A Quantum Chemical Expl oratio

Compl exes

Maynooth
University

National University
of Ireland Maynooth

A thesis submitted to Maynooth Univer

requirements for the degree of

Doctor of Philosophy

by

Keel an Byrne, B. Sc.

Depart ment of Chemistry,

May noWrnihver si ty,

Maynoot h,

Co. Kil dar e,

Il rel and

Octokéer 4

Research Sup.dowvi a%reKrDr

Head of DeparA.mehani sPe oRooney



Table of Contents

ACKNOWI €dg.eme .l S i
A D S b L B G i
(R I o T O o o A U o O IO o 1 o H PO PP P P PP PPPPPP P PPPON 1
1. 1Main Group ..Chemi. .St .l Y, 1
1. 2A1 umi nium(l.)....Chemi. .S t.r Y, 9
1. 3Catalytic HyAlrkalein amd toal.....me.d.i..a.t..i...o3n0
1. 40ut ]l ine and. . SO e 35
2 Theoretical...Backg.r.o.und. ... 37
2. 101 ntr odUCL daD Dl 37
2.2The Tlindee pend®dntn gScrhrkEg.u.a.t.i.o.n.......37
2. 3Mangl ectron wawv.ef.unct.i.ons. .. ... 41
2.4The HaRdaoak emet.hod. ... 43
2.5Wavefunction T.heoutr.y.. . Met.hods........ 45
2. 6Density Func.t.i.onal. . .T.heorl.y. . ... 57
2 . 7 B A S i S S Bl S 73
3 The Diradicaloid Electronic Structur
Ful T Gl LM e 80
B 11 Nt r 0 GiUC Dol 80
3. 2Met N0 S 82
3. 3Resul ts & .Di.S.CllUS.S.ONiiiiiiiiiiiiii 84
3. 4C0O0NCT USitDdlSiiiii 116
4 Characterisastabi o¢i sadBa&as.al.umene...119
4. 11 Nt r 0dUClde DDl 119

of

Di al

L



Y, ST A o T o TR 122

4. 3Resul ts & .Di.S.ClUS. S0l 123
4. 4 C0ONC | USidid0hS ittt 147
5 Reactivitytabi &i Basle.Di.al.umene......... 148
5. 11 Nt r 0ot de Qo 148
5. 2 ME 1T N0 S 155
5. 3Results & .Di.S.CUS.S0cDMiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieeeeee 156
5. 4C0NCT US.dOS i 199

6 FLPype cooperativity in an al kal:@ met al al

rebound me.C.han.i S M. 200
6. 11 ntr odUClidQ D 200
6. 2Me 1t N0 S 206
6. 3Resul ts & .Di.S.CUS.S0c0.Muiiiiiiiiiiiiiiiiiiic e 208
6. 4 C0O0NC | USuiicd0.NS i 246

7 Mechanistic Il ns-Mghwal i Medi aAliloal i of Styr

HY d 5 00 €.N.a. b h DDl ee s 247
7. 101 Nt r 0ot de Qo 247
7. 2Met N0 S 249
7. 3Resul ts & .Di.S.CUS.S0cDMiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieee 251
7. 4C0ONCT US.cdOS i 272

8  C O N C I U S0 274

9 Bi bl i 0@ a Py 277






Acknowl edgement s

I woul dsilnckeer etloy t hank my sameeYovwuas odoent Don Ta

det ai | and strong ilgedrd ep 8s h ehdo $ralé emrydsieflifc t o a
standard, in any work that | Waw ehpaeevriideedl ou
me with many coll aborative opportunities, wh
interestinb pmopgltateful for this, as wel |l as

you have given me throughout hleehet eqdiime fpaorow

and | hope othdwaistitta yy o un.

I would | tke Dro Rhmgnwon Bjf or beindumrni hgnmgast
research trip tolGwansolplroviigeldf avaidadnt trainir
enabled me to explore a whole other side of
greatly aRpgrein@bedagement to i mprove my cod
side projectgraftehal |l yo Ragmarrclaunddbd ntgh enlles ey f
weekend excursions, expladrbee atubbavé d | m&r ¢owc h mo

caves and countryside

I would Iike to acknowl edfgoer tahwea ridriinsgh tRhees efaur
all owed me tor esagarycahb teemdny many nati onal and
conferénwesl d also |ike to ftdirhekudMaymnohoit i Uk

funded me for the first two years of my PhD

Thank wlhlhet postgradiumttehestDadpanttsment of Chem

and present, i n making the dayDotiongdaay PohfD nmys



l onely experience in many c¢ckapetbs, cbmpl daiami hg

joke around with makels KkKrhaw tslbatmuwer ealalsi wirl | be
separate ways, t osd ilvewiosur eowenr ylonvee st,he best, ar
you at some point in the future

lam f orevetro goyant aehdl dad, for providing me with a

t hroughouBeimygvteméechance to pursue an education,
hi ghest | evel is a great privilege, and | coul d
supportthe whfolbei gwatyhank you also to my sister EI
sense into me whantltionevetabhynk my actions and
al wbyesen a great source of | aughs, and as | have

stawmpl comedi an

Findl Ilcy,uld not have gotten through the PhD witho
of my partNNeu, hBMMegabeen a st eadye acur isrug ptolrd i ng
entire .prrFooens smihosfr t i mes you have had to |isten t
you basicmy lryeskemaorwch aBhamrksygamtl orhecha!i ng t he

thesis in itdgiemetsgiramidgg mméti péeébackoanchyencour ag
wr i tli ndgop. not think I have metasan'owet wWho wean r ea
are bnotshhefdi wt ulli é ad ookwhat waed tomes next for u

i mportant thing is that whatever it is, we wil!/



Abstract

Thshesi 4d ocaiamddr ess fundamental questions r eg:
and tiewaicmayi nofgroup compl ex e2s,anadc rlo3s so fGrtohugp
tablasing quant¢almc ch@&hmi cradr lalpirtoer @tewsreav

and owtflitmeChapses 2 houttlhiemeasti,c adt dratcikigg ofun

t he -t ndhependdntn gSah reChhuaapttickamn #Bihles-hé @débl i ni ti o

studgrri etdpoaoavidei ght into the dlieadturmemies, s
beginning with a model compl ex, aQude shtuiiolndsi n g
regarding t hwearsiuousabguantyunofchemi cal met hodol

exotic electraori cadsltChimettgbrre 4 ocudnhp nteast i tomen |
characterization of t e atbh il ri & eadwamkall uhmetmfewa s
published cwlltéabohat ICeBeuligyigirgowmp.on t his pr e
Chaptoeut IBimeesmechani st i c owaarska duretramomtel ofutr eac
in the activation oThids$ hwadrlbgieantdaapapd @& atey p
| ooovx i dati on smabeaplaé uenshrmdddnges | talceceptedent
mechani stic par addetgan.|l s€Chhaoswt eat éd( Fle®Wi e pair
mechani sspmevi ousl|l wagposatukedt dd,r the cooperat.
di hydrogen by an al kal i me t Tahlh &gn ied n idee malnws mirr
how tFHLifsy p e mechanism <contradicts previous
Schaewietrh, extensive electrohicutstaditcé piorrg anal
t he t heme of al kal i met al mendel caht ai noins,t i € h awotr

investigating the transfer hydrogenation of

magnesiate bimetallic $pabeemonbmet al Hemonestr
in isolation are not competent caft fail yise st, | vy
catalyses the transfer hydrogenati on, expl

monometallic component s.
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1 Il ntroduction

1. Main Group Chemistry

Since the beginning of the 1970s, the area
wi t h t he i sol ati on and characterisation of

el ectronic structures that chahémingald ktdmeadni

This chapter wildl first outline significant
chemistry on the map, in the context of n o
di scussion wil/l be kept brief, WwWiethda $focas
| eave space for a more in depth discussion c
in this thesis. For expanded revi ews on th

introduction to main group chemistey,ltwse r e
“The topics that mwoirtebt el r a v enccaug d fad h éAg) il s)

formanilgni ¢ Ala(ld) tdhmecsihannghwirt hdi scussion of

medi ation in -bheckoonbatatysfss Finally, t he
chapters wil/l be briefly outlined.
1. 1HLstorical devel opment s

I't has beea lkomngvnt imeet atronic properties o
el ements were fundamentally diff%Heweveon, tha
up until t he f i'nNadn tqweayttaern ogfe rmialr egplrddssautmipd n so n

werneade about heavier main group compl exes ¢

sites, | arge energy gaps between frontier or
presumed inability of heavier main group el
themséeélThies. | atter presumption was “kintowwnasas t
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eventually recognised that in order to isolate
heavier main group el ement s, bul ky substituents
the | arger e@laadmédntosf, trheelsaeti ve t o the | ighter mai

second *gadiisotdarger size permits highgr coordinat
and sPClThe first breakthrough in this regard can
successfully isolated tin andMdRMmaBnumGahal ogue
by wutilisited( B)Mhed kyll kygr oup. The intent was to s
stable monomeric Group 14 dialkyls. However, in
determined to be dimeric ( monomebreinct isnt rsuocltuutrieon)

(Fi gd.n)é °

\\CH(Me3Si)2
= =CH(Me3Si),

M
(SiMe3)2HC“/ \‘-—'9
(SIMe3)2HC

M = Ge, Sn

Fi gud:e The-bemanstructure of Lappertods gesMMBR(iMunr and tin al

Ge, Sn; R 3p) .CHI(He Btardaimmsg anglde. i s given by

Foll owing this, a | andmark publication from Wes!|

MesSi =SipMMes =t 2iwebhyl phenyl ). This disilene fe

structur e, akin to a classical doubl e bond such
of ~2.16 |, shorter thaad. 3Aél nsitnhgel es abmoen dy el aern, g tthh
first stable P=P double bond from Yoshifuji, as
al so repiogulRet! (Phese three compounds, along wi
di stannyl ene, broke the double bond rule once an
14 alkyne analogues have also been réported, dow
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1®These compounds exhibit the same trend ob
counterparts i.e. upon descend-beagdithge aff otup

structure increases.

Mes = Bu CioHs = @

Bu
Mes Mes Me3Si OSiMe;
/ ‘Bu AN
Si—Si p— C—Si
AN Bu /
Mes Mes Me3Si C10H5
Bu
Bu
West Yoshifuji Brook
1976 1981 1981

Fi gdaeie The double bonded Group 14 and 15 complexes thi:

rul e.
The geometrical di stortions observed for the
species have been explained by several di f f

FigurBde Lapperwomrkar scopr oposed-acacespitropgl eb odhadn ¢
mo d%(Fi g u.Bae) , which demonsthaethes ngowdi shertian
the favourable double donation of the | one p
(in the singlaet ogt &ownrdomgtttagit @o)f t he opposing n
I n the absencheenafi ntgheditstamnd i on, the |l one p:
centre would experi pmneechosdgrfioc maeépoinsi ¥al e
theory has also been -asls@sgsitcoal r amuilotniapllies eb on
resonating | ofieg UpBhe)l fTrmodjaili e¢ and Malrieu ha
valence bond arguments to deri vwe iglreal gtaipo nod

monomeric fragments, -lmendditrhge preags erdfioifaltitryae sc
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the bonding has been ratiofelissedebyeat seaondi ot

the symrmhdtorwvyed mi xi ng of-/ nbdoordd inrgg A&¥irdbe & matl is .

weakened, more distorted bonding observed for t
closer approach of the frontier orbital energy
mi xing i.e. there is an inverse relationshinp. i

expanded upon in Chapter 4.

R\’,‘ 0 @E @ e .e @
¥ < R.E ER, «=——» R,;E—ER,
E@ O \/’/R 2 2
‘ — R
C
//”/,, \\\\\\\ o* (by)
o* (b3y) /.o\ —
. )
//’/,,’ \\\\\\\ ‘\‘ — ”“““ ””'”,’[ n+ (ag)
m* (D1g) — '
//’/,/’ \\\\\\\ 1L \‘\‘ “‘\
7 (bau) —
W T, o n. (by)
. !
/ S R
///”1 \\‘\\\ 1L “\
o eed Ay
g .
/“\ N 7, gy G (ag)
Dop Con

Fi guaB8e Bonding models for heavier mai n gdroonuopr daicnteetpatlolrene sp

model proposed bwornlkempertb)nidheoresonating | one pair model

bond theoryor(ader-B&klmd di stortion model .

There have also been significant breakthroughs i

13 compounds. Wi tlhoncaghradpsedioed,r itphere was the f
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GadGa tHhiopded compl @xGaANa HA, 6HQ C 4P h) .
somewhat <controversially due to the presence
extr emebetnrdiamsg|l es ofAani@ 81 38 hJa(t4 pweerseEngu ( e
1.4)2°The first diboryne was report®o@&dtirmnp2@ldon
(1.@3%p>Doubl e bonded Gs ped@nembdrogs mdve been re
with the isolatiseambot i sbd fli abuméaseespecies

completing the series (see more detddi2ted rev

Robinson
1997

Figd#de ThéG&atri ple bonfhe GaGRAr islsRAy G2 C 4i-PE2) . T-he X

ray crystal structure is shown on the right (H atoms o

1.1SRgnificant reactivity

Traditional transition met al (redox) catal
el ementary reactions, including oxidative

i nsertion reactions. These reactions wusuall
di hydrogesnal kgllefhanl ichesbhon monoxi de. Of t hes
oxidative addition of dihydrogen is perhaps

across both industry and academi aHd H rb oh(d0 5,

5
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activation by a mai n group mol ecul e, wher e a
Ar Ge Ge Ar , ¢H3(2A r6li=2 , 4B §)>) was shown to activate one,
equivalents of dihydroYememB?der mild conditions
H Ar
Ar /
GeEGe/ Ge—Ge\
/ Ar H
Ar
Ar X=1 X=1,2
H
oo’ + xw, TOOne,
4 RT H H Ar H
Ar ’/ / -
Ge—Ge’ Ar—Ge—H
/ /= =
Ar H H H
X=1.23 X=1.23
ScheimkE Reaction of the germanium aHsRy &GlicQaBa)l) ogwieh Ar Ge GAr |
one, otwo ee equivalents of dihydrogen.
Thi s reactivity was extended to the tin anal og
identifying synergistic frontier orbital interac
reactAivg tBé8(T°hese interactions inégdmuhiet al dofmati o
di hydrogen -bonadi ndheLuMd@ of Ar EEAr (E = Ge, Sn) .

i s a

Demonstrat.i

di hydrogen

anal

ogous t

donationbitam t HOMO)

odf o rAly iIEtE&AIr

of t h

o6fntadi Hyhakr oge

i s

frontier

ng the
and
in compl?3x

generality

wa s

demonstrated.

ammmond andtye agdanfoy lasneves pe aised he

(
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n; (a4) n
©E®E/

o0, O,
e

o)

Figdbe a) The i mweéethctihemfwdfohidl erofl a transition metal
i nteracdwiotnh afrhbeH tpa | and | one pair of a monomeric main
interaciwiotnh caffnéHf m onti er orbitals of a main group mult

group el ement) .

Anot her major advance came when it was shown
activat edt htatsreouogfh a Afrustrated Lewi s pairo
phosphine bbasaeae’plahciisd strategy was devel op:
i ndependently and in parallefreéee adbdti wetrikon
di hydrogen were?33redmd itvlkedy istcaregr esented a
approach taken by chemi st sdoH oboancdt.i vBayt eu tainldi s
steric bul k of the phosphine-bhsgamdldutthe wa
prevented, thereby pregdemwaitnggt e de laeccterpdn n@
the phosphine and ISechamm®),. rTelsipsecga rvmiltyt gd a

interaction of the empty borane 2p orbital a
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mol ecul e. Since this initial di scovery, many mo
maignr oup el ements that wutilise this FLP strategy

recent reviews coverinyg* %ignificant devel opments

@ 0\ \ o
\ s _H . \ &
.\\\\" P@ .yP—H H—B

Frustrated Lewis Pair

Schemma The activation of di hgydrogéehLBY. a frustrated Lewis

I n addi tion to the activation of saturated s mal

ammonia, there has also been progress made in t1l
mol ecul es. Several multiple bonded Group 14 spec
(Schem®3For exampl e, Power has reported the reacHt
with two equi-diiarhethitisit ad’i®*Rg 8t her mor e, Stephan h

demonstrated the &FIL&f igdstdvdL€@nNheofreversible

activation of al kenes or alkynes wusing main gro
notable example is the reversible activation of
yield a double cycl oad dSuwcchte i@t*°Aa mir een tt hoo rodiigthi o n
review of cycloadditi on -vraelaecntti oanlsu miwiitunm(al )f occaunsp

wi || bet lye veenxti nsecti on
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AriPr4
Power o /
1P
2002 Ar 2>—< z Ge
Ge:Ge/ _ Ge' 7 Y%
_ / Toluene, RT -P/4
AriPr4 Ar'tr
Stephan
2007
Olefin _ PBU
B(CeFs)3 + PBu3 ————>  (C4Fs)sB 3
3 5 oG (65)3/\3/
R
R:H,CH3,C4H7
Stephan
2009
N,O -0, N+
B(CeFs)s + PBu; ———>  (CeFs)B” N” “PBu,
25 °C
Stephan
2009
B(CeFs) PR O
+ u —_— >
6r5)3 3 25 °C
Power
2009 Ar*
Ethene
Sn=Sn
/ <25°C
*Ar
Sc he in& Not able examples of activations of wunsaturated
= IAPM(4€Hs-2 ,-(66H3-2 ,-B5)2) 0'rP=BA¢gB-2 ,-(66H2-2 , 4P th-3 ,-Bs) ) .
1. Al uminium(l) Chemistry
1.21 a1 tial Devel opment s
For a |l ong ti me, it was believed that st abl €
in the +3 oxidative state, due to the ther.]
oxidation states. However, in the 80s and 90
t hiesol ati on of stable molecular | ow oxidati ol

9
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in this regard was the use ofl-asnékdadmratlilryg demand
l i gands. The first examples in this area were

unsuppodAledsiAdglAl BoRRI £ RCGH(,SiaMied a | ow oxi dati on

clustleaABuiK , reported by Uhl in Figa®)éartts 1991, r ¢
Al uminium in these complexes exists in the +2 o0x
(Me3Si)HC CH(Me3Si), 266 A

Al——AlI
: Al Al
(SiMe3),HC CH(Me3Si);

Uhl

1988

Fi gua6:e Uhl 6s di alane species, tBAlfberagl eepantdcofdheaXunsupp

structure is shown on the right (H atoms omitted for cl ari:t
I n 1991, t he first stabl e mol egul @€Cp*al amini un
pentamet hylcyclopentadienyl ), i solated at room

ScRaok eli guv)é® The initial synthesis was achieved ¢k
bul k of the Cp*,li gvhhred ei nrjedgME@m*t) of a met ast abl
afforded the desired compl ex. More recently, an

via the reduc)tioamdod 1 &€¢dXAJACE] c thiasn befé n[ Ce*port ed

At room temperatur e, this complex maintains a t
has been shown to react with small mol ecules suc
Cp*Al (1) as a ligand “o transition metal centres

10
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=

Al

/ \ Bu ‘Bu
Al /AI \q@/
\ 1 By
Al
Al
Dipp = 2,6-(iPry)CgH5
Schnoéckel Braunschweig Roesky
1991 2019 2000

Fi gua7:e Weexampl es of stable molecular Al (l) species.

By varying the substituents of the Cp ring,
di fferent aggregation states can be achieved
temperidtidmr e2019, Braunsohwewngceasnsf wloly obser
soluthenfirst mo nleimg uLW)e, wvwhreiraentt h(e stericall
1, 3t,#5iert butyl cycl o'penltiagdainedny Wd 3(hCept mbnseédr i c
structure promoted more rapid and selective

variSomhe e .

(i:p3t ||3h
Al N,O t t PhN N

(I)' \(I) 2N Bu Bu 3 Cp?’t—Al‘ /AI—Cp3t
AL_AI e ey .
Cp3t O Cp3t Al Ph

Scheined Key examples of the reactiv¥#aly coofmpBreaxd p(8Gphbwe i g ¢

ttiertbutylcyclopentadienyl ).

I n a further devehbpeeintedRDReseskfyirst monomer

solid stateFibdad,dadaAdNdg £ [ Di ppNC(;MeDiCHL ( Me

11
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= 2REeH3)%°This complex utiidisedpthbpylopbh &kryyl2, 6Di p
di ketiminate |igand, and is structurally anal ogo
NacNacAl (1), there have been extensive investi
complex. The oxi dat i véeX abdodn dsi oanc rods sa trhaen glel (olf) Hc e
been rePohe¢ m) as wel/l as the revSerhsinmel e addi ti
1.5b ) and &aHI| pkitdc 8€hiedidc °*These are just some ki
examples of the reactive capability of this com
have been “p-uTthlei sehleedc.t roni ¢ structure and reactiyv

be further investigated in Chapter 5.

Sche e Key examples of reactivity exhibited by NacNacAl (1)

12
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1.2GRoup 13 Multiple Bonds

Hi st orti cvad s yhelii eved that multiple bonds bet
not possible. This was due to these el ements
available to partake in bonding, weak bondin
to decompodel i BHi was put to rest with the u:
provided significant stabilisation through t
N-het erocyclic carbenes (NHC) have denfdnstr at
For exampl e, NHCs have enabled the isolation
Robinson and Braunschwegiuh8p?l Plessp &cpbuupel ly3 (i
descended, the stability of the | one pair in
refers to the fact that the highest oxidatio
when moving dédWwWmc& gnavengpoup, ttafbbuds ipryomdt it
oxidation state, in the case of Group 13. T
such as NHCs is then no | onger required, wi
P $CsHs) permitting théeensoldotuibdre ddfondedn< ompl
heavier member s -Tolf) ,t hrea ngerloy pt (eGadi gal | ene, d

(Fi g a.8)8426

13
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fN/Dipp
—.
N
B—-B
/ \.. Dip
H '/—'N
Dipp’N\/

Robinson

2007
Dipr
D

Ga—Ga

Dipp.
Dipp

Power
2002

Dipp/

ipp

Fi guBe Selected exampl

2 ,-B pCeHs) .

