyl and terphenyl flanking groups. The reaction
of :AIAr'™™® with 2 equivalents of MesSiN3 gives the amido- azido-alane 3 (Figure 6.4, right) as
colorless crystals in which silyl migration from the second equivalent of azide to the nitrogen
atom of the transient imide has occurred. Such migrations have been observed in a number of

reactions of Me3SiN3 with low valent main group compounds.*-54

Computationally, the reaction of AIAr'™™ with MesSiNs yielded ArPAIN(N2)SiMes which
readily releases N2 with a free energy barrier of 46 kJ mol™ to afford Ar'P®AINSiMes at —306 kJ
mol (Figure 6.S17, supporting information). Addition of a second equivalent of MesSiN3 gave
two products, cis- and trans-ArP®AI[N(SiMes)N2]NSiMes, depending on the relative orientation
of ArPAINSiMe; and MesSiN3. The cis-isomer has the two SiMes groups on the same side of
the dative Al-N bond and readily forms 3 via silyl migration, whereas the trans-isomer can form
the SiMe3 analogue of 2 via ring closure. Of the two possible products, 3 is kinetically preferred
and thermodynamically favoured by 113 kJ mol-L. The potential energy surface is expected to be
largely similar for the :AIAr®™® AdNs pair with the exception that substituent migration is

energetically unfeasible and 2 is formed rapidly via ring closure.

In summary, the alanediyl :AIAr'™® reacts with the m-terphenyl azide Ar™®Njs to yield the
monomer ArP®AINArVe (1) in which the Al and N atoms have linear, or almost linear
coordination and short Al-N distances of 1.625(4) or 1.628(3) A, consistent with Al-N triple
bonding. Calculations show that the Al-N bond is composed of strong c-donation from the
:AIArP® moiety to the :NArM® nitrene and weak n-donation from the latter to :AIAr'™™®, The
calculations also indicate a key contribution from dispersion energies that, together with steric
effects from the terphenyl substituents, provide sufficient stabilization for the room-temperature

characterization of 1.
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Supporting Information
Experimental Details
General Procedures

All manipulations were carried out using modified Schlenk techniques or in a Vacuum
Atmospheres OMNI-Lab drybox under an argon atmosphere. Solvents were dried over columns
of activated alumina using a Grubbs type purification system®! (Glass Contour), stored over an Na
mirrors (hexanes, toluene), or 3 A molecular sieves (benzene), and degassed via the freeze-pump-
thaw method prior to use. The *H and *C{*H} NMR spectra were recorded on Varian Inova 600
MHz spectrometer and were referenced to the residual solvent signals in CsDs (*H: § 7.16 ppm,
BC{H}: § 128.06 ppm).5? UV-Visible spectra were recorded in dilute hexane solutions in 3.5 mL
quartz cuvettes using an Olis 17 Modernized Cary 14 UV-Vis/NIR spectrophotometer. Infrared
spectra were recorded in nujol on a Perkin Elmer 1430 spectrophotometer. Melting points were
measured in glass capillary tubes sealed under argon using a Mel-Temp Il apparatus using a partial

immersion thermometer.

AIArP® and ArMeN; were synthesized according to the literature procedures.S*5* Me3SiN3z and

1-AdNs were purchased commercially and used without further purification.
Synthesis of 1-3.

ArPr8AINAIrMeES (1), A mixture of solid AIArP® (0.150 g, 0.253 mmol) and ArM®N; (0.090 g,
0.253 mmol) was dissolved in ca. 4 mL hexanes resulting in immediate gas evolution and the
formation of a red solution. After ca. 5 min, the solution was concentrated to ca. 2 mL under

reduced pressure and stored at ca. —30 °C for 2 days to give red-orange crystals of 1-CeHaa.
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Yield: 0.210 g, 0.228 mmol (91%).
mp. 83°C dec to white solid without melting.

IH NMR (600 MHz, CeDs, 298 K): & 7.44 (s, 1H, ArP® p-ArH), 7.17 (s, 4H, ArH), 6.89 (d,
overlapping with signal at 6.88, 2H, ArM® m-ArH), 6.88 (s, 4H, ArH), 6.76 (t, 3J = 7.1 Hz, 1H,
ArMe o ArH), 2.82 (sept, 3J = 6.8 Hz, 2H, CH(CHz)2), 2.53 (sept, 3J = 6.8 Hz, 6H, CH(CHa)2 ),
2.37 (s, 6H, ArM® p-CHj3), 2.10 (s, 12 H, ArMe p-CHj3), 1.23 (d, 3J = 6.9 Hz, 12H, -CH(CHs)>),
1.12 (d,3J = 6.7Hz, 12H, -CH(CHs)z), 1.04 (d, 3J = 6.7 Hz, 12H, -CH(CHs)2), 0.93 (d, 3] = 6.8

Hz, 12H, -CH(CHz)>).

BC{’H} NMR (151 MHz, CsDs, 298 K): & 150.33, 148.63, 148.07, 147.42, 145.43, 142.10,
137.76, 136.51, 136.15, 133.30, 128.94, 128.57, 126.34, 123.06, 115.97, 31.98, 30.80, 30.72,

27.50, 24.81, 24.63, 24.12, 21.31, 21.26, 14.37.
UV-Vis (hexanes): Amax = 292 nm (e = 5500 L mol-! cm™).

Decomposition of 1: ca. 15 mg of the imide 1 was placed in a J-Young NMR tube and dissolved
in ca. 0.6 mL CsDs to give an orange solution. After ca. 24 hours the now colorless solution showed
new signals in the *H and **C{*H} NMR spectra that were assigned as the product [CeH-2-{CsH>-

2-CH(CH3)(CH2)-4,6-'Pr2}-6-(CeH2,-2,4-6-"Pr3)-3,5-Pra] AI-N(H)Ar™es,

H NMR (600 MHz, CsDg, 298 K): & 7.46 (s, 1H, ArH), 7.27 (s, 1H, ArH), 7.24 (s, 1H, ArH), 7.19
(s, 2H, ArH), 6.98-6.77 (mult, br, 4H, ArH), 6.71 (mult, 3H, ArH), 3.50 (s, 1H, NH), 3.00 (br,
1H, -CHCH2AI), 2.93 (sept, J = 6.9 Hz, 1H, -CH(CH3)2), 2.85 (sept, J = 6.9 Hz, 1H, -CH(CH3)2),

2.76 (mult, 4H, -CH(CHa)y), 2.64 (sept, J = 6.8 Hz, 1H -CH(CHa)2), 2.59 (sept, J = 6.7 H,z

1H, -CH(CHa)2), 2.27 (s, 12H, Mes 0-CHs), 1.75 (s, 6H, Mes p-CHs), 1.50 (d, J = 6.7 Hz,

3H, -CH(CH3)CH2AI) 1.33 (dd, J = 6.9 Hz, J = 12 Hz, 6H -CH(CHa)2), 1.27-1.22 (mult,
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18H, -CH(CHs)z), 1.19 (mult, 6H, CH(CHs)2), 1.07 (d, J = 6.7 Hz, 3H, -CH(CH3)2,), 1.03 (d, J =
6.8 Hz, 3H, -CH(CHs)2), 0.94 (d, J = 6.8 Hz, 3H, -CH(CHs)z), 0.79 (d, J = 6.7 Hz, 3H, -CH(CHs3),)

0.55 (d, J = 6.8 Hz, 3H, -CH(CHs)2), 0.14-0.04 (mult, 2H, -CH-AI).

BC{'H} NMR (151 MHz, CeDs, 298 K): & 149.78, 149.33, 149.11, 148.11, 147.47, 146.42,
146.00, 144.80, 144.33, 144.12, 141.80, 139.65, 134.42, 128.93, 122.56, 122.53, 122.02, 121.31,
119.30, 119.22, 34.98, 34.78, 34.63, 34.32, 31.98, 30.38, 30.26, 30.13, 30.09, 30.06, 29.44, 26.71,
26.35, 25.73, 25.65, 25.36,25.26, 24.95, 24.87, 24.79, 24.69, 23.95, 23.48, 23.07, 2.27, 21.82,

21.25, 20.90, 20.34, 14.38, 11.69.

ArPr8AI[(NAd)2N2] (2). Solid :AlArP™ (0.200 g, 0.337 mmol) and 1-AdN3 (0.120 g, 0.677 mmol)
were combined in a flask and dissolved in ca. 10 mL hexanes at ambient temperature giving a pale
yellow solution. After ca. 20 min the volatile components were removed under reduced pressure
and the yellow residue was dissolved in ca. 0.5 mL toluene. Storage at ca. 8 °C for 3 days gave

colorless blocks of 3-:2C7Hs.
Yield: 0.273 g, 0.297 mmol (88%).
mp. 231-236 °C (dec).

IH NMR (600 MHz, CeDs, 298 K): & 7.59-7.19 (mult, 5H, ArH), 3.50 (sept, J = 6.6 Hz,
1H -CH(CHs)z), 3.29-2.49 (mult, 7H, -CH(CHs)2), 2.05 (s, 1H), 2.02 (s, 2H), 1.75 (s, 3H), 1.65
(br, 7H), 1.60 (br, 5H), 1.48 (mult, 3H), 1.40-1.29, (mult, br, 24H), 1.27 (d, J = 7.0 Hz, 6H), 1.22
(d, J = 6.5 Hz, 6H), 1.17 (d, J = 6.5 Hz, 6H), 1.11 (d, J = 6.6 Hz, 6H), 1.06 (d, J = 6.7 Hz, 6H),

0.91 (mult, 3H).

BC{*H} NMR (151 MHz, Cg¢Ds, 298 K): & 148.69, 148.46, 146.09, 143.62, 140.25, 123.95,

122.85, 121.86, 121.03, 55.28, 44.07, 43.80, 43.25, 42.41, 42.00, 41.60, 37.34, 37.05, 36.77, 36.41,
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36.11, 35.93, 34.94, 34.46, 33.73, 31.37, 30.86, 30.77, 30.39, 30.26, 30.23, 30.04, 26.49, 25.91,

25.58, 25.46, 24.78, 24.46, 24.16, 24.08, 23.93, 23.62, 23.33.

ArPAIIN(SiMes)2}Ns (3). A solution of AIArP™® (0.200 g, 0.337 mmol) in ca. 10 mL of hexanes
was cooled to ca. —78°C (ethanol/dry ice bath) and neat Me3SiN3 (0.090 mL, 0.68 mmol) was
added via syringe, resulting in the immediate formation of a colorless solution. The mixture was
stirred for ca. 20 min then removed from the cold bath and the volatile components were removed
under reduced pressure, affording a white residue. After drying under reduced pressure for 1 hour
at ambient temperature, the white powder was dissolved in benzene and stored at ca. 8°C. After 3

days, colorless blocks of 2-CsHe formed.
Yield: 0.225 g, 0.283 mmol (84%).
mp. Softens at 89°C then melts rapidly at 133-135°C.

H NMR (600 MHz, CsDs, 298 K): & 7.56 (s, 1H, p-ArH), 7.24 (s, 4H, Trip m-ArH), 3.08 (sept, 3J
= 6.7 Hz, 4H, -CH(CHz)2), 2.83 (sept, 3J = 2.9Hz, 2H, -CH(CHa)2), 2.51 (sept, 3J = 6.7 Hz,
2H, -CH(CHa)2), 1.48 (d,3J = 6.7 Hz, 12H, -CH(CHa)2), 1.27 (d, 3J = 6.9 Hz, 12H, -CH(CHs)y),
1.19 (d, 3 = 6.7Hz, 12H, -CH(CH3)2), 1.12 (d, 3J = 6.7 Hz, 12H, -CH(CH3)2), -0.04 (s,
18H, -Si(CHs)3).

BBC{'H} NMR (151 MHz, CeDs, 298 K): & 149.56, 149.36, 147.53, 142.54, 137.36, 128.59,

124.97, 123.17, 34.70, 30.61, 29.81, 26.11, 25.86, 25.56, 24.12, 5.03.

IR (Csl, nujol): ¥in, = 2120 cm™*
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X-Ray Crystallography

Crystals of 1-3 were removed from a Schlenk flask under a stream of argon and immediately
covered with hydrocarbon oil. A suitable crystal was selected, attached to a MiTeGen microloop,
and mounted on the goniometer of the diffractometer under a cold stream of N.. Data were
collected at 90 K on a Bruker Duo>>APEXII CCD system at —183°C (90K) using Cu Ko (A =
1.54178) radiation. Data were integrated with SAINT®® and an absorption correction (multi-scan)
was applied using SADABS®® (2,3) or TWINABS (1).5" The structures were solved using
SHELXTL®® program package by intrinsic phasing methods using SHELXT®® and were refined
by full matrix least-squares procedures using SHELXL.S! All non-H atoms were refined

anisotropically.
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Table 6.S1. Crystal data and structure refinement for [CesHss AIN]15[CeH14] (1).

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Crystal color and habit
Diffractometer

Theta range for data collection
Index ranges
Reflections collected
Independent reflections

C105H143Al1.50N1.50

1466.67

90(2) K

1.54178 A

Monoclinic

12/a

a=18.71254) A  a=90°.
b=18.0528(4) A  B=91.0212(13)°.
c=55.2534(12) A y=90°.
18662.4(7) A3

8

1.044gcm3

0.563mm™

6424

0.453 x 0.438 x 0.186 mm3

Orange plate

Bruker APEX-II CCD

3.428 to 68.588°

—22<=h<=22, 0<=k<=21, 0<=I<=66
16602

16602 [Rint = 0.0459, Rsigma = 0.0615]

Observed reflections (I > 2sigma(l)) 15677

Completeness to theta = 67.679°
Absorption correction

Max. and min. transmission
Solution method

Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

98.8 %

Semi-empirical from equivalents
0.8637 and 0.6754

SHELXT (Sheldrick, 2014)
SHELXL-2017/1 (Sheldrick, 2017) Full-matrix least-
squares on F2

16602 /97 / 1102

1.057

R1=0.0762, wR2 = 0.2098
R1=0.0791, wR2 = 0.2121
0.366/-0.347 e A3
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Table 6.S2. Crystal data and structure refinement for [Ce2Ho1AIN4][C7Hs]2 (2).

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
M

F(000)

Crystal size

Crystal habit and color

Diffractometer

20 range for data collection/®

Index ranges
Reflections collected

Independent reflections

C76H107AIN4

1103.63

90(2) K

1.54178 A

Triclinic

P-1

a=11.23448) A  «a=72.801(6)°
b=17.5443(18) A B =77.326(5)°
c=17.8281(18) A y=76.613(9)°
3222.2(5) A3

2

1.137gcm3

0.609 mm™

1208.0

0.489 x 0.36 x 0.329 mm®
Colorless block

Bruker APEX-II CCD

5.258 to 144.492
~13<h<13,-21<k<21,-21<1<21
22226

12207 [Rint = 0.0155, Rsigma = 0.0224]

Observed reflections (1> 2sigma(l)) 12207

Completeness to theta = 67.679

Absorption correction

Max. and min. transmission

Solution method
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole

96.7%

Semi-empirical from equivalents
0.4162 and 0.3273

SHELXT (Sheldrick, 2014)
SHELXL-2017/1 (Sheldrick, 2017) Full-matrix least-
squares on F?

12207 /0/748

1.015

R1=0.0357, wR2 = 0.0898
R1=0.0374, wR2 = 0.0912
0.31/-022e A3
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Table 6.S3. Crystal data and structure refinement for [C4gH79AIN4Si2][CeHe] (3).

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Crystal color and habit
Diffractometer

20 range for data collection
Index ranges
Reflections collected
Independent reflections

Cs4HssAIN4SI?