Up until recently,

the solution or S

cessi nfgr d e gralndAl
chnPgBasset abilis

porting the fir

i guPaef This was

nating diterthb

rdinating abili

metry, wi t h an

previous

Density functional

t hat t he

bond. Natur al

Alilandbond of 1.91

Dipp,
Dipp

achievedfat Bt eugbat he

bond

Dipp
N N
[ Yi—=B=B=—:( ]
N N

Dipp

D

In—lIn

Dipp\

Dipp

Braunschweig
2012

Dipp

ipp TI—Ti Dipp

Dipp,
Dipp

Power
2005

Power
2002

es of Group 13 multiple bonded compl

t here werdAlnomuklntoiwnl el sbod nad se di

olid phase. I n the gas phase h

[Abubblre pamed bAInds, usi pul sed

ng

ed dial umenes were first i sol i

st st alcloentanadi ngutamalAl edAda mpaloal t

C

bekeky and ¢

utyl (methyl)silyl Substituent,

ty -odyadi NHCac Si omll a&arexre gk e dl a X

[=

<

Al 3(ALI¢ )b ofrhd sl e nsg tsh gonfi f2.c3andt | vy

struct urdaAll ysicnhgarea cit cemdihsd, d s utidiha | aasn e .

t heor3yl 1cGldc)u Il eetvied n =0 fa tt hteltoe yB &

HOMGo fwlaan g ohred ,ouwhi | el tvhees B@ANEO Al

orbital (NBO) analdysis predic

and 1.78 electrons, respective

14



1-l ntroducti on

i nd@B)of 1.67 was <calcul ated. Recent calcul a
digall ene a@mampdiei xnedse n@ f the?*"fBrm GaEE(dape)h
predicBtlesd W. 31 and O.e8d &dod dihiendle @Byl respe
compat hegWBtlowfbd cal cKir@atsed hby can be Iconcl uc

possesses significant multiple bond characte

\

0=173°/237"°

Figu©e a) OSiilMpe) (substituted NHC d$bpbiTBppédR(EH:) al umene,
substituted NHC sti.AbXalyi cegsdiadl smemetures of both dial
fremt view (middl eomawiedy (amidg hsti dpanel ) . H -baetnodm ngmi t t e

angl e gdven by

I n order to further prove thle tflme maeaohi wift
explored. Upon exposure to ethene gas at roo

product was formed, resultingScfhreom® a Wlhhe mal

15
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reacted with phenyl acetyl ene, the corresponding
formed, but ®H Bddettoban pr€duct was al so observ
iPr
Bu,MeSi L \
— Al—Al L= :{ |
N
L SiMe'Bu, il
Bu,MeSi L
AlI=AI —
L SiMeBu,
'Bu,MeSi Ph L H
\N:AI/ +  BuMeSiu,, 7 .wSiMeBu
R e ~
Ph—— / \ L L
L SiMe'Bu, /

Scheim& Reactivity-sdfabtiHda sfeidr ddti adaiscene with ethene and phen

To further explore the effects of different subs
a secongt ANMHICl i sedl,Maaal saumenessfully synthesised,

the bul ky -PlsCeplsp (2 Hidg @.BEP°Xray crystallographic an
reveal edbeantt Aam@s0d t wids tgeedo me~tlr2y, wi th an Al =Al b
of 3948) Density functional t heory calculations
LUMO gap (1.18@.@€¥4) evhanwith the differing electr
to the change in substituent from a more el ectr

withdrawi nd°NBroe a(hfailyms)i.s revealed a ddjcrease in t

to 153 i |line with reduced but stil!l notabl e mt
When reacted with et hene, the anal ogous dial umin
fodr was formed. However, when reactoend hwei t h pheny

[ 2+2] cycloaddition prodHctnwast obBema@marrivhgh(n

1.7) 1 was further shown t o react wi t h di phenyl ac
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cycloaddition

even at

i ncreased

ntroduct.

el

on

product ,Il,wiwhehecoontraatsi witl
evated temperatures. Thi s enhanc
flexibility of the Tipp |igand, al

Tipp. L
H—AI—AI—H

L Tipp

dboundheéeo

al so,-di anent ch ytl hpahteny | € dvo ¢ yhatno dfeomrmaa tbr i

gi e

It was
Xyl C=N product. The same rdwasti
intractable mixture of products.
Ph
Tipp L
—\ Ph—=—=—H Ha
AI—AI\ B =
L Tipp
Ph Ph
Tipp L Tipp L
\ —\ Ph—=———Ph co,
AI—AI\ AI:AI\ —_—t
L Tipp L Tipp
Pr.
.l
Xyl L= :
N N
) | L ip!
Tipp~_ s 2 Xyl—N=CH 2N20
Al AI\ -~ —
S Tipp 0,
o
N
xyl~~
Sc hemmé& Reactivity o$tahel sseedinldi abemene,
Fi ndlwlayg, foaandeactbtt awift@amDoanat e(ScohmmBex vi a

i ni@Qfailxat i

i ncreased

confir mMEAdNMRA.

t wo

carbonat e

on

(lanal bgought Di xat i)o,n

hpa wedwert

rl ehmacdtel vtiigg ®ohHaracterisati on

p

A di

equi vad.e nWhse noft h\e

roduct c

1

0XO

di o

oul d b

7

product

X 0

e ac

coul

cessed.

d >, dre

tnh
of t h
form

product, wadshefur:t
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Mo

Co

us

re

al

el

Ch

ntroducti on

re recently, the tshiarbd |dxenp Wamé@ionednehla by

wl Eygad °Previously, a chiral amidophosphine |
ed as a stereochemical reporter by the Cowl ey
versible reductivet?lenl itmiinatipoeviposwsessasy, a
umi ny |l monomer was i mplicated i n t he reduct
hydrodi al ane. Given these results, an isolab
amewor k was successfully shintdhieisoidsoe dp rbeyc urmr eswu c
mpl ex using a Na/K alloy. This was reported i1
mput at Incera)l SfAKrdwel | as being the third exempl

rst example of a dialudmesecit abe icoulsdl uteivemn s

nomeric form. It was revealed that this di a
.G@1DPid) and heaweanty F&48.hs Al doubl e bond, with a
ssociation energy and order. The detailed quan
ectronic structure of this dialumene wil!/ be

apter 5 investigatidngl umheneg elarcrdernvgdegs.t hat this

Cowley 2021

Figuie The ami deopdsphisea di al unreanye cfrryosnt ado wslteryuctXur e fr om

(middle)-oandi sivdéright). H atoms omitted for clarity.

18
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Al t hough vtebheea hharee repabit edsebdasdi al umene:
attempts have been made prior to 2017 to is
doubl e bond. For exampl ebasceoo200dat ad)Yrdnal
species was i mpl i coaft eadsDiibyspt ihteutr ed uklt (i fInl ) di i
Rat her than isolating the transient dial umen
toluene, Sochceunr@& edA (si mil ar outcome occurred
attempted to reduce a di al ane precursor,
[ CH( S)bloMeelz) | i°Bmel. benzene solvent was propos
transient di alumene to form the <cycloaddit
Bakewel | investigated the stoichiometric re

using Roeskyods NacNaic &8A( Ir)anmgen wrhe mieav 4 pevc 0 X i

species were synthesised, including that of
amidinate |igand framework. These examples d
of di al umenes, relative to tWwlkerheauwvi®uwp pnermmtb
doubl e bonds have been successfully synthes]|

archit é&dtgulBees (
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Power
2002 | A1-Dipp Dipp
2 KCg Toluene /
2 Dipp—Al —>— Dipp7}, AlI—AI
PP \I Et,O
Me Dipp
Tokitoh
2013
Br Bbp Bbp
/ 2KCqg Al-Bbp
Al—Al — I Al=AI
Bbp7,
Benzene
Bbp Br Bbp
Bakewell
2022
Dipp ?'pp Dipp, — Dipp ?'pp ?'pp
N N. N N N N
TN SN Benzene ~ - 2N AN
< LAl +  tol—<<_ Al = © Al——AI tol—<<_ Al=——=Al_»>—tol
L’N' N/ \H tol/é‘N’ \N)\t()l N/ \N
Di \ \ | \
Dipp Dipp Dipp  Dipp Dipp Dipp
Schemh& Exampl es of masked dialumenes, postul ated as interr

with benzene and -PedeHse nei p DP3pCela:,B4H,pG & QH (6S)b]Mels, t ol

= Toluene).

Despite thuscéamaskpoifor to 2017, the first Afree
stabilisation) has been successf ulThr dwgpH at ed in
careful analysis of the crystai(sArf*gHr2meed duri ng t
( 6H2, 4P-3 ,-Bp), it has ttheachre sdhicawmumene Ar * Al =Al Ar *
al ongside the <cor rSecshpeoimed ) ng Al & lawn sidhsyy befr(ytshtea | X

structure revealed an AlisAlwhbohdi di dtyarnfaa dfhe2.l
reported Al =Al double bond to date. The authors
described as a double dative interacti on, augmen
character. The diradical cbaragmmet wasappabgshda

the UMPDBBQ/-0§dEZVP | evel of theory, where a minor Rt

| ocated i mhteHd cKlochsnedSham single determinant. Fu
bul kiness of the Ar* | igand asichétientldracpirons de
Thi s was evidenced by decomposing t he i nt er ac-
decomposition anal ysi s, bet ween t he t wo al aned

20
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components

di spersion) .

on

(electrostatic

a ipr
_ Tipp Pr
Pr, Tipp
Na/NaCl Tipp
Al, ——— Al—AI
' - Nal Tipp
Pr Tipp ‘
Pr Tipp
ipr
b iPr
. Tipp Pr
Pr, Tipp
Tipp H,
Al —=— Al—AI -
) Tipp
'Pr Tipp _
'Pr Tipp
iPr
\ Ethene
ipr Tipp Tipp, Pr Pr Tipp
A QA@
ipy Tipp Tipp ipr ipr Tipp
Major Minor
Scheimm® a) Synthesis of the

Reactivity of

The

temperatur e,

al anedi vyl

Ar Al =Al Ar ,

was found

attracti

iPr
Tipp
H, H
"'Al/ \AI
Tipp. \H/ AN
ipr Tipp
iPr

assumed

t o

proceed

on

ipr

Tipp

Vi

Paul

freHe2 -Gidal u A8 ,-BE Al DAl Ar

associ

t o Schadmdb)r,apaitd ! ryo ow

yi el di ngHYA Ih(eH) PArri*d gsepde cAre*sAl ((tHH €

pref

er f

decomposed to the alanediyl in solution).
revealed that this reactivity proceeded
barrier of ral4ukaaledmowhil e the barri
calcul ated ctaholbeTHE&. Betaction of the al

21
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producds allymi nacycl ohexane and the aluminacycl o
mi nor products, respectively. Calculations revea

activation of one equivalent of ethene by the

acti vdeetmoonnst rated in the case of dihydrogen. | n
aut #dr prel i minary calculations for the addition
(only known theoretically at t hat point) was poc
mechanism involwiithgt ea mddir attlecalDespite this, a

mechani sm was not explored for the activation of

I't is clear from the discussion thus far that a
13 di metallenes speci es alreentt hgee omoerter isetsr,a icnoendt roar
those observelUhdgear ocsmlghgea@ ¢y ageometries weaken th
bond caanucs e an acocfunedleacttirootnhbEd ereg)it ttydwsiosn i ncreasi ng
t hmo-honding | one pagdighaFactaehe( |l ighter dialum
translates into a small t ooindhderdkttes! av ele aalfy si n
hinted at by the above dfi sfeiursssti ofnr eod diheal urnmeeancet i
et héhHeowever, it is not fully apparent as to ho\

describes the electronic structur®Thifs diisalaaumenes

topic that wild.l be explored in great detail i n C
R R R
/ . / /
E—E - E—E - E E
/ / /
R R R
Fi gulrid Canonical resonance structures representing contri
di metall ene species.
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1. 2AB81i onilTcAAlAIN(iln)y | s

Given the extensive chemistry off=Xcarnlaen®n, cc

l igand seBUNCH)h asvefre has been significant

i soelectronic Group 13 anal ogues. I n order t
with carbenes i . e. an atom eoerbtirtead ,| onhee pGxrio
centre must beatiimnt led at®k. oXihed dianionic | i
resulting compl ex an Fawelrtadl.| negative charge

R Isoelectronic | = X

| C: = > | E:

\\ / \\ /

~-X --X

Carbene E =B, Al, Ga, In
Figuit2 Relationship between neutral carbenes and the i
(X = anionic |ligand).

The Giowsp 13 carbene analogue to be successf
[BuDAB)(Ba DABBa N[CH) from Schmi Bbgak®'Tihni sL999
was isolated as a sep-a6 hAf @& i=ert ®pdahi ra,c twintgh a[s
the countercation. This was followéedahd a di
dp-pi an-b( B[di2i,s6opropyl phenyl )i mino]l]acenaphthe

Fedushkin?2?in 2008.
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/Bu Dipp .,\  Dipp
N, N Si—-N
[ Ga: [ 'B—Li(DME) G n:
N N Si-N
L Bu | | Dipp 1, L 7> Dipp _
[K(18-c-6)(THF),] * [K(crypt-222)]"
Schmidbauer Yamashita, Nozaki Coles
1999 2006 2018

Figuauild8 The first reported gaifcbyl;ct@®@d@mylc2pd c¢nypgtamdi ons (

222) .
I n 2006, Yamashita and Nozaki reported t he f
[ (Di ppDAB)RLDii (pNWEA)B] = J (DPi pbECH) rst example of a

(Fi gat®3TheLBL bond was found to be highly polaris

of 2j.2BL NMR indicated that there was |ikely an
guadrupol ar nucl eus of bor on. Further mor e, this
di mer sl itthest ate. A monomeric veé‘Sshor hhsssince
initial synt hesi s, sever al more boryl anions ha\
chel ati ngOfl i glaedBeavier members of the group, it
the first indyl anion wwer ké&pguf@8d, Tthiys Col es an
complex was reported as a separated ion pair (sh

l'ithium compl ex.

Mo s t notabl vy, the first report of an aluminyl a
GoicoeEhgat #Thi s compl ex was prepared by the t wc
of the neutral Al (1 )%=pr4bcoa €dg d 65,0 p(r NoGNy)-Aal nli | (i N\dGoN

t elbu t9y,i{®i met hyl xant hene) usiggrXanecrestual hggrgehi

anal ysi s, as wel | as DOSY NMR, reveal ed that the
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the solid and solution phasedasedsdeamidel Vi
( NON) provides significant stabilisation, v
intermol ecul ar interactionsPiBldst wgeonupseohl!l &l
NORI i gand and the potassium centres. I n the

the two aluminium centres was, méasuladgeo bah
sum of the covalent radii, strongly implying
cenes. Finall vy, there is a relatively weak

centres in the NON backbmd®h(@gd) and the Al cent

Dipp Dipp
/ s \
N AR N
p .
o—AI TAI—=0
N/ \ \N
K Sso
\Dlpp ljipp/

Aldridge, Goicoechea
2018

Figuid The first alumi rnYINOAN i, (& ,Ke§ &p ( N@RWW& feirlti do)
butdydPi met hyl xant-hage)xryfhal Xstructure is shown on the

clarity).

[ K{ Al (:M@N) bleen shown to exhibit a range of
the oxidative &H ebaovnadgaeo flo d8Htthen 8 of benzene ¢
carried out under m$dhenkefdni ot horwdisttisons he
aggregation state was retained in the produc
bond of @appMNHhi eved, affording the <corres

prod8chethe)’?
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Dipp._ Dipp
K
H2, CeHs , N
—— X Oo=A—H H—AI—~=Q
or DippNH, :X
,’\KI‘ Sl
Dipp”~ Dipp

X = H, Ph, DippNH

Scheimk0 Examples of bond aciivations by [ K{AI (NON)}]

I n 2019, the charge s e@raymtt)e]d] Alo(mpO Ne)x] [wWKa(s2 , LU 2c

i solated, with the potassium cati B8obemequestere
1.13)8This marked the first report of a -so called |
ray crystallography confirmed that in the solid

encapsul ated within the crgpgages iamdno hsatgnihfei ¢

interactions with theLpbbAhsdismanaeésopse (ahl ¢&re

Dipp..__ ,,Dipp\ Bu /Dipp_r
,K:\\ N (\N\
\ ./ . 2,2,2-crypt o |
oAl AI=0 O=—Al: [ K |
:IKZ:\ /N N,\,)
Dipp”~ Dipp By Dipp

Schemel Sequestration of the potas$sesi gmneatitend her onmnpkgeAl €

inakedo aluminyi anion, [ Al (NON)]

Contrary to the reactividly adt itvhaet i dinmewa s wohbesreer
(Schemhe), the Anakedo al uminyl adiComowds o$§hown t
benzene, at room t empnmeenabteurreed aloumyinelusdn det/er oc

(Scheme28This reaction was found to be reversible
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density functional atPlBE®DBY dEZNIPeV alt | efresteheor vy,
carried out to model dbBeamédidiCanonhdmcfeavade
benz@&Mbed bond cleavage pat hway was predict e
more favour abdlCe btomaln ctl heea va3de. 9p da. idv &k ycla ( mo |
respectivel y). Howé Ceédro,ndt td elhamagieerwatso c@l cu
greater thahl dwekrc ailn moher gy. Thi s i s consi ¢

formati omembetrled al uminium heterocycl e.

Dipp |
O—XI:_) 2MegSiCl,  GiMme,sn /e SMec
= - [K(2,2,2-crypt)]
[(NON)AICI]

Dipp
[K(2,2,2-crypt)]* [K(2,2,2-crypt)]*

Scheimk2 Reactive capabdiumigpybfabhennphReE@NON)]

Building on the sugceassseorfiae[adknferhhb(@&NCeNd) }dycl i
alumi ny | anions have been reported since, pr
based |Figauwtd&®The first {oAfINCQNpelsjlwmas|[ Keported
2019 by Coweskldand ot¢dbowed by t HeAlqINGECN)y]r el a
Hill. The mesityl substituted variant84of thi
I n an attempt by Harder tobtioksesti mihratreeacdm
NacNacAtlrigugh the addition of a potassium b
met hyl groups in the ligand backbone arcdcurr e
thus the correspon@iAmg aalad migrowls @Dnipemp ( Di |
C(HYEH) substituted versi ohfAhasheincet hbka eE&
is that from Yamashita in 2022, NhkMe(2ant6al u
dii soproplyiBpboeankedi amine | i §%nd awladsi t i e po rttoe
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potassium al uminyl compl exes reported, compl exes
1 al kal i met al s have also been reported for t

compl & &8s .

", ' /DIpFZ\ ,’lep\ AN /’u,'_ Ar\\\\\ ,///Ar\ ‘ W
‘Si—N ~K< N—Si Si—N oK, N—Si
/ N T N \ 7 AN

o AL AL 0 NT Al

/ N - i Sspe-” .
i= KS —Si Si—N “KZ N—Si

/SEI N\ //,K\\ /N SEI\ AN A NN
= Dipp Dipp z = Ar Ar =

Coles Hill
2019 2020 (Ar = Dipp)
2021 (Ar = Mes)
Ar__ ’Ar\ o o
-~ . i i
N CKZ, N / PQ\ //pp\
s N\ N K N
Al ‘Al N ~_ /
N\ e Al Al
N ,/K\\ N / \\\\ //,’ \
2 T N kI N
Ar Ar \ P ~o /
Dipp Dipp
Harder )
2020 (Ar = Dipp) Yamashita
2022

2022 (Ar = Dipep)

Figuid Examples of diamido disubsti tRCeld Mewsmi=nyl, 4¢d&mpl exe

M e3CsH3, Di pe-g( H»CBH3)6.

I n addition to the abmembereeodrdydl ico mpll lemiersy, | 5ani
al so been reported, o Nt a lirdanjiilndgo ) € ,a@iidX tkuyyrle o f

supportingi ¢irg&®°def (the three exampC,ed shown, t
complexes reported by Kinjo in 2020 and 2022 are
complex reported by Yamashita in 2020 possesses
the aluminium and potassium deommhe esor Wli miil@ahi tm
di scussed above, t he di stance b4e5t4vde(ebn) i s he Al ar
considerably Il onger than th2. 288un nafi cahengoanl e

el ectrostat'fc interaction.
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MesSy siMes
Al:
N
\
Ad
[K(12-c-4);]" [Li(Et,0),]"
Kinjo Yamashita Kinjo
2020 2020 2022
Figuieé PotassiumC,athAl Ky lt)h( ACm@Di) alaknydl ) al uminyls (tol
= 2P psHs, Ar -B-uC@s3) 5
Al'l the complexes discussed thus far have be
been the first reportsFio§ ubg® cifn c2 0a23u,mi lniypt
reported the HiAIsS(tN(DMspipp ISau,MpeploKt ed by an acy

framewor k, and isolated as®?ltthewapsotfasusn di mt hhat
addition of sequestering agents or donor sol"
anion occurred. I n addition to this example
anion has been r epByr teexdp Iboyi tAlndg itdlgee .1 ar ge st
heterocyclic HBH®Br(WDdixpChH)l)dands( ability to st
the naked acyclic adruymtn)y]l[ Aln{i:@b( WK (pdp,£bl)2at e
This recent example rt4pgasedt aluméenyérwawniions
Dipp-~. _-Dipp Dipp A Dipp\_‘
Me;Si—N JUBREN N—SiMe N, N
W Al 3 [,B_O/ \O_B\]
T N N N
Me3S|—ND' el y /N—S|M93 Dipp Dipy
PP PP [K(222-crypt)]™
Liptrot Aldridge
2023 2024
Figut@ Reported acyclic alurR@¢dd) .compl exes (Dipp = 2,6
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1. Tatalytic HyAlrlaglein ame toal medi ati on
The catalytic hydrogenation of wunsaturated bond:

both industry?®amds aaacdamiias. ddamiamastiead oby meaak

catalysts, such as that Fi @ud VP |TReisnpsiotne atnhde Cr ab

excell ent performance of these catalysts, regar
group tolerance, -tmaarysiotfi otnh enseet all 8t ear e becoming
scarTéderefore, there has been significant resea

developing alternative catalytic platforms based

PhsP,,, wPPh3
PFg ‘Rh
ct” Pph,
Crabtree Wilkinson
1977 1965
Figait®& Exampl g amfsiltatomm met al complexes that catalyse the |
bonds (PCy = tricye=ltahexylnpyh pshiorsep,hi mMRH .
I n this regard, the Group 1 and 2 metals have
relatively |l ow toxicity and high abundance. I't h
of Group 1 and 2 <can act as potenti al medi at o

transformabhcboding catalytic hydrogenation. Typi
highly reacti ve monomet al IFAicgulmMeyf®&942Thheydr i de co
el ectropwmlsodk vmetsal enhances the nucleophilic ¢

l igand, thus promoting the insertion into unsatu

30



1-l ntroducti on

Electrophilic s-block Nucleophilic
metal hydride

o* o

Figui® Generic representation of the typical highly r

insertion of the hydride into unsaturated bonds (M = C
For exampl e, Har der has demonstrated al kene
mol ecul ar hydrogen, catalysed by a series of
form Ae H{( S| Me = Mg , Ca, Sk ,= Bla;1l,-N(B, Me:

hexamet hyl di sil a2?# di®t, wawDSs Hdwen Jt hat under
pressub6ebaf)]l and tempxattheseohy8@800ogenatior
carried ouSchdmXx.i emMtdygnde of-aatcitvaneddanden
activated al kenes coul d be successfully re
magnesium, was shown to exhibit no catalytic
metal size increasedAfremectal cheor ¢éoi balk i stmu
has shown that the | ack of reactivdeowybiftoal ma
participation (resudMg@HhHgangl a) moaed | i hear e N&

Mg®H bond (hindering inserti®n into the wunsat

R N"—Ae—N" R H Me3Si,
— R~ - = R y -
H-H + \H\R 1-6 bar %R N '/N—é
R 80 °C H R Me;Si
10 mol%

Schemmk3 Al kene hydrogenati on, catalysed by t2ideseries

= alkaline earthsmetal , Nn = N(Si Me
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More recently, these same complexes have been ¢
hydr ogenavtairoionousf al kenceyc | olheixrmagGHh)d asl, dhe

hydrogenSsbaeme®(!°fhe same trend in reactivity was
size of the alkaline earth met al increased. To
deprotona€CH®noectuts4 carried out by NO. Subseque
NOH, yi el ds an ainmtdyapbel ei nMeeirsneendhi abthey.dr Fdkel owi ng
elimination, the thermodynamically favourable r

generating the active catalyst

H H
Meisenheimer Active Catalyst
| N"\ H H
Catalyst Ae  —> > N'—Ae- —————= N'—Ae—H
Formation /
Nn NuH H
H
Active Catalyst Styryl Intermediate
Hydrogenation Zph Ph N"H N"\
N"—Ae—H : N"_Aei N Ae
H N"/
~ph

Schermé4 Proposed reaction mechanism for tr-@HAbpfer hydroger

catal ysed( Ay Aednkal i ne earsp)h. metal , Nn = N(Si Me

Having formed the active catalyst, reduction of
intermedi at e, that | © Cshtoanbd .|l i Bierda Iblyy,a psrtortoomnga tA eo
previously | iberated amine can occur, generatin
starting complex. The presence of the amine is ¢

growth reactions from occurorrimagt,i otnh eorfe btyh ep r bamoit

product.
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Given the variable performance of these spe:
met al , there have been efforts to exploit b |
tune the reactivity of these monometallic ¢
almi nate catalysed hydroboration of benzophe
was shown to be more polarised in the bimet

monometallic counterpart ,Scrheesmiel3t9’ng i n highe

Ak
Mok

Monometallic neutral complex

0 (O} Ph O.__0
)J\ + B—H Catalyst H>r Bl N
Ph” “Ph o CoDs Ph O L DartBY
HO N\ ~ 'tBu
tBuN/ LA
tBu” '\
N
Bimetallic 'ate' complex
Schenmd5 The hydroboration of benzophenone, catal ysec
[BuAl TMP(:EENndi Jts monomeric neutral counterpart.
I n another exampl e, the hydroamination of (o

catalysed by bimetall spealil &a)] i ometfheé (Adigmefp A
Al kal il°fbdeala)l kal i metal cation was seen to

nucl eophilic attacFk gbhiy2 @¢.he ami de anion (
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a 5 mol % < >
[AMMgR;] Ph Ph Ph, N
I G R = I S
Ph—=—Ph + dg-THF, 80 °C, 18 hrs
H

H N
AM = Li, Na, K { ) H Ph

R = CH,SiMe;

b c
R R
X O o

THF,, /N\\
Mg  AM-nTHF @
R W ;
A ;
R R R
>0
S
Ly &

Figu2® a) The hydroamination of di phenyl acetyl ene, catal y!