873.41

90(2) K

1.54178 A3

Monoclinic

P21/c

a=13.4017(2) a=90

b =18.6679(2) B=96.50
c =21.3897(3) v=90
5316.93(12) A3

4

1.091gcm3

1.035 mm

1912.0

0.384 x 0.316 x 0.312 mm?®
Colorless block

Bruker APEX-II CCD

6.302 to 139.018°
—-16<h<16,-22<k<22,-25<1<25
26033

9694 [Rint = 0.0181, Rsigma = 0.0192]

Observed reflections (1> 2sigma(l)) 9483

Completeness to theta = 67.679

Absorption correction

Max. and min. transmission
Solution method
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indexes [[>=2c ()]
Final R indexes [all data]

99.0%

Semi-empirical from equivalents

0.6210 and 0.5333

SHELXT (Sheldrick, 2014)

SHELXL-2017/1 (Sheldrick, 2017) Full-matrix least-
squares on F2

9694 /0/572

1.036

R1=0.0402, wR2 = 0.1025

R1=0.0408, wR2 = 0.1032

Largest diff. peak/hole 0.80/—0.49e A2
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NMR Spectra
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Figure 6.S1. *H NMR spectrum (600 MHz, CsDs, 298 K) of ArP8AINMeE (1),
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Figure 6.52. *C{*H} NMR spectrum (151 MHz, CsDg, 298 K) of ArP8AINMe (1),
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Figure 6.53. *H NMR spectrum (600 MHz, CsDs, 298 K) of the decomposition product of 1

after ca. 24 hours at ambient temperature.
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Figure 6.55. *C{*H} NMR spectrum (151 MHz, C¢Ds, 298 K) of the decomposition product of

1 after ca. 24 hours at ambient temperature.
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Figure 6.56. *H NMR spectrum (600 MHz, CsDs, 298 K) of ArP®AI[(NAd)2N_] (2). Signals at
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Figure 6.57. *C{*H} NMR spectrum (151 MHz, CsDs, 298 K) of ArP8AI[(NAd)2N2] (2).

230



-0.04

T g 8 @ g 53 8
~ NN ™ o~ ~N B kel =)
\ Il I \ NN
P o 1o 1
e 3 s = s g dge 5
@ i 2 N N o e ©
g = IR EEEE <
T T T T T T T T T T T T
8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

Figure 6.58. *H NMR spectrum (600 MHz, CsDs, 298 K) of Ar®®Al(N3)N(SiMes)2 (3). A
silicone grease impurity gives a signal at 0.30.
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Electronic Spectrum and Photo of 1
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Figure 6.510. UV-Visible spectrum (54 pM, hexanes) of Ar'"8AINME (1), Amax = 292 nm.
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Figure 6.511. Photo of solid ArP®AINArMe (1),
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Infrared Spectra

Figure 6.513. Infrared spectrum (nujol, Csl) of 3.
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Computational Details

The geometry of 1 was optimized in the gas phase with density functional theory using the
PBE1PBE functional,5151 def2-TZ VP basis sets,>® and Grimme’s D3 dispersion correction with
Becke-Johnson damping>®St” and employing the Gaussian 16-C.01 program suite.5!® The
structure was confirmed to be a minimum on the potential energy hypersurface via calculation of
the associated vibrational frequencies (all positive). Vertical excitation energies and associated
oscillator strengths were calculated for 1 with the time-dependent density functional theory (TD-
DFT), as implemented in the Gaussian program package,>*° using the same functional-basis set
combination as with prior geometry optimization (Figure S14). The bonding in 1 was analyzed by
examining its Kohn-Sham orbitals (Figure S15), using Natural Atomic Orbital and Natural Bond

Orbital analysis,5?

and via energy decomposition analysis (Table S4 and Figure S16) within the
extended transition state-natural orbitals for chemical valence (ETS-NOCV) framework,?! as
available in the ADF 2019.3 program package.5?>5% These calculations employed the PBE1PBE
functional,5'*51* TZ2P STO-basis sets?*, Grimme’s D3 dispersion correction with Becke-Johnson
damping,5'®SY” and treatment of scalar relativistic effects using the zero-order regular-
approximated (ZORA) Hamiltonian.5?® Finally, the formation of Ar"®AI(N3)N(SiMes)2 (3) and
ArPAI[(NSiMes)2N2] (the SiMes analogue of 2) from ArP®Al and 2 equivalents of MesSiN3 was

examined computationally (Figure S17) by calculating the associated transformations and their

free energies (kJ mol™).
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Figure 6.514. Calculated UV-Visible spectrum of ArP8AINArMe® (1),
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—0.180 a.u.
(—-4.90 eV)

—0.216 a.u.
(-5.88 eV)

-0.481 a.u.
(—13.1eV)

Figure 6.S15. Occupied PBE1PBE-GD3BJ/def2-TZVP orbitals of 1 primarily localized on the
NAI bond (N moiety on the left, Al moiety on the right; isosurface value + 0.03 a.u.).
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Figure 6.5S16. Three most important ETS-NOCV deformation density
contributions to AIN bonding in 1 (N moiety on the left, Al moiety on the right;
isovalue =0.001 a.u.). Donation from Al to N (top, 83 %) and back-donation
from N to Al (bottom left and right, 8 % each). Red contour corresponds to
depletion of electron density, whereas blue contour indicates accumulation of

electron density.
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Optimized Coordinates

Table 6.S5. XYZ coordinates for ArP8AINAr\es

154

1 - AriPr8AINArMe6

Al

TOOIOOOIIIOIIITOIOIOOOOIIIOIIIOIIIOOIOOIOOOIOIOOZO

0.000000000000
0.000000000000
0.000000000000
1.114112895537
1.094754673585
1.970212464405
0.000000000000
0.000000000000
2.345795844748
3.338321005592
4.546696313130
5.317812796324
4.798102995475
3.794389498392
3.964419273951
2.569861295980
3.102110504830
2.263713742702
2.842290383331
3.987624580438
6.096572418017
6.465989456819
5.981502875193
6.863975779566
1.486391828721
1.230038137002
0.573505567625
1.784089113165
0.000000000000
-0.357601196316
-0.358787219589
0.000000000000
0.000000000000
-0.727100351541
-0.971148610253
-1.955947765116
-1.749577345427
-2.254198607338
-2.802806017045
0.444922815449
1.336539572609
0.194038467199
0.698898024236
-0.706110120682
-2.040742568350
-2.313793376317
-3.343052319056
-1.315954057808
-0.012017634068
0.784738067238

0.000000000000
0.000000000000
0.000000000000
0.470008501502
0.463135791856
0.829671503220
0.000000000000
0.000000000000
0.977553321597
0.086664528907
0.586605373563
-0.111247926923
1.949475005299
2.819046605063
3.891099798726
2.356010170284
-1.389278329962
-1.678481682378
-1.698424516391
-1.944168543451
2.472459528479
3.309747095399
2.834560223823
1.696472839456
3.320900147767
3.256743867499
3.094122333703
4.347740419874
0.000000000000
1.170039601984
1.171884487738
0.000000000000
0.000000000000
2.397403743894
3.189886013491
2.147419903823
1.390958788871
3.063637885942
1.799192509874
2.873881067860
3.044830562756
3.806386622159
2.134305311504
2.359043334892
2.599092740610
3.640461426796
3.825557384926
4.460205907910
4.222992337979
4.856122206563

0.081800610963
3.063153812097
1.717171910523
3.804227448870
5.192633965908
5.719974644437
5.902703885829
6.986107599782
3.150422255374
2.733517838017
2.259278090315
1.945358420496
2.190359653251
2.597635087781
2.541109187800
3.060254864672
2.808549079045
2.167906505281
3.823948778456
2.493835676636
1.655720828567
2.252360152968
0.628545260828
1.647135506287
3.433330053971
4.493504816237
2.875924416414
3.212416109486
-1.857771210275
-2.542342752502
-3.939097163557
-4.594692014774
-5.680379808194
-4.741070702124
-4.027389863843
-5.610708187614
-6.372660436561
-6.126454744301
-5.017389389031
-5.594455406982
-4.989258927192
-6.106175857644
-6.358685616648
-1.711252972562
-1.337446967589
-0.463676944726
-0.171166613060
0.053001646654
-0.350798044977
0.019594903831
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OOITITITOIIIOITITIOOIOOIOOOIOOIIIOIIIOIOIIIOIIIOIOIIIOIIIOLIZONO

0.312517549059
-3.175635856537
-2.753369427527
-3.818343335235
-4.284708830265
-3.089753851424
-4.589974001345
-4.220559276226
-4.981498482815
-3.770402009744
-4.729286775332
-1.689768873233
-2.555800015611
-2.132968759793
-2.953652841987
-2.464128499594
-1.307509908644
-0.596570813736
-0.966296042863
-0.256974836211

0.269025673518

1.748066573689

1.788164595103

2.669988968204

3.683953058131

2.329056435132

2.725095197756

2.228458578885

1.566524789145

3.234733370013

2.266490003771
-1.114112895537
-1.094754673585
-1.970212464405
-2.345795844748
-3.338321005592
-4.546696313130
-5.317812796324
-4.798102995475
-3.794389498392
-3.964419273951
-2.569861295980
-3.102110504830
-2.263713742702
-2.842290383331
-3.987624580438
-6.096572418017
-6.465989456819
-5.981502875193
-6.863975779566
-1.486391828721
-1.230038137002
-0.573505567625
-1.784089113165
0.357601196316
0.358787219589

3.195506492028
1.754014737065
1.057957827764
0.931270635106
1.579215990514
0.312920414103
0.268782315211
2.604620638009
1.967994239966
3.218950186533
3.275156214841
5.561035325945
6.074581989679
4.975495068195
4.267548402314
5.768852494920
4.444652489461
6.596116682136
7.408702410449
7.026907430771
6.161565510305
3.033181183843
2.186088992487
2.733712659231
2.518304110707
1.882477844722
3.582858512309
4.271509398142
4518320183514
4.111753905315
5.140606743419
-0.470008501502
-0.463135791856
-0.829671503220
-0.977553321597
-0.086664528907
-0.586605373563
0.111247926923
-1.949475005299
-2.819046605063
-3.891099798726
-2.356010170284
1.389278329962
1.678481682378
1.698424516391
1.944168543451
-2.472459528479
-3.309747095399
-2.834560223823
-1.696472839456
-3.320900147767
-3.256743867499
-3.094122333703
-4.347740419874
-1.170039601984
-1.171884487738

-1.232274808703
-1.870473918075
-2.599990123366
-0.761717252258
-0.016358818706
-0.233948173826
-1.161831651800
-2.586105824190
-3.044920432339
-3.368292071565
-1.889043765325
1.020314070103
0.583528984796
2.360237566387
2.238400929530
3.035086892911
2.840146209889
1.229619477804
1.858501300451
0.284899268595
1.737395370338
-1.678114730908
-2.367576951083
-0.505481030450
-0.850321919687
0.089371335507
0.177629181994
-2.430886867987
-3.263063712842
-2.826921856706
-1.769166009239
3.804227448870
5.192633965908
5.719974644437
3.150422255374
2.733517838017
2.259278090315
1.945358420496
2.190359653251
2.597635087781
2.541109187800
3.060254864672
2.808549079045
2.167906505281
3.823948778456
2.493835676636
1.655720828567
2.252360152968
0.628545260828
1.647135506287
3.433330053971
4.493504816237
2.875924416414
3.212416109486
-2.542342752502
-3.939097163557
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Cc 0.727100351541 -2.397403743894 -4.741070702124
H 0.971148610253 -3.189886013491 -4.027389863843
C 1955947765116 -2.147419903823 -5.610708187614
H 1.749577345427 -1.390958788871 -6.372660436561
H 2.254198607338 -3.063637885942 -6.126454744301
H 2.802806017045 -1.799192509874 -5.017389389031
C -0.444922815449 -2.873881067860 -5.594455406982
H -1.336539572609  -3.044830562756  -4.989258927192
H -0.194038467199 -3.806386622159 -6.106175857644
H -0.698898024236  -2.134305311504 -6.358685616648
C 0.706110120682 -2.359043334892 -1.711252972562
C 2.040742568350 -2.599092740610 -1.337446967589
C 2.313793376317 -3.640461426796 -0.463676944726
H 3.343052319056  -3.825557384926 -0.171166613060
C 1.315954057808 -4.460205907910  0.053001646654
C 0.012017634068 -4.222992337979 -0.350798044977
H -0.784738067238 -4.856122206563  0.019594903831
C -0.312517549059  -3.195506492028 -1.232274808703
C 3.175635856537 -1.754014737065 -1.870473918075
H 2.753369427527 -1.057957827764 -2.599990123366
C 3.818343335235 -0.931270635106 -0.761717252258
H 4.284708830265 -1.579215990514 -0.016358818706
H 3.089753851424  -0.312920414103 -0.233948173826
H 4589974001345 -0.268782315211 -1.161831651800
C 4.220559276226 -2.604620638009 -2.586105824190
H 4.981498482815 -1.967994239966 -3.044920432339
H 3.770402009744  -3.218950186533 -3.368292071565
H 4.729286775332 -3.275156214841 -1.889043765325
C 1.689768873233 -5.561035325945  1.020314070103
H 2.555800015611 -6.074581989679  0.583528984796
C 2.132968759793  -4.975495068195  2.360237566387
H 2.953652841987 -4.267548402314  2.238400929530
H 2.464128499594  -5.768852494920  3.035086892911
H 1.307509908644 -4.444652489461  2.840146209889
C 0.596570813736 -6.596116682136  1.229619477804
H 0.966296042863 -7.408702410449  1.858501300451
H 0.256974836211 -7.026907430771  0.284899268595
H -0.269025673518 -6.161565510305  1.737395370338
C -1.748066573689 -3.033181183843 -1.678114730908
H -1.788164595103 -2.186088992487 -2.367576951083
C -2.669988968204  -2.733712659231 -0.505481030450
H -3.683953058131 -2.518304110707 -0.850321919687
H -2.329056435132  -1.882477844722  0.089371335507
H -2.725095197756  -3.582858512309  0.177629181994
C -2.228458578885 -4.271509398142 -2.430886867987
H -1.566524789145 -4.518320183514 -3.263063712842
H -3.234733370013  -4.111753905315 -2.826921856706
H -2.266490003771 -5.140606743419 -1.769166009239

Table 6.56. XYZ Coordinates for Ar"8AIN(N2)SiMes
120
ArPEAIN(N,)SiMes

C 3.352058620033 -0.288738780025 -0.573026741444
C 2.337045983488 -0.722292582388  0.300777947472
C 2.503328991089 -0.481394877667  1.691463978542
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3.626930717688
4.616978871270
4.460799950950
1.057534435430
-0.122122016141
-1.371293536757
-1.449433982062
-0.265398815364
0.987234565118
-2.592107433357
-3.018533266579
-4.065766374051
-4.728766916555
-4.334190500950
-3.294128967289
-2.420932705151
-1.938576791126
-3.003294423248
-2.721219601032
-5.838038301767
-5.314879524130
-0.040432379723
0.415167931405
0.893194434571
2.432755908264
2.187424084553
2.143513496935
-2.752043416169
-2.989011950991
1.523838641160
1.618820142444
5.810461510070
5.389479939678
3.328379448411
3.438316406784
1.669690638474
4.472568662440
6.618790699522
-2.798581324872
2.313209789876
-4.168833388481
-6.997571669544
-3.435479930710
1.169889503956
-0.523063188054
-0.322190967972
-4.860637529611
-4.372244681982
-2.118708664497
-4.425245321143
-3.923223095445
-5.059844023396
-3.629209778266
-2.356808754300
-1.984607570633
-6.214428190378

0.200720169892
0.653669185527
0.384913306744
-1.357802811957
-0.610765317824
-1.166071551832
-2.450034063655
-3.147309121016
-2.652695163619
-0.369803724787
-0.378153890654
0.442136438331
1.275942290411
1.239136777871
0.430515590243
-1.306286187975
-0.559480948818
0.426543255604
1.827845645235
2.189292503936
3.246939617319
1.258771025594
2.055627050681
3.783393945786
3.964713217657
-3.546297415522
-4.820106341484
-3.111367762911
-4.396969566367
-1.006612971511
-0.310736930943
1.420488382101
2.762612745999
-0.500606124650
0.820102531291
-2.514853089702
-1.406820335760
0.607827586705
-3.404408314305
-3.928700624548
-0.185287308580
1.410973475155
-2.376577392361
4.119662266592
4.768260338843
-4.146585030757
1.864523400467
0.426966512469
-0.192623406540
-1.177954227211
-0.268974758853
0.441851180881
2.436092919347
1.777921327123
2.351671095551
2.705399805328