Depiction of a cooperative alkali metal magnesiate system.
in bimetallic alkali metal magatsi ated syshemsatcan pol ari se
This synergy has been exploited by Guan, to cat.

and other alkenes ubBli agkhme¢ e aJocbheppasatdia®Béys c ( s

combining KH Aaend= AMANO Ca) , it was shown that th
exhibited superior activity, in comparison to th
The active species ibresttrhuct ucraasld yc oawltdhemat cated

believed to be the dAet]lric ate complex [ KNO
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(KH)
"N—K "N—ll(
' - ] |
N, Ae—H Ae——j\R
Ae
/ H
N"

\

~>Pn H,

Scheimmk6 Proposed mechanism by Guan for the hydrogenat:i

KH / Ae metal amides (Ae 3 alkaline earth, Nn = N(Si Me

1. Dutline and Scope

This thesis attempts to address fundament al

structure and reactivity of both theoretica

compl exes, across tGreowperli,oddiacn d alb3l eo.f Much of
herein is collaborative and informed by expe
wor k has al so been carried out , to addr ess
suitability of wvari ouss iqm achd suar icthiemyg ctaH e neelt ehe

and reactivity of relevant main group specie
I n Chapter 2, the theoretical background of
throughout this theisng witlh &edioudEwo(kHdan cft a
theory, and building to more advanced wavef
met hods. Chapter 3-1 wiabtbl ietttldiyon ¢ htalhe whaisglt ar r |
order to gain fundament al insights into the
the simplest possible transi esntta bsipleicsieeds e xoa mg

This workpbhhliitheheyds. Chem. EHemChRipytser 4, t h
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carried out to computationally ©c hsaraabcitleirsiesde t he
di al umene wi l |l be discussed. This work, as part
experiment al study with the Cédwlhgew. gCbem, has. be
EdéChapter 5 wildl outline the mechanistic inves:!

that this dialumene can undeurpgoc.olThaibsorvadri kv ei ss t pu:

with the Cowley group, and a manuscript is in pr
tdd. Khem. .Sdkoving away from dial umenes, t he ap
present in the activation of dihydrogen by al ka

explored in Chapter 6. This claptern mesantmdr tstafdya

withAktei dge group, pwhbhichbhiCheéas. bE@RIi ndl | vy,

mechanistic work into transfer hydrogenation rea
action present between al kal:i and al kaline earth
wor k, based on previousl!l y !p2u bhlaiss hbeede ne xppuebrliinsehnetda |

a purely theohetnmCeaalEhsetrudy i n
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2-Theoretical Background

2 Theoretical Background

2.1 ntroducti on

This chapter provides an overview of the th

computational met hods employed to carry out
timandependé@ditng®ahrequation will be discusse
operator afmdpptemdreBmen approximation wil/l t h
Fock theory wildl then be introduced. Mor e a

upon t he shortcomoolgotpe& Hrairmareiel y concern
treatment of electron correlati-6hamwbDehst hgn
Functional Theory (DFT) will/l be discussed in

a descriptisen of basis set

2. Zhe TlinmdeependedntngSchrEquati on

One of the fundament al postul ates of guant u
wavefunction for any c hetnhiacta | whseyns t aeant, e dg i wpet
appropriate operator, wi || return the obsel
operator t hat returns the system en@®rgy, i

expressed as the eigenvalue equation

Qy Qu P
whi ch i s t he Schr°dinger equation. The Har
components which contribute to the total ene
B 2 ) Q® Q QW
O — —n —_— — - c®
Ca 4 ca i i i
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2-Theoretical Background

The first two terms are the kinetic energies of
The third term is the electrostatic attraction b
final two terms are the interelectconivel gnd i nt e
The i ndnéresn over tHanéddlectowears,sihe Rluazhekods

constant ahiiwi setthbymass dEi & htehelmass omf, the nuc
En2is the Lapl dliisamhepehatr gr;iof tthhe etlemita omymber

an@i s the distance betAamdn any two particles

Equatibas2idfinitely many augeaphabbeowaanetdnwitb
a particu%dMul enet (Fgataito mno 2 h & wdaenfdt i myt egr ati ng

gi ves

wWowQi yowQi C®

Using the orthonormality of the set %ifs acceptabl
a scalar quamand ysk alueetoifoagnh2atb & si mpl i fied, and r

as

wowQi O c8

whereegs the KroneckerE=gelatnal, egawdl| ttoo zleriof ot her w

The bounded nature of quantum mechanics dictates
state of a system that i s % owae ghahi Byl obt har ¢
wavefunctions can thus be determined by their as
the | ower the energy, thdhbetiser theke vaeavatuooti

given by
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2-Theoretical Background

. ”B ;O%Ql o ®
whelBés some |l inear combination of whamel sSet of
nor mali Zkids variational nature demonstrates
not have to be <constructed as a Jlinear co
wavefunthsbead, the guess wavefunction can b
and the quality is determined by the calcul a
To simplify -mattedphbetntheisner approxi mation n
This approximation i s based on the fact that
are approximately 1800 times |l arger than t he
ofel ectrons i s essentially instantaneous, r
Therefore, by decoupling the motions of the
treated as iif they are moving in a field of

Schadi°nger equation, given by

Qi w wainMm Quwain M C®

i s t he el ectronic Hamil toni an, whi ch excl
nuclrewal ear repul sion term. RKNhearel eictdemdrmnd:
vari abl es, whil e t hid narcd eir xadbopdi ameées: s .
nucl ear r epéyl sioonateomstant since the positi

The cositsangdded to the pure electronic enert

enerugy,
By considering a chemical system possessing
nucl eus, t he need tel accooamt cdor eledteicam oins

solutions of the corresponding electronic Sc
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2-Theoretical Background

hydrogenic atomic orbitals. These functions are

complicated mol ecul ar orbit &lcsa.n Toheusc,onastguwededw

from a |inear combination of atomic wavefunction
%0 We C¥

wher.erefers to the nuambdger ebér sf unaotiaonsspeci fic a
wavefunction, AitThhisoefsfitchenktinear combinati on
(LCAO) approach, .Wwhecei bhe st cafled the basis
Equatiiomt @. #fikredl sk ¢eatoifonam.eébxpression is obtaine

energy corresponding to the guess wavefunction,

. B &+ OB G- Qi
Bd B ® Qi

B &®_ 30 Qi
B Mk« + Qi

B 0O
B 6oy S
(et s known as the reXbpsakoewhntegt ale ameérl ap int
overlap integral represents the degree to which
The generalized resonance “«<nteghglsidaés enpl ahat
The goal is to minimiziet ht hree sepeecctt rtomi thenkbagys
coeffihAkci Ehis is given by
O m !0 B0
T C

whehkeuns over the coefgfuiadii emtss .(BHA rigss trogotfav erre d ,

given by
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2-Theoretical Background

G0 Oy mlQ P T

i nvol.vimkgnowdis A set of equations such as t
equationmsaknawns htasi wai anlonsol uti on i f and on

formed from the corr®@s@indiiimsg egaaf fitoi eretrso,.

secul ar equation, and is given by
'O oY O ©OY E O OY
© 0OY 0 OY E O oY
. . . A, s P p
é é E é
(O] oY () oYy 8 O gy

By expanding th&gdetiegmiefledféaerse obt ai ned.

| owest energy corresponds to the ground st a
hi gher energies correspond%t ® ienxgseHdeusadtsitout @ s
2. 1Tm yield a uniquéeswehi o aofeifié caenbpti ma

within the basis set, given by

%0 W e P G

2. Mangl ectron wavefunctions

To bediacassi oml et mamywa v e feulneccttiroonns ,Haamiolnteo n
considered, so t hat for each el ectron i n a
el ectron and its attraction fd eaxltlr omu Hlaeni | it

i s givhe byuation

O 0 Do

41



2-Theoretical Background

wh e

The

equ

The

el e

To

t he

app

set

ope

equ

unt

re the summati on i seloevcetrr otnh eHainm d itQpind uaanl omrea &
en by
. P @
Q —n — T
c : P
re is a set of ei genf uncelieocntsr otnh aSc hmy? dti ngat
ation
T R[ ¢
h ofgibs teal ei genfunction of its own operator,
. p ® .
Q E“ - w Q QN0
final t ehram d nsktghea toifidgd t2Za.nl 6 nt eracti on potent
ctronBEwint horadilt aolt her Bl gtveanbyin orbitals
w Q i—Ql <P X
f or m-etlheectamen Hami |l t oni ans, a set of orbitals
se orbitals that must be-cobhsabshedti hi ¢éhe (85C€
roach must be wutilised. This appriéach was fir
of orbitals are provi ded -ealse cat rgaure skba mitlot d roir anr
rator s, which are then wusekdcttroonso$oter °tdhien gien
at EQuati(on 2h1l5 results in an updated set of
i an arbitrary convergence threshold has bece
vious set of orbitals.
electrons are characterized by a set of quan
ntum number, arising as a natural consequence
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2-Theoretical Background

to quantum mecharnealcast.i viins ttihce tnroenat me mtd, spin
hoemanner . The spin eigenfunctions are orth
ei genvadfg,esand ar e JdoenDhedPdwyl i exclusion pr

t hat no two electrons can have the same set

mol ecul ar orbital may only contain up to two
quantum numbers. A mor e guwlniereXclsusaitcemmemrti nocf
wavefunctions must change sign upon interch
el ectrons i .e. -styhrenyetmust D& amtyi two rows o
interchanged, t he deeeami nantgnchadngebke Thi

represent atsiyonomedbf i maenmd i wavefunctions as dete

approach, and was first Y é&oogmnmi sgbstryn Sloatt ar

number of electrons a generalised Slater det
..p ..p E ..p
P ..¢ ...c 8 ..¢
.. 0 .0 8 0

whewes aospitbhal, which is the product of a s

eigenfunction.

2. A he Hakdak emet hod

|t was proposed by Fock t o extend Hartree

determinant al wavefunctions. Root han propose
all owed the HF equations to be s'dFoedsswi hfgin
on c |-sohseeldl systems, the HF equations can be
formali smel &@&ber omeFock operator is given by
T OAIlAE
§o) gn 13 o &0 P w
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2-Theoretical Background

and is defined A oFhe afcihn &ll ethdarmmal nosrE gtelaeoifroing h t

2.1% the interactioAwipgdht adt i @lt hefr ellecttroms, de
o &Q v O & T

whefk&ndear e t he Coul omb and exbélhoglehei nsteecgurlaalrs d e

equation, given by
"0 OY "0 OY E O OY
O TY O 0TY E O OY
. . . . T cg p
é é E é
O oY O oY 8 O oY

can then be3msatlrviexd .elTehment s are the overlap matr

&matri x el ements are specific to the HF procedur

Each Fock el ement is defined by
I Al AE
o 2oy o Ly
C i
= - P -
U ‘1—!1 _‘—,n C&C
- c -
where tklkesleovicareek | etters represent individual k
second terms-handtbhiEdeaghoar € -&lRkeect ron integrals

involving the Laplacian and distance operators (

The final ter medercttaioms imwegrwd s (inside the sq
first of these, given by
[ b [v) o) po 0, 1~ 1~ '
- A)op/mpi—/mc/chpolc & o

defines the Coulomb repulsion between the probab
defingdnighy or ellecklami.f or el ectron 2. Attenuatin

exchange 1integral (the second term within the
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2-Theoretical Background
preceded by &afladact drueoft oonene | i mitation of e
present for electrons of the s abBHmweuastpidm. 2T h2e
defines the ddegmwhitcyhy matveisx,t he rel ative weidg
functions to a particular molecular orbital
FAACBDEAA

0 C A O 8 T
where the dyodeefffiincei ethhfes nor mal i sed contori but i
mol ecul aEandar btihtealf act or of 2 preceding the
cl osdal | systems where each molecular orbiteze
coefficients that are required to form the
therefore be gewesnsnedhgatoft teheb cal cul ati on, i
equati ons, which then | ead to new orbital (
iteratively untilrgedegei iedrlkacvbdledof conve
2. Wavefunction Theory Met hods
Har tFheek t heory provides a prescription for
of a system within the | imit of a basis set
represented by a single Slater det€omknant .
thepy is that each electron is assumed to mov
el ectrons. Thi s resultslectrnonstaoraeéats ore,
dynami c correlation, not being accounted fo
energen gy v

Qi 000 Qe G v
must be captured. Using the HF wavefunction
tot al wavefunction can be written as
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2-Theoretical Background

T

W (g ® @ Q0
where the setArcoefprecefnftiscitennet sr el ati ve weighting
to the total wavefunction. The HF wavefunction i

mi ssing correlation energy may be | arge, but t he

determinants dde wlalslsy thrmaeefsrengei thaantt e

present . This section wildl outline the approach
treatment of dynamic and static corrwillalti on. The
be discussed, as wel |l as approaches that have b

reduce the comtcof actlyesmethiodls .

2. 5Mul ticonfigCoasi snhaht SEIl €1 d Theory

A si-dgter minant al approach fails to describe a
|l i keli hood of populating frontier orbitals, due
only the coefficients of occupi-@édt errmiinadtsalar e
approach defines only one possible occupancy of
This |l eads to these orbitals not being treated e
cal |l ee omdlitgiur ad d msniadt esretl ffi eld (MCSCF) approach
optimize t he orbitals for a combinati on of C «
configuration state function (CSF) refers to the
numbers of the orbitals. An MCSCF wavefunction
what adrsbimay be occupied in tEgquaoctningudre@®i ons ap
the wvariational optimum of ®Hlhe hweihghtmodfec elaamh

configuration in the total wavefunction are calc

46



2-Theoretical Background

As a particular orbital can be popul ated by

energy eigenvalue associated with that orbit

#3&0
€ QOB | 4346 £ CHOB RO c8g X

the occupation number of an orbital is calc
weighting the occupation number of the orbi

expansion AoeTfhHdsd enrthitals that can be occuf

orbital s, and the set of these orbitals are
by (n, m), specifying n electrons in m orbit:
the electtdbes sewiit ifn active orbitals, every
el ecst riom m orbitals can be considered. Thi s

space (CAS) or CASSCF calculation. The numbe
way that CASSCF calculations can be made mor
i nactiveatorniet ddlIFs | ev el of theory, enf orcing
(Fi grde. MCSCF met hods such as CASSCF only i
introducing a treatment of static correlatic

not been considered outside of the active sp
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2-Theoretical Background

A

Virtual HF Orbitals
Energy

Single or
Double
Excitations

Complete Active Space (CAS)

Occupied HF Orbitals

T+

Fi gagt:e Example representation of the CASSCF formali sm.

2.5Ca@nfiguration Interaction

For CASSCF, the choice of ttahel apcotsisvieb|sep aCSeF swawnsi tl
that space, while keeping the orbitals outside
| evel . Therefor e, there is no treatment of dynart
inside and outside of the acstiideae samacaec.t i @ree sgptarc
where al/l el ectrons are permitted to occupy ever
full configuration interaction (FCI),nsand if <car
t he exact sol ut ebat itwvi-isrtdiep emddrie-@@e p e nBhoerinme r

Schdi nger equation. No optimization of the HF i ng

in this case as the set of CSFs is a complete se
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2-Theoretical Background
To reduce the computational cost , ' i mited e
the g&menaite oans 2. 26

I ABE 08 I ABE 08
W (g () ()

T

8y

reflects HEamiday ewbecepied molecul ar orbitals

whi®Oendare virtual or unoccupied orbitals ir
summati on omandcdesEdagaif ome @2r.e2s8ent s al | possi
excitations, while the second represents all/|l
The mol ecul ar orbital coefficients are not

expansion coefficients beihrg mhgtoer whi s¢d ncThio
Cltand S8Gbased met hodsadeltVYaarrmiantiing t he expansi o

gi venrsatar i X, whose el ements are given by
© W Ouw & w

whemweEw swith single excited determinants and
being referred tollyl. hAghkeecocaduress swehfen mat

el ement s bet ween t he HF determinant and a S

evaluated. -9ha&t €&rondwlnes dictate that such a
as
(@] ( &0
N "On C® 1T

whefOes the Fock operator .Fadf®er eordiideanfsun mtdieo

the Fock operator, so thkeamribd tead g&ewnmeadlyy ei g

%0 "O%o R 6(%0 ~ %o a

R & p
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2-Theoretical Background

Th
de

i n

gr

t h

gr
t h

w h

e finaEquatnieohoefl2l. 81 us t hat matr i X el ement s b

termi nant and any singly excited determinant

difaedcan never be equal. This restulft is known

r ground states, due to Brillouinbds theorem a
ntext is block diagonal, the inclusion of only
ound state energy. Only including adoulsl e exci't
wer in energy than the HF energy. Triple excit
e CI DT method. The inclusion of triples can 1in
mi xing with the doubly excitedscemahi gnixati ons

ith the HF wavefunction indirectly through the

cited configurations. This is known as the CI
tur e, ensuring that the calcul atedueenergy i s
ound state energy. The ClI method is not size ¢

e calculation of energetic properties such as

5P8rturbation Theory

stripping away troublesome parts of an oper
erator can be obtained, wher e t he exact eige
own. The exact eigenfunctions and eigenvalues
e of baatpevret wurperator. This -Schdti mngelvasgsned hofd,t he
iven by
0 O _W Cd C

eOés some operator, the exact eigenfunctions
knoowni,s the simplified operator of wwhich exact
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2-Theoretical Background

the perturbativeéi sparatakrar Fguahtyty, t hat a
varying from a valbu®enod oMBtiHreocum@mdl )Pl efsset i
use of this scheme for approarfhimgetrheqentc:

collectively r enfrreertrheodd st of nals=T hib e2s, BRI él)i.f i ed op

i s t hientneornacti ng Hamiltonian, as defined by
© Q Cd o
The correspondi ngfwavemhumsctoipemat or i s a Sl at
occupied orbitals i.e. theOHBnwahebuwaviednnc
gi ves
I AA8
O R CdT
where individual orbital ener gieéectaren theack
operator s, and the sum of thesedndeTd nreest rtihev

the HF energyteampenutstr batiwel uded that corr

of el-etecbnon interactions. This is given by
I ARBA8 | AARBAS

(") — 0 EO C® L

| C

The energy eigenvalue correspoondideg tortrleics$i
gi veArbySummidmgndpyi el ds

O ®

S103
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2-Theoretical Background

which establishes that the HF energeyrisThhe e

secoonrdder correction term is given by

I AR A DE OF 08,9#%&) 000
6 &
R R R R ¢ X

ne

where thdinddandfdefi nes the MP2 energy. This met

ap
ap
vV a

di

w h

proxi.matwh.,eyrse t he number of basis functions. r
proxi fhatsedCimet hotdepr WRiommssiszent . However, i

riational, meaning that the correlation ener
sadvantage of perturbation theory i s t hat it
nver gent when the pertuohleatpieorn urdasmael t eHowe
eory corrects for t heel eccvt eroonanurnet W nigs ho fc aenl ehcet r ¢
bstantial. The MP methods therefore suffer frc¢
eory captures a considerable amount of dynamic

ngekterence nature, can fail hafthefdemcaimuli bh

ference treat ment .

5Cdupled Cluster Theory
upled cluster theorVyl’°wawbedevehepednbyaCitdka
aciClf wlalvef uremtriessre nitsed as

w Auw e & Y
ere the cl| Wstiesr goipveerna tboyr

"Y 'Y Y Y E Y B w
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2-Theoretical Background

whetg@oes from 1 to the tot aYomeurnebtear od e ned reactt:
possible determi n&ax si thatvii mrgs aftr oo stthe refer

For exampl e,

Y o g m

is the operator correspondi n@betiongaltlih ed ocu buls
amplitudes. By coWoipkeraitrog odnley tthe doubl e

coupled cluster doubles (CCD) method is defi

#rs Q (&
Y > X E 8
p CA O'A (& S P
The cluster operator is represented by a Tay
are equivalent to the CI D method. The remain
t h"'¥operator. This ensures that -ctohres icsotuepnte.d c
By including the single and double excitatio

i s the CCSD met hody whieicse tsitealresmiasmcoi obasi
I f connected tripl esYoapreer aitnocrl u(dneodt, tuhsei ndgi stchoe
resul ting fr’vamd)r,odtuncet sSCOIDT met hod .ks Tdbef i ne
account for triples approximately, a perturb
CCSD(T) met hod, whi @hi scemkeebodsbenefits fro
cancell ation, as the error from not i ncl udi
overestimation of the connected tripfds cont
Thereforaecuhiagh i s achievedst amakad mdyo tdfi se lt enc

structure calcul ations. Il n the truncated for
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2-Theoretical Background

2. 5MBbdern approxi mations

I n practice, many of these methods discussed s
containing only a few atoms. There have been a
t hat aim to expedite correlated wavefunction t
accuracy. Twet hodd st hweislel be briefly outlined. The
pair natur al orbital ( DLPNO) aQlprmotimad, oam.sdhe
call ed -€kBI| enxettehd d t hat all ows one to calcul at e

wavefunctions.

2.5.bomMain | ocal pair natur al orbital (DLPNO

't was re‘wdiinednby 955 that when natural orbitals

to their occupation number, Cl cal culations wusi
qguickly céBuetdeng. on this idea, Edmi ston and |
concept of pair natur al orbitals (PNO), wher e a

correl ate el>&dérthreoni ngaiordsu.cti on of this concept

devel opment of correlated wavef un!@®3ochre based met

use of PNOs in correlated calculations drastica
while only coming with marginal errors in the co
this flurry of advancement in the $9d0agethe int

required for these calculations caused this appr

of computational resources at the ti me.

Wi t h accesscomputmotrieon al resources, and by ut il
approximati ons, Neese revived the wuse of PNOs i
calculations, with the introduction of a modern
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2-Theoretical Background

el ectron pair app’fooxd maCEDNMTBEPA)ERSD

met hod was subsequently r edeuwsicganleidn gt ob erheadvu cc
giving rise-CtCSDt met®MilbRINO met hod combines the
with paior baittoamisc ( PAO) , ands cparloivnigd els e hnaevai ro ul
mentioned previously, the CCSD(T) method is

el ectronic structure eCdSchDulTat iiompsl,e neennd ad | DIn

been devé’l oped.