2.138028824271
1.278771245413
-0.065434153866
-0.176945845163
0.009883311103
-0.311842831304
-0.864728151623
-1.054045476715
-0.712232004620
0.063920884715
1.409593377743
1.806411863486
0.919730460269
-0.405551901524
-0.854369871760
2.445356377501
3.683277795232
-2.337650999171
-2.875247289816
1.377306535158
2.344916525758
0.823923592448
-1.295371474273
-1.436503397967
-0.414555528460
-0.940854227936
-0.098852334627
-1.248567683043
-0.460401963641
2.727834686102
4.076716473249
1.790211495264
2.382348543360
-2.072352565164
-2.834577192377
2.898525615604
-2.527450182743
2.796303888012
-2.746489102087
-2.415011976668
-3.113794158701
1.990401375960
2.843448414316
-3.248423266413
-0.751144965458
-1.474091712960
-1.120161607214
2.846969083508
-2.502457368010
-2.744118371506
-4.175990040156
-3.024545481870
-2.876920424461
-3.904221527230
-2.265460087457
0.486683850518
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-7.386849074335
-7.813080277208
-6.682245525321
-4.932610936518
-6.110359553110
-4.498928068392
-1.563048717927
-4.282994183249
-2.978015262303
-3.830411132466
-1.243340172954
-1.437575617015
-2.773951584049
5.230390920324
3.734791042574
2.377140822447
5.435373298435
4.400697672846
4.479649291566
2.770226054757
3.203614808180
4.452790911380
6.454737718671
6.028283845071
7.508532531615
6.937919348381
4.839899950964
6.262477319097
4.739374305298
0.513115313284
1.444252317313
0.978900455611
2.687123065465
2.555761365654
0.808239750380
1.534275497816
-3.558413424404
-2.591132449442
-3.779656676664
-2.053622940926
-2.246947963780
-3.976862769189
-2.921110473586
3.076030984346
1.491354489493
3.246322498741
2.289113898318
2.145960167562
3.012938984140
1.248187128113
-0.266164767993
-1.422833887627
-0.749740186035
2.774591548021
2.226265942290
3.239551166250

0.667033156807
2.084857601246
0.885480915174
2.783441973787
3.941016682569
3.819515729601
-1.807912794656
-1.929147575308
-3.113453808978
-2.898444480059
0.243087227749
-1.246431771390
-0.108080189312
0.720823169363
0.389506062394
-0.968912137673
-0.923326328871
-1.604973263661
-2.362804100226
1.578551904524
0.675096112366
1.222050134857
1.621419640168
0.391182846475
1.158620320709
-0.344988585419
3.360869052173
3.333668242111
2.618409353796
-0.837107397239
-3.030618092830
-2.880589183924
-2.775750418254
-0.541917038337
-0.652591415382
0.773967817444
-2.412938774599
-2.512236590524
-3.789926766650
-4.158325391782
-5.156243367146
-4.809424829929
-4.227805595893
-2.985011729441
-4.584840124284
-4.468228234715
-3.055984234256
-4.607609297109
-5.446061265737
-5.406106681059
5.830977386887
4.650575265143
4.437525431682
5.003613320329
3.667733438595
3.332276953283

1.292161842596
2.265555524168
2.895680707783
3.258285540633
2.628862622364
1.899109495692
1.991980531202
3.369930295858
3.509177909213
1.970987277871
3.425051855232
4.369757950065
4.224601159813
-0.753757216198
3.197855783612
-2.333168017884
-2.343470664623
-3.600110668600
-2.006472732735
-2.431686179210
-3.891546938776
-2.772704287376
0.926488721103
3.690348168776
3.112199601520
2.368816018244
1.652567914669
2.709270272562
3.249420849431
2.346733755840
1.967204229652
3.663082053853
3.203286265648
4.590837751872
4.721775664352
3.976198881348
-1.005026964591
-3.338563861780
-3.037304120771
-3.014456796201
-0.721269445811
-0.682475104752
0.614657384515
-0.642626449204
-2.712614634289
-2.597100080094
-3.068162042310
0.969861552265
-0.317437794615
-0.322021419014
-0.720190284431
-1.359195679852
0.265502943289
-0.413403829307
0.617112884169
-0.791045481255
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1.431875438823
1.981692774349
0.266138726959
0.345284937825
0.251783390836

5.171432847467
3.515328323763
3.921286849816
1.293165337841
0.529190977945

-3.392405520208
-3.659356721241
-3.830598221466
-2.248564041103
-3.064909187666

Table 6.S7. XYZ Coordinates for Transition state 1.

120
TS1

D000 0LOOOO0O00000000ZZZZ2000000000000000000000000

-2.639039213519
-2.371275029877
-3.307532012862
-4.419345734154
-4.660936476663
-3.762946888093
-1.067389101977
0.097653434750
1.373016775313
1.480855678217
0.314649700447
-0.952275839233
2.579846197709
2.895994065852
4.027414961334
4.867722177760
4.536336605444
3.414976469768
2.045258425528
2.248192969121
3.144322967811
4.292924691028
6.085784226416
7.075580228418
-0.096058781910
-0.335950772394
-0.300765706925
-0.080387660036
-2.123933754759
-2.260026289958
2.792628980488
2.763746089956
-3.196142544064
-4.273008372286
-5.859708332429
-6.781235958539
-1.803841614975
-2.595128257554
-3.331470527308
-1.330011323006
-5.434991794617
-0.806336602435
0.526635388557
-0.977167557633
-2.438996503576
3.149161265391
-2.009480267699

-0.613141294191
-0.763898729929
-0.254547622255
0.437550770416
0.642556435034
0.090892341678
-1.383728491867
-0.619530230822
-1.136805294128
-2.405683969913
-3.135438096203
-2.680991696975
-0.349848177512
-0.273678892693
0.423611421032
1.061789668822
0.995171361347
0.308406502961
-0.948871412468
-2.460625302524
0.352679072737
-0.238683527754
1.818941170864
0.905882698629
1.279923537344
2.219646270588
1.576430878589
0.562796938775
-3.623475475702
-4.175158624599
-3.016056046398
-3.307598501412
-0.439979555394
-1.402100930079
1.430223471260
0.591660059757
-1.286283602529
-2.427729993623
0.878615024215
-0.314674672282
2.710399705804
3.935499782478
4.971202733430
4.405235462426
4.160855528531
-4.286438837339
-4.770517571861

1.577611330540
0.198135070471
-0.723760400178
-0.253919622353
1.092911883513
1.991664932071
-0.222571293170
-0.018144236993
-0.302576854119
-0.891277156683
-1.076537497921
-0.731483913214
0.122715502770
1.503607835234
1.901728696188
0.999609038828
-0.338316142308
-0.796576851962
2.564928163822
2.587395136395
-2.283738502874
-3.098188550928
1.465660567706
2.182249644685
0.485894455775
-1.111752587793
-2.426232295265
-2.873931407455
-0.866090488364
-2.281974666630
-1.334426104166
-2.833756592890
-2.221276237253
-2.724960360394
1.558369455374
2.438149675095
2.646139865439
3.283804696649
-2.981495336263
3.719024049457
2.271989060635
-1.181731134492
-0.384091294166
-2.982658425788
-0.300654096250
-0.567147726474
0.135933897763
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2.894711378353
5.699914701772
2.246884193155
0.401231475384
-5.126141529078
-3.946369642174
-2.213323303557
-4.250003654922
-4.148804063873
-5.265589870294
-4.367372921758
-3.031368751357
-2.718791430754
-6.421081754742
-7.101039363129
-7.671720785047
-6.277731487677
-4.867341676891
-6.308700829072
-4.803014246961
-0.926179670618
-3.452423067478
-1.966038301723
-2.977480855403
-0.735951680783
-0.718716092804
-2.172256750764
5.170840029809
4.264094029556
2.240820034603
5.193233078715
4.028827054453
4.545519111110
2.144903168578
2.556199692966
3.813620675501
6.579442706974
6.637913374830
7.975728231681
7.371167377495
5.010543815658
6.585081920199
5.208478094551
1.001668917789
1.938984463432
1.654597777998
3.298850778529
3.237481841313
1.518553700282
2.118701185064
-3.027408967875
-2.279503395474
-3.178544069890
-1.424624326044
-1.136086032691
-2.894474748954

1.790418088355
3.005353617231
-0.379532250533
-4.133637915646
0.840793898893
0.198575924193
-0.866153733512
-2.359402459833
-1.590270944527
-0.968836460416
1.226982912356
0.749425815808
1.665206222605
1.716199487918
-0.316522362685
1.160885945261
0.292034204844
2.480813688007
3.298338068537
3.328403061853
-1.720618076580
-2.042442725691
-2.990318321193
-3.117576544158
0.499616245095
-0.832927069665
0.137552535356
1.503573301054
0.477840581498
-0.229271829739
0.373524055724
-0.270688156493
-1.250475065506
2.283362340739
1.810926362086
2.379022385749
2.211392300596
0.493669738435
1.457710750791
0.068286540941
3.673605008609
3.578838205335
2.668580880138
-0.775405189357
-2.914318583132
-2.910191008367
-2.708008599053
-0.615862987224
-0.818911602805
0.705148165150
-3.057900825198
-3.377709792535
-4.759518563508
-4.836225904770
-5.390295167518
-5.411129182834

-2.739221846669
2.344171937350
3.961603685903
-1.493739158718
-0.972138892229
3.055274072770
-2.437213362845
-2.206434871748
-3.794741500467
-2.575522204834
-2.978962201280
-4.023814274126
-2.544904399783
0.661697005026
1.922978946352
2.716763108883
3.361118520106
3.177866082159
2.565000274191
1.631156207456
2.163243379894
3.842223450685
3.978782370907
2.529961827698
3.293264269666
4.460407933714
4.247952245491
-1.057508990698
2.956318288264
-2.479415448256
-3.001910206192
-4.158374330342
-2.781945839005
-2.120441064057
-3.777983898094
-2.675680828717
0.569413208443
3.095346530446
2.465104942039
1.547015096234
1.823914472262
2.631418347068
3.260869464546
2.292653221996
1.647441295436
3.388242512109
2.764305754183
4.359346591901
4.644985887930
3.982427819678
-0.622315897627
-3.025829445330
-2.381424189882
-2.526059717413
-0.084486522443
0.094602522036
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-1.900516185077
3.578585396296
2.050506418651
3.746533783791
2470391059264
3.278776301902
4.083053706702
2.372316310081

-2.799157851524

-3.195431595223

-2.340494302353
0.290777716469
0.630474327744
1.491784761408

-1.241623887739

-0.041044768069

-1.756093949443

-4.400180676549
-2.283181251152
-4.104422970248
-3.635649850313
-2.428933500267
-4.094218403116
-4.707191790604
-5.047438665322
5.189250553625
3.489506328152
3.934275162516
6.035860572996
4.734403732706
4.794130631501
5.463759960560
4.251331887764
3.826329165065

1.156171985698
-1.138511527564
-3.060259305756
-3.182398127108
-3.409790310106

0.497826500610
-0.949053553949
-0.680497053979
-0.400513304692
-0.715426524386

0.763420370558
-0.476080945394
0.676616547520
-0.865662260758
-3.061645956354
-3.524851839991
-3.483930675679

Table 6.57. XYZ coordinates for ArPeAINSiMes;
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AriPr8AINSiMe3
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2.903292172200
2.212084121135
2.704447342782
3.873164533032
4.565077739997
4.060112784906
0.899088219743
-0.241377900268
-1.529937441574
-1.685462755898
-0.538888860741
0.751337937935
-2.653251317571
-2.985648084215
-3.929831074579
-4.549953263285
-4.223278795320
-3.290377503028
-2.364163535884
-3.393352870182
-2.945705481904
-4.182797401199
-5.518735631852
-6.718805505839
0.050204514268
1.935747778708
1.897591946627
-3.042850889972
-3.341779658712
2.015456097103
2.879131912875
5.830609540828
7.036312653794
2.390655310361
3.447352155211

-0.619282452395
-0.962986886325
-0.532900255316
0.221683909034
0.571573702294
0.140092759328
-1.670710074017
-0.859864291150
-1.391581702987
-2.773144239782
-3.562334424019
-3.055059243021
-0.410733169997
0.349336246228
1.360473692886
1.652554405701
0.878527111138
-0.148757693602
0.087826647056
-0.511646399872
-0.918651055148
-1.495373322217
2.801797474380
2.635966787655
1.043352579131
-3.991665811818
-4.914261378697
-3.416546507717
-4.393395977384
-0.874151413784
-1.806248808491
1.388888459339
0.576816982902
-1.018316940492
-1.753504748188

-1.070720817962
0.107037934711
1.350871854064
1.388290334891
0.241330405661

-0.978724024162
0.017253942365
0.025951468094
-0.083306274769
-0.215869161508
-0.208975107005

-0.090919382421
-0.030368708552

-1.166502793602

-1.047087355096
0.158499286535
1.260988873941
1.193134753577
-2.521469529796
-3.476658677188
2448221660476
3.127753800045
0.278766461091
-0.647418778476
0.148858139860
-0.080840374118
1.134215051894
-0.372185403806
0.761198901972
2.653746902983
3.499435589279
0.319610891047

-0.145056145672
-2.436372598762
-3.253845880513
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2.025329988838
-3.168591830701
1.649593409494
5.714948057350
1.870579026522
-2.149197441103
-4.812653044168
-1.746561449912
-0.658451938730
4.254402317349
4.579276587720
1.089989538065
3.152126661481
2.347073028542
3.804938493839
2.543273925468
1.068100474120
1.066097992119
5.981120967522
7.139006570922
7.956674676545
6.938980091807
5.573103617167
6.626070303994
4.871088442739
1.549006885316
4.286534669710
3.020452511243
3.845709743863
1.096683613557
1.445514579957
2.672657856460
-4.699199589769
-4.174143350587
-2.304550515397
-4.834207986255
-3.894079807654
-4.769466281504
-1.239439399290
-1.859218300983
-2.736147782563
-5.888180056603
-6.410166618559
-7.429857990114
-7.237589203109
-3.955654392414
-5.498876900890
-4.441946249136
-1.566596714645
-3.843230623604
-2.930441883588
-4.200525561879
-2.515213431547
-1.203043828525
-1.056646482884
2.835143388277

-4.803481873585
-4.111738818453
0.380716541404
2.694798812669
0.201028212571
-0.046876264450
4.132980916315
1.348006725665
-4.637430035383
0.557244047100
0.413219976352
-1.403993750564
-2.707271971171
-2.106381141375
-1.311124266204
0.915427567495
0.120845630359
1.087993775174
1.641035998012
-0.345836801411
1.155695867315
0.303802374748
2.507085738494
3.287634451336
3.292368314405
-1.699617562294
-1.099378963121
-2.110610716381
-2.612794782746
0.725662071650
-0.091119914480
0.919914748323
1.100495438730
1.951030471799
-1.754481319356
-0.706168227829
-2.121943630776
-2.104174268252
0.335094694911
-0.615141100450
0.815899790175
2.801297908236
2.644861983784
3.453697099742
1.693374152624
4.255782985515
4.968827586411
4.194090382846
-0.647926955815
-1.415783498201
-0.764567114327
0.199526261632
2.081612576451
1.107727139393
1.839770044556
-3.372711089730

-1.369588485359
-1.725112011768
3.441652506601
-0.459208531317
-3.191683933157
3.414042166051
0.034053238690
-3.121551288171
-0.303394635703
2.347467653913
-1.891270072223
2.412865958417
2.946972163515
4.405840138469
3.803535841288
3.772388202465
4.329221504075
2.844101293955
1.375150123359
0.430266519045
-0.034324695093
-1.199396869243
-1.526822302345
-0.346302646039
-0.111988581695
-2.288622419489
-3.502571822986
-4.194499364232
-2.710640029200
-2.626409749328
-4.155425751510
-3.377244815017
2.211090117581
-1.923381586147
2.158083159103
3.510691326181
3.975601267765
2.436719469201
2.946280307681
4.301853808259
3.738990441052
1.310412929662
-1.696156368369
-0.505667299101
-0.459862213569
0.699066774093
0.192536524909
-0.992541844746
-2.387072887581
-3.062416831165
-4.434133965556
-3.671302337162
-3.377210640774
-4.038256561223
-2.429129472814
-0.007454441666
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1.832334108507
2.795222327056
1.032040687489
1.167949858480
2.928341421882
2.050016816384
-3.785612556696
-2.647867245970
-4.353436421713
-3.259578785827
-2.950205398040
-4.179050828647
-2.472519948149
0.205991718121
1.177163505188
0.132915337328
2.424656813944
2.143262495573
3.085691706700
1.907349802451
3.042282951278
2.792363120425
2.766877612336
1.455267806181
0.743149202322
-0.591912553378
-0.427019345860