These methods provide chemical accuracy, whi
of their canonical counterparts. By tighteni
to the canonical results can be achieved. F
beahvi our within the DLPNO framework, calcul a
be carried out. For exampl e, it -6@sD(G®e)en d
calculation could be carried out on an entir
than 6000 th ashids mbuedeptnh di scussion of the d
application of the LPNO methods, as well as

steps involved can be foé3%nd in a review fron

2. 5. Ne a&CI wavefunctGlons with | CE

Due to the factorial scaling of the FCI proc
system of interest is computationally intrac

hi ghly accurate densities or energiegefor a

scale CASSCF calcul ations, past the typical
Obt aini ngxactnheRCI wavefunction is sufficient
into chemical systems at a high -Geoenvlieilgt iVbint h
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Expansions Configur aQli)onmeltnhtoedr aw & §°o’it® & ¢ IC&p e d .

primary g€GhIlisftobCgr oviedke cdo mpaavcetf umecdri ons, at a
of the computational cost. While this method is
smal | systems, up to a few dozen etecthens and
previously di &£cCusnee dolDIsPNWhich are designed to &

met hods for the efficient treatment of | arge sys

The major steps c-&€trpedcedur en&ti gR®.le€MRil ragyte,d i n

a mamarticle state that has a sizeabn®escontri but
considered. Only configurations that di ffer by
intera®t Bwi tlhsing perturbation theory, the singl
i nteract mo s n° agter osneglleyc tveidt.h The variational prob
The CI vector is then analysed, and the confi
contribution to the ground state are chosen as t

are the vari atibnashekd. ddbhermi nes what configur

the generator set. I n the next iteration, singl
relative to this generator set, and a new set i s
with the dominant part of the previouws CI vecto
unt il no new generator configurations are produc

is reackédhasCBeen shown to provide polynomial,
as is the case for regul argetFOle s hAosl dt,lyet hues erre stuil gt
wavefunction becomes more accurate, but the comp

of 10 for each magnitude of tightening of this t
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User defined start
configuration

i C

a

Select S+D using

perturbation theory

Solve HC=EC
variationally

Background

Fi g@2k:e FIl owchart

Choose generator set
based on T,

No

Perform S+D relative
to generator set

Yes

Is energy converged?

Final HC=EC

describivogveldeClmagmec ead&Epes devel oped

f

S+D refers to single and double excitations.
2. ®ensity Functional Theory
The wavefunction is not physically observabl
as the Slater determinant in HF theory, ca
Hamiltonian operator only requires three pie
t hat omi c number s of the nucl ei and finally,
quantity, the number of electrons, i mplies t
observable, as when integrated over all spac
eleoms. This is expressed as
0 mi Qi c8 ¢
wheries the total number of electrons. Assumi |
numbers of the nuclei can be obtained using
e s
II‘_. C(L)./” ca o
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w h

nu

co

of

t h

Th

w h

i n

nu

co

K i

Th

eres the atomic !'n@mbethefratdbml, damd atnfte fr om
mer ator of the | eft hand side is the spherical
utltden be utilisédi hgesokgreathenScho yield the
this section wil!/l outline density functional
at uses the electron density as its core build
6Early approximati ons

e total energy of a system can be separated
mponents. As a first approximati on, the cl ass
nsity and nucl ei is given by
T 6A1 AE,

o ©_ Qi 8 1

@ A 3 1
d the cl| aseslieccatlr oenl ercetpruolnsi on i s given by

s po"L Tl

{1 - —Q QO g8 v

X 4 C 3 1 C
ere both terms together define a classical po
troduced the uniform edyesttem,n gampdqI&d)gf aat iict

mber of electrons moving in an infinite volun
nNtinuous positive charge i-zzer ot Widdhbeyytem has
netic energy of this system is given by

Vit Lo T T Qi 8
¢ 2 ¢

e density fun&guabhab®sdBvégebhper with an ass.!

riational pri nactitpelmep,t d ebfyi nfeh otmhaes fainrdstFer mi ) t o

58



2-Theoretical Background

functional theory, independent of a wavefunc
al |l mol ecules to be unstable with respect to
The initial failure to establish a density f
of classical behavVeowuronThepeael siE@uaterom ®&e f4i5

does not treat the effects of correlation or

function can be introduced, given by
Al AAOOIT O vy ow N
‘B P —Q q P - QqQ 8 x
i C I I8 C 3 13

where the second-hapdmspbdetberréghs for the e
the first term. The hole functionQji samaeéntr e
evaluated as a function of the rGemainnithg opea

el ectron case, the hole function is the neg

(7]
(9]
(@]

ond tEgmums iagdrerX.e&ch |l y cancel ealchctothmrrcasaea
the form of the hole functional iisfluemss i olneal
i s to correcntt efroarc ttihoen seerlrfor (arising from ¢t
i tsel f, eveen eicnrbhecane), as wel | as t he e

including the effects of correlation and exc

It was not &%t hbay Slhet econtri bution of the ex
classical repul sion term was | arger than th
proposed to ignore the correlation correctio
a sphere of cowistthand rpaodiend itahat depends on
el ectronic density at a particular position

functi onal was derived as

59



2-Theoretical Background

T
o
Qi %X Tl g8 Y
This functional i s known Jacso nSltaatnetr iesx cdheaf ni gnee,d w hoe
This constant was treated as empirical, with dif
empirical analysis of a raneadtfcusnpstems, coll ec

2.6TRAe Hohe&mnhear gheor ems

Having outlined some of the early attempts to de¢
two foundational theorems from Hdh¥eme efrigr satnd Koh

is the existence theorem and proves that the g

uniquely determines the external potential, and
second theorem proves that density fumctional t#h
the early ideas put forward by Thomas and Fer mi

2.6.T2hel Exi stence Theorem

To construct the Hamiltonian for a particular sy

nucl ei , and the tot al number of el ectrons are re
the total number of electrons is obteatneds To de
with the nuclei i.e. the external potential, it
state density in this case), uni quely deter min

Hohen#Kerhgqn t heor em rperdouccet el dos aydi sahbesruep dintmtihsats h

an assumption to the contrary produces an i mposs
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2-Theoretical Background

The first step is to assume t@Ganda@tcwn dbieffer
determined frothegbprpesame goaund state densit
potentials appear i n t heODrand@, peaevdhteirvee elda mi
Hami |l tonian has a ground state wavefunction
it By the variational th@ovem, thkewdxpéaohna
must be greater than the true groundAstate

This is represented by
Op h 'O & w

This expression can be rewritten as

Oh RO O 0O
i O 0O i\ i O
PO 0S5 Op ® T

where the Equatli drnsn2.q@b val ent to

Op VI O 1 " 1 Qi Ojf ¢d p
as the extermat e polhemttricad soper atAansh.ar Bhe | a
arbitrary, so equivalently

Op (V| 01 7 1Qi Of ¢d ¢

By sumiEnguagti oasd2%5Be i mpossible result

Op O O 0f C® o
occurs, which states that sum of thAkanednergie
Ais Il ess than itself. Therefor e, it mu st be
determines the external p&Kobbamnt exli st Emice itdhebd
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2.6.T2h & Var i

The first-Kdoomentherngem est abl
density, this density wild.l
Hami |l toni an, and t hus t he

Hami | t onn d,n

time haner gy i s

Background

ational Theorem

O AATSEXATSAAATOR QiAT A O

whi c h, as per the variational
the true ground state energy.
principle, which

2. 6 K8h®%ham Theory

poi nt -iantfeircatcittiinogu se | seycst treomm so, f

A cruci al breakthrough in

calcul ations was proposed*Phe Kbawn
as a starting

ground state density as some
interacting. The

as a

determinants of

eigenvalues or such a

As a starting point,

divided into the various
lo ” ‘I "Y En ‘I dp A” ‘l (;AA" ‘l 3“"Y” ‘l

sum-eloé c tonoen

operators

6 2

i shes
uni quely det er mi
energy.

eval uat ed, according

t heorem
demonstrates

i sKothhne tsheecoornedm.Hohenbergg

providing practical

adda Swam

system
Hamt et aot cragnf ebyes tsiimp lryore x pr e s s ¢
eigenfunct
tetHecti mam vied welnf omet i ons.

sebkeemraneet gensamuets. t he

the-i enhergygtifugqncsiyonaims f oarl

energetic component s.
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2-Theoretical Background

where the first, second and third ter-ms corr
interacting eleoucbear atheraeteconopotenti al
el ecereatron repulsion energy, respetché vel y.
assumpti oni notferaactamg system, with the first
energy deriving from the interacting nature

second <correcting for the aslseaotprtomminmtiercal

Equati ocnan2 .b5%5 rewritten as an orbital expres:c
1 O6Al AE
. . [
O" i - —
q 3 I8
Pl g Qi i ®
whereefers to the total number of el ectrons,
as
” a...” ..o C® X

The finaEqgueatr moiosf 2a 5&6lalt cther m f or the energy
correction of the kinetic energy due to the
interacting siyrstt eermg c tti hoen seelrfor correction, a
qguantum mechani cdalexccohranegea.t ilbsni nagn vari ati onal
or bi?dteanlag mini mi se the energy are |l ocated, re

equations, given by
as. - R P

These ar e-Sthlaen K KIg) equati oevspepciwheneKShepenaea

given by

6 3



2-Theoretical Background

0 TOAI AE .
S In — ——Q > A @ w
c § 1s § 1s A

where the final term

1 Qi

WA T CH T
is a functional derivative -¢lhadt rcaam dpee rtahtoourg htt
when acting on the KS Sfzsater determinant, return
Anal ogous to the approach taken in HF theory to
secul ar equation is solved, but in this case, th

t hgumatri x el ements, given by

: P —~ .
V] %0 Erl 5 s S isQ 0y %0 C¢Hp

A final point to make on the KS procedure is tha
of the secul ar matrix el ement s, but the density
result from the procedure. Thereforeanthe KS pro

iterative SCF approach.

2. 6Fd4nctional Cl asses
The functional dependenrcreel aft i bhe eearchgnpen t he
density is expressed as an interaction between

call ed t he erpzerwhy cdhe nissi tdye pendent on the density

as a sum of exchange and correlation energy part

6 4



2-Theoretical Background

£ "1 -gh 1 Qi ¢ ¢
Furthermore, the electron density is usually
given by
i 9 ! o
TA” | &
This effective radius is defined as the radi

with the sphere defined by this radius havin

order to account for spin i nyj@Fds piimddevn sdiutaile
are utilised. The spitareeesipriessedt aany posi
. n‘l u‘l
— 1 . C@T

2. 6 .4oclal Density Approximation (LDA)

The idea behind LDA functionals is that the
position can be calculated exclusively from
position i.e. the |l ocal value of the @knsity.
at every position. LDA functionals deriving
the only functionals that meet this requirerm
the same value at every position. I nvatking t
the electron density of the real mol ecul e o
i nstead an assumption-cohpaéel athiadn tdrerexyc haem
position in space for the molecule is the sa

same density as is found at that position.
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2-Theoretical Background
The LDA approximation -pahaekseddedgit methesi agin

p -7 p -7 ¢

-”lF‘— -”l _Hl _Hl U
2] 2] @ 2] <’ o &
where the superscript zero is the Slater exchang
7
” 01) o 3
g | T A m7 CH @
and the superscript one energy density is the al

consideration of the UEG comp@esed d&for oml yspélnec
unpol arised system, thbasdcendetgomsonotheroi ghh
Equati ornep2r.eéssbent s a gener al form of the exchange

the | ocal spin density approximation (LSDA).

Having considered the exchange energy, a treat me
be considered. Ceperl ey and Al der calcul ated the

di fferent densities t%%By bBbuphrmaeme migcaheakoowacyn

exchange energies from these total energies, the
wer e calcul at ed. Usi ng t hese results, Vos ko, \
functionals of the densitynghatchélehesd .tsweover al d
functional f or ms t hat have seen the widest us

cal cultahteibombsi ne S|l ater exchange and VWN correl at

to as the SVWN met hod.

6 6



2-Theoretical Background

2. 6.(4Me2itGe@)ner al i sed Gradient Approximati or

wher

The

wher

Thi s
opti

He t

gen

nd

tru

eralised gradient approximation ( GGA)
both ontthteeadieasi tygf ande density. Thi

cted by adding a correction term to t

ey ,3$‘ ,,31”‘15
-WA l -WA ! &-WA n T ‘l C@X

he correction term to the dexyemadreqd or

di mensionless reduced gradient, rat he
st GGA exchange functional that saw w
nal , aYbregiviemnehly as 6BO
3- P @ ® Y
@ P g ®EI & G
0 ,cfn—f CH w
nctional i ncorporatreshea walnge eofe mphirc

ed by fitting to the exactly known ex

ugh Rn. As well as Becke exchange, tl
nals developed, t hat c othd rad .n Inros teengpd r
ed on rational functional expansi ons

hes&amd ePBB (Perdew, BuUt®ke°and Ernzer hof ]

ng

ti o

on to corrections to the LDA correl at

nals have also been developed. Two pr
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2-Theoretical Background

and LYP (Lee, angleandatReerrr )example, LYP, rather
t he LDA expression, calcul ates the <correlati on
empirical parameters. |t is often combined with

exchanagrer el ati on functional

Given that the gradient of the density has been

Taydoke expansion, a | ogical next step is then
the electron density, the Laplacian. Functional s
GGA unctional s.-GBGAeexthamngenetancti onal was propo

and Rouss$%¥l wiBR) Proynov,-wdrad earhsubpramplosdang t he
correlation f%inctwaosn alou(ndapt)h.at numerically stab!

Laplacian of the density were quite a technica

formali sm was proposed, one that depended on t he
I AAODEAA
ti I o m
Al t hough functionals such as BR include a depenc
z,devel opers tend to discard the Laplacian in mor
of such a functional t hat has seenr el @i acuse i s

functiPonal

2.6 . HyBrid Methods

By using t hfee yHharalnmatnme or e m, one can -show that

correlation energy of a system can be calcul ated

Qi G _Ipyis _0Q_ & p

6 8



2-Theoretical Background

where a smooth conve-q stenaodtiivg empataennd u(l |y
interacti hg )ppstceamr(ed oiunterlancttimeg nomit,

correlation energy to consi6dbeeri,ngwietxhc htamey ean
exchange ener-igryt efadthiengromnystem may be cal cu
the Slater determinant of KS orbi-tratl sr act it g
Hamiltonian. -AAlsedthreor | iectt e roangt itdre ire mawinti mhge
(correlation) is approximated using a densi't

by the expression

Qi p OB ach @ ¢

wheAes a percent-BEgekobkxetlhahgeeenergy. Thi s &
the adiabatic connection metrhedatUoinng andDASs
val ue oA O0Beb kfeorpr o parsteall ft h(eH &H) fde h®Fihtiys f unc
was one of the first attempts at i mplementin

of DFT and HF exchange).

Given that inclusion of a single optimisable
next step was to introduce additional empi
devel ope¢ aa atmerteeed expression, given by

GET o 007t dhE @ 0% BT & o
wheAdanBare parameters with values of 0.20,

functional form was gli*Tdr (GIGA maoame eBaPWeOh. f

PW9 1, is designed to provide a correction
replacing this functional with the LYP corr
calculate the full correl atiLofP dnmuuetcdiyh,en&tl ev e
functional expression for B3LYP is given as
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2-Theoretical Background

Ba°0 p 60,0 Gt B p OIS IR T

where the empirical parameters have the same vVva
t hrpeeer amet er model s, there -paveambttem modhelmbers wd
as the B1PW91 and 'PBPBe fpacamenat sin PBEO dict a

amount of HF exchange (25%) was chosen based on

and not empirically optimised. Hence, t he name,
are Azerod parameters. Fienvael [loyp e & hae sTetu hdfarf wmrotu
t hat are heavily em@i rpacraadmetcearst atihnaitngh a2vbe been
experiment al dat a. These functionals are collec

functional s. One example thats ftehaBtXuMbegsbrhedavi |y

functional, whi ch -Fcooenkt ad xnés® abdgle .Har t r ee

2. 6 .DBloubhlyebr i d Met hods

There also exists a class olfi kfeunecntdrognyal ¢c drhragc tiin

which wutili-SbamtBbDET Kohhitals and energies to ¢

calcul ation. Functional s-hgfbrti ki § umgpé oankescallg

expressiso milar in form to hybrid functional expr
Gh¥4 p OFET aGE p O RE A OC C& U

where the empiAdicatl atpeas atmed efrr acti on of MP2 corr
is included. One of thehyfbirrisd feuxnacnipilocensalo fwaa dBa2
developed by Gri mme, which buil d§Twpont héhre B88 ¢
notable exampl-BH afriend¢thieo®®8IEQO which builds upon t
and PWP®9%I3t houghhydooruibd ef uncti onals do provide i

t heecomputati onal dependence | imits their use wi
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2-Theoretical Background

the basis set convergence is slower than reg

term.

2. 6Dbspersion Corrections

DFT in its standard formalism does not desc
bet ween rare gas atoms, many functionals pre
others fortuitously describe a weak stabil:@i
coeat -1@amge behaviour .| oinfgapgesiionnm el attdav e n

coval entnighioadacnttdihounss may not be significant f
However, as molecules become | arger, the ino

becomeemauwms and thus increasingly important.

The -parrameteri stddmetmmedshave become the mos
di spersion corrections for routine applicat
i ncl udRt®denar gy term for each ad eopre ngainrt, CvBi
paraméeéffei s has been r ef i-onreddert ot e rnnesl,u daes hweglhle
the parameters depend on the atomic envirol
met hods are denoted D/ @Ha/mp3.ngTHeanati @innadlasz
replaced withadgimiadaogsadiphby gBec k®T ha sd mlea hhnosdo r

is denot OB (Bsy )BT seen to i mprove t-handgescr.i

el ectron correlation effects. The D4 correct
was found to i mprove on the D3 scheme in the
syst &hs.
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2-Theoretical Background

2. 6 ABvantages and Disadvantages of DFT

Density functional theory optimises the electron

wavefunction. I f one wanted to calculate a part

how that property depends on the density needs

need® have a particular functional of the densi
hand, in order to determine a molecul ar property
correct quantum mechanical operator.

The for mal scaling behavigumwheifrseDFRe i sumibe woo fs e
basis functions. This is an i mpr,ovwehelneg boeviemrg HF
an i mprovement over other correlabDFdnamebhodna by

take advantage of basis sets that are not contr e
represented using an auxiliary basis set, meanin
the basis functi-oppe footudbng GaraeOprre gFreiwead ,STOs
given that they have correct cusp behaviour at t

be taken advantage of more readiluyl,atliecandsi.ngA t o &

final point on the computational efficiency of D
to basis set size is more rapid than HF and cor |
calculations are usually seen +Eloewel converged at

To <close out this section on density functione
i mprovability must be discussed. I n MO theory, 1
the exact sol @diimgerofeguhaet iSocnh.r One coul d constru
from a |linear combination of al | possible confi

infinite basis set, evaluate the exact energy of
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2-Theoretical Background

however, a rough ordering of the classes of
LSDA < GGAGEGA metHdybritybkr DoubThkhis ordering,
Jacobébés LadHiegl8d DBTb@sed on experiment and
few decades that DFT has been in use. For a
200 functionals, across all c¢classes, '%ee the
where the relative ordering of Jacobds Ladd

within each c¢class of functional are given.

Jacob’s Ladder

B2PLYP :
PBEO :
5
3
PBE <
B97-D
SVWN
Hartree-Fock
Fi g28e Approxi mate functional cl| aBaocohé&sibhgddacacorB@xar
each class of functional are given to the |l eft of the
2. Basi s Sets
Each mol ecular orbital is expressed as a |ir

rel ative contribution of each functi on t o

coefficients, are determined from the iterat
| itmiof accuracy is reached using an infinite
feasi bl e, and so there has been much researc
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2-Theoretical Background

set s, t hat all ow one t o approach t he HF I i mi f
computationally efficient manner . This section
associated with basis sets and their devel opmen

and c¢ hlemitcial i t y.

2. 7SLatvesr Gautsgpa@anor bitals

Sl atepe orbitals (STO) were the original basis f
devel opment of basis sets. This is due to them h

them to resemble hydrogenic atomic xmibbittal s qui t

the correct cusp behaviour atabt hdédnud dbleouy. Il n t
however, -itntdexf awnmrt egral s cannot be solved analy
functions ar e STOs. Thi s requirement, t hat t he
sigantid¢imitations on their wuse. To overcome th
radi al decay @®ft d8T,Ost Haeroanf ore converting these
Gausstiyapne f uh%hea ofnlsncti onal form efy pee marbmalails ed
(GTO) i-memattroend cartesian coordinates is given by
T weiorin T
woffn o < B__FER Goa0 & 9
A COACQACQA

whereontrols the wi ditthn Bbfeitnhge ex@a®, vwei i mt eger s th
dictate the nature of the orbital. When all indi
type orbitals. When exactly one of the indices |
p-t ype orbital with axiealaxsiysmmeWhreyn atrhoeu nsdu ma osfi ntghl
is equal to two, tthyipse coorrbrietsaplo.n dish etroe aarde of <cou
ways that these three indices can samthe t wo, an
six cartesian d funct i ®dnisn.g eTrh ee gsuocaltuitoino nf oorf tthhee h

at osmowsohhgatfive functions are required to span
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angul ar moneeng imeserfive functions are deri v
of the six cartesian functions and are refer

Gaussian basis sets use different definition

2. 7C@ntracted Gaussian Functions

There are certain features of GTOs that, whe
The first featur e otfypceonfciemmnt iiosnst haQTOfsorar &
di fferentiable at the nucleus, but hydrogeni
fagaaure of concern is that the radial decay of
a decay that ©0Bs raphdrat hmd tme case with ST
these problems, the first basis sets eutilise
STOs . I n other words, a |l inear combination o

basi s f gmdtviemn sh,y

« ofufnny AAGEQ o %o ity AEGQ & X
where M is the number of i ndi vi dual GTOs, re
function is referred to as a chAarte ach ede nGTtOc

optimise the shape of the basis function s

coefficients are termed the contractipn coef

of each of the primitives, define a basis fu
Opti mal contraction coefficients and expon
contracted GTOs were determined by Hehr e, St
of the petflbsdiincg ttahbelsee., a series of basis seEe

STMG ( SHTatper Or bi t al abWPawxs mane)X. bYhe mor e
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2-Theoretical Background

that were employed, the more accurately the cont
STOs. Thi s howeve-tr ndreexseutetcst r b n fouegral s t hat
increasingly more complex to evaluate. I'n | ight

opti male boafl asmpceed and accuracyBGwédasssrsvsek. fadhisl
basis set is wutilised very Ilittle in modern el e

i mportant stepping stone to more modern basis se

2. 7V8l eemuoktg&slpevial ence

When there is only one basis function defined f
val ence, this is refermbdste asta TmMhns mabk obOhesh
requirement for a basis set. Mi ni mal basis sets
increase the flexibility of a basis -36t is to de
basis set, two basis funationsl dobeeaohstatomt ed

of these could be a contraction of $he@ first t we

3G basis set, while the second basis function coc
This type of basis set, where a decontraction he
atomic orbital, i schadies reat t oAralsi tar adrow bdecontr a

carried out, wbhadiuci gt ackharsiipd esautpleend so on. A m
family of basis sets that em@VXEY 6Xch BnhnTa@Qpsoélk
basi s sets of -Wamh¥fTdh.eamdcr coym stands for cor

consistent polarised Core and Valence (Doubl e/ Tr

The core orbitals are only weakly affected by c
valence orbitals can vary significantly as a fu
fact, s 0 -vcaallelnecde sbpalsiits sets have been developed,

ardreated wi t h contracted gaussian functions,
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decontracted into arbitrarily many functi on:
valence orbitals to react to di fvfaelreinncge cbhaesniis
set s, the most popular historicall'$orheas bee
examples of this famil-®216,f 1@asaifsd 16et sThiirscl
nomencl ature refers to the contraction schem
hyphen refers to the number of primitives e
functpipdnead to the core orbitals. The numbers

of primitives used for the valence functions

cbasis set, with three mbalBéss seepranentsiongn
The Po®pyle basis sets utilise a segmented co
there is no crossover in primitives used for
On the other hand, there exists a gener al co

of pribmettweveens or bitals of the same angul ar mo
scheme is wutilised in the correlation consi s
Zeta basis sets avfor Pdhadlibfnigs afnadmidgy of basi
represented bypVaXcZr ofp¥Xms= cbe, T, Q, 5, é) , wher e
consistency stems from the fact that these b

including electron correlation, and not just

2. 7Pd81 ari sation functions

The use of atom centred basis functions in m
at omi c orbital s, has been shown to not al wa
flexibility. For exampl e, i f one uses only

opti mhee geometryatbftllaenmbhRi Aevael pobadndmhege g me!

predicted to be the minimum energy structure
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basis set, one achievedgeometcygrr€ctspgppmoaah; o
basis functions corresponding to one quantum nun

than the valence orbitals is referred to as addi

Adding more basis functions ¢ ocnoesst amidt heaa | lyi ghe
calculations only employed a single =set of pol
workers introduced the *, or fAstaro, nomencl at u
For exampd eG* thhasibs set means that dbreesmxtra set
added to polarise the p functions for- heavy ator
311G** basis set means that an extra set of d fu
the p fumdta omnest, af p functions have been added
on H ah'dh general rule of thumb is that for ever)
added, another decontraction step should be carr
basis set. This philosophy was tadepthaditso seedd po
of Dunni amgoraknedr scomentli’doedcabmmedate the fact t h;
more than one set of polarisation functions is 1
Pople style basis sets are now more commonly de:
what functions are IingllGdlgd baBaor sxamplse eqtuh e a6 e
6-31G* basis set. This can be generalised to in

functions3®kG@3d2fthe, Bpd) basis set.