-4.346458340185
-5.536383436064
-5.581073241503
-5.473994839356
-5.419025542048
-4.157713255758
-2.614014781603
-5.238165460817
-4.795158252936
-3.913287466810
-3.427780574991
-4.504109151995
-4.951755858638
2.686502507027
4.062982812499
5.620041921389
4.063766508585
4.174104324215
4.935584847912
4.064492618086
3.161844570101
5.054350133919
3.284664732473
4.222814484557
6.527862623768
5.675136492401
5.612136951839

2.063996437844
1.174367354136
1.091682302648
-1.472676997168
-1.373205435801
-2.248872735555
-0.333231920341
0.745359579021
0.663885715473
1.737554222265
-2.547014308113
-1.864285798184
-1.799216204444
0.210174211930
0.178755320836
0.333341154093
1.593994812172
-1.437480494664
1.565233653262
2.557819136539
1.551352873801
-1.477217793371
-1.566063489557
-2.286555169650
0.308877966258
-0.483753412959
1.272701516161

Table 6.S8. XYZ coordinates for cis-ArP8AI(N3)N(SiMe3),

134

cis-AriPr8AI(N3)N(SiMe3)2
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3.566194807210
2.421566869763
2.435507190524
3.480454802384
4.570294153729
4.604929756691
1.157301785905
0.013166476060
-1.226627571784
-1.290663289520
-0.163147221499
1.030671202572
-2.497352717396
-3.099522500153
-4.296596929287
-4.934334045498
-4.327053873677
-3.126545472998
-2.482121068434
-2.077739994338
-2.540669016106
-2.163451597333
-6.249509484654
-6.147286679226
0.067647265286

1.166850287204
1.112048192466
0.226853950725
-0.678129204577
-0.693760412439
0.264570107743
1.849171342318
1.052045927272
1.644157460420
3.023902338391
3.780561844130
3.244205311052
0.861213036752
0.851588442666
0.175668352281
-0.494752391642
-0.478401283919
0.185239544400
1.542761306443
0.523559060125
0.132240263218
-1.303204133498
-1.203237476401
-2.301076065179
-0.887298315422

0.443812342873
-0.376823066568
-1.490169567818
-1.631823749144
-0.772251330088
0.223276308451
-0.046565001277
0.194376164685
0.484314142953
0.731612077778
0.462537462237
-0.007443377556
0.331756829930
-0.943564090436
-1.125605026841
-0.091338955307
1.151237836762
1.382571039929
-2.140865616573
-3.201354168145
2.772100663022
3.125735408077
-0.301703778682
-1.354702582594
-0.072644456121
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-0.591867276725
-1.840330358511
-3.306729832448
2.061473485265
1.524244777372
-2.533427232815
-2.948097576536
1.487690326156
1.239751470927
5.708097479654
5.257654357871
3.797550247513
4.170011141803
2.070503709837
4.922036648328
6.365797492546
-2.321580387496
2.469931719687
-3.486613470909
-7.356715459409
-3.415779029152
-1.307397828689
-2.518544169678
-0.233288107693
-4.808548547175
-4.744849550112
-1.633988710637
-3.800903468947
-3.002133252211
-4.386158110717
-3.048995442369
-1.698000175540
-1.484395177540
-6.510341060140
-7.454201797060
-8.317496111882
-7.146487396427
-5.905673894863
-7.097885435498
-5.368869583805
-1.578536469939
-4.309163005218
-2.913002920922
-3.745486846395
-1.484042396647
-1.505678586004
-2.959376830541
5.484739729532
3.458947493435
2.875644495215
5.870701213652
5.037370855679
4.748775209093
3.417137723012
4.285211234108
5.122227953205

-2.138695383635
-3.213800945815
-2.958370340666
4.201419524447
4.854243732840
3.697549208079
4.927123303439
0.409049272266
-0.841835780519
-1.667212800932
-3.106438560465
2.221293003248
1.668708074136
1.510366883835
3.160193709277
-1.509620197594
4.073939301950
5.294326314916
0.706859659911
-0.212213881310
2.591873281763
-5.010187380247
-3.097794955345
4.858306910767
-1.003771070751
0.171093978940
0.745112977302
1.719120048828
0.738030709613
0.094044046851
-1.942559543858
-1.360127041670
-1.732618018510
-1.676900811616
0.558607201953
-0.724325958954
0.287597766288
-1.885350371109
-2.833240976910
-3.022534572355
2.056819192858
2.127872640521
3.136885375828
3.312368665459
-0.284062890466
1.007936091123
0.066487499572
0.315917187587
-1.363137072475
2.794827200378
2.618508579978
3.986118038710
3.579485494916
0.992408960138
2492323321744
1.133225384316

-0.957869284368
-0.704518615058
-1.866428457722
-0.561012391925
-1.836509067088
1.264433029134
0.464222694249
-2.666771164124
-3.497138341214
-0.955450071488
-0.730314785195
1.509532868538
2.881707434088
-3.556018502185
1.063592806870
-2.323167295337
2.730445880839
0.422353927449
3.821867531128
-0.649360295145
-2.736467040034
-0.962318933652
1.058291607167
0.563270016181
1.970346154677
-2.113715462487
2.764300662634
3.564134273355
4.801930112472
3.917314088864
3.139873928664
4.114005880405
2.383450695789
0.651658179916
0.118334150301
-0.747683933021
-1.598786484199
-2.336228486339
-1.444848027829
-1.102995355878
-1.805874373737
-3.162087359373
-3.539745629513
-1.986535431604
-2.768898751459
-3.998106938417
-3.658136684868
0.858063342881
-2.470205068460
1.620491953802
1.029063642472
1.769749151220
0.073219780092
3.276136278983
3.590890353116
2.852044612499
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6.458841367164
5.669155931054
7.231038996511
6.699697749651
4.852614642722
6.095541493676
4.480759780767
0.525378889110
2.287149946071
1.373302488187
3.005600973107
2.145458138544
0.498021866456
0.847281294878
-3.347768381177
-2.023394189870
-3.236163512578
-1.533581286955
-2.221455884654
-3.908669081402
-3.045154885294
2.943453954911
1.636769259062
3.286924858703
2.795607015635
1.178827857248
2.296613046314
0.677263679951
-3.363412811904
-1.738248314847
-2.846743207736
-4.105000331561
-3.720501210779
-2.996667340367
-2.152421292460
-0.889167735487
-0.541335306289
1.393633548540
2.257656237458
3.021106623861
1.852427536511
0.470535090723
3.483108813484
2.080896507957
-0.508681087786
0.581504261600
0.498244757442
3.802815424260
3.422492091859
4.263090795911
2.221690991087
2.972984194677
1.223325023756

-1.426303084298
-1.765351843627
-2.171163546365
-0.482671671942
-3.242171596655
-3.797224693873
-3.392314482007
0.765526583421
2414873435268
1.761439665671
1.170558226460
-1.168567538048
-0.619829487034
-1.655365840772
2.970054054195
3.210124028896
4.490031441330
4.827057470457
5.737190258763
5.305317512616
4701947377617
3.615932499915
5.974687954050
5.891726650103
4.891450813267
4112797794170
5.464588305933
5.504804027638
-3.772863544686
-3.348277938798
-2.074808558170
-3.682038703675
-1.955112664043
-3.068333669382
-5.698141449616
-5.144605413850
-5.311203247709
-1.822954077292
-0.999860070109
-0.251367682262
-3.552847233121
-4.547737853891
-3.847390374350
-3.679731077738
-4.118136605537
-4.601720667300
-5.568710320788
-4.880403546463
-3.679984706167
-3.197169754715
-4.722841818550
-3.127511971959
-3.278582782067

-0.193887399216
-3.125617480719
-2.412359153211
-2.485139434813
0.274484275334
-0.853245316565
-1.443756340999
-2.293928939099
-2.988345359665
-4.359655562525
-4.010041788591
-4.015229463369
-4.266815831794
-2.882471080026
1.210989365695
3.326896092998
3.161775544625
2.821239613064
0.568384825136
0.822477288338
-0.598270991025
-0.830868807948
0.614538537137
0.010412110782
1.381304479761
-2.557173573860
-2.312188138762
-1.603881718215
1.229044665534
1.784404525973
1.263745534052
-1.673638699733
-1.746203234208
-2.909812692170
-0.857742608708
-1.964745668795
-0.242181019922
1.182942933072
1.526679404151
1.833378867962
1.531962588086
0.805074487210
0.686224687219
3.371873166228
1.020569817961
-0.276871739921
1.193954438815
0.852583488828
-0.389731911020
1.091007475083
3.668031049687
3.679996753227
3.911071219105
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Table 6.59. XYZ coordinates for Transition State 2.
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TS2

LOOOOOOOZZZO00000000000000L2Z2Z2000000000000000000000000

2.592461663787
2.480922661951
3.545458592778
4.643320837585
4.754135319158
3.714878197203
1.247517183201
0.020731065539
-1.175528442284
-1.134690580380
0.082182129868
1.259269289630
-2.480413542631
-3.031657172312
-4.221102801940
-4.890253702668
-4.343110043045
-3.164270926418
-2.418785945853
-2.299684076265
-2.633977070180
-2.041290999919
-6.176864917893
-6.096087567627
-0.062982577040
-0.424821793019
1.331206513911
2.473640748512
2.459860793666
2.235491225401
-2.351786684064
-2.622891969728
3.588529904291
3.842112483924
5.983652246650
5.646305556541
1.589859283743
1.065815899666
4.690130686576
2.209326119783
6.824160447463
0.854730475471
0.848039242662
0.812485981163
-0.027386383215
2.400885061538
-2.197704007727
2.779110032614
-3.696469514036
-7.358258161181
-3.228230788184
-1.487596625117

0.286297250312
0.907540480489
0.753704315183
-0.023488946015
-0.653221223949
-0.479227473903
1.700670274670
1.022680551050
1.728444360405
3.113055722523
3.754551363401
3.100939722886
1.002133166470
0.220246656244
-0.467265665579
-0.409217389489
0.383464922397
1.090042422460
0.136750084475
-1.304854038783
1.899330405322
0.977277938206
-1.166462694804
-2.102432434761
-0.922398014587
-2.509398232380
-3.249676963960
-3.318959704431
3.943695705479
4.618022582804
3.922785148057
5.068775704586
1.409003890116
0.391278210672
-1.450729287889
-2.855957662874
0.482358821121
-0.844611700029
2.467359638853
1.297675687273
-0.704411129745
-1.451348021268
-0.847129379673
-0.274224121481
-4.452111732939
-3.516114919406
4.467647014289
4.997399593395
2.803605088036
-0.208628216099
0.963633272486
-3.488567754483

-1.615003885460
-0.350597027479
0.564225901105
0.213679031402
-1.014213785093
-1.910936199277
-0.021062642098
0.136639159801
0.353581516137
0.555807270026
0.389892313743
0.046492505996
0.221246790974
1.247608049139

1.019004752580
-0.189165786747
-1.188551346299
-1.010654201404

2.627023542679

3.114771786779
-2.174772520403
-3.233874794077
-0.403414473323
-1.604545618676

0.226718441491
-0.222527585458
1.786484196602
3.286162691922
-0.313711909394
-1.666511910834
0.937816223384
-0.032273905757
1.928805375661
3.040154255325
-1.370816512420
-1.855769545933
-2.733697931662
-3.272828848501
2.002135477314
-3.867745939860
-2.403907244201

1.894820051025

2.960735777867

3.920782530486

2.182307904618
0.295156637941
2.356832010976
0.742617735589
-2.791014487938
-0.532461865172
3.623805429625
-1.086727613791
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-0.611045901812
-2.958033866474
-2.260150577590
0.108760627551
-4.641867680962
-4.847452710018
-1.419483722908
-3.339046374577
-2.746500584142
-4.230600877083
-3.283706869899
-1.735292360106
-1.819833007197
-6.336520968885
-7.438088067717
-8.295352297619
-7.245457030938
-5.956700070431
-7.019452857494
-5.262595007711
-1.827713482103
-4.462097641337
-3.241809097043
-4.198182077291
-1.303184849539
-1.560603279669
-2.817328736045
5.452107410062
3.779984187582
2.622421602906
5.670934901165
4.658211432312
4.613697470010
3.247353533989
3.620319579153
4.889839851285
6.579582166424
6.269407933832
7.743548066615
7.094568340962
5.058147637884
6.560304065338
5.068446187859
0.746909361623
2.646259750193
1.452676251011
3.003291313194
1.873348449305
0.330757562291
0.596400415992
-3.213487801487
-1.978511132926
-3.109786270148
-1.376533489424
-1.832460562312
-3.563529537636

-5.047495875227
-4.037516659230
-2.685526589526
4.834092001003
-1.073005626258
0.446301400225
0.580724505251
1.995683572254
0.966930867914
0.542829289786
-1.732528863052
-1.347852186272
-1.944075903233
-1.781259428116
0.441884145306
-0.761529805927
0.428956950909
-1.542885071166
-2.679049779808
-2.799195689323
2.534900391293
2.224027182115
3.472955884692
3.412236681838
0.304532790621
1.555651559946
0.355396543178
0.140667969474
0.940242633525
1.890163108020
1.992762424979
2.987000817625
3.210192383073
-0.509091170844
0.821074068556
0.080990177511
-1.545024734149
-0.585898990121
-1.252276358480
0.292345377336
-3.402377184794
-3.420755310050
-2.827287470296
1.050856104272
2.229161920302
1.540080108232
0.733918803585
1.440966162660
0.671829272734
1.448520481986
3.249330053979
3.673172522871
4.978053421408
5.188208305778
5.822330197488
5.565625515547

-1.697526121153
-0.031609948910
-2.607773408402
0.492978369821
1.814479029915
-2.146630097679
2.573851944296
3.290191578225
4.605106782068
3.739204420962
3.317853293430
4.049394184137
2.369657683461
0.489444087760
0.341228858726
-0.637166185752
-1.413672249244
-2.533204166208
-1.701727456297
-1.507713128044
-1.803289558830
-3.312545557655
-3.525928880459
-2.036647634915
-2.799679486425
-4.027981302474
-3.687334273197
0.928053385187
-2.890073251699
2.105365227225
1.915182956780
2.963453466897
1.211399196532
2.913677199124
4.019134994816
3.047801502245
-0.455918450102
-3.338774822833
-2.626144979470
-2.048940604060
-1.116611058861
-2.055297127199
-2.783008580814
-2.337770449560
-3.505248374263
-4.618453904738
-4.364685856395
-3.704780699393
-4.061850404077
-2.491565246244
0.919173557985
3.071833324969
2.677043463575
2.404723298761
0.016837763744
0.218246976037

253
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-2.686323212999
3.317358649712
2.015046629410
3.731356597703
2.842184512245
1.995226332824
3.126595735500
1.403047809290

-3.652474764562

-2.655914350568

-3.501217105920

-2.961048800056

-2.813612253392

-1.505801870541

-1.293152619329
0.205697496831

-0.179155809455
1.818715664533
2.859400526865
3.206948500886
2.846946449655
3.344147431801
1.972446859401
0.395138004478

-0.802867973914

-0.498081105671

4.720010800087
3.274953066523
5.778357174239
5.485584788826
4.566233188207
3.888681283951
5.169789399099
5.324801440091
-4.661193466864
-4.602765787435
-3.153195932891
-3.368473250255
-1.787825569026
-2.396359138250
-5.708632166304
-4.782853101026
-5.622297754612
-3.902288967107
-2.574800159513
-4.212259578440
-4.342905312344
-2.666159518430
-3.077287157740
-5.271133027201
-3.977251296116
-4.848300304549

-1.063042123722
-0.416072376633
0.763982664054
0.520140669661
1.742497178775
-2.440401423515
-1.977276385827
-1.609250683814
-0.603395909482
0.852832364752
0.313989286554
-3.098262739832
-2.320976957188
-3.343617696562
-2.240120208123
-2.376579608192
-0.872954414389
-0.538048365439
-0.019821875715
0.549557337572
3.382467581154
3.185487765577
4.228199942765
2.773330826128
2.787941977423
1.288166084603

Table 6.510. XYZ Coordinates for ArP8AI(N3)N(SiMes),.