2. 7Dbffuse functions

I n cases where electrons are weakly bound and | o
density, as is the case for the highest energy I
augmentation functions are required. For Popl e

indcates the addition of di f f-ik#eG(fduynchhaoins . s &tor
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i mplies that heavy atoms have been augmented
whil e3tlhe+6(3df, 2pd) basis set implies that
been added to hydrogen. The Dunning style b
di fffumeti ons in a slightly different way. B\
augeVTZ, it is implied that one set of diff
momentum preseegptVTZFodiddgse f, d, p and s fu

too heavy atoms, while d, p and s functions
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The Diradicaloid Electronic Structure of Di al u
[ ] Cl Limit

3 The Diradicaloid El ectronic Stru
Benchmark Study at the Full Cl L

3.1ntroducti on

From a wavefunction (WF) theory perspective, di
i ndicati on -rodf esroemec enudhhar acter. Thriesf druendcer i mpl
WF met hods may not be i dealtr effoerr etnhceei rmectahl ocdusl antiigot
isntead be preferable. It is also not obvious how
treating systems with diradical character or ev.

analyzed with DFT ehmetrtradcde. waivedluemcti on met hods
clustehmae Cthe advantage of a robust treat ment ¢
being biased towards -déteerqmiardadrnty rodf etrheen csei nwgal vee |
(typically restricted, -RHE Kk, otUHRDrerf edMeiicet e d H ¢
met hods on tnlde aactehemortea fl exi bl e as the refere
multiconfigurational ( CASSCF) , treating static
dr awbacks of either a |l ess accurateftreatment of
perturbatifon &K@ PATE) or being toefexpronsive (r
configurati dmori retixdiR@ld)ei ofihe i ssuerefewhnather sir
or mudftearence met hodol ogy would be more applicabl
in principle be tested by comparing to results
I nteraction (FCI) Il@Ilvedr, denaigt ye.mgat rsiex ercd rear ma |
(DMRG) techniques tiat |lampntodygh at sgg sEwelmlati ¢ exp
wavefunction. The advakll ageVFef i sudthafindareyF ar e
bi ased towardpaatpatei exlcarafeoenpei IC&€JIs) ngl e

or by tchheosuesnerdi vi si on of t he styrsetaetm nigntsot aan cac
corr edaantdi oann out er space, treatingefdgmeamie corr

met hods) .
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The Diradicaloid Electronic Structure of D
I

3_
Ful | Cl Li mit

I n a previous study carried?®othebpwalTuoeronénctk

present i n t hTel YGrdoiunpe t1a3l | (eMmle f owa smuilntvikpsitei glait
and the | evel of diradical character -assess:¢
unrestricted instabil it iFeosc kwewaev eifduenncttiifoinesd, is
of singlet diradical character in thewkbivest
as CI and CC calculations were wutilized and
using both CI coefficientpabdsowehumhser saf NO

Bot h- a@ld NDd@N e d metrics showed a stepwise

character down Group 13, from ~14% for al um
thallium. While MP2 was found to predict ac
numbers indicated difficulties in treating r

it was concluded that CCSD(TYYasged GEL EDEITE) a
capable of describing the electronic structu
met hods (B3LYP) -edfffeentiiveg a@al teshative. Howeyv
analysis of the behaviour of dieffeferance met Mma
reference met hods shoul d be preferred, was

di ffereonafuottisses in these systems was al s

I n thistkhdhaptectronic structure of di al umene
focusing primarily on :Héhasi mpgl &cte dii glhemdar
character in Group 13), with comparisons dr
convergence of the eHa@acst rammilcy setdr wopt &€toe ao fp rf
i mit all owing the rigorous benchma+ ki ng ¢
refer encreef emelntcie-basdd D&t hods i n describin
structure. The peibosmWhteanti DRE® mat hods i s
bond di ssociati on ener gy, geometries and e

decomposition of t he -DrFiTv eenr r am dd rfii uvriewt | doennasbir t

81



3-The Diradicaloid Electronic Structure of Di al u
Ful | Cl Li mit

all ows additional i nsight into the nature of th
definition of the diradical character using WFT

3. Met hods

The MPRVTZ opti mised geometries of thR transient
(E = Al , Ga, | n, TI ; R = H, Me ) were taken froc
Tuono%dpst calculations werep\YeZz fbamed sstndyt.|
Dunni ng wonrdkédadl , H, C, N, O, Ga) while for heavier e
corresponding -& aglueams@ é att wii slte c basi s set +pseu
combinat-pUmEP, ccwas!'"™§@dSD and CCSD(T) geometr
optimizatiHoasd NME&IWAL e performed with t he CFOUR
chemistry'”"%hegt amgsetirabiidsesed dialumenes were opt
RIMP2 (RI = resolution of'®% hvei tihdetnhtd tex cagmtrioxn ma
|l arger synthetic exavpl®adppwhai enat he nDwRNOempl oye
i mpl emented in the ORCA quantum ctR?Amilstry pr o
calculations carried out using ORCA employed the
171 18&h, (ATight SCF0 k-<aynwdo rDdMNXFcal botl At Rlons, the
pVTZ/ C -eqturailpiltey auxiliary basis setMP®as empl oye
geometry optimization, the def alditrePNIO1® hreshol d
2 Tcutpiwo 11810 Geometry optimizations at the DFT | e\
di ffferurmati on®’f sB3TPBS:  15ann®d2 @ nctional s, with ar

without GriDBmedspeFTEiI 6% correction.

Using pVWEZclcasi s -Gletl i tHhtea gsfud At emati cally appro

usitnlgrdeief f er g€l nenant hodsst ¢ hfea steeméi hh€at met hod
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3 -
Fu
( SHE®*)8% he iterative confiCd'dt adodeaspaysimahn
renormalizati oh®®glfHoeu pSHOM MRG)d. DMRG cal cul at i c
out vitdg Bade® Bt8dchRPograms, vitd°t hbr By BCEhrou
interfaces avail abl e '1%h et R@C BPnyet thnoond | w absr acrayr rA
using ORCA. CCSD natur al orbitals were wused

selected Cl met hods, and-Cfodimathwmet sygdt e

approached as a function of thea .respective W

A range of single point calculations were ca
(WFT) and density functional theory (DFT) 1 e
to carry out the foll o;bwd nlkg (MHFH) meNmhD,dsCCHR,r t
CASSCFSPTA, NEVPT2, MRCI | and MRCI +Q. ORCA w:¢
out DFT single point calculatio¥?. TH®® func
r2SCAN TPISShB3MWY P3¢ - 15"BHANAHIL YMD K°¥yB9 7-W 8

B2PLY¥YRBnd BPBEPS8%HIi gher order coupled cluster
CCSDT( Q) and CCSDTQ@eramensitses (CCSD(T) an

calculated using?%hei IRCGepi oagreamace in ASH.

Basis set extrapolations of energies to the
out at -C@GEDRHF | evel of theory, using the ke
ORCA program whi ephvy QZnpidca teexst raapcecl ati on. The

ot he HF energy uses the formul a:

Qcr Qe 0AODIUR for:)

where X refers to the cardinal number of the
and AUbh@dis set speci’fi®Whi heeAcodipbanameder t h
is set to 9.19. The extrapolation of the <co
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'Q (:)'QOTI’(:)‘QZOTI’ O_&

orr A A

where X and Y are the cardinalb numdheld sisefd t he t w

for the 4/5 2%x%°*f apol ations.

Analysis of the topology of the&2EHextrwasLocali:
carried out usi ng ?2%%hhee Muwal vtei fwfnnc tpiircongss swnevirod dreena d

files of the canonical orbitals (for HF and DFT
met hods). ELF basin analysis was carried out wusi
defined in Multiwfngn dheeavkrhgei powas at hen ca

i ntegrating over the electron density contained

Finally, fractional occupation density (FOD) an
temperature (FT) smearin?d? wsi ngnptl eeneR 3 (i he IORC
K) functionalTZzy®d bake’s?dleé&2el ectronic temperatur
determined from thlee(2mP0 @+ K5a010)& fKor mwl @a ecommende

in the original ypamuametser whefrer ¢ hteo at he amount o

3. Results & Discussion

Singlkéerence wavefunction met hods require t he
wavefunction. I n pract iFcoec,k tdheitse rims niasad al IHypo we viear
mol ecul e with diradi pwmibod arsa avtheert hietr ias UHdt (unr e
Har t-heek) or RHF ( rrFesd k)i crteefderHlamdea eschoul d be usec

assess the suitability of different reference WF

8 4
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on lwas carried ouTabBks ecbmwpariimg energies

amplitudes, stability and spin populations.

Tab3l Comparison of SCF am)d, CLtSDYiTl)i teyn emegd :e5r g sE, doubl

di agnostic and spin populations for CCSD(T) calcul ati

A iHo2.
SCF CCSD(]lLargest All [/ Al 2
T1
Energ EnergyDoublAenp |l i t ud Spin Popul
RHF -484.9 -485.1/0.203 0.0z0 / O
0.58.589
UHF -484.9 -485.1/0. 207 0.1¢C
(0.-08%8)
RKS B3L 485.9 -485.1/0.176 0.010 / O
8Mul | i ken spin populations of UHF density.
Mul | i ken spin pUgGCBERtdensi bf. UHF

Like that originafl yanf duwrsd abbyi | Tiuoyn ownnaesn f ound
prompting the search for a stable UHF sol ut
considerably Huamwer: 9e derkicyatthanm |t he unstabl e R
UHF sppoiprul ati ons on the Al atoms were NO.59 e
a stronmdlyarsips emdy romestkreyn (di radical) solution.
wer e next carried out , using both unstabl
wavefuncti oi«€€&SD(Thh)e eRrHeFr gy wd o wle.r3 iknc a&lnemogly t
UHFCCSD( T) energy, despite t he instability
wavefuncti on.hRAMACGEGSD sdooudbl es amplitudes rev.
amplitude o0&T:86i BB estamdla ?2edd.i algnostics | arge

0.02 have traditionally been-rienfteerrepnrceet ecdh aarsa «
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though in view of the often strong dependence on
be an indication of the suitability of the refer
UHRUCCSD resul ts i n a similarly | ar ge doubl es

consriadbel vy i ncdrieaagsneods tTi ¢ of 0. 109UC@G8DiI sponally,

density (calculated wusing a CCSD wunrelaxed der
Mul Il i ken spin popul ations of NO. 18 =electrons o
exaggerated dtierdiicrmHercihtaedhcf rom tG&SDJHIF) referen
calculation was additional |l shaar roirdd tadts, obdian @ e
with the B3LYP functional . I n contrast to RHF, t
br oksegrmmet ry UKSubkol bei o mcabCG@SD(ThHhe eSS gy was

found to bée'h3d.glhekrcaln nmmle -GS O (hTa)n erheer RHF The | ar

doubl es amplitude was f oundditagrboes tli.cl 76f, owiltyh .

Overalll, the instability of t he RHF solution i
amplitudes in the CC calculations is suggestive
charactbtker FRonr Adompari son, a doubles amplitude of

in CCSD calculations of-knbwn orameafheeri emmoc ee cpurl ceb | eam.w e

However, br-epkhmegr swpby converging to a stable L
results ias aird eédaicdent from a:divbgrnanttiial iy tmer
CCcalculation, presumably due to an overestimat

i ncreasceani nbeT i nterpreted as arising due to a wo

(increased weights of singles amplitudes) due to
the UHF orbitals. It appears that the (unstable
orbithalSha&m RKS reference i s a @moeéersandabl e c
wavefunction in CC calculations of dialumenes.

86



3-The Diradicaloid Electronic Structure of D
Ful | Cl Li mit

AlH.cl early possesses some diradical character
amplitudes, which-orsedegentce tchatplxidngllaust er t
an ideal WF expangiedrer eWbiel eadacmubadtion base

refer einkcecalilsy suited to treat such diradical

dynamic correlation may not be as well accou
comparison toClt hWF ewauwltd Fpuridvi de i nsight intc
ad dynami cal correlati on -reefffeercetnsc eaeddre rweneeld ehie
approach i s hipi aef e@r shulfd.i cAlentl y L£mall msystem

approached using either selected CI or DMRG
Here we <compare a matrix product state (MP
algorithm to two sel esttoeah a&d-b atphphr @Eatcnheetsh: o ds e(nE
and the iterative conf-ChuyrafAibntbxean®Fdont Cpf
t o t h@l Flailshitthe WF expansion pailhmet 8HEI aasd:

TGen f&€d1 )l ©E increased (M for number of reno

First, the convergence of -@ln I|dinesiHg¥t2d cAlpH ope
(G vertical bond di sswaisateixepn dére erdgayl d OWBDE
i nvestoing o8 conver genecbeo doyf wtatvee fraanrct i on f or d
energetics ass dAilatbachadwsbhabh-pVRErgaw&s set

used these cal cul-@lt iloinmi tanaf.Hothbees FRDEt e MmaAl c a
appr oaucshiendg SHCI , DOMRGmamnhllo d $CH Tphreo bFbhdinin o f Al
a & TZ basis set consists of 28 electrons i
core approximation this reduces to 8 electro

el ectrons lisp .10 orbita
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Fu
For SHOdeltéehet i onwasharefsehdonh d?t b 66,1 flOEI | CEe

Teed hr e swhaosl dv &r oend 5 °¢ t hvaf FAOshol d wasl set to be
10) while in the DMRG calculation the M paramete
was varied from 50 to 920. Al three methods us
natur al or bitalklpsvTiZr cummree | @G&SEDI/ codasrt victhya.s tH acr PSTHC |

correctioaor desrecpaeadt ur bati on theory wass ng a sto

i nclwded

The redulgtdd rienw e al t hat-exapdndihare estWFat egi es appro
VBDE from below and converge -Glnfc@azyil ngni wapé$ t o
~16.8 ktalOvmaglal |, SHCI, with a perturbation the
be the best method for quickly achieving approxi
the 16 'ktctadeagodUad70°%idndd a | ow CPU time (approx.

on 1 CPU core). F u Utt threers hdoelcdr eraessinigt eéechein rel i abl
towards ~16. 81ar dOuwrkd.L k°¢ &1 6%dl® h approxi mately 0.1
motuncertainty (primarily due to the stochastic
gave overal/l the smoot hest convergence of t he

converged to''wiet B &wmaédsmomattemnc &r 0di kcwl (imblcr os
the 16 ktcladesnodl d with M=30I10 (uwmsi3B ani mdnf il CEr a
expansion), however, was found to converge sl owe
be reliably converged before <calcul ali ons becan
calculation gave a VBDECKBEcn®6s Sedkctali’e mbé kc al

threshold withi TrGeh4 =mi9n.J 10
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(a) DMRG / cc-pVTZ
20 -
o 4
o .
£ |
g 10 +
w
8 sl
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M
(b) SHCI / cc-pVTZ
20
: ) IS o o o cun G L
%‘ . e ) -
E
g 0t
a
m 51
04
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-log(e)
ICE-CI / cc-pVTZ
(c)
20 +
15 + ,4-"-'-0-—,.,_77 erees
-ﬁ | y _—
g " )
| T
g sl .
0+
-1 0 | | 3 4

-log(Tgen)

Fi gBd:e Cal cul ation of the vert.i-ztbaulsibiogn dD MRIGs s o HiCalt ioorn |e
met hods as a function of the respectipWdZWBaskpaseion (
DMRG as a fuMpwirameoferthéb) SHCI with a perturbation t
t hGpar amet erCl (acs) a GEuncet hoesbbldhel iput orbitals were

(from an unrelaxed density).
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Bot h-ClCEBnd SHCI -Glr ealsgedrei€@ttherdse | (elcGEBE configurati on
SHCI selects determinants) but SHCI additionall
theory correction t o esti mat e t he contributi ol
Extr aipoonl astc he me&€d ft mr alcCBunt for unselected confi
suggeldbed were not considered here-ClApapnrdoxi mat e
SHCI ) are addifxioos alatnwn tcoatl cail a¢ i on of a bond d
enerigy kely especiallycoersssteney-t@ensiocthes®dyzee

error has been emphasi z'é%s byomadt il heis i d @amidn dNteiers g
error i«€ltpeok€Hure. The perturbation correction
this-cengiestency error. As DMRdGo n b B €t2eapyr o x i ma
(dependent on, tohribsi trmdy blasi $ he reason for t he
convergence to theD&EE€lItobitmhe geed hgreement bet
and DMRG and the particularly smooth convergenc
expansionCl themiFulpMTzhimasa sccset of the wvertica
confidently esti matwidt h oabmadibmB8mkemad¢ e mobai nty of

kcal™ mol

Having estabCl shbeti matFaul 6 f d6. 8 h&cBDEm@OF Al

comparison of aamanmelftwiresiceglwavefunction based
was car rFiegd3.peut EQ@ch of tweeabcenmemahokled against th
near -CFulrlesul t from DPRGEZubiasgstbet . ccEven thou
DMRG/gMTZ result i s not at the basis set i mi t |
effectively reached andxaath besobnhbiwtiehebashgesar
This then allows direct comparison to simpler WF

set i s used.
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Single & Multi Reference WFT / cc-pVTZ

20

15

BDE [keal/mol]
2

< @ & «© » S @
2 Q& & '\ L 3 & >
N «;"a & F &P & & *" «W‘ ‘*'”\ ”»@ G" o o@‘ & o‘"’ o@ &F
R - vc,?c’ \,g%(’ O\P & ‘53’ & & -F FEEFE& o
& ¢ & & F FC A A R

Fi gB82:e Perf or mance -oafndv amuelfoteiseséagterrel ated wavefunct |
in predicting the bonH;, dcesmpairatli agaenstgyhef FEI estin
1(from DMRG and SHCI <cal cul at ipovilsZ) .b afslils csaeltc,u |leaxtcieopnts tu
estimate which was derived via a CCSD(T) CBS correct

threshold (TSel) of O.

Beginning wi-téf etrheen csei nngelteh od s, RHF drastical
BDE by 11tkcAdldimogl dynamic correlation in th
i mproved resul't),(Iws.t7h kacnale rmobdlr Soufr pX.i ki khgal,
coupled cluster singles doubles (CCSD) met h
MP2 (13.3)kcahcihalsi on of perturbative triple
result (16).,1 d&icmilngnodn errolir(iofe.omleyach. hgk cd
accur)ac Going beyond perturbative triples wus
16. 6 k'd,alwhriolle both CCSDT(Q) and CCSDTQ resu
mo't. A CCSDTQ <coupled cluster expansion is
estimateClto afmul lover al fagrae eOmelntk chadt weoeln DMR

CCSDTQ is satisfactory.

Moving tefmukence met hods, CASSCF calcul ation

(8,10) and (8, 14) wsssep epceirefso ramedd cfoorrr e shpeo MPAd i 1
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and (4, 7) spaces were defined for the monomer.i

calculations were found to systematically wundere
i ncreased. This is somewhat unexpected behaviou
al most compdetef abysrerami ¢ correlation effects. Ad

in the form of CASPT2 and NEVPT2 i mplrBoovded t he r e
kcal *depending on the active space used. The |

NEVPT2(8,14) calous$ apfo8lskgialv&oweling beyond mul ti

reference perturbation theory, MR CI cal cul ati ons
al so tested, with andowstbhboehcyg Daviesonosni teQ).

were found to depend stronglyeosunltbeo@ goobtat hne
when the correction was included and with the | a
el aborate Cl treat ment of dynami c correlatio

CASPT2/ NEVPT2, giving a BDBOwi7t kcahdmiodaleramoayr a

The above results highlight the importance of é
reliably for Hi heeanVBDEBeyf aAlso dempasisstraney tihat ¢
critMabebrteif er ence met hods, somewhat surprisingl.y
advantages foa, dadcrlielmisntg nMdlt with respect to ¢t
energy.-r &fimmrgdrece coupled cluster t heory overall
systematic convergence with respect to the FCI
chemical ackHdrespy tef tAle small diradical charact
a smaller error than CESDulflbet dix aniett atoiden gd)e,scwhibc

demonstrated torberdueceantcied d ame foma (

Foll owi ng t he as sesnsdmemielftearf e nscien gh &8s e d wavefunc

met hods, a range of density functionadds were al s
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Energies calculated using DFT are usually <co
basi s set |l evel, whereas wavefunction based

basis sets to achieve satisfactory energy
prelmati c to compare the BDBEVTcZ llceuvlealt eodf atth etoh
DMRG/gMTZ -Glul ¢sti mat e. To account for this,
correction OdWwag4.6ektcabdmosing extrapolation
cepVQZ awd/5Z baskFisgB®e.s Adi ng this CBS corr e
kcal*tmolt hep¥TE/ cesult gives an estimate of |

[ imit of ®M8.i4. kcadn moflfective FCI/CBS esti ma

CCSD(T) Basis Set Extrapolation

BDE [kcal/mol]

Fi gB8Be Convergemndeeofti tclaé¢ Alond di ssociC&sSDg§i)ehevegy at
function of basis set size. Also shown is a basis set
thepV¥VQzZ apd&5&cenergies. A TZYCBS correction of 1.62 k

-BDE[-xTZ] ) can be derived from these values.

Using the FCI/CBS esttmatdensi 1. Aukchal omal s
(Fi g@#d)e can be benchmar k@A fQGA tanodn anhest a( PB E,
PSCAN) are found to signBDEc@a@B.tSyk dvlerBglt i me
introducing a small amount (10%) of HF exchal
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is somewhat i mproved, but ahn sovseridsdt iomateirore dof Hy

functionals containing higher amount<®2Xof HF exch
andB97X) give VBDEs that instead underestimate ¢t}
doukthlydbri d functionals were -BBEP8bebtwwelde BAPLY¥P a
overall performing the best!l( api windgera&sYBINAtdfonl?7

1.4 kchr!l mol

DFT / cc-pVTZ
25 +

20
15 +
10
5
ol
b

‘5 » X
N S
g @ Q,\A w“‘b &

BDE [kcal/mol]

~l

& ?’?% <C ‘\0‘6

o2

Fi gB84:e Performance of density functionals iHpatprteldd cting the

cepVTZ |l evel. The DMRG(8,86)/CBS result is included as a re

Overall, DFT performs rather poorly for all but
classes of functi omywbrsi.d OndryPBhé&s & owb8pr edi ct

the VBDE with an acceptable error (although not
Il n aodnd ittoi HF exctharbge . d dawnkxite onal s conRrntain a per
order correlation contribution, and as already c

to capture most of the dynamic correlation in th
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So far, the performance of a range of WFT an
bond dissoci atiiizbmsebhergy exfamhAhlined. This bencl
i nsight into the performance of these met ho
struct uh.e HdweAMer |, l imiting the comparison t
not be representative of t he overall el ec
t heoretical analyses have revealed that di a

bonding f &atmirgeht thtea vi si bl e via a®naPAS%i s of
simple way of benchmarking the quality of th
the density in real space at the highest po
against the density from simpler WF or DFT
chosteon perform difference density analyses b\
each method from a reference RHF density. Th
di fference density directly reveals 1+ he eff
det er MR nits defined to have no electron cor
thepVdZ basis set which was deemed | arge e
calculating RHFYCCSD difference denFsiigtuyr epl o't

35) to give a reliable electron density (whil
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Ok

STO-3G 6-31G 6-31G*

¥ VPV

cc-pvDZ cc-pVTZ cc-pvVQZ cc-pVsZ

Fi gu35e Convergence -RHF tdhieff@C&bhce density f

-The Diradicaloid Electronic Structure
I

of

Di

basi s

a l

set

u

sizelcomplexity. The differenceCCdSeDn saintdy RoHeFt wdeeenns itthye wiansr eul sae

to demonstrate the convergence of thesidziéfeRedcendeosafey

an accumul ation of density w.r.t. RHF, and0.bQQil) .indicates

As it was possible to calcul ateaduBPMRG B8Weft hmct

showed reliable cohvergehoe thbet WBDECI a

di fference density was deemed to be a

t hatt harlele-ClI met hods (@WMR&nd | EHCI ) gave

esti mat es-Cdaf dtethes gmBiB)e.l(

ICE-CI(8,86) — HF SHCI(8,86) — HF DMRG(8,86) — HF

Fi gB86:e Comparison of differ ewrc & 2d0e) nlk iSENE)Rhl do tCC EsHf

= 411 0densities, relativiendioc athees RaHF alcecnusmulyat iRerd o f

r el

RHF t eCIlI/CEHCI / DMRG whil e blue indicates.a@d0depl etion
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FigB7Zshows the difference density plots for

accumul

centres

accompa

centres

by RHF.
density
with ef
highly

disting
found b
visuall
a CASSC

changes
space t
somewha
appears
than ex
dynami c

CASSCF

ation of density is found to occur [
, moving from the uncorrelated RHF
nied by ansdedaypl eitnpatmhreo frleogneeo ns o f t he
as iMebbnas.tfiAédiAl highlighdté&altbendnde
I n comparison, MP2 perf-RHfmsdimbfder amn e
showing a sd mdéem@mlretaicenu mufl ae¢li ®at moin d
fects overall underesti mated. The co
accurate density changes, with CCSD g
ui sh from t hencBEMR@ nrse fteyr. e Neegy | d igfi fbd ree i
y going to CCSD(T) and CCSDT densitie

y indistinguishable toreéeher ®MKRE metshuod

F(4,5) WF givesgpooryreamut tef phedegi
, and does so in an unbalanced manne
o an (8,14) active space, results in

t unbal amacedunEvindebbredabhamhc(e. g. b
to be more important o0fAdr bea nodd msgi dteenrs
plicit treatment of static correlatio
corr elraetfieare nice aVNFmohsiede MREI v Qi mpr ov

resul t, as expected.
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MP2 — HF CASSCF(4.5) — HF CASSCF(8,14) — HF
MRCI+Q(8,14) - CCSD - HF CCSD(T CCSDT - HF
Fi g8r7.:e Di fference density isosurface plots calculated wusing

thepVdlZzasi s set, with respect to RHF. An isovalwue of 0.001

indicates accumulation (red) and depletion (blue) of densi't

M value of 880. Unrel axed dermDi(tTi)e sanwlerC&CSWDtTi.| i zed for CCSD,
Next, the various density functional approxi mat.i
of the difference densities for all functional s

met hods, aBi gB&e&nl hien-G@&&ktfayncti onals perform best

particular), correctly predicting some accumul at
bet ween the Al atoms and concomitantly partial d
ADH bonds. Howevers,itagddaictciuoomuallat d em around each
predicted, i nconsistent with the DMRG reference.
remains qualitatively similar, hybrid functional

l ead t oAl edonAli ng diNYsP tayn evXMOd BiHng parti cul arly
descriptionssep@hatedandge bvB D7 ummctei omfal t he best

performers for main '§Tope@r ftohremsmoshremi issirygly poc
fl awed behaviour in the bonding anldyblroinde pair |

functi o-RBEPB®6D was tested, which gave compar abl e
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and TPSSh, highlighting once again th-e favol

order perturbation theory, in |line with the

DMRG(8,86) ~HF |

% 5 g

PBE - HF TPSS — HF TPSSh — HF B3LYP — HF
§.‘ s " 3 e sa :
N\ \ ()
BHHLYP - HF MO06-2X — HF wB97X-V — HF DSD-PBEP86 — HF

Figa8e Di fference density plots of various density fun
density. Red indicates an accumulation of density, and

0.001 a.u.).

The difference density analysis nicely demo

expansions in predicting the correct electrc
di alumenes. While difference densities can b
me ric such as e.g. integrating over the posi

drawback of not distinguishing between the ¢
Previous work has also found such a megr ric t
density f24%®icnd¢ ® ndhil sl. umenes possess particul a
be wuseful to empl oyagadntainbatyisve doédmsi tiys s

features.
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A criterion tcoaldiesdt icnlgausissihaassoi aatd ononfAslippedo

bonds has previously been estaBi’i dblyedisbhyngGn hHtez ma
el ectron | ocalisation function (ELF). This meth
investigate the el eG@torupnilc3d sdtifibedtratl Heernmetsr.¢ hei n

Chapter 4, this method will be utilised to chara
the ami dophadvpHiimed di alumene reported by Cowl e
basset abilised dial umenes t ha%: SArdivee Ed e rf urnecpt d rotne d
describes the probability of fimdihg Vvwoi milteyto
each éhbkbaece reflecting the Paul:i principle). Whe
to be small, electrons are found to be | ocalised
can be found in the same | ocation, or in other
meamsd dividing the valence el eecebtornodni ndge npsaiitrys i nt
(lone pairs). By integratingty,ekrn avnre saes rbeags iomss,

is possible to determine the number of electron:

Local maxi ma within these basins are referred to
ELF isosurfaces were generated for all WFT and I
met hods, they were generated by Multiwfn througt
each method (via generated Molden files from eac

AlH,f or selected WFT and DFTFimg®Bbh@hHFiIi gamebe foun
311 respectively, with the populations of the at"
volumes (iv) . udist prefvi ousl y, adttoluer dB DdPWPI/doom onen

l evel d&dfanftiheor pur *ownheomé&t hods used predict the
valence attractors in total. Tbwoon da fn gt kd eectc@m b
density Il ocalised close to the aluminium centre
found along the bondlaxisnilent weert rtelse athwvdo can be

as bonding (A3) . I nterestingly t he shape of 1
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i ndi stinguishable between methods when plott
(as has been preyjobetyi mpeetaprdly the popul
the individual basins differ considerably foc

quality of the relevant valence density feat

The ELF calcul at ed -pwsliZn gd etntsed t p MRV@/sc€@laken a
estimate to compare al/l other methods to. Ho

SHCI an@l l1aCEe $shgwB®feon compari son. On inspect

overall very similar, but DMRG was deemed to
1.16 e 1.15e 1.16 e
1.36 e 11.37 A3 1.37e 11.23 A3 1.36 e 11.44 A3

170.45 A3 170.66 A3 170.44 A3

1.36 e 1.36 e 1.36 e
171.25 A3 171.51 A3 171.22 A3
ICE-CI(8,86) SHCI(8,86) DMRG(8,86)

Fi gBB8e Plots of the electron Mec ®dI2i09 al=iSHE)fuch clt CBn f or
Cl éeF 4T910(i sovalue = 0.80). Rel evant attractors are s

popul ations and volumes are given, in units of electro

Attractors A1 and A2 were found to have el ec

A3 was found to have a popul atiFoing ®if® ,1.al6 el

significant reduction in the population of
popul ations of Al and A2 was observed. This
far: RHF severely underestimates the BDE and
bomdgi region wel |, predi cipiang morcd uofe afl d dhal
centres. MP2 gives a major improvement over
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el ectrons for attractor A3, but stil |l underestin
performance of MP2 is in |Iine with the BDE and
cluster theory once again gives excellent resul
silmar attractor populations and volumes to the D
providing negligible improvement. CCSD is also \
MP 2, in contrast to the BDE analysis. This sugg
MP2 f oBDBEB h(eas wel | as for the geofletaryi @ass di scu:
from error cancetkeherense mhehond!| MRCI +Q( 8, 14) i
CASSCF(8,14) also give results in very good agre
1.16 e 025e 0.86e 1.09e
1.36e 11.44 A3 180e 172K 150 e 7T19A 1.39e 9.53 A
170.44 A3 177.10 A3 174.25 A3 170.68 A2,
1.36e 181e 151e 139e
171.22 A3 176.27 A3 173.34 A3 171.46 A3
DMRG(8,86) RHF MP2 CASSCF(8,14)
1.10e 1.00 e 114 e 1.15e
139e 10.20 A3 144¢ 8.84 A 137e 11.03 A® 1366 11.27 A
171.74 A3, 172.52 A3 171.37 A® 171.31 A
139e 144 e 137e 137e
170.87 A® 171.58 A2 170.56 A3 170.49 A®
MRCI+Q(8,14) ccsD cCsD(T) ccspT
FiggBi@e Plots of the electron |l ocalisation function for vari
(i sovalue = 0.80). Rel evant attractors are shown as bl ue ¢
vol umes are given. Unrel axeodpdenmndsictliusg ewempe oused for the <c
Moving on to DFT, four fu2xXxtaodRBDERPE6EINP SWer 683 LYP,
chosen thancceamangts of HF exchange (0%, 20%, /!
respectivel y). AfFi gBedrEelvlrapl otass itrhe percentage
exchange is incerexgsedno(rep ltoc aMdGati on onto the
is observed, with B3LYP agreeing very well with
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Tuono%YEowever, upon -RBEmM{6 t(072D6EDHF exchange
results to B3LYP are obtained. This is consi
above, where the favour abl eorchearr edeartti wrnb atfif cer
once againetbmet2iXnMoée | ine with the differe

found to predict poor attractor popul ations,
MO X predicts multiple attractors in the A3

not enltéarel(yperhaps due to the parameterized

resul ts ar e ot her wi se 1in l'ine with the fini
anal yses, and so these attractors were treat
ot her .

097e 0.88e

TPSS B3LYP

0.42e 0.87e
151e 72N

173.23 A3

1.73 e
174.63 A3

1.73 e 150 e
173.76 A 174.05 A3

MO06-2X DSD-PBEP86

Figate Plots of the electron | ocalisation function for
|l evel s of HF exzxhange) (i RevaVvaet attractors are shown

el ectron populations and volumes are given.
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As the analyses of the difference density and E
functional approximations struggle to give a f
el ectron d#insipayrtofcuBAbrly adAli tbomrdiangs Pwr et h
functionals such as TPSS appear to come cl osest
functionals perform not allhy wWHrE§seed omeerhaoldls. aMeea n\
capable of systematically converging towards t
di fference densities, ELF pl ot s, and t he bon
Encouragingly CCSD(Tpeibsecaptbéeaet mdremsaHat he el e
(as seen via differgphactts)deasdtieachasd EHLéEmi cal a

the BDE (errof) of 0.7 kcal mol

It would be desirable to get -lmnaldléed i enmbr d nas gh
revealed by the difference density and ELF plots
by Burke andhaswsh&wnsthat it is possible to diyv
ademity functional wiptphr orxe snpaet céoxnd,@(trDtRde)gwints i t vy

driven anddrfiuvnecnt i oomponents. -dAi wédrzeablrer déDE) t
suggests t-hanhsitsheemstel PFA i s creating artefacts
functerornoarl ( FE) accounts for the retmaithiheng ener ¢

exact energy. The FE and DE are defined by the e
30 O ¢ Qxadexact OO0 OO0
OO O éexact!QxacaZEXact
00 O ¢ O €eyact od
Whe E&aath dexatief ers to the exact e€evVv EgBSandTdensi t
Ebrfexdect term i s the most di fficult t-ee-Imf t o cal ct
consi stent DFA calculation wusing an exact densi

solving an -BhamrpeoBKbbm for the exact density ar
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MOs to per-$etdmnsai sbent cal culation with the I
Koh$tham problem was s¥anmngdmétiisad mphe m&umt ed i |
KSpies 2% the aDMREGGVTtZ density was used as an a
exact dnexys:i tlhgtier m was estimated agVITZe sum

energy and a CCSD(T)/CBS(4,5) basis set corr

FE and DE analysis was performed for the var
for tHhkeoMd di ssoci at i olmh ee nreersquyl trseFaacga.iorh.o wn i
andabB.2 Overall, it i s reveal ed, unsurpri ¢
responsible for the error in BDE with the DE
|l i ke TPSS that gave difference density plot:

referenaemdane® fhave a-0nedgl ikgdabll embBEeét i ng t h

<

i si bspacealdensity Fergmdye dde ST Pi5®t (transl at e

problem when evaluating energies. Evi)dent | vy,
domi nat es. Further mor e, the hybrid TPSSh, P
even smaller -FES gbet we'dh wkhcddle moali nt ai ni ng

smal |l -ODE (o +0H2. kkwmdctnmoodnals with >50 % HF
BHLYP an2X M6 t seprramged hywbrihoweBe7 X | ead t
DEs {1151 kc%hl smghesting these functionals ar e
el ectron density that wildl affect reaction e

reaction) .
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B Error (kcal/mol) ® FE (kcal/mol) DE (kcal/mol)
20 T

10 +

Tm “ 1
_10 4

Energy [kcal/mol]
o

20 1
R N4 Q < ¥ aF & o = S SAY
-\ -\ -\ N < ¥V e) & T ) =) :
Q;b\, @2\\/ Q;’\/ N § Q QQ; c§) &Q ‘\Q% é\‘*-
?§< A 3
@)

Figaie Plot of the total BDE errors (w.r.t. the FCI/CBS es

driven errors -drFiEve na nedr rdoernss i (tBYE) .

BotyBB97WX and-2MOGhave relativel-8. 8mmadh.h6d3BDKEC aelr r or s
mo't) on par with the TPSSYf brudt itchreslee(r 83.cg i lomnal
errors arise from error camndc.e7l6l-8atndddnk'caf malt ge n
 and sizeable DEs (#i1. 5Hi maldl v 1.pgdr kampd wmowdur pr
HF met hod gives the | af)geand DEh g +14ar78e k tkackaE (mo |
mot , which is overall correlated with the inabil

dem¢ aeBLF pdsotwe lhlccas ate BDEs.
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Tab382 Data used to plot the total BDE errors (w.r.t.

functdroinnadn error s -drFiEv)e ma nedr rdoernss i (tDYE) .

Met hod Error (kcall/trFE (kcal/moDE (kcal/ mo

B3LYP 2.73 2.53 -0.20

BHLYP 5.36 6. 45 1.009

CAMB3LYP 5.00 5. 43 0. 42

HF -12.57 -17.30 4. 73

LDA 9.99 10.55 -0.56

MO & X -3.63 5.05 1.42

PBE 5.04 5.48 0. 44

PBEO 2.59 2.37 0.22

r2SCAN 6.36 6.39 0.03

TPSS 3.52 3.55 -0.03

TPSSh 2.65 2. 47 0.18

¥B9 7-X 3.25 4.76 1.51

Overall, the decompositiodrofetnhanagdD&uveecnt D o n
errors is found to be quite revealing of the
to simply | ook at reaction energiesheuch as
functional is describing a molecule accurate

Finally, the topic of quantifying diradical
previously outlined by Tuononen and coworker
using e.g. t he ClI coefficients of auCla/lCASSC(

orbital occupations of a correlated density
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calculations at thepU¥A3(BabS)slevelawdthoandca 14
character based on the CI coefficient metric of
present wor k, | arger active sSp&ASSCARSSE@Wetal cul

wer gpkoFiegol s .

CI Coefficient
# |[CE-CASSCF # CASSCF

04
03 4

02 1

Cl Coefficient

01 1

0.0 ~
(4,4) (4,5) (8,10) (8,14) (8,18) (8,22) (8,26) (8,30) (8,34) (8,46) (8,86)

Active Space

Figdt®8 Variation of thezHdi rmediswale dc tvaraa dther Cdf chlef fici ent,
increasing active sp&ASSICFkF CAISOF aalil @ ABIC Hallhgeo rliGEhm wa's

used as a replacetiéental fgor itdguli ar sk alnldeavrad uGASSIFICFL 0, using a

I n the regular CASSCF calculations, a decreasing
a (4, 4) active space to a (8,14) active space,
Tuononenbts CASSCF(4,5) results. I ncreasing the (
|l edat e mal | decrease in the CI coef f-Ckient by a
approxi mattihoreshdl &) owaslIfl®dund to reproduce the
space CASSCF results well. The | argest calcul a
CAS(8,86) aandwat Brpeaxleedrsd 1d4¥10Ti kely very close t
Fu-Cl i mit . A 12% diradical character was pred]
corresponds t o apyvaloxe mateelryease 2i%n diradical (

comparison to the results obtained when using a
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Nat vorrabli t al based metrics, based on either t
orbital, or a more gener al polyradical metr
Gordbinre in a sense preferable as the metrics

WF definitions. They do requir-par hiowleeedens

matrix (not always available) and perfect co
al wdyauund. Anal ysis of the natwural orbital s
have the advantage of revealing insights ir
describe the diradical character. Natur al ol

SHCI an@l IdCeEnsi ty matrices-i wenei Eaundndocae
as refer@hnhceu&luiFi gy 38®ds CCSD(T) natur al or bit

to be an excellent approximation to them.

e E T

1.9002 ¢ 1.7752¢ 0.1602 ¢ 0.0557 0.0369 0.0300¢
f ﬁ 4 / - -
SHCI ﬁd = } ; o . ]
1.9055 e 1.7826 ¢ 0.1555 ¢ 0.0543 e 0.0348 ¢ 0.0287¢
DMRG ﬁd % %}Z Q—a ﬁ %4—;
1.8978 ¢ 17712 0.1617¢ 00578 ¢ 00378 ¢ 0.0307 ¢
ccsD(T) } j Q_,_ o ! a2
= B P9 @ >
1.9035 1.7855 0. 1503 e o 0546 ¢ 0.0356 ¢ 0.0297

FigwBnd Visualisation of s e bHe,c t veidt hn ad awwa wp a toirobnist ad fso wonf

orbitals,Mfo92DMBGSHIIOIFCEI éF 41 0and CCSD(T) (unrelaxed

The orbitals were visualased using an isovalue of 0.05
These metrics for diradical character, howe
calculationwatamdifommalnonet hods, an approxi ma
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are not always feasible options for studying | a
generally feature bulky 1lighassd . nlFfaugaeNdder mor e,
metric is compabiabkd wrehtmendFET I n | ight of t h

occupauammerr nwei ghted density (FOD) approach was
Gri mme and Hansen, which was designed as a robu:

information on fAhoto or strondg9°yTRiogs rmdtahedl el ec

utilizesesmpematwere fractional occupation DFT, wh e
FOD in real space affords an intuitive picture
mol ecul e. Furthermore, integratgloen noufmbFeQD tihnatr e a
can be interpreted as a metric for polyradical ¢
To demonstrate the suitability -voal ue@GD wagea di

calculated for -bBuybdstdeuagesdompahhgl entmet all enes u:
TPSS and a smearing temperRitqu@Gicg ofl b 0aDPr &Ke marst s h
with Tuonenendés previous finding&roumeldiirsadical
descended anndunbee sF@D e found to correlate wel/l

occupaFi g858).
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& Hydride 4 Methyl
(@ 1.00
*
*
0.75 + B ¢
o -
E -
& 050+
o
S
=
pd
()]
Q o025+
0.00 f f } }
Al Ga In Tl
(b) 100
Al:H:
A‘zMe’z [
0.75 + In:Me:
@ * + Ga:H:
é TI;M.ez I Ga:Me:
EO,SD” .
E
E. Tl:H:
[
£
0.25 +
0.00 : ! i . : : : {
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16
CCSD LUMO Occupation Number
FigwBnéd (a) Diradical c hamalc treetulbosflt i tttue edy dyrriodiggp 13 di
measured via the calculation of theNRYmbd&heofF ODhatnal gls
was carried -DR$S/ad&NMeat FS5TO0D e K@ | af (thHheoScyatt er pl ot
correlationcalfculhaet efTPSSOD number with the natural occu
the CCSD (unrelaxed density) |l evel, for the same trans
These results for the transient dimetall enes
FOD number is far cheaper than the correlate
Al t hough the diradical metrics cal culvaet ed us
at the fundament al electronic structure | eve
synthetically realistic systems. The FOD nun
be utilised for any speci dsvteHatd?fe arh eloeg yt.r e a
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So ftéarere have only been -gthaleiel iesxeadnpd ieas| uonie nbeass, e
single exampkle eef daZbdea®€ng these as a struc:
reference poi nts,t afbiivliei sneoddSd ih aBaBsmeemveerse (opt i mi sed.

These models increased in size and bul,l d up to t
which has an experi men2t.a51l9A0(tl1adk)e bohdroane e h Xof

crystal S&Tthreucttruamesi ent di al umesHean d:M&Jc ussed abo:

wer e ianclouded for compari son, making a total of

this analysi s.

R RoN R
N N
AI:AI\ /AI—AI\
R R3 NR,
ALR, (R = H, Me) Al,(NR5),(PR3), (R = H, Me)
R R R Mes By 'Bu
N
\ J \ /
Al=Al Al=Al
[ / \N] @ / N\ ID
s\ \
R R By B Mes
1r (R = H, Me) 1

SchemBéa: Set of di al umenesst(atbridn sieednt tahmd bvese studied (M

trimethyl phenyl ).