134

AriPr8AI(N3)N(SiMe3)2

OO000000000ZZZZ2000000000000

-3.243451776269
-2.641278053992
-3.281774412775
-4.445040404980
-5.002346386889
-4.391247454491
-1.350114142531
-0.116081470782
1.076617889690
1.039986227444
-0.175265171935
-1.367783029587
0.130606104633
0.190334555091
0.223703349627
0.256616030038
2.379123779078
2.675642547609
3.902801769250
4.868439443697
4572985014770
3.361178714603
2.245188933755
2.458636098832
-2.622140411416
-2.498232668285

0.198277298812
0.924201145108
0.971576143550
0.237975433700
-0.550099805382
-0.543497592143
1.669984377577
0.994957111422
1.737138257455
3.139430366647
3.758179833545
3.066855182396
-0.909310326536
-0.964627830954
-1.874298616874
-2.687089222395
1.018754733735
0.397838282442
-0.237876225539
-0.255817303142
0.381751999706
1.019926646892
4.007660362870
5.079025829253
3.860938651875
4.550208238713

1.109092789841
0.064407645597
-1.192086282483
-1.389511952961
-0.395713351779
0.847297802562
0.216814661445
0.095277311819
-0.036461150624
-0.037514445733
0.200193575182
0.338383410155
0.546335425121
2.365360172919
3.147852112080
3.933289800395
-0.216051109781
-1.446518946603
-1.611851723625
-0.621982864752
0.575463887084
0.800805526905
-0.319826140061
0.745809415871
0.631985942171
1.990971845797

254



T T I I I I IIIIIIIIIIIIIIIIIIIIIOOOOOO0OOOOOOOO0O0O00L0LZ000000000000

1.770795199049
1.358669625299
6.200217609906
6.363768821728
3.166910512531
3.029650805626
-2.734162095823
-1.921398425038
-6.239686366644
-5.960240086988
-2.781666009884
-2.818609629602
0.277413421078
-1.081604549000
-2.191416403219
1.695706388870
1.247080584314
2.834057697236
2.708052106207
-2.089376963630
-0.559574167032
2.443645216378
7.360273291465
4.310316867149
-3.824541412283
-7.404566894424
-3.659377430557
2.109348871559
-2.932825925740
-0.200753082970
4.128183720596
5.313927635306
0.870165338025
2.804566310523
1.740798337125
3.301205044463
2.225541471531
0.669236715693
0.875703479950
6.214153935229
7.252570495555
8.310249363873
7.416454593029
6.319235610132
7.327922854226
5.575401428846
2.237254863076
5.236738956867
4.074998855043
4.504545505860
2.160507387393
2.916532633854
3.917460710477
-4.925316443419
-4.835583971541
-2.051337055216

0.503153349474
-0.857934204642
-0.926162779821
-2.165646236492

1.716359630978

0.719766670895

1.780789608443

0.914168212121
-1.372166176964
-2.862632304397

0.308207399284
-1.015080194933
-2.544793227430
-3.401378332904
-4.068823364965
-3.495752237093
-5.082803932925
-2.564945978324
-3.882603391116
-2.258436193101
-4.806133004578

1.322543731576

0.043271298798

2.685717040715

2.522510604891
-0.931745279460

1.323410779624
4.664686851133

4.902971024717

4.841235029075
-0.702995599034

0.384148043796

1.035553592173

2.281629230209

1.511824066446

0.787936828926
-1.413192317706
-0.734744806445
-1.469819445787
-1.251720687122

0.926279643392
-0.439722137274

0.381508069069
-1.905122583299
-2.644635621389
-2.893322542780

2.287261432300

2.147874140644

3.290427750352

3.359309867112

0.078675706792

1.250676155764

0.085702006594

0.260467831522
-1.112521213722

2.525223758212

-2.655675610824
-3.203491560970
-0.852394592743
0.021329013910
2.132092811089
3.279382711730
-2.351555408495
-3.305878784228
-0.656871887084
-0.489802986319
2.545829121338
3.301768699847
-0.195200256591
-0.887492234999
0.466936300409
0.212837357767
1.107346170756
1.367511419551
-1.316153077877
-1.953435522417
-2.018007534197
-3.755816948140
-0.650654325020
2426707323723
-3.117885862512
0.224175369852
3.279184189663
-1.692430957432
-0.439043784829
0.254898363097
-2.566553252718
1.367378957621
-2.347433275058
-3.382637036123
-4.571392862511
-4.172598307631
-3.571571524257
-4.042526664851
-2.441174407714
-1.898591276440
-1.284004733275
-0.892482717255
0.387236112969
1.082220914941
-0.167179183162
-0.177994075873
2.077077819706
2.642654642557
3.306066262634
1.591115933802
3.141700356255
4.228224397364
3.353065664376
-2.361939870277
1.656127624077
-1.939769486649

255
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-4.441796044421
-3.373372167198
-4.486404876593
-1.114661622235
-1.483653120753
-2.550732894923
-6.524171850856
-7.180749851342
-8.307420829705
-7.620087454945
-5.147422136075
-6.849406137054
-5.670276269858
-1.753564058080
-3.682064351629
-3.294625021968
-4.688013835096
-3.844997498321
-2.303893460998
-2.343959572324
3.127313236675
1.935395722403
3.011647304653
1.264695201049
1.665670340487
3.404421142355
2477857196025
-3.459100313835
-2.151543041702
-3.873928426645
-3.019124921114
-2.218546485537
-3.442505182007
-1.731836353488
3.049298534404
3.791268312007
2.479060672684
2.137889863356
3.552962853090
3.109127682661
0.755308455352
2.166585298583
0.598775706986
-2.428639574605
-2.983123270952
-1.521827627703
-0.024605682684
-1.470045326069
0.057879254990
-1.639726553839
-2.988000955974
-2.670613904285

1.839208872465
3.230027360446
3.076796475564
0.405503079060
1.526679097950
0.150870211186
-1.197968087929
-1.097881851647
-1.498624683747
0.130569342979
-3.187460899917
-3.452148764130
-3.093936428882
0.676559498184
2.285148743034
1.482272557901
0.957186373896
-1.321220256280
-0.917210914632
-1.823878194959
3.363282830548
3.925616571777
5.228204777163
5.359168941852
5.830427043114
5.600151484389
4.655871861230
3.158791557722
5.666360120721
5.410360670653
4.459142862041
3.848260028880
5.024704837361
5.329261849014
-1.545149982582
-3.094142511317
-2.540799328116
-4.390414579089
-4.523135861603
-2.957479649557
-4.853826928364
-5.629665178908
-5.752941610251
-1.371272428438
-2.778356659612
-1.933472426541
-4.420825845939
-5.292771181514
-5.573281624863
-4.668518061269
-4.689597705757
-3.244849875152

-3.706188952095
-3.818285502088
-2.449647674535
-2.780558241376
-4.099142433273
-3.770556797830
-1.700690921943
1.281256331397
-0.016961894895
0.091826334320
-1.142130345840
-0.727459608007
0.538480788676
2.548495964812
2.769427379285
4.297558221438
3.341136016748
3.519775326676
4.259616408434
2.746839599637
-0.341751413080
-2.474866109648
-1.944186075629
-1.702529652066
0.715179675872
0.577409725728
1.750529751870
0.672998828442
-0.481997354881
-0.212021378744
-1.429995883362
2.777504982940
2.270817042265
1.958326907804
1.044034869965
1.373616376689
2.397307957384
-2.094024872158
-1.045338582590
-1.736072611512
2.056406754657
1.338006366938
0.541619688851
-1.417821185674
-2.309709019897
-2.826486992872
-2.889575427904
-2.381804691138
-1.550837899729
1.193451298396
0.046651263571
1.003243428583

256



Table 6.511. XYZ Coordinates for trans-ArP8AI[N(SiMes)N,]NSiMes
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trans-AriPr8AI[N(SiMe3)N2]NSiMe3

TITOOOO0OO00O000000000000000LZZ2000000000000000000000000

3.616365323912
2437105031577
2.368668877172
3.369528625590
4.492913228156
4.607823709318
1.218488581639
0.054262087670
-1.147358323265
-1.145410820059
-0.000616894696
1.149932038248
-2.453889993106
-3.108947928156
-4.338785124483
-4.959137873010
-4.300130169274
-3.065188687484
-2.514890173029
-2.196740009365
-2.424211835978
-2.090611797453
-6.309401808993
-6.295675801173
0.019379303811
-0.726525138461
-1.770355319439
-2.942910027746
2.194273195158
1.630819151256
-2.336622062825
-2.734637358497
1.380513753413
1.047816095842
5.581933202751
5.083739804273
3.934515546864
4.341612236222
1.969403692008
5.076181664020
6.187451564486
-2.048533119754
2.687284469024
-3.301356232072
-7.389400775549
-3.429664012572
-0.858567827121
-2.853952147728
-0.022960030046
-4.767575154243

-0.952573595255
-0.846527773903
0.171868324816
1.133941834990
1.090237924848
0.016397784255
-1.675942665872
-0.968158634043
-1.647748898832
-3.049082057248
-3.713880984764
-3.069038100775
-0.910093881414
-0.766817204744
-0.128243282900
0.376668500946
0.231146127342
-0.401375547351
-1.272597999709
-0.110409579761
-0.497811965857
0.897086884906
1.045780080957
2.271253021529
0.989775523069
2.311762070978
3.587597649791
3.334215305772
-3.900965497126
-4.411214277669
-3.840174813107
-4.976351911580
0.096984143347
1.430207882561
2.129451334516
3.506871778645
-2.121630017690
-1.730353759313
-0.855666522160
-2.944819964614
2.175830434713
-4.388707340409
-5.089692076852
-1.242614042451
0.057462132563
-2.279265914852
5.203196470309
3.911364347472
-4.797825493836
0.626499660923

-0.139387845431
0.625169216613
1.615901947452
1.678616813738
0.864407262841
0.001587040322
0.346087578062
-0.036385189567
-0.293172826055
-0.364103372793
0.040479165981
0.481171516703
-0.288457702317
0.952315454299
1.002634491105
-0.131538611750
-1.338759578847
-1.439412365191
2.249928099023
3.185317316228
-2.801955951026
-3.322408721151
-0.061618319644
0.845328859125
-0.017917845386
0.675274612567
0.922918013100
2.381170997811
1.189850522487
2.518012926844
-0.851277558470
0.084009203873
2.770820373921
3.424687432053
0.962865142694
0.539224925766
-1.052275431541
-2.469366934993
3.814305317392
-0.449190125393
2.362581793083
-2.248412807330
0.369980099800
-3.803449590903
0.369414681567
2.940394754540
1.291585009000
-0.594294513260
0.075962066064
-2.235446000022

257
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-4.827896405800
-1.494694159085
-3.585240515210
-2.775356736275
-4.220052110224
-2.999787507191
-1.586830007252
-1.461082204729
-6.548880054715
-7.423474312015
-8.373262710358
-7.199178578661
-6.078946619008
-7.269903322366
-5.537100240492
-1.578059663089
-4.358115158614
-2.939498055463
-3.698402238729
-1.618402621356
-1.639510650176
-3.114406681286
5.514768155224
3.285273055088
3.041884315300
5.999997506459
5.254244772730
4.878589786503
3.579301405442
4.519496240230
5.269352063463
6.372975116012
5.448142642733
7.020852869989
6.555419941708
4.716011459117
5.887152911931
4.266736021112
0.449753442962
2.245903451466
1.249815109727
2.870217306056
1.917097245480
0.283999285090
0.648976882638
-3.181085124262
-1.760623808618
-2.926669498065
-1.227725973485
-1.972221952311
-3.663262506137
-2.885139504438
3.039865503818
1.891001678079
3.509681936661
3.036429278386

-0.019247982126
-1.063097942389
-2.227412013343
-1.375282503322
-0.688124746592
1.488799284070
0.849834717950
1.447123568310
1.382998194604
-0.807722546606
0.533944738953
-0.308431646241
1.994194982449
2.766965422749
2.989747384854
-1.783376012761
-1.806172805733
-2.695164369917
-3.102939764700
0.662209632708
-0.463917381924
0.360327520020
-0.074830911257
1.917593438217
-2.745734158649
-2.360725825115
-3.847166473408
-3.243092932693
-1.144068553536
-2.630855643839
-1.152929367191
1.828583963939
2.499048560492
2.881818431513
1.193738131744
3.496234301983
4.244913890411
3.845104076027
-0.346919452976
-1.813902358255
-1.034636328391
-0.419310677747
1.860357327352
1.273845325384
2.140983830799
-3.149429919760
-3.594514811257
-4.896892370857
-5.110832844915
-5.759417871770
-5.439943590846
-4.623493875824
-3.246792246881
-5.825896860138
-5.592722437290
-4.796826633876

1.965032621040
-2.682813519284
-3.429945220487
-4.753055541640
-4.009198971861
-3.450541929750
-4.292183527709
-2.616905572998
-1.076572015346
-0.296426216402
0.366274372179

1.382032279471

1.880148406871
0.831890535272
0.531884136439

2.016642885635

3.270340187597

3.824645331333

2.277303180123

2.674959101966

4.057800732361

3.547388103885
-0.588869140097
2421102775259
-1.122546327408
-0.449655184474
-1.039150466826

0.579732804914
-2.974285828970
-3.062684042967
-2.473821852623
0.266294590545
3.099750117852
2.397876819804
2.666663539050
-0.488845684498
0.603187034556

1.181366744269

2.411763477450

3.375277769110

4.617480287714

4.254906603288
3.929375058687
4.188900739093
2.697136711808
-0.921081497231
-2.939196312960
-2.655999417475
-2.213283438260

0.110865459562
-0.257679958702

1.104678740897

1.414584891286

0.236207735327

0.884457149185
-0.620147709732
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1.225917041050
2.406472807844
0.821155136825
-3.570275607431
-2.233604507958
-3.410556837206
-3.610681784944
-3.557224617818
-2.380683888967
-1.556965734272
-0.198290264894
-0.240731196454
1.358130167120
1.607396848761
1.828402751211
1.884835927709
1.275994183726
1.064253229191
3.726346512228
1.451284031771
0.205062522872
1.770271990298
1.336692951993
-0.022850153657
1.393148634063
4.130003484793
3.968553678685
4.225705165844

-3.601078497510
-4.921017764691
-5.123625480172
4.723665696139
4.177966277397
3.006191361856
4.190996611738
2444470484095
3.196126875178
6.015405018263
5.080679828015
5.519840580347
1.818488144876
2.977442616230
4.011056808969
1.468295229159
-0.250074147695
2.744445667225
1.713479109033
-0.918396654181
-0.233384001399
-0.663650370578
2.573775710918
2.708018926043
3.753911511853
1.385793016113
2.773693952475
1.158232499243

3.124788660619
3.095687628816
2.339846010764
-0.433774162730
-1.456241265301
-0.853568945078
2.515507075462
2.228721143115
3.309547636505
1.517130080699
2.155799355850
0.446609519646
-1.333730495439
-0.963564367326
-0.617504805295
-3.043919879206
-3.366833195517
-4.120737614171
-3.092084572513
-2.522653673675
-3.563599953709
-4.249403162568
-5.166492359735
-4.042899903301
-3.860309848356
-4.054012184229
-2.978157495865
-2.298818951906

Table 6.S12. XYZ Coordinates for Transition State 3.
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2.272769883373
2420792734281
3.621461870288
4.531983973662
4.307143615150
3.186492565816
1.234558835918
0.072895173469
-1.114222660627
-1.094921978514
0.048362011745
1.181634804829
-2.417514304288
-2.974960070464
-4.181370377853
-4.870509365315
-4.317323729116
-3.115094217441
-2.328805576698
-1.978243561381
-2.604022470650
-2.260516177315
-6.187819108314
-6.135059694625

-0.255551859368
0.801311712770
0.874284141176

-0.177469103521

-1.303972651369

-1.301749115277
1.674612259621
0.988200248979
1.684709268722
3.087069831693
3.731125533864
3.064899421312
0.944956372205
0.433096341419
-0.258131198909
-0.446901307333
0.086600504703
0.777873996455
0.630977642039
-0.707012133655
1.333653026528
0.212935492056
-1.181975003890
-2.424350269643

-1.672580290834
-0.730352886192
0.002038734683
-0.084921398562
-0.855089097402
-1.673960747993
-0.447708571047
-0.018950929299
0.251784551895
0.286764330308
-0.155709413379
-0.608996669105
0.303055376106
1.479882666817
1.423924190373
0.239885885740
-0.916270638004
-0.911575251426
2.828688355127
3.468456293070
-2.224147770833
-3.198144109110
0.218811754157
-0.663451991999
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0.122571071552
-0.520168070110
-1.574920918050
-0.673860426584