The set of seven dialumdmds | (sreansiwente ampd iimase
vari ous DFT met hods, wi t h and widtAlouhhondd sper si
di stances aTraebh3.&E&howdeAlMmidi st ance in the dial umene:
depend primarily on the | igand, becoming shorter

f orH Al al | met hods are capable of satisfactory ac
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val ue of 2.644 i, Cést iGeebeB.®d fTrhdm Ir@BEeal s t
behaviour of different met hods for capturi n
does not translate into appreciably differe
di al umenes, however, a | ar ger edisfefeenr e(nccoemphaert
e. g. TPSS -D)s,. rTePVSeSal i ng t hat treat ment of

i mportant for accurately capturing -2Kei socal
known to be capable of treating some wlhiiscpher s
explains its satisfactory perf or neampcleo yfedr I

without a dispersion correction.

Tab33® Compari sén dfontdh @]i At fantchee [di al umenes i n Scheme ¢

three functionals of increasing HF exchange, with and

Structure TPSS TPSB3 |[B3LYFB3LYIPS MO&X MO&XD3

A bH? 2.64/2.644 2.6772.673 | 2.6692.670
AbtMe 2.69 2.691 2.74€2.735 | 2.758 2.758
Ab( NAHb( P 2.63 2.636 @ a a a

Ab( NMe( PMe |2.59 2.585 |2.61€2.603  2.6322.633

1 2.58 2.572 (2.6422.625 2.655 2.655
Ime 2.55/2.540 |2.5802.561 2.581 2.579
1 2.56,2.516 |(2.5952.527 2.536 2.535

aCompl ete dissociation of theokazsuerfedomhteime adit @Impmeé me,

geometries using the two hybrid functional s.

TabBé4compares MP2 calcMP2atifoms theBL BNOflor c omg
di al umenes of increasing size as well as CC

smal hibtanAdMEIlspeci es. There is overall good ag
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CCSD(T)Hft hratAlone would expect MP2 to be a reasor
optimization method for the | arnddrereompl el easv. F
good agreement bwPti2weaennd OLhPeM @i s@eetr sd oBFT met hods
ForHAI hi-grhdeer CC cal cul ati ons awerteh ea d@dSDTo nl aelviey

carri,edwhiuch redlucbédondhéemlgth to 2.647

Tab34 Compari sen dfontdh al]i Abbfantckee [studi ed di al umenes, opti mi
CCSD and CCSD(T), where feasible. The geomepVYVZoptimizatio

basis set.

Structure MP 2 CCSD CCSD(T) |CCSDT
A bHz 2.651 |2.657 |2.654 2.647
AbtMe 2.715 |(2.723 2.700 -
Ab( NAb( Pt 2.627 | - - -
Ab( NMe( P Me 2.565 |- - -
1n 2.590 |- - ;
1me 2.537 |- - :
1 . 515 | - - -

STh®LPNWOP2 approxi mati on was empl oyed, and theDZL & H at oms

basis set to reduce computational cost .

I n order to -Rlsthomad el ¢ mgxlIRAIliinmittheg WHEAhS itshe cc

set );CIAACESCF geometry optimizations were also ca
by performing CASSCF calculations using a compl e
core approximation) of <€AS(E&I&&)tsednuvte rusiimsgt etahde o
exact-CFubbl ver angdeswdreyxitngnt tehrTfeshol d- systemati c

Cl CASSCF calculations were found togecONnverge ¢
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threshold, to giAvVe bamdoptinmit hgdb IANI2THEADt | at
remained unchanBge®l dtheT 2. 644 | bond |l ength

of -EulExMTZ quality.

Tab3% Compariserd dfontdhvl efmkptAll Eul at e-@ICWISISICFI vEt h a f ul

orbital spaceo(fwi talpipm ofxrianaegn on) of GCASSIiBeS8BY|l casid wi t h

Tcen AIAl bond I e
5EL 2.643
1E 2.642
5E2 2.642
12 2.644
5E3 2.643
1E3 2.643
7 E4 2.644
5 E4 2.644
4 E4 2.644
3 E4 2.644
2 E4 2.644

Having determined a test set of suitable di:
OuUtFi gudkbd . Starting with -stthadi Isinsaeld e «ti a I bu
Al NHpp( P, a relatively | ow FOD number of 0. 48
to 0.62 wupon introducing slightly | arger met
model systems, featuring the bidentate amido

i n t he FODwansu mbles s rwietdn val ues of 0. 66, 0. 7
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calcul ag, edarfdhr respectively. Perhaps most striki

calcul dtedvépby similar tHp tWiagualail zatl iadre do ff otr h &l
AH,and (Figure 15b) reveals relatively similar i
similar | ocalization of Ahoto electradns and demo

as a useful model system for this chemistry.

(@) (b)

FOD Number - Dialumenes f
1.00 b
; AIZ H2

0.73

J
ii >
R

N ®

Figsilé (a) Diradical charactsdrabofl itskee tdi @ahauimemtesandnelasse ed

0.00

FOD Number (TPSS)
o o o
N (4] ~
a S o
a7 o
46: _
©
<
44@ -
»

%

calculation ofihdth@e eluendbter ommd NFAhe (MQD Viwsmadri s@ti on of the
occupation weighted density at an isovalue of 0.005 a.u. an

out at-TPB8/ #&WVH.~H 5000 K) Il evel of theory.

3. L£oncl usions

An extensive theoreticatlHy,sttihdey swarsp | peesrt f adri nad du mem
systematically expanding the wavefunction from a
an effecC@li vei rmiutl Il (vi a DMRG and sekrated Cl ap

reference values of the bond dissodcitdatei el eeneaegroqy
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density and electron localization function
compari sonr eofferseinncgel eWF met hods against t hese

sizeabl e diradical >Hg harirenegtleer e pceseotpli @ead At u

performs well and CCSD(T) is capable of chem
energy while properties of the density are |
MP2 performs overall oweltthe bRDE.,er hdwewe rC,C StDh
from eamoel |l ations i n Mideewnsaft yt hsee ewo +fsoer AMP

reference methods are found troe foefrfeenrc en omeatdhvoa
The importance of the reference determinant
i nvestigatesiheltlheRIdF odetder mi namitt ewaist sp rienfsetrarl

whil e asymm&tmy UHF determinant was found no

Density functional theory met hods:H,di 8lpl ay ec
functional predicted theyBDEdshounscsfiachals!| gy
and hybrid functional s underesti maybmigd it.
functionals such as TPSS came the closest to
as seen by comparisons of difference densit)
decomposition of theh\BIDEI ¢ efvierad teidon dlas agqione

dri ven ceormpoarr iisnon to hybrid functional s.

Overall, this analysi shywworuild fjwrmati ifondlhe e
studying di al umenes, i n particul ar t he <cal
structures, while keeping in mind that total

ne be very accurate and are-pbint sappl edcent
calculations (at the CCSD(T) l evel, with | o

DLPNO when suitable). The combination of TPS
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( FOD) is further mor-ef ff oautnidv et oanbde uass ed st way of

dir

me t

Wh i

i nc

Mo r

be

adi cal character in dialumenkased e¥@ADi ng si

ric.

|l e-2M0Othas been a popul ar functional choice f
l uding aluminium chemistry, these results s
cribing the electronic structure of the simp
i kelgotoegti veesults for the right reason. Si
YBHEX functional, one of the best performers i
rgy bent®Armar kgonogd. et oadk-dX iMDO6predicting accur
metries of bulky dialumenes is I|ikely rooted
di spersion effect (without requiring pairwi

ortant aspeontafnmaobebul &y tigands.

al vy, one might specul ate that the strong f
ction energy front and center when benchmarKki
l eadi ng conclusions about t he generalizabil
¢ hmafrdkri ngol ecul es with compl etkcempoctundni c str
smal | but features considerabl e el ectronic
resentative of dialumenes and related congene
bond di sgycnan i gemomeatery i s revealing much of
ctronic structure method to capture the corre
e suggested that many modern-rdeasdt yofunct.i
roved energy dlrwaysctproeadi dto aodat’flsf?dctory de
e systematic benchmarking studies of electron

desirable and such sti#®dies are starting to ap
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1ntroducti on

di scussed in Chapter 1, there has been s
ars or so in overcoming the thermodynamic
able aluminium(l) species. Prototypical n

tra@er idtonipl ex and Roeskyods® Naowha dAele(nl )mog @

cently complemented by the anionic Al (1) c

mpl é% &8S%3tting alongside these, there exis
mpound, the di al umenes, which are species
ialumenes can be split into two categori e:c
viewed already, a brief recap is given her

oue wodkeos have reportedcgttabo | exaemdplde al awrfme
e eqgar formula (L) RAI =Al R(FL)gu4@)le. =Tl ofridi s1ta
efewas a silyl substituteddedeéemdauameltic caml
ar vyl h,hawaosg ureeport ed >*Thhreeree yheaavres all astoe rb.e e n
csaol | ed Amaskedodo dialumenegehwharedadipalesm
S reacted with an aromati c solvent mo | e c
cloadduct. Exampl es of such Amaskedod spec

kitoh and4vpdk@emley Irdcently though, the ver

i alumene, Ar * Al =AHR-GEHL2Ar4R Hh3 ,-“-Bp)* hasC been

poruv)jed bly Powwpr lkheds cpdide¢dwasdsed ni®*iChapter
olation was achieved by foamleuduiln gantahley sriesd uoc
Ax * AlhleayX cryst al structure exhibited the

ported to(Qjate, at 2.648
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Base-stabilised dialumenes

i i
Pr\N/\g/ Pr\N/\g/
\

R5Si ~—N Tipp '-\‘N
. N ¥ i . N ¥ N
i Al=Al Pr i Al=Al Pr
Pr\ \ Pr N
A . \ A .
N~\'- SiR3 N\\'- Tipp

/S\/N\iPr /S\/N\iPr

'Masked' dialumenes

Dipp, — Dipp
AIFAT Al-Bbp \N\ N
Arﬁ? Bbpﬁb toI/Q\N/AI—AI\N’)\toI
Me }Dipp Dipp/
In v Y

Free dialumenes

Pr
Tipp ipr
Tipp
Al—AI
Tipp
ipr Tipp
iPr
Vi

Fi gdite Exampl est @alii biased I-Idli alndmeémas ke dav)iditalau mdmrese Geen
experimentally isol ated pri orfritiosophopyl pthiedy.l , TiApp == 22

diisopropylpheny-(bpsénhyi meBbpksl g1 )-dneithgpn eomenyhegnyIDi pp =

I n a previous study from Cowley, the reversible
di hydrides was Scihnevnée$)fd Ghited st(udy utilised a

ami dophosphine | igand, and was thus wuseful as a
Ahi ddendo reversible reductive elimination proces
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was instrument al i n i mplicating a transien
el imination of an Al (11) dihydrodial ane.

Mes t ! Mes Mes

) Bu\/Bu ) )

. Z
g
T
ZI
~
Z@
. Z
>
r T
+
NS
>

/\ /\ /\
‘Bu Bu Mes/ ‘Bu Bu ‘Bu Bu
Th2
SchemE | mplication -codoraditmatnesd eanltumi,yl monomer in the
the di hydmspdi al ane,
Given these results, an isolable dialumene s

target ed. 1Dviasl umenpear ed by I)r edd uicoidnogd i taH ea nfl (plr
using a Na/KSaehém® .i ThTBFreduction | ed to a
solution from yellow tlwadackyptuapl esed@di ab um
solid from tollwaeseobAer 2868 Ko &€e dammpso sien olvHer

toluene or hexane.

2 Na/K
AI—AI AI—AI
5hrs

tl.l tBl.l Mes U tBU Mes

1

Sc hehmz Preparation Iof the dialumene
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This chapter will outline the quantum chemical ¢
of a -shtaasbel | i sed dial umene. I n tandem with exper.i
structure analysis reveal s how the amidophosph
unusluyalweak Al =Al bond, characterised by a | ow
order. The results of this have Dbwoernk eprusbliinshed |

a combined experimentalAngrd.t iChermét i oal Edport i

4. Met hods

Al'l elsttwonuce calculations were carried out wus
B.01) prd qri @ m.al coordinates of al | compounds v
experi menicaly s traalyglIXetructur es. Geometries were

MO 6 2DA3/ d-8V B0 164,318,281 of theory without symmetry
mi ni ma were confirmed by the absence of i magi n:
matri x, by way of a frequency calcul ation perfor
el ectronic struddtagsr dbeamalpesiforloded o©hei snamer

component from the crystal structure. Geometry
(major and minor component) furnishedi similar st
Al bonds. Single point enremgds aoml t hkatoiponsmi we |
geometries -B8BLYOWBeéBLIND 21d8 23P) 1523588 ¢ 3| of theory,
utilising the SMD solvation MoBeRTWE)bhabieszene a
set superposition error in dimeric structures v
met hod by Boy#%36 . gthhde SNBmnprogram (version 6.0) \
perform Natur al Bond Orbital analyses on the op
D3#r3611G(2d, 2p) | €3fTeH e otfo ptoH e@ryy . of the electron
analysed using QTAIM (quantum theory of atoms i |

the Al MALL’® Y®WRBRkahieel ding tensors wBBeYRalcul ated
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D3£3611G(2d, 2p) l evel of i madempye,ndanst n@At oimec C
( GI A¥%*met hod and employing blemRz 2kl 89 5 sti lse o 0
the topology of the Elect?8hdL)wmaal caaried B
using the Mul?t%WwWF nba@siomramal ysis was carriec
size of 0.10 Bohr and by integrating the ele
popul ation of each Dbasin was obtained. The
popul ations corr-Athpondllii AMg, Alo) twmaes Alsed as an
the total basi n-Apopwilnat i ¢dn gafr etshe fAlstructur e

were generated with TheadCULSF CYWémeir @d®( Ved s i

4. Results & Discussion

The optimisedi gesméetwvmgyizefal ong with kay bond
(sdabdlef or a complete |list of bond parameter
data)The calcul ated bond par ameter s ar e i n

crystallographic countreveail tss a -lhédmgthd dye a meatimmse

and Egonfiguration of the amidophosphine I iga
l i gands enf otAdPe bniatrer oawvn gN e s, wi t h cAlcul at
Furthermore, the calcul ated Al =Al bond | engt
shorter than the single bonds in the related

2.6586(¢6) Uhl 6s di al ane gHLCAIM e(cGH®HFz MESi Me
(2. 6604*'Lhe jdi.screpancy between cadAlulllmdred ar
l ength in the AI (I11) di hydrodi alane has bee
di spersion interactioh’Thenophiemicsgadstgéomdtrmu
di al umeamredswer e also found to be i n excell e
experimentally de{TarbhPanalda bt mdhei a6 =A1 bond

i hand&dre notably shorter (calcd. 2.372 i, e X
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exptl . 2. 416H(I8)espeéotri VelTyh)e tAH etAls ncfoarre liens s
pl anar, with a cal culdgtfed ~t5r0a nAs, bceonndpianrge da ntgol €0 (A

fodand!l respectivel y.

2.51

252 1.92

/ Se 1)
A=A
4

Figd2e Optimi sed geometdfy oomf adi @l t m@n d eowmn vvieew &Kred ko nad si d
parameters are shown, along vbietnddi nlye aamef dmintdito nasn gdfe t(he

respectively).
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Tab4le rXay and calculated bond. parameters of
Mes 'Bu !'Bu
! \/
ANE I
| Al=Al X-Ray DFT
/ ~
R N
AT /
Bu Bu Mes
AlTAl 2/ i 2.519 (14) 2.514
AITN | 1.909 (2) 1.925
AliP | 2.482 (9) 2.523
AlTN [/ i - 1.9214
Al-B [/ - 2.504
NiATiP /| A 84.86 (7) 84.26
NiATiZ [/ A - 84.10
d 48.82 48.38/53.97
U 0.00 0.00
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Tab42 -rXay and calcul ated bondl. parameters for
iPr\N/\g/

~ RsSiq 2 /-.LN\i

Ipr\N .A|:AI\SiR3 Pr | X-Ray DFT

/S\:\N‘iPr

AF AR/ 2.394 (1) 2.372

AliSi; 2.494 (1) 2.467

AFCNHG 2.072 (3) 2.081

CNHEAFK S A 116.21 (9) 114.95

STAKARSIA 180.00 (7) 180.00

CNHEAF AR CNHG A 180.00 (1) 180.00

STAFARCNHGA 1.20 (1) 10.02

d 0.71 7.51/7.51

U 0.00 0.00
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Tab43® rXay and calcul ated bondl.lparameters for dialumene
iPr\N/\g/
Tip 1 2 "\\N\i
ipr\N './AIZAl\Tip Pr | XRay DFT
)\\PNU
'Pr
AKARI 2.404 (8) 2.373
AKCTiP 2.029 (2) 2.033
ARCT P 2.018 (2) 2.031
ALCNHG 2.060 (2) 2.048
APRCNHG 2.042 (2) 2.050
CNHEALCTiP A 110.27 (7) 111.76
CNHEARICTiPP A 112.84 (7) 109.93
CTHiPAKARCTIP A -167.04 (9) -171.76
CNHEA L AP-CNHG A -175.54 (8) -174.56
CTiiPA AR CNHG A 35.81 (9) -13. 49
CVHEAKARCTI P A -18.39 (9) 27.17
d 17.25/23.70 (14.07/15.84
U 12.06 7.61
Foll owi qmmego nienter i caladenhal ysds, nvestigation of
general el ectrlogandwasd rwrcdearrtealodn. The cal cul
the bondi nglissi tduiasttiionnc tilny dildnrtlr 8 mgdB8,eoam t ho
comparison of key natur al bond doAlbamcél s (NB
bonds of al | three dhal omenas!| ageakhotwn.NBO
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express the wavefunctd ok eiThho esm.l ooccaalliissead i loenwissc h
all ows t he assignment of hybamdi ®attcihonattoomdat or
contribution to its boffdr ortxhaedmpd ws i dginhneesn tp eafmi t s
percent agtey poer bcintaarlact er,the, cma,l coghatiakrtat pmi c

charges, via a natur al,orpotplud ad @l&diubl@antgil gbringd ( NPA'
i ndi(cWBsl )whi ch can be interpreted as a measure of
analiysifewsle f acarr atchteercihsati on of [thpHWbeadahbypresen
desplirteet ai ni ng baopnpdairnegntc har act er, there is signitHf
this orbital on to the aluminaaobbhhecreatcledgsellyn con
resemble Tchygpei coarlbi phlas e itomeée doeviem | ap of p or bit

perpendicular to the molecul ar plane.
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o (AI-AR) ™ (Al-Al2)

FigdBe Comparison of keyl(NtBoaDsmif da h if)ibaolttumemeq | soval ue =

This localisatiion abseswvletrdera JadaonoTel | er
rationalised based on the symmetLiyyMOailt fwed m
and LUMOH@MA GQrbital pairs. OfFigMdaetefthédanc
familiar fronti eralpolrabniatral E=E f doau bd lea shsoincd , v
symmetry. These orbital I agr edOgMPDv, b{n tHOMOJ e s i ¢
“*bid LUMOP*HdLUMO+1)-beAdingnsi bration resul
|l ower i ngsytmmecCr y, with theGQoagbiH@GMD, ddmsi gnat i

HOMO)+( @n LUMOY *®,0dLUMO+1) . .Tth'anfiamhave the
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same symmetry dassyingmeattriyon whni I they have differ

i nopDy mmetry, thus preventing mixing of these orb

N\ ™, My,
\\\\\ \\\ —_— h ”””I// n+ (ag)

" (b20) —
:: . /III/,,,, n (bu)

|lll[/lll

Don

Fi gd#dae Changes in symmetry of ftrroabtesna@n nagr lviitbalag iroemsul ting f

The symmetry all owed mixing of -cthhae accrtbeirt aolfs tchaeu s
doubl e bond. Thehsariarcdreaasies ievisdent(Tadbloen t he NBC
4.4). Flor a hybri df ds9tiC&AY) ofi ssgal cul abtoendd,f or t he
corresponding to @m@raxitmat-calnagr &Bdt% rp. Thi s contr
wi ttend,]l wherebdrhde is constructed -bromtalssenti al
Further mor e, the WBIlLi 68od. 8Bhe Alomplarkedndoofl. 67 an
lant!l respectively. Al though the WBIlanibdsl signi fi ca
it 1s stildl hi gher than thatlh,wifth ha WBIFrresSpd@ndln

whi cthi agnostdiAl osfi nag’P/Ad bond.
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Tabd4d4e NBO analwefhiandfl |
Bond NPA Char OccuparnPol ari s Hybridi ¢WBI
0.56Y (Al 51% 1 Al|s p {?A)l
1 AYiAL 1.77 1.31
0.66) (Al 49% 2( Al s p A
0.56Y (Al 51% Y Al|s p (*AI
AtiA} 1.69 1.31
0.66) (Al 49% 2( Al s p A°A)I
12% Y Al|ls p (Al
AP 0.90 (P)1.91 0. 42
88% (P) sp q°P)
6% DAI s p YA
AN 0.93 (N)1.92 0.23
94% ( N)|sp 1°N)
12% 2 Al s p CA)I
A%iP 0.88 (P)1.91 0.40
88% (P) sp Y°P)
5% HAI s p A
A¥N 0. 94 1.91 0.21
95% ( N)|sp 1°N)
0.90Y (Al 50% ) Al|s p (A
12 | AV AR 1.92 0.91
0.913) (Al 50% 2 Al s p- {2A)
27 % 1 Al|s p 1A
AtiH 0.45 (H)1.95 0.72
73% (H) sp {H)
26 % 2 Al|sp {*Al
AtiH 0.45 (H)1.95 0.72
74% (H) sp (*H)
17% 2 Al sp BA)I
AtiP 0.97 (P)1.93 0.52
83% (P) sp {*P)
8% PAI s p (LA
AYN 0.88 (N)1.92 0.28
92% ( N) sp {'N)
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At P

AHN

AtiAl

AtiAl

AtiCNHeE

AtiSi

1 | At A}

AYiA?L

A¥iCNHC

AtiCTipp

AfiCNHC

A%iCTipp

0.

-0.

-0.

0.

-0.

.97 (P)

.89 (N)

08) (Al

.08 (Al

.08) (Al

.08 (Al

. 08H§ C

.17 (Si

.49 (Al

4P (Al

.49y (Al

4P (Al

0 MH§( C

577%°C

00HY C

561 y0C

[EnY

.92

.92

.92

. 76

.94

. 93

.93

.60

.94

.92

.94

.92

132

17%

83 %

8 %

92 %

50%

50%

50%

50%

14%

86 %

36 %

64 %

50%

50%

50 %

50%

14%

86 %

16 %

84 %

15%

85%

17%

83 %

sasitabi 6f sadB®s al

umene
(Al s p (BA)

0
(P) sp {%P)
DAL s p UAI

0
(N) sp I°N)
Y Alls p (A

1
(Al s p (LA)
Y Al s p? @A)

1
2( Al s po- QR
Y Alls p {2A)

0
NESC s B A7EMS
Y Alls p {2A)

0
(Si sp USi)
Y Alls p (A

1
(Al s p (ORI
Y Al s p° A

1
2( Al s p3-ERB)I
Y Al s p (CA)

0
NESC s B A7EMS
Y Al s B {°A)

0
e sp T yr
(Al s p (A

0
NESC s b qBEMS
Y Al s B (2A)

0
e sp-(eTyr

.52

.27

.67

.67

.49

. 88

.54

. 54

. 55

.52

.57

.52
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To further characterise the 2| d&ontprod migd csatlr wca
proposed by Gr¢tzmaweher uantdi #Fédsl ehi ch have
di stinguish bet weecnl acslsd scsail c amtPEiids!| ®toatpoor dosy.i «
criterion wutilises the Electmdamoldoacaldi Dyt iBer

Edgeca?hbe brief, by makiegtusae pibti twhadse hsshootwn,

that the probability of finding two electror
position dependent. This |l eads to regions of
probabliéwtythe electrons are well |l ocalised.
a measure of this |localisation, defined to

the equation
oD —— 1g0)
p ...
wher e
T —— 8

is the ratio of the electron(Ol™catosahabnobf

uni form el(@CcCl).r Am gasF value close to 1 defi ne

and can identify regions or fAbasinso of | oc
whi | e anueEB_éFcovrarlesponds to the uniform electr
t he basdalsl,edsoattractors are reveal ed, whi cl

These attractors correspond to electron pair
as covalent e&@omaisrandTHensynaptic order of a

t he number of connections wi t h cor e attrac

covalent bonds are disynaptic, and attract
monosyradpni cc.l assi cal double bonded systems,
val ence attractors, one above and one bel ow
ELF isosurface corresponding to these syste
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ethene is an example of sRicghdbpe. cAassdeal doubl e
bond, c onltaan thd mmgp cane n't should have 4 el ectrons
even i n t he case of et hene, t he respective bas

electrons (1.70 electrons each) .ofTh4 selrecsturldang s
is based on apc¢ckasdidhwashn doawids only be reached in

bonding scenari o.