2.219825613603

1.626760704223
-2.269042317004
-2.676958560407

4.035213139288

4.499603067299

5.258111478694

4.573677713337

1.304483163443

0.938174647212

5.172773484860

1.943895690662

5.848811685138

1.219298893573

1.228578007171

0.941434320960

1.911517902870

1.175583447816

3.744392049706

1.395110656543
-1.947602167109

2.766015154449
-3.605628024464
-7.326897245036
-3.220021998105
-2.580724024148
-2.822933196988

0.036320264197
-4.605996112335
-4.839542620547
-1.405912935902
-3.516958990569
-2.700147648382
-4.131547322242
-2.877714192181
-1.483142017746
-1.327528058799
-6.384594585028
-7.387154133039
-8.284876344016
-7.182984801784
-5.954319240652
-7.083469801100
-5.335941796692
-1.688540774837
-4.511008557592
-3.173895254549
-3.906953951163
-1.616994904702
-1.758587489381
-3.162749724944

5.451440084464

-0.973297408602
-2.380193015397
-3.622176895727
-5.130695944276
3.866833441294
4.371979526097
3.903500629693
5.009878885775
2.084693488380
1.781767938922
-2.473327113248
-3.714186870961
-0.136321757861
-1.452534802664
2.811363827211
0.800593325620
-2.756064571050
-1.714244950993
-2.964605386296
-3.914396151405
-1.194396866900
-2.286782015520
-1.510999710139
0.578310952982
4.498827436743
5.053853718036
2.296813446694
-0.258408763011
1.444940808926
-4.181099000075
-3.153859748813
4.814341582377
-0.656773506761
-0.040424073493
1.195186743126
2.391182530709
1.662965562736
0.894670992901
-1.300388840941
-0.560870706321
-1.301378222844
-1.508863154754
0.618549810746
-0.783338136064
0.093875586496
-2.158861939472
-2.966007170618
-3.099167859070
1.892848302183
1.772046831188
2.770152978023
3.080316139147
-0.534013557961
0.614389043823
-0.304815468496
-0.120721769328

0.050527883701
-0.628281124048
-1.030127148611
-1.719982351215
-1.359901323400
-2.677024089677
0.773074486159
-0.193749385415
0.814789254135
2.234905846864
-0.833164514548
-0.266141083934
-2.839714957026
-3.507150509685
0.091747046304
-3.867763429258
-2.210660929178

1.607669680821

1.430548351870

0.904569290627
3.192607691444
4.511778896915
3.151023003728
3.377548998779
2.143407158466
-0.572055114677
-2.854773980493
-0.203321112671
3.763227543694

0.468431918728
-2.364576958067
-0.213339503197

2.340242580089
-1.858914158488

2.665065455841
3.309186191803
4.700367408640
4.009149752155

3.647584720739

4.432271469061

2.822769684849

1.246224748492
0.444980703844
-0.163133459462
-1.228300741284
-1.708135879708
-0.617256512488
-0.353228595096
-2.019976596627
-3.170286512907
-3.740624393133
-2.157906329994
-2.732642286348
-4.083222052414
-3.532713936751
0.490136571310
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3.026544730937
3.172511770973
6.069854022391
5420617507011
4.929523926364
3.740527581452
4.742834012538
5.402767681429
6.082517848608
5.072126273945
6.580089731038
6.344827367653
4.205169236017
5.267673687690
3.719627573563
0.386940946610
2.234177915558
1.248804307948
2.843063487090
1.796393382079
0.171238270554
0.542444033326
-3.116817093753
-1.650514973824
-2.813077115978
-1.122744177283
-1.912789043579
-3.600213517647
-2.839684913513
3.043568719368
1.987236178358
3.571899175869
3.155371397703
1.187151609835
2.395209109276
0.838344657557
-3.315235623061
-1.924977370397
-3.113729075759
-3.506713166536
-3.416361048552
-2.320020672168
-1.379570742454
-0.081400154722
0.006172098546
1.531217889762
0.340207771027
1.963963432055
1.547372171139
0.086688768224
1.474175293002
4.229654559720
3.927906301237
4.211595918314

-2.125055040285
2.749259433854
2.186751938232
3.745073320417
3.042528419530
1.268596819616
2.715841399195
1.166933853433

-2.204894522267

-3.059462241372

-3.566242717778

-1.872273192962

-3.532621687114

-4.557584492867

-4.007006016230
0.339486562272
1.751634343077
0.997791031712
0.340370077991

-1.892135731764

-1.273365141744

-2.163773866254
3.221733037665
3.727926968687
5.028325909892
5.212762881238
5.789299144080
5.487048501736
4.625198034363
3.191544531365
5.802720228770
5.540118052308
4.763308530279
3.562460898151
4.857203061970
5.104214242615
-4.952618553634
-4.583617489356
-3.324287977619
-3.985972593268
-2.290299485429
-2.905024613201
-5.906234969093
-4.847141462130

-5.567714693708
1.151766537098
0.626966170871
1.059951487709

-1.976445244507

-2.243837326591

-3.328274223116

-1.092612845410

-2.589132169615

-1.084734976903

-2.358310238214
0.883295989661
0.085674236203
0.602474381756
-0.944987352644
2.817928998858
2.747695039830
2.240236350246
-0.162524486678
-2.917106696734
-2.156033685717
-2.617319938509
0.745573937038
-0.229440007551
-0.882201452858
-2.488739731310
-3.422280831023
-4.688150376647
-4.286781189636
-4.023114748391
-4.263406620977
-2.779249263999
0.883950503486
2.856178258580
2.550920707328
2.064600686116
-0.254191216692
0.143911332576
-1.200913981394
-1.601460443165
-0.408288484866
-1.127144353967
0.403825411332
-3.260273597983
-3.284661337088
-2.484624889967
0.216568092774
1.246321515231
0.892466586156
-2.560528925702
-2.060503977442
-3.303111418684
-2.033677797614
-2.595569978178
-0.985530174505
2.459010615614
3.647130124865
4.176461906974
5.492884476767
4533484623034
4.366135944348
4.037053838485
3.151656470241
2.264934633314
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Table 6.513. XYZ Coordinates for ArPBAI[N(SiMe3)N],
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-3.860500166337
-2.676651810024
-2.440557963157
-3.442328265049
-4.608737383050
-4.833568477058
-3.300135749440
-4.619558712533
-1.762690077984
-2.283479528805
-1.141919571512
-1.069544435720
-0.000995304273
1.067817510805
1.140932783463
-0.000175402342
2.439580505309
2.674842688805
3.858432342742
4.832146256234
4.608236301218
3.442056389263
-2.064578302642
-1.420912373408
6.118863074587
7.086458810897
2.062172314258
1.418531497400
0.001570894293
-0.862841620987
-2.069100527003
1.760780449616
2.283116249692
3.301012829407
4.620840452996
-6.120493333831
-7.089661342248
0.864807964360
2.072766474764
0.429946545521
-0.429235215853
2.272042305998
1.618914426426
2.539651345622
-2.543756438142
-1.622642940195
6.785513782109
-2.271653517573
-6.784763332001
5.369499410470

-0.848750304319
-0.117905382616
0.854476421310
1.126996878313
0.375056706680
-0.628512288580
2.267536378063
2.711856027379
-0.285807713888
0.583790928205
1.577364987664
2.970083142669
3.631877966011
2.971629809701
1.578729087525
0.869501529810
0.856255627307
-0.114783450631
-0.846172286603
-0.627443927332
0.375083841474
1.127335339816
3.748177732631
4.047108733220
-1.417465242290
-0.789118475728
3.751479817656
4.050802927902
-1.106205090584
-2.427054741751
-2.853006797714
-0.279883795584
0.590490749181
2.267139236714
2.709316348244
-1.418259527101
-0.789381843024
-2.426315582583
-2.851946378172
-3.656656742094
-3.657010344335
2.047980135481
-1.717355523381
5.063179804208
5.059868879182
-1.724131251604
-1.580467969620
2.047666767096
-1.581679036925
0.574700265854

1.504625608209
1.542646273356
0.556316281786
-0.405954919003
-0.386900627961
0.546282487713
-1.403995822155
-2.018657916627
2.739885985230
3.885312073631
0.426985867614
0.586659796472
0.002456823062
-0.582976385799
-0.425385887452
0.000491595634
-0.556560374186
-1.544462483861
-1.508033410697
-0.550007560967
0.384544795570
0.405365851668
1.420924833875
2.777806951790
-0.592566801064
-1.595045178020
-1.416363157802
-2.773167756747
0.000417237256
-0.912296527653
-2.129665051177
-2.742046951998
-3.886192250290
1.404434892055
2.019784632718
0.586960704683
1.587565852500
0.915378298102
2.131201431946
0.451934615440
-0.446832280581
2.513218998166
-3.225286149582
-0.799887884219
0.805741960098
3.221128922881
0.765473758213
-2.513044836290
-0.772203709699
1.126055606558
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-0.001308852210
2.935650713923
4.033630649199
0.767668560877

-5.369411593122
2.933329269053

-4.036318392185

-2.934967769052

-0.769086631808
5.861525821861

-2.933412128871
1.720755178799
3.296568931391
2.979336378099
2.547573614426
0.851059113813
1.334991076610
1.325568373236
2.071853476927
2.643940404667
4.461311037584
5.375490009988
5.027135237920
2.425319401763
1.590912472436
3.249542875909

-2.551559181493

-0.854376799275

-1.340213375231
7.173640128845
7.632670919639
6.091933345560

-1.725573094727

-3.300445060881

-2.984348618840

-2.423990800343

-1.591243600052

-3.250506181225
1.015790161588
2.142309321172
0.588814377960

-5.863944307151

-2.644000189146

-1.325301007653

-2.071117583049
6.636624034029
8.001414592020
7.362254555638

-5.026768889908

-4.459174290590

-5.373865737041

-1.016891073984

-2.145069953475

-0.592118457831

-7.172083308018

-7.632158951462

4716151924292
3.112572974719
-1.604914940027
0.095796624126
0.575812115208
3.109357239418
-1.608550793456
3.104944536459
0.088886006102
-2.417609765212
3.112064843176
5.781253191278
5.519810495943
4.932251666650
-2.080143455070
-1.769226412728
-2.402097047085
1.669238767285
2.998724352670
1.348322025867
3.617222683740
2.925651599237
1.956201023234
1.624251751903
0.575326892702
0.212161362235
-2.086075165919
-1.778083600050
-2.408301419415
-0.628819664157
-2.265537112519
-1.979538633609
5.778717720820
5.515407628276
4.929218044671
1.618219441481
0.566282609188
0.206559045889
3.150677466183
4502206715436
4.751849288088
-2.418324450110
1.347921705025
1.668577526046
2.998184278343
-0.713934515110
-1.381807558535
0.219962048431
1.960046179236
3.620333604903
2.927992063918
3.147094271517
4.496997349102
4.749319749227
-0.630150654105
-2.266595102892

0.003361779927
0.824998782261
-2.263192802499
-2.472366535630
-1.128714670938
-1.580721389517
2.258568735346
1.584935082068
2.470572425067
-0.960996822297
-0.824143294970
-0.709610074558
-1.441826070198
0.190180306878
-3.671932232984
-3.999999381296
-2.425847232087
2.127891754240
3.013957618886
3.261552351407
2.606391463307
1.260239953488
2.700651055128
-3.573769811449
-4.732261748398
-4.230445733159
3.667930742733
3.995271471261
2.420685409337
1.138490100835
0.688122747000
1.507930076938
0.715144315739
1.448727727834
-0.183947835618
3.574360777193
4.731309076833
4.229085171783
-3.238013974152
-3.457008654467
-2.646533374082
0.956153382957
-3.261090246698
-2.127713807090
-3.014085502019
-2.587135801614
-1.676406858978
-1.275997143843
-2.700415074927
-2.604151692547
-1.258714411548
3.241763709167
3.462241272839
2.651575364756
-1.146350450693
-0.696102303907
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-6.089862460320
-6.641465537724
-8.004883018448
-7.364690883998
2.592978300346
1.358181924521
3.527574504064
-2.588245234403
-1.352661337604
-3.525053048056
-3.288844879029
-3.086013065814
-1.733487777385
-2.120935592773
-0.516021098770
-0.998663262962
-4.314571117250
-3.199657566932
-3.941462556788
2.127508925805
0.522428330567
1.003255953421
4.318031861103
3.201350549951
3.943031486354
3.294653399909
3.089758108534
1.738715989684

-1.981150188985
-0.713962953488
-1.381845313053

0.219659214110
-1.310493121695
-4.069433909775
-3.641241343396
-1.311348985665
-4.070592264561
-3.642568640147
-1.568842348993
-0.614624317634
-0.805492051490
-4.368802120652
-3.646771309462
-4.964127267883
-3.909862256106
-4.551733944625
-2.963733023669
-4.367565985530
-3.645402878294
-4.962985359573
-3.909044588800
-4.550085290068
-2.962083108167
-1.568369216873
-0.613283680540
-0.805115396631

-1.513212360062
2.580381285909
1.667581637097
1.267728835192
3.032197994382
3.356170416954
1.267805604482
-3.030908178186
-3.353473112260
-1.268463125197
-3.830379475023
-2.357789305269
-3.485939845533
-4.073243926448
-3.912079264383
-2.836967059996
-1.976286607142
-0.757784796275
-0.522371229937
4.074842942623
3.915962313175
2.840355892557
1.974379306273
0.757068529671
0.521470745968
3.830611677232
2.358869688665
3.488698637771
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Chapter 7. Comproportionation of a Dialuminyne with Alane or Dialane Dihalides as a

Clean Route to Dialuminenes
Joshua D. Queen and Philip P. Power*

Abstract. Dialuminenes RAIAIR (R = m-terphenyl or bulky aryl) react with the aromatic solvents
(e.g. benzene or toluene) in which they dissolve. We synthesized -SiMes substituted derivatives of
known terphenyl ligands to increase their solubility in alkanes which have lower reactivity than
arenes. The new dialuminene was synthesized via the comproportionation reaction of
Naz(AIArP“-4-SiMes), (3) (Ar'P-4-SiMes = 2,6-(2,6-'ProCsHs)2-4-SiMesCsH2) with either the
diiodide Al(Et.0)I,Ar"™-4-SiMes (1) or the 1,2-diiododialane 4-SiMesArP™(1)AI-Al(1)Ar'P™-4-
SiMes (2). This cleanly generates the dialuminene 4-SiMesArAIAIArf-4-SiMes which was
trapped as its cycloaddition product (4) with benzene. Even in non-aromatic essentially inert
solvents, red 4 decomposes to colorless solutions. This indicates that the instability of the free

dialuminene is an inherent property rather than arising from of the method of synthesis or the

Anionic Al-Al multiply bonded compounds

presence of impurities. . e
“al=al’ Na
L/Al AI\R} N_a /A,.m T e
NI=AT e Al\cgf
. . - . iPrd ) .. ~Al
The recognition in the 1970s and 80s that R = CHSibes)s A Wi e
4,0 Fralgha
Uhl, Power Power

the heavier p-block elements can form multiple  biaiuminene-arene compiexes

= o

; Ar A
bonds to each other' led to the synthesis of A,"' “‘\A N FTAN H B AI Mes
r r
] ) Ar= AP R = Mo /(j Ar Ar [ l ."\rMees \(‘\
series of alkene and alkyne analogues derived — Ar=getTotR=H Ar=2,6/PraCeHa
Power, Tokitoh Bakewell Braunschweig
- B tabilized dialumi,
from the heavier members of the group 13, 14, o
a JN/ R Bu_'Bu Mes
- N7 / 'Pr
and 15 elements.* The compounds with o SRS @: Al= A'
R N-’zﬁ Rt
Pr Mes Bu Bu

multiple bonds between aluminium atoms are R = SifBugMe; 2.4,6-ProCeHy

Inoue Cowley

of special interest due to their very high scheme 7.1. Representative Al-Al multiple bonded
species. ArP“ = 2 6-(2,6-'Pr,CgH3)2CeHs, ArM® = 2 6-

reactivity>° and their calculated diradical Mes2CeHs, Bbt = 2,6-{CH(SiMes)z}CeHs, Tht = 2,6-
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character.’® However this apparent diradical character makes them difficult to isolate as neutral
species. Thus, structurally characterized Al-Al multiply bonded molecules (Scheme 7.1) tend to
be anionic'*™*® and derived from the occupation of a bonding n-type LUMO in a neutral species.
Alternatively, complexation of the aluminium atoms by Lewis bases confers stability to the
multiple bonded compounds.**® Another important compound class related to the multiple
bonded species are the cycloaddition derivatives of Al=Al bonded moieties and solvent arenes.*’-

21 This is a reversible process in some cases.'®2

The first isolated Al-Al n-bonded compounds resulted from one electron reduction of the
tetraorganodialanes R2AI-AIR:z (R = CH(SiMes)2, CeHz-2,4,6-'Prs).12?? Their EPR spectra showed
the unpaired electron to be located predominantly in the n-type SOMO between the two Al atoms

thereby generating multiple bond character and shortened Al-Al bonds.!*?

While the sterically demanding terphenyl ligand ArP™* (ArP* = 2 6-(2,6-'Pr.CeHs)2CeHs)
allowed the isolation of the neutral dimetallenes ArPEEAr"™ (E = Ga—T1)?>?° which dissociated
to :EAr"“ monomers in solution, the Al congener ArP“AIAIAr"™“ could not be isolated from
hexanes or ether, due to its poor solubility.” Rather it could only be trapped and characterized as
its cycloaddition products with toluene or MesSiCCSiMes following the reduction of the halide
derivative AlLLArP in Et,0.12® However, the dianionic dialuminyne Nax(AIAr®™), and the
trimeric Nag(AIArMe®); (ArMe® = 2 6-(2,4,6-MesCsH2)2CsHs) were isolable by reduction of
AlLArP™ and All,ArMe with excess Na metal.*® These are analogues of the corresponding Ga
species Nax(GaAr'™®),%" (ArP® = 2,6-(2,4,6-'PrsCsH2)2CsHs) and Nax(GaAr“)s% isolated earlier
by Robinson and coworkers. By increasing the steric demand of the terphenyl ligand on the group
13 elements, the crystalline metallanediyls :EAr'"® (E = In, T2, :GaAr™® (Arf8= 2 6-(2,4,6-

'PrsCsHa)2-3,5-'Pr.CeH) and :Ga(2,6-(2,6-'Pr2CsHs)2-3,5-'ProCsH)3! were isolated. Following these
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results, we recently reported the synthesis of a stable one-coordinate aluminium species :AIAr'?8 32
A favorable dimerization energy of :AlAr""® to yield ArP®AIAIAr™® (AG = -20 kJ mol™) was
calculated although this dimer was not isolated and only the monomer :AlAr""® was obtained from
solution. Nonetheless, calculations suggested Ar"8AIAIArP® as the reactive species with Hz (cf.
monomeric :GaAr™® does not react with H, although the dimer ArP“GaGaAr®™ is highly

reactive).>

Tokitoh and coworkers isolated dialuminene-benzene cycloaddition products by reduction of
the 1,2-dibromodialanes Bbt(Br)Al-Al(Br)Bbt (Bbt = 2,6-{CH(SiMe3)>}.CesH3) and
Tht(Br)AI-AI(Br)Tbt (Tht = 2,6-{CH(SiMes),}»-4-'BuCeHz) with KCg in benzene.’®3* They
further showed that these complexes act as synthetic equivalents to dialuminenes by the reversible
dissociation of the benzene to yield ArAlAlAr in solution. The complexed benzene could also be
irreversibly exchanged with naphthalene, anthracene, or MesSiCCSiMes while the reaction with

H> to give {AIH(p-H)Ar}, (Ar = Bbt, Tbt) was also observed under ambient conditions.®

As mentioned above, stable compounds containing Al=Al double bonds were only recently
isolated through coordination of Lewis bases to the reactive Al centers and are so far limited to a
few examples. Thus Inoue and coworkers reported the carbene complexed dialuminenes
(NHC)RAI=AIR(NHC) (R = Si'BuzMe, 2,4,6-'PrsC¢Hz; NHC = 1,3-diisopropyl-4,5-dimethyl-
imidazolin-2-ylidene)!*1> and Cowley and coworkers reported the synthesis of an amidophosphine
supported dialuminene which reversibly dissociates to monomers in solution.'® However the
coordination of Lewis bases to the aluminium atoms does not guarantee stability of the Al=Al
bonded species. The amidinate supported dialuminene (AmPPP)AI=AI(AMPPP) (AmPPP =
C{N(2,6-'ProCsHs)}2(4-MeCsHs)) generated by hydrogen abstraction from AIHAmMP*P by

AI(BDIPP?) (BDIPPP = C{C(Me)N(2,6-'Pr,CsHs)}2) at 80°C went on to react with the benzene
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solvent to give the respective cycloaddition product.?! Reduction of the carbene supported
terphenyl aluminium diiodide AI(NHC")I,ArM® (NHC' = 1,3,4,5-tetramethylimidazol-2-ylidene)
apparently gave ArM®(NHC")AIAI(INHC")ArM®® which added across a C=C bond of a flanking aryl
ring, and the monomer AI(NHC')ArM® which ring opened the benzene or toluene solvent to give

dihydropentalene type structures.?°

Despite these advances, compounds of the type RAIAIR free of complexing ligands remain
unisolated. Recent reports on the synthesis of the one-coordinate Al species®2°2® have illustrated
the importance of reducing agent selection to access low oxidation state Al compounds—the
products are only obtained when Na metal dispersed on NaCl powder is used. As the chemistry of
dialuminenes remains underdeveloped, we revisited their synthesis with the objective of
developing isolable ArAlAIAr species that are soluble in solvents with which they do not react.
The direct stoichiometric reduction of the aluminium iodide precursors with alkali metals did not
yield the targeted dialuminene, instead decomposition occured with elimination of the terphenyl
arene. This led us to investigate alternative methods of their preparation free of alkali metal
reductants. We found that the comproportionation reaction between a dialuminyne salt and
aluminium iodides proceeded rapidly in benzene to cleanly afford a dialuminene-benzene
complex. However, the comproportionation reaction in nonreactive ether or alkane solvents led to
decomposition of the mixture, indicating an inherent instability of the dialuminene. Despite this,

the reaction offers a new synthetic route to reactive Al-Al multiple bonded species.

Using the -SiMes modified ligand Ar'®™“-4-SiMes (Ar'™™-4-SiMes = 2,6-(2,6-'Pr.CeHz)2-4-
SiMesCsH2), we anticipated that the extra aliphatic groups would increase the solubility of
ArAlAlAr sufficiently to permit its handling in non-aromatic solvents with which it does not react

(e.g. hexane, ether). The Hammett constant opara = -0.07 for -SiMes®' also suggested it would have
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minimal electronic effects on the Al=Al moiety in comparison to the Ar'"™ derivative (Gpara for H
= 0). Addition of LiArP™-4-SiMes to AIHsNMes in Et,O afforded the aluminate salt
Li(Et20)AIH3ArP™“-4-SiMe; as a white solid. Subsequent treatment with CHsl (5 eq) gave the
iodide Al(Et20)12Ar"-4-SiMes (1). The Al-1 distances in 1 (Figure 7.1, left) are 2.5288(7) A and
2.5578(7) A, an Al-C bond length of 1.9936(19) A and Al-O bond being 1.8703(15) A. Treating
1 with KCs (Scheme 7.2) gave the yellow 1,2-diiododialane 4-SiMesArP(I)AI-AI(1)ArP™-4-
SiMes (2) Figure 7.1, middle). The Al-Al distance of 2.604(2) A in 2 is nearly identical to that of
ArP4(DAI-AI(DArP™ (2.609(2)A). The | atoms are disordered over two sites with Al-I distances
of 2.5083(11) and 2.5354(13) A but in each case the coordination around the Al atom is trigonal

planar. The UV-Visible spectrum of 2 showed a single absorbance at 386 nm.

: . . 2 1 3
The reduction of 1 with excess Na in the A, | ke, 0 6 Na, Et,0
n—al  ——————— 2AOELR)IAr — = Nay(AlAr),
; \ -4 Nal, Et;0
. . 1 Al
form of either Na mirror or 5% w/w Na/NaCl ' Ky
gllg
r= <:> 1or2
in Et:O gave a dark green-brown solution.
- - SiMe; group aids sofubilil Al——Al
Removal of the volatile components and — ‘wibitwcorsiianes o/

extraction of the residue with hexanes and then Scheme 7.2. Synthetic routes to compounds 2, 3 and 4,

Figure 7.1. Thermal ellipsoid plots (30%) of 1 (left), 2 (middle), and 3 (right). Disordered atoms, solvent
molecules, and hydrogen atoms are not shown. Selected bond distances (A) and angles (°): [1]: Al(1)-1(1):
2.5287(7), Al(1)-1(2): 2.5578(8), Al(1)-C(1): 1.993(2), Al(1)-O(1): 1.8704(16), C(1)-Al(1)-1(1): 124.12(6),
C(1)-Al(1)-1(2): 108.44(6), I(1)-Al(1)-1(2): 106.87(2), I(1)-Al(1)-O(1): 104.87(5) 1(2)-Al(1)-O(1): 96.68(5).
[2]: Al(2)-Al(1A): 2.604(3), Al(1)-1(1): 2.5087(17), Al(1)-C(1): 1.955(4), C(1)-Al(1)-Al(1A): 130.09(12),
C(1)-Al(1)-1(1): 113.73(11), I(1)-Al(1)-Al(1A): 115.95(10), C(1)-Al(1)-Al(LA)-C(1A): 180. [3]: Al(1)-
Al(1A): 2.4255(9), Al(1)-C(1): 2.0410(15), Al(1)-Na(1): 3.1403(8), Al(1)-Na(1A): 3.1138(9), Na-
C(avg):2.968, C(1)-Al(1)-Al(LA)-C(1A): 180.
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toluene gave two fractions: the hexanes extract, despite having a dark red color, contained 4-
SiMes-Ar'P™H as the only identifiable product (isolated 62% based on 1), indicating a significant
amount of decomposition under reducing conditions. From the dark green toluene extract the
anionic dialuminyne complex Naz(4-SiMes-ArP*AIAIAr™-4-SiMes) 3 was isolated as dark
green-black crystals in ca. 30% vyield. The structure of 3 (Figure 7.1, right) shows two
crystallographically independent molecules with Al-Al distances of ca. 2.43 A which is near to
that of 2.428(1) A in Nax(ArP*AIAIAr"™) .12 The Na-Al distances are in the range 3.1016(8) to
3.1403(8) A, and the average Na-C distance is 2.968 A. The UV-Visible spectrum of 3 displays
absorbances at 344 nm, 470 nm, and at 612 nm with a shoulder at 660 nm (cf. 354, 456, and 600
nm in Naz(ArP“AIAIArP™). Overall, the new compounds showed little deviation from their Ar'"™
substituted counterparts while having the desired increased solubility properties. However,
attempts to reduce 1 or 2 with alkali metals to the dialuminene 4-SiMes-Ar"AIAIArf“-4-SiMe;

under a variety of conditions were unsuccessful.

As a result of the difficulty in direct reduction to the dialuminene (see above), we tested the
comproportionation reaction of the dialuminyne 3 with the aluminium iodides 1 or 2. Treating 3
with excess 1 in C¢Ds showed formation of 2 with a trace amount of a new product that was later
determined to be the dialuminene-benzene cycloaddition product 4. Mixtures of 1 or 2 with a slight
excess of 3 in CsDe gave dark brown solutions that indicated consumption of the iodide materials
along with formation of 4 in the *H NMR spectra. On a preparative scale an equimolar mixture of
1 and 3 was dissolved in benzene, resulting in rapid formation of a red solution. Filtration and

concentration of the solution to ca. 1 mL followed by storage at ca. 8°C afforded X-ray quality red
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crystals  of the  dialuminene-benzene
cycloaddition complex 4 (Figure 7.2) that were
suitable for X-ray crystallography. *H NMR
monitoring of the reaction indicated the
formation of no other Arf™-4-SiMes

substituted species except 4.

The Al-Al bond length in 4 is 2.5585(6) A Figure 7.2. Thermal ellipsoid plot (30%) of 4. Selected

. . bond lengths (A) and angles (°): Al(1)-Al(2): 2.5585(6),
with Al-Cipso distances of 1.9681(14) and Aj(1)-C(1): 1.9681(14), Al(2)-C(34): 1.9743(13), Al(1)-
C(67): 2.0000(15), Al(2)-C(70): 1.9976(14), C(67)-C(68):
1.9743(13) A while the AI-C distances to the 1.500(3), C(68)-C(69): 1.337(2), C(69)-C(70): 1.502(2),
C(70)-C(71): 1.498(2), C(71)-C(72): 1.338(2), C(72)-
i : : C(67): 1.500(2), C(1)-Al(1)-Al(2): 136.83(4), C(1)-Al(1)-
bridging  cyclohexadiene  moiety  are cig7): 158 87(6). C(67)-Al(L)-Al(2): 93.87(4), C(34)-
Al(2)-Al(1): 136.76(4), C(34)-Al(2)-C(70): 127.02(6),

2.0000(15) and 1.9976(14) A. The Al atoms C(70)-Al(2)-Al(1): 94.79(4).

are almost planar coordinated (X°Al = 358.57(9)°, 359.57(9)°) and the Cipso-Al-Al-Cipso torsion
angle is 34.18(9)°. UV-Visible spectroscopy in hexanes showed an absorbance at 323 nm with a
weaker shoulder spanning the range ca. 430 to 530 nm. A broad absorbance in the same region

was found for the BbtAIAIBDbt benzene complex mentioned above.®

The isolation of 4 is consistent with the growing number of cycloaddition products that have
been isolated from the reaction of arenes and Al=Al bonded species.!’182021 |ts formation serves
as an indicator that the dialuminene ArAlAlAr is cleanly obtained from the reaction between 3 and
1 or 2. The direct reduction of 1 in benzene with >2 eq alkali metal reducing agents did not afford
the dialuminene but instead gave red solutions for which *H NMR spectroscopy showed the

generation of the free arene 4-SiMes-Ar'"™H as the major product and no signals assignable to 4.

Complex 4 was observed to be soluble in benzene and cyclohexane as well as being sparingly

soluble in hexanes or ether. While 4 showed no signs of decomposition in benzene after several
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days, solutions of 4 in hexane or cyclohexane gradually lost their color overnight. This is probably
due to reversible disassociation of 4 and a shift of the equilibrium toward benzene and the free
dialuminene, which subsequently decomposes. Attempting the comproportionation reaction
between 1 and 3 in Et,O or hexanes afforded a dark purple solution that also rapidly faded to
colorless. We conclude that the instability of the dialuminene 4-SiMes-Ar"™AIAIArf*-4-SiMes

is an inherent property of the compound rather than an artifact of the synthetic route employed.

In summary, we have shown that the dialuminene 4-SiMes-ArP*AlAIArP™-4-SiMejs is cleanly
generated stoichiometrically in solution via the reaction of 1 or 2 with 3. Its decomposition in
hexanes or ether indicates that it is inherently unstable, probably as a result of its singlet diradical
character.*®® However, it can be trapped as 4 by its reaction with benzene. Further investigations

into the use of 3 as a reducing agent to generate Al-Al multiply bonded species are underway.
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Supporting Information
Experimental Details

General Procedures. All manipulations were carried out using modified Schlenk techniques or
in a Vacuum Atmospheres OMNI-Lab drybox under a N2 or argon atmosphere. Solvents were
dried over columns of activated alumina using a Grubbs type purification system®!, stored over
Na (Et20, hexanes), K (toluene) or 3 A molecular sieves (benzene). *H and **C{*H} spectra were
recorded on Varian Inova 600 MHz or Bruker Avance |11 HD Nanobay 400 MHz spectrometers
and were referenced to the residual solvent signals in CsDs.52 UV-Visible spectra were recorded
in 3.5 mL quartz cuvettes using an Olis 17 Modernized Cary 14 UV-Vis/NIR spectrophotometer.
Melting points were measured in glass capillary tubes sealed under argon using a Mel-Temp 11

apparatus using a partial immersion thermometer.
LiArP™-4-SiMes® and AlHs-NMesS* were prepared according to the literature procedures.

[LiAIH3ArP-4-SiMes]. A solution of LiArP™-4-SiMes (7.15 g, 15.0 mmol) in EtO (ca. 50 mL)
was added dropwise onto a solution of AlH3-NMes (1.34 g, 15.0 mmol) in Et,O (ca. 10 mL)
cooled to 0°C in an ice/water bath. The mixture was warmed to room temperature and stirred for
18 h. The volatile components removed under reduced pressure and the residue dried at 40°C for
2 h. The solid was dissolved in ca. 90 mL of hot (ca. 60°C) hexanes and filtered. Removal of the

solvent afforded [LiAIHzAr'"™-4-SiMes] as a white solid. Yield: 6.18 g (81%).

IH NMR (600 MHz, CsDs, 298 K): & 7.38 (s, 2H m-ArH), 7.27 (t, 3] = 7.6 Hz, 2H, Dipp p-ArH),
7.18 (d, 3) = 7.7 Hz, 4H, Dipp m-ArH), 3.04 (sept, 3J = 7.2 Hz, 4H, -CH(CHs)2), 2.25 (br, 3H,
AIH), 1.29 (d, 3J = 7.0 Hz, 12H, -CH(CHs)2), 1.12 (d, %J = 6.8 Hz, 12H, -CH(CHs)2), 0.29 (s,

9H, -Si(CHa)s3).
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13C{*H} NMR (151 MHz, CsDs, 298 K): & 146.57, 146.29, 143.22, 139.77, 133.50, 129.01,

123.37, 31.43, 25.04, 23.59, -1.37.

Al(Et20)I2ArPr4-4-SiMes (1). A solution of [LiAIHzArP™-4-SiMes] (3.67 g, 7.25 mmol) in Et,0
(ca. 40 mL) was cooled to 0°C in an ice/water bath and CHzl (2.3 mL, 36 mmol, 5 eq) was added
via syringe. The mixture was allowed to slowly come to room temperature overnight with
stirring (ca. 12 h). The volatile components were removed under reduced pressure and the white
residue extracted with hexanes (ca. 60 mL). The colorless solution was filtered, concentrated to
ca. 15 mL, and stored at ca. -18°C overnight to give colorless blocks of 1. Yield: 3.87 g (65%).

m.p. = 185-188°C.

IH NMR (600 MHz, CsDs, 298 K): & 7.40 (s, 2H, m-ArH), 7.31 (t, 3] = 7.7 Hz, 2H, Dipp p-
ArH), 7.21 (d, 3] = 7.7 Hz, 4H, Dipp m-ArH), 3.57 (g, 3J = 7.1 Hz, 4H, O(CH2CHs)2), 3.15
(sept, 3] = 6.8 Hz, 4H, -CH(CHa)2), 1.43 (d, 3] = 6.8 Hz 12H, -CH(CHa)2), 1.06 (d, 3] = 6.7 Hz,

12H -CH(CHs)2), 0.73 (t, 3J = 7.1 Hz, 6H, O(CH2CHs3)2), 0.21 (s, 9H, -Si(CHs3)3).

BC{*H} NMR (151 MHz, CsDs, 298 K): 5 147.68, 147.51, 143.03, 138.59, 136.15, 128.8,

123.47, 71.65, 31.09, 26.35, 23.51, 13.95, -1.45.

{AI(1)Ar'Pr4-4-SiMes}2. (2) Ether (ca. 30 mL) was added to a mixture of solid 1 (1.65 g, 2.00
mmol) and KCsg (0.350 g 2.60 mmol) at ambient temperature. The mixture was stirred for ca. 18
h during which time the color changed to yellow. The volatile components were removed under
reduced pressure and the yellow residue dissolved in toluene (ca. 30 mL). The solution was
filtered, concentrated to ca. 8 mL, and stored at ca. -18°C for 2 days to give pale yellow blocks
of 2. Yield: 0.536 g (43%).

m.p. = 198-201°C (dec).
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'H NMR (600 MHz, CsDsg, 298 K): & 7.37 (s, overlapping with triplet, 4H, m-ArH), 7.37 (t,
overlapping with singlet, 3J = 7.8 Hz, 4H, Dipp, p-ArH), 7.18 (d, 3J = 7.8 Hz, 8H, Dipp m-ArH),
3.03 (sept, 3] = 6.7 Hz. 8H, -CH(CHa)2), 1.16 (d, 24H, 3J = 6.8 Hz, -CH(CHa)2), 1.04 (d, 3J = 6.7

Hz, 24H, -CH(CHs)z), 0.19 (s, 18H, -Si(CHs)3)

13C{*H} NMR (101 MHz, CsDs, 298 K): & 147.83, 146.01, 140.29, 139.70, 134.83, 129.99,

124.16, 30.57, 26.44, 25.18, -1.49.
UV-Visible (hexanes): Amax 386 nm (g =2300 L mol™* cm™).

Naz(AIArPr4-4-SiMes)2 (3). Method A: A 100-mL Schlenk flask containing Na (0.201 g, 10.0
mmol, 5 eq) metal was heated under vacuum to mirror the interior wall of the flask with Na. The
flask was then charged with a magnetic stirbar and 1 (1.65 g, 2.00 mmol). Et.O (ca. 70 mL) was
added and the mixture was vigorously stirred for 3 days, during which time the mixture turned
dark green-brown to black. The volatile components were removed under reduced pressure and
the residue washed with hexanes (ca. 50 mL) to remove a dark red colored fraction containing
mostly 4-SiMes-ArP™H (62% with respect to 1). The residue was then extracted with toluene (ca.
40 mL) and the inky dark green solution filtered. Concentration to ca. 15 mL and storage at ca. -

30°C overnight gave dark green/black blocks of 3. Yield: 0.354 g (34%).

Method B: Et>O (ca. 70 mL) was added to mixture of 1 (1.65 g, 2.00 mmol) and 5% w/w
Na/NaCl (4.60 g, 5 eq) and stirred for 3 days. The volatile components were removed under
reduced pressure and the residue washed with hexanes (ca. 50 mL) then extracted with toluene
(ca. 40 mL). The dark green toluene filtrate was concentrated to ca. 20 mL and stored at

ca. -30°C overnight to give dark green blocks of 3. Yield: 0.302 g (29%)

m.p. = 204-208°C (dec).

280



H NMR (600 MHz, CsDg, 298 K0): § 7.20 (s, 4H, m-ArH), 7.16 (t, overlapping with solvent
signal, 4H, Dipp, p-ArH), 6.97 (d, 3J = 7.6 Hz, 8H, Dipp m-ArH), 2.95 (sept, 3J = 6.9 Hz, 8H, -
CH(CHa)2), 1.46 (d, J = 6.9 Hz, 24H, -CH(CH3)2) 1.03 (d, 3] = 6.8 Hz 24H, -CH(CHs)y), 0.28
(s, 18H, -Si(CHa)3)

BC{'H} NMR (101 MHz, CsDs, 298 K): § 165.10, 149.70, 148.38, 133.62, 130.98, 126.08,

122.06, 31.03, 25.27, 24.59, -0.95.

UV-Visible (toluene): Amax 344 nm (& = 9400 L mol™* cm™), 470 nm (shoulder, &€ = 4800 L mol*

cm™), 612 nm (g = 4400 L mol™ cm™), 660 nm (shoulder, € = 4100 L mol™* cm™).

[(AIArP-4-SiMes)2(CsHs)] (4). A mixture of solid [Naz(AIArP™*-4-SiMes)] (73.4 mg,
70.6pumol) and Al(Et,0)12ArP™-4-SiMes (58.2 mg, 70.6umol) was dissolved in ca. 5 mL
benzene. The mixture was stirred for ca. 15 min during which time the color changed from dark
green to red with formation of a white precipitate. The mixture was filtered via cannula and
concentrated under reduced pressure to ca. 1 mL. Storage of the solution at ca. 8°C yielded red

blocks of 4. Yield: 0.045 g (42%)

'H NMR (600 MHz, CsDs, 298 K): 5 7.27 (t, 3J = 7.7 Hz, 4H, Dipp p-ArH), 7.14 (d, 3J = 7.7 Hz,
8H, Dipp m-ArH), 7.11 (s, 4H, m-ArH), 3.04-2.91 (mult, br, 8H, -CH(CHa)2), 1.24-0.85 (mult,

br, 48H, -CH(CH3),), 0.13 (s, 18H, -Si(CHz)3). Complexed CsHe signals not observed.

BC{*H} NMR (101 MHz, CsDs, 298 K): & 146.15, 142.30, 138.90, 133.79, 129.19, 123.80,

30.91 (br), 25.54 (br), 23.25, -1.39.

UV-Visible (hexanes): Amax 323 nm (g = 2200 L mol™ cm™), 460 (shoulder, € = 230 L mol™*cm).
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4-SiMes-Ar'P™H NMR data:

IH NMR (400 MHz, CsDs, 298K): & 7.49 (d, 4J = 1.7 Hz, m-ArH, 2H), 7.33 (t, %) = 7.6 Hz, 2H,
Dipp p-ArH), 7.21 (d, J = 7.6 Hz, 4H, Dipp, m-ArH), 7.11 (t, J = 1.7 Hz, 1H, i-ArH), 2.94

(sept, 3J = 6.9 Hz, 4H, -CH(CHa)2), 1.16 (mult, 24 H, -CH(CHs)2), 0.21 (s, 9H, -Si(CHs3)3).

13C{*H} NMR (101 MHz, CsDs, 298K) & 146.97, 140.39, 140.18, 140.07, 133.05, 131.85,

122.97, 30.89, 24.44, 24.41, -1.10.
NMR Scale Comproportionation Reactions:

1+ 3to 2:Solid 1 (5.0 mg, 6.1 pumol) was added to a solution of 3 (3.0 mg, 3.0 umol) in ca. 0.5

mL CeDs resulting in a color change from dark green to yellow.

1+ 3 to 4 A mixture of solid 1 (2.1 mg, 2.5 umol) and 3 (2.6 mg, 2.6 umol) were dissolved in ca.

0.5 mL CsDe. The resulting spectrum showed 4, excess 3, and Et20.

2 + 3 to 4 A mixture of solid 2 (3.1 mg, 2.5 pmol) and 3 (2.6 mg, 2.6 umol) were dissolved in ca.

0.5 mL CeDe. The resulting spectrum showed 4 and excess 3.
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NMR Spectra
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Figure 7.S1. 'H NMR (600 MHz, C¢Dg, 298 K) spectrum of [LiAIH3Ar"“-4-SiMes].
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Figure 7.52. BC{*H} NMR (600 MHz, C¢Dg, 298 K) spectrum of [LiAlHsArP*-4-SiMes].
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Figure 7.53.H NMR (600 MHz, C¢De, 298 K) spectrum of Al(Et,0)12(4-SiMes-ArP™) (1).
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Figure 7.54. 3 C{*H} NMR (151 MHz, C¢Ds, 298 K) spectrum Al(Et,0)1,(4-SiMes-ArP™) (1).
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Figure 7.S6. .

BC{'H} NMR (101 MHz, CsDs, 298 K) spectrum of {Al(1)ArP™-4-SiMes}, (2).
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Figure 7.57. *"H NMR (600 MHz, C¢De, 298 K) spectrum of Na,(AIArP™-4-SiMes), (3) The signal at 7.18 ppm
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Figure 7.59.'H NMR (600 MHz, C¢Ds, 298 K) spectrum of the dialuminene-benzene cycloaddition product 4.
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Figure 7.S11.1H NMR (400 MHz, C¢Dg, 298 K) spectrum of 4-SiMesArPH
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Figure 7.512. BC{*H} NMR (101 MHz, C¢Dg, 298 K) spectrum of 4-SiMesAr*“H
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Figure 7.513.*H NMR spectrum of the comproportionation reaction between excess 1 (blue A) and 3 in CsDs to
give 2 (magenta @) and 4 (orange 4).
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Figure 7.514.'H NMR spectrum of the comproportionation reaction 1 and excess 3 (green @) in CsDg to give 4

(orange #).
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Figure 7.515.*H NMR spectrum of the comproportionation reaction 2 and excess 3 (green @) in CsDg to give 4
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UV-Visible Spectra

{Al(1)(4-SiMe;-Ar®™)}, 369 UM in hexanes
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Figure 7.516. UV-Visible spectrum of 2 in hexanes.
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[Na,{Al(4-SiMe,-Ar’’)},] 108 uM in toluene
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Figure 7.517. UV-Visible spectrum of 3 in toluene.
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[(Al(4-SiMe;ArP)},)CH,)] 540 uM in hexanes
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Figure 7.518. UV-Visible spectrum of 4 in hexanes.
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X-Ray Crystallography

Crystals of 1-4 were removed from a Schlenk flask under a stream of argon and immediately
covered with hydrocarbon oil. A suitable crystal was selected, attached to a MiTeGen microloop,
and mounted on the goniometer of the diffractometer under a cold stream of N». Data were
collected at 90 K on a Bruker Duo APEXII CCD diffractometer (1, 2, 3) or 100 K on a Bruker
D8 VENTURE diffractometer (4) with Mo Ka radiation (A = 0.71073 A) (1, 3, 4) or Cu Ka
radiation A = 1.54178 (2). Data were integrated with SAINT®® and an absorption correction
(multi-scan) was applied using SADABS®®. The structures were solved using SHELXTL
program package’’ by intrinsic phasing methods using SHELXTS® and were refined by full

matrix least-squares procedures using SHELXL.S® All non-H atoms were refined anisotropically.
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Table 7.S1. X-ray crystallographic data for 1.

Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

o/°

pre

y/°

Volume/A3

z

Pcalcg/0m3
w/mm?

F(000)

Crystal size/mm?®
Radiation

Cs7Hs50AISIl
824.68

90.15

monoclinic

P21/c

10.998(2)

13.500(3)

26.336(5)

90

97.410(3)

90

3877.6(13)

4

1.413

1.701

1672.0

0.163 x 0.111 x 0.076
MoKa (A =0.71073)

20 range for data collection/°3.118 to 54.932

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c ()]
Final R indexes [all data]

-14<h<14,-17<k<17,-34<1<34
34107

8898 [Rint = 0.0287, Rsigma = 0.0221]
8898/0/392

1.058

R1 = 0.0238, WR; = 0.0566

R1 = 0.0289, wR2 = 0.0596
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Table 7.52. X-ray crystallographic data for 2.

Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

o

o/
pre

V/°

Volume/A3

Z

pcalcg/CTn?>

w/mm?

F(000)

Crystal size/mm?®

Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [[>=2c ()]
Final R indexes [all data]

CaoHs3AllSI

715.79

90.15

monoclinic

P21/n

17.4939(8)

12.7921(7)

18.3769(9)

90

109.048(2)

90

3887.3(3)

4

1.223

7.154

1492.0

0.209 x 0.155 x 0.121
CuKa (A =1.54178)

6.058 to 144.582
-17<h<21,-15<k<15,-22<1<20
15859

7423 [Rint = 0.0265, Rsigma = 0.0341]
7423/20/464

1.012

R1=0.0554, wR2 = 0.1441
R1 =0.0583, wR2 = 0.1464
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Table 7.S3. X-ray crystallographic data for 3.

Empirical formula
Formula weight
Temperature/K
Crystal system
Space group
alA

b/A

c/A

o/°

pre

y/°

Volume/A3

z

Pcalcg/0m3
w/mm?

F(000)

Crystal size/mm?®
Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c ()]
Final R indexes [all data]

Table 7.54. X-ray crystallographic data for 4.

Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

CazsHs7AINaSI

657.95

90.15

triclinic

P-1

11.4744(10)

17.7494(15)

21.1607(18)

98.4810(10)

90.4220(10)

106.9270(10)

4072.1(6)

4

1.073

0.117

1424.0

0.629 x 0.326 x 0.282
MoKa (A =10.71073)
3.342 to 54.982
-14<h<14,-23 <k <23,-27<1<27
37051

18661 [Rint = 0.0203, Rsigma = 0.0303]
18661/34/982

1.020

R1 =0.0496, wR2 = 0.1363
R1=0.0632, wR2 = 0.1480

Cs1H105Al2Si?
1188.78
100.0
monoclinic
P21/n
11.3894(11)
19.669(2)
32.660(6)
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o

o/
pr°

y/°

Volume/A3

Z

pcalcg/ cm®

wmm'

F(000)

Crystal size/mm?3

Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2

Final R indexes [[>=2c (I)]
Final R indexes [all data]

90
91.426(6)

90

7314.1(16)

4

1.080

0.113

2580.0

0.244 x 0.196 x 0.18

MoKa (A = 0.71073)

2.418 10 52.844
-12<h<14,-24<k<24,-40<1<39
43076

14960 [Rint = 0.0330, Rsigma = 0.0307]
14960/0/789

1.044

R1 =0.0443, R, = 0.1137
R1=0.0471, wR, = 0.1157
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Photos of Compounds

Figure 7.520. A pale yellow crystal of 2 mounted on a goniometer.

Figure 7.S521. A dark green crystal of 3 mounted on a goniometer.

Figure 7.S522. A red crystal of 4 mounted on a goniometer.
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