Dumbell-shaped
ELF isosurface

V,(C,C)=1.70e

Fi gdbe Pl ots of ELF | ocalisation domains (isovalwue=0.795 a.
thec@re of ethene. For clarity, |l ocalisation domains corres
C=C bond is characterised by the pr@s@ncéei of, 2t)wo wiatlhe ntcree

respective basin populations summing to 3.40 electrons.

From the ELF anallysquwi tod ai @i ufmement picture tha
e mer gkeisg y.b)e. Three valensfeaatet paetsems @Vound the
core, with their populatiagins lsoammied oo Bh&6miedpg

of t-Ak Bbnd axis, with a popudrmadiedohofodatédel ec

above or below an Al centre, having popul ations
along with the sigmoidal shape of the ELF isosurt
"-bond and is consistent wi th tmat ddall aumeateed f
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speci #Ms%°l Mlcontrast, the ELF admaaklpsies mof et he
consistent with thédoaonldasgi codnld rypitcwourvealoefnce
were | ocated around the Al =AI cor e, both hav
the same situatlilowi wasbbohnadaltence attractor
1.68 elEcygd®eas Furt hermore, these valence at-t
and below the midpoint of the Al =AI bond, re.

i sosurface, in contrast tolthe sigmoidal sha
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V4 (ALAI)

/<1.11 e

V,(ALAI)

1.33e

V,(Al,AI)
1.71e

\ V,(ALAI) ,
(/ 1.68 ¢ D\

1 V,(ALAI)
| 1.68e

Fi gd6:e Pl ots of ELF |l ocalisati)naldomaiwist H{ ilceow aV alleec & 9&t t r

di al umMdneigg mi dd |l le() b matntdo m) .
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To provide further i AsQTAHtM iamtad ytshes warsdicrag
Figdi,e the molecliliarshowmph iBdéviladlhinioPyg Ahdn d
pat hs (BP, shown as black |l ines) and bond ¢
spheres). The priAlpeBTC®bK® ofarehe hAlracteri sti
shared coval At(ri)nt=r @cdE 5D n@B./ &5 gaamMar ) =

0. 0 2/0d) E

Fi g47:e Mol ecul dr ngrdaiph ngf a contounr3y(p) oof ofhéhel ¢apt aci
in the plane containing Al'l and Al 2, with the bond cri

ring critical points (RCP) shown as red spheres.

Furthermore, the bond ellipticity par‘ameter
bondi ng ¢&hTahreacetldri.pti city measures the extent
in a given plane that <contai-ns 7t hm vdhhred epat
S S S s andare the curvatures of the density
princiopal axes (one of which _i,s tthheen baomdl axi
the bond is cylindricaClgi sylmameliond adf, eawtiHadin

bond of ethyne being classic exampbedinghe
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character to the | imit of a doubl e bond, at whi
reference point, the ellipticity of the C=C dou
0. 3%

Tab4% Selected properties bi(Nthe bhomrd ed riol tADarl )deiossntty qfe/ a

the Laplacian of th®  harectigendahsiesy’0f ¢ t5f.ei/shletshsei an of

bond el liptigcidiy, o0& nazHdY asegdrepenent ihal , kinetic and tot al
density, respedt.ively (Hartreel a
BCP " () ) o = =3 - V) GO H ()

AliAl 2+0.0-0.05-0.03-0.03+0.0(+0.1{-0.02+0.0{-0.02
AlTN +0.0+0.3-0.110.120+0.5(+0.1:-0.12+0.1/-0.01
AlTHN +0.0+0.3-0.110.120+0.5(+0.1:-0.12+0.1/-0.01
AliP +0.0+0.0-0.040.03+40.1/+0.0{-0.04+0.0|/-0.01

AlTP +0.0+0.0-0.040.04+0.1/+0.0/-0.04+0.0|-0.01

I't i s possmadxiema oirn Itocemalel ectron density to occu

—

hose of atTohme sce naurcd etdneurcrheedarnaoan t ractors ( NNA)

—

opologically indistinguishable f rdoefitnheed nucl ea
properties, such as an electron population and
referred to as fipseuddanhbemséstinnglhye, la teMA was
upon carrying out the QUTfliMMdBreal YTIsiis prfeve mtl ednea

direct comparison to the BCPLl prdamge rttoi etsh ewfr ett h & a

ambiguities. For exampl e, an ellipticity is indi
single NNA, yet it is wunclear howlt Diespmay be coc
this complication, it i s of i nt ewietsh  ft thratt hea N

nvestigation outside of the scope of this work.
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Fi g4Be Mol ecul a1 hgraph ngf a contounjy(p) oof ofhéeéehel ¢aplt ac i
in the plane containingrAtlcahdpAl 2f swiiBIEP)heshlbeovmdas g
critical points (RCP) shown -ascledrspherastoan@dNNAE sh

sphere.

To summarise the electronic struhtasr @a amall ys
but significant amount of double bAInhdbamdar ac
|l ength and bond order that is intermediate b
Furthermore, the ELF and QTAI M analybsrempaoyv
topol ogical perspectiveldi stsigncfeadatndgt dih
I, which can both be categori’'skeand,s drwe ithng m
or near dHDemaditmmgandhat occurs in theseistruct

Al bond | engths and | arger bond orders.

I n ordde e prowasons for the observiddndgari at
I, cal cul ati ons were carr tsed baouti soend Tad bshektu noef n
4.6) . A set of hydri de, ami no, phenyl and sil

transient dialumenes stabi l-2-\sleidd ehibl)efi@ her a
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phosphime. (PMe geometries of these structures w
strongly on the identity of the substituent, as
more electropositive substitguesnhaor tagre AlmpAloylkeand
wi dédAIRL angl es and more planar structures are ob
when more elect-donegabhgveubstituentarseuch as Pl
empl oyed, |l onger Al =IAiR bamglses namd-ba®tr e L t rans
structures ar e oblsleyr,vetdh.e Miorael ugneenneersa st abi | i sed

shorter Al =Al bosettabt haeetthebunPBepart s.

Tab46 Calculated structur al p a rt-dMme tLe r=s NdHfC-2rmid drdlld ayod t e ms . F

(6HN2) ) andM¥f obL M PMe

R\N:N/L L R AliAl 2 [/ LIATR / A dAl 1dan 2) O

L \R

ML NHC | H 2.422 101.71 29.59/47/17.8

M2 NHC NMe 2.483 91.97 43.06/430.00

M3 NHC Ph 2. 444 97.10 33.37/5320.5

M4 NHC | Si Me 2.392 112.08/119.10/16/7.58

M5 PMe |H 2.446 95. 84 46.59/46 0.00

M6 PMe NMe |2.602 99. 43 63.46/44/19.7

M7 PMe | Ph 2.469 92.71 50.52/500.00

M8 PMe Si Me 2.425 98.72 41.55/410.00

These structural trends observed for the model d
for disilenes. It has been oberdved &a&hgtedoandi

Si =Si bond distances ar¢rcopit eé¢l zugkfddog)w) tgdafpshé¢ sir
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4-Characteri sasitabi of sadB®dsal umene

the correspondi ng 2%dlihliysl ewnaes nmonniotnmearlsl.y st udi e
valence bond and moid@e°Culaad o heint anlor teh garaynt i t
ab imdtthods, by Carter, Goddard, M&/Giivem and
these previous results, the bond di-tsrsiopclieatt i
gaps were calculated for al(9c hneodugeHi gddi.Pacl u me n ¢

antiabd47 .

R e R
AI=AIL — 2 Al
L/ R L/

R = H, NMe,, Ph, SiMe;
L = NHC, PMe;

Scheim Al =Al bond dissociation energy scheme for the s

The s ame l i near relationship found for di s
di ssociation energy of t hter idilneer se nierrcgreeta sce ,g
corresponding alumi nAfonman o ghr st hdee csrpeeacstea.um f
set of model systems, the | arge bobondpdéssogap
ofM*can be explained by the strong donating a
which raises the HOMO of the alumintyti mo@ab me
gap. Goenlaptert he ot heheesmalmibgnd di ssoci ati ol
singlretpl et gap M&caalnc ublea teexdp Ifacirned by t he mor e
"-donating abbpl itygedafhe NMewvi t h t he weaker do

coordinatimg base, PMe
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®MNHC ®Phosphine @Real
M4

[#5]
o

[#5]
(=]

| M8
e®
™

[\~]
w

M3
M7
e IIM5
o®

]
(=]

15 M2

10 1

5 M6
L

Bond Dissociation Energy (kcal mol)

8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40
AE(S-T) (keal mol')

FigubBe Pl ot of bond dissociation enrearigiles (eBi®SEKlye grarpesct ed)
singl et nuksnrp meos ifode |M-tbanmpdo utrhdes r e a1, adni daS eugnaebd.ges

antfab48&f or the source dat a.

Tab47 Bond dissociation ener yiMls arfd tdacdi awateil c ds ian gilmetn etsr i
of the corarleusnponnydi nntonomeric fragments. A counterpoise corr

for the basis set superposition error (BSSE).

G296k cal Tmol G296k cal Tmol Singl et MgEs.10 th
Uncorrected BSSE Correcteckcal_%nOI

Mm? 23.18 22.009 19. 17

M? 13.19 11. 46 25.50

M3 22. 49 20. 60 20. 64

M4 34.83 33.18 12. 34

M5 20. 23 19. 31 23.19

Mm® 4. 33 2.11 32.36

M7 21.16 19. 73 25. 38

M8 26. 96 25.50 16. 40
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Having analysed the structural and energetic
findingsbeaapphieaead t o tshtea bsiyl ntsheedt Tidch 4lausnree ne s
For di al, uméree ex t-heemeki g amasn be attributed to
and-donatixsgubdRi tuent and narrow bite angle
increasedrisphgleap in the aluminyl monomer ,
energy, compar eldantdd wheard @ memetshe Icatslee ot do @

donation of the NHC, together with the sily

di ssociation energy, a-hdi ploavte s ga@.Ifwbdil sy Limmsn
bet ween these two extremes, as although it
capability of t he NHC, the aryl Ssubstituent
substituent thielriedeod einthese results indica
systdmges at the extreme end of what i s cons
cusp of separating into two monomeric al umin

bond dissociation energy.

Tab48 Bond dissociation energies of the synthetic dia
the corresponding al uminyl monomeric fragments. A coun

the basis set superposition error (BSSE).

pG29bk cal Tmol G296k cal *mol Singl et MgEs.10 th
Uncorrected BSSE Correcte(kcal_%nOI
1 9.39 7.009 37.05
[ 26.93 25.06 15.28
I 21. 38 18.95 22.54
Experimentally, l1wds warsed ominrdanthlay di meri c i n

one broad signal WwWRE} obNMRr ¢@kicdg wiuemhé Gi ven
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t hat the alumilaremstenteogeni o, when the relati v
met hyl eheb¢CHges are considered, there are thre
E-1,AC. These three possible di @aPt &IMRomémg®mamest h.
lAand Barmesoompounds, due to the <centre of i nv
chemically equivalentCophosphothercdmindes.has ine
phosphorus centomes gnhnatkpreft edelilo‘amdB whil e

twodi stsiingsnbarlex pect 88 fTor examine this theoreticalll
P magnetic shielding tensor s£ Quaer & healredleateanct,e, a
P chemical shifts could be obtained.guTrheis confi
410)1L.Awas calcul ated *Pocheawmweciatiesthi ¢ askBof 15. 1 p]
was calculated to have shiftbCQvafs I@.l T up mam.edOn ot |
hav® chemical shifts of 16.1 and 19.3, confirmin
iaCare in inequivalent stereochemical environmen
br oXaPdfH} resonance liAGdi eae¢eshamging in solution.
to 243 K, the broad signal was observed to reso
further to 203 K, the higher field signal was ol
dynamibehaviour in solution phadei hseramoleescudlItaro
exchange processes, with only the former occurr
singlets observed at 21473/ aBKM d ®e rAe Halsisging nperdo ¢ eos sb e

that is fast on the NMR timescale can invert th
centres, i nt AAamd&dn vTehritsi ngge n earvaetreasg ead tsiingegnal f or t h
FotChowever, -ftlhiep tirsanas degenerate process (sl ow ¢
at 203 K), that exchanges the two inequivalent p
experimental observations, planar transition st a

it rfagnds prdcdgydad d(. The barriers for -Ttlhikscaplrocess

mo, relative to the | owdstl nenterggyhidglaesrt er emmer
regi me, at ~300 K, 16\& cbhheacrogree s b eatcw e evre t hrough
i ntermol ecul ar route that scrambl es al | possib
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di ssocilatnitoon tdhfe al umi ny |l monomer , which can

the three diastereomers. This process is po
energy, which was cal cdl(Taatbed® .t oF tbret h7e.rimok ®a |
energildGwerfe calcul ated tdofbeeadh hdatnhe&r kcTaHi s
wi th experi ment, as t he equilibrium const:
i ntermol ecul ar exchange i2nd 3t hKe, tpernopveirdatnugr ea nr

of 0.01DV4 kefadypG’mo |

145



4-Character.i

a) VT #'P{'H} spectroscopy of 1
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@ 5.0FT) =167
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5p(DFT) = 16.1
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4-Characteri sasitabi of sadB®dsal umene

4. £Zoncl usi ons

I n conclusion, this collaborative-sstabdyisepo
di alumene, supported by an amidophosphine |
third exampl e, it was also the first exampl
di xs@mte in solution to the monomer-tay for m.
crystallographic, spectroscopic, and comput a

di alumene has an extthemal yAll=FdAhg bamd , t wan$
di ssoci ati oh @®emdceeaergy FRwnrt her mor e, by empl oy
analysis techniques such as NBO, QTAI M and

categorized as being donedxampheracbangdgedp psd

syst ems, such as Il nAuemal di aYyesmemati c study
syst ems was dembphnetr atuitng t he i sostructur al
di al umenes and di sil enes. The foll owing ch

mechanistic work that has b etehne ceaxrpreireéidne ot @

observed activationlof small mol ecul es by
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5-ReactivitytabidaiBase Di al umene

5 Reactivitytabhidi Basle Di al umene

5.1 ntroducti on

Processes such as oxidative addition, reducti ve
are highly i mportant el ementary reactions in o
cleavage (obfonsdtsr onegi ng a key st eplbolnhdes ahcatsi vat i or
tradiltyi omedn t he domai n 256255 a4 s ittheo n acnteitvaa tsi o r
di hydrogen, for example, typically prdoceeding vi
H bond with -arhbei tfarlosntdfert lde tr Ring b.t)é. o nT hmest al cor
synergistic interactionmoirbvdlatewddtHhat foonfiem
orbitals of the transition metal compdex, with t

orbital §*irmtidad atthef H

Fightl:e Il nteraction of di h-gdlbiotgalrsawmdstidtitaiadme( T M)o ndd rep | ax .

However, Power 6s seminal review highlighted how
group complexes bears simimeambmpesgXkiemset hat of 1

similarities include open <coordination sites at
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frontier mol ecul ar orbitals, permitting t he
fundament al oxidative addition and reductive
di hydrogen activation by a main group comp

digermyneAr Ajr Nj&eé BesoR2r, &pyl phenyl ) was shown

three equival erftSs nafe dihiywsdrmiders.t one i n main
activation of dihydrogen has been utilised
reactive capability of novel mai-molgamoiutpy ,c omip

bond enthalpy aadcéendibéoiatical estudies oft
of new oxidative additions, however the mech

monomeric mai n group compl ex reacting wi t |

Further mor e, the frontied oeaombimiani € ithwsleved
met al compl ex. However, sever al | ow oxidat i
been shown to be dimeric in solution or the

EOH bonds across the two met ahs canmeedamust

possibility when studying these compl exes.

I n the area of l ow oxidation main group <che
exhibit high levels of Pfe¢Rhhdrievihhayvevilhdedersmadjp
both monomeric and dimeric Al (1) compl exes,

mechanistic details of the reactivity that

previous, cdaptemenes are neutral Al (l) di mer
bond. Due to the inheroentdatnisammbsitlattey ddifmerhse
to the presence of a small *HmewntChafptdirr &8B9i,
initial reports were of so called masked di a
solvents to yield the corresponding cycloadd
Toki?®®%his complex was shown to eliminate ben

intermedi ate, which can react with dihydroge
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hourSqghe(héa) . The hydrogenated product is di mer
terminal and bridging hydrides. I noue has report
by &@eNMerocyclic carbene, and differing in the o0
basset abilised deal umed a bul ky silyl substituent,
whil e the second featured a bul ky -baernytl asnudbsti t ue

t wi sted 28tTPhuectluateter of these was shown to rea
el evated conditions of 58cAEMBMYer whifdeer itde dforilme
exhibited no reactivity (°dPesmpbei ttiheen rwast obs
observed for I noueds dialumene, there were chall
the exact nature of the hydrogenated product. Du
nucl eusd) Wmosi(cdAnal s could HeNMRsepeetdr im. t Aikei s,

addition t-prdpgtiasacgnak® observed, akin to that
Al (I'l'l') dihydride, |l ed to the conclusion that c¢
t hed M| bond could not be rutlie@dmeadrt wbncadtdr ebson
there have been examples of dihydrogen activati
The prototypical NacNacAl (1) species has been

di hydrogen (4 at mSc heOmBAYX, Fouvretrhneirgnhotr,e , t he monon
"PAY Al (I') compl ex, reported by Power, requires
i mmediSahreemdd 21 n fact, in a more recent report f
sought after trdAsAEANrddasalueremei,sol af%d in the

Despite decomposition t o t he monomer i n sol ut
calculations revealed that the activation of di
di mer. A Gibbs Free Energy actiwaast icoanl chualrartieedr, o f
which contrasted with -acalaculiatredoff o45.a8c tkcvalt i m
monomer. Given that the reaction proceeds I mmedi

at m, this is therefore st;abnghevddemrcei hosobhati v
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N Tiew Hp(atm) NN TP
'Pr Al=Al jpr ———— P H—AIFAI=H Py
N 50 °C, 16 hrs

C
= H2 (4 atm) =
Dipp” Al Dipp /0 C:16hrs  Dipp” A" "Dipp
N H H
d

H, (1 atm)
—_—
25 °C
immediate

{AIH(u-H)ArPre},

SchehlE Examples of monomeric and dimeric Al (l) activat

I n Chapter 4, the computational characteri z
stabilisedl divadsuméin@chie®add (It was establish
soluttlremer sibly dissociat elyg tem aibtle dmdryo me rlioc
di ssoci atf'Ankeywemngpect of this coimplgaxndss t
which act as stereochemical reporters. Thi s
revealing the structure and reactivity of I

previtdutgl y.
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Mes Mes

@ Al=Al j@ — @ Al:

tBu tBu Mes tu tBu

1 M
Schehz Previously r elgdratte de xdisalsumennequil i brium with its ¢

mo n o mkur ,

The Cowl ey group sought t o utilise t he uni que
ami dophosphine ( N, P) l igand framewor k. Previou

di astereomers by reversible r&dicsct iwaes elniamil reat i c
by the stereochemistry of the N,P Iigand, whi ch
processes. Thus, by exploiting these reporting
ofifwas hoped to be gainecdactedwwst hodndydhagen a
temperature rapidly and quantitatively, to sele
di astereomers of 2t(ScehedBiBhyidda@a di ahhaecontrasts wi:
|l nouedbsst albade sed di alumenes,owhionh ydo emctt nmdawvte

50 SACbut is consistent with' ' "AhaAl 6b¥eé®at’éa@asr agi d r

tBu2 H, (1 bar)

|
CeDs »
AI—AI Diastereoselective
5 mlns

'Bu, 1 tBuz

Sc he®hz Reacti on Dvwi tdh adiuhmecreogen t o2. form di hydrodi al ane

The di hyd2 odiaanl eerxd st as 6 pdARS i bbhei diagt éreomeéh

stereogenic aluminium centres and t he stereoce
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(Schem®®! T2he i sdAbehrasve t he phosamhtione ackdn ortsher
whil e the@DRhaoweertshe phosspyhhionee acdcchn cortsher . Wi t f
two subsets, the relative orientation (point

the norbornene backbone difff@rentiates the i

o O
S

2A 2D
@ - ID @ ID

Bu _
ZB 2E
"Pointing Down"
GI - ID GI ’

2C 2F

Sche hd: The six possible diastereo@tiasi ©if cathieondiodfy dt |

orientations of the memhel enghthei dgde mes shown

The i mmediate product micwasrfoupdnt oeaohnht agn
of the six possible diastereommBEmidc ed Bodiccuct s.
2Bl though the |l atter could nofPiHpallhbNMBOUS I ¥y
spectroscopy, as evidenced b yahRdH} oNMRrg Tt hhee
initial product mi xture equilibrated over 7

di aster eome RiAE, parnodd utchtesn, one2 ACailitt &irnidhA gue@rklisy
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Like the previously rep%rtietd hdasal buaréecnaessh d wro mt H antc
react with alkenes amemlkadrkegdeal udmi nfaooyt |feosur At

condi tliommes ,was found to reac20 winitms)etthengi elagi dl
dialuminacybVobotrtaaé [ 2+2] cycloaddition of the
(SchemB®!'Signals for three distinct *RIfHAsSt er eomer s
NMR spectroscopy, as a result of the |l ocking of
enforced by their cyclic stamconfriegur dthieere oft rtulc

ami dophosphine backbone.

Mes 'Bu [Bu Mes 'Bu /Bu
/ \/ / \/
AN p H,C=CH, N\
| A=Al - | AI-Al
/ AN 20 min / AN
/\ / /\ /
tBU tBU Mes tBU tBu Mes
1 7

Sche®dh® Reactlwvihyeohene.

This chapter outlines the computational mechani s

t he r ealomiiddhrh yadfr ogen and et hene. More specificall

substrates at the monomer and di mer will be expl
di hydrogen, this investigation?P WalciNabal elx)t endec
compl ex, to probe whether the currently accept
activation of small molecules by main group carb
rolfe tohe small biradicaloid character known to
explored by°pFTeonouesny and expanded upon iin Ch
investigated in the reactivity with ethene. This
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for transient di al umene speci es, but- not e

stabiliseft® exampl es.

5. Met hods

Al'l eetronic structure calculations were <car
B. 0 DRCA 4ardmsterdam Density Funcprogméadm202
sui t3é-$2%8%| | geometries were eD3t/idBivee’d?! Attt he
l evel of theory wusing the Gaussian program,
The D3 ver sion o-hbaiGrwimme 6 i sapeornms i on correc
including its origli®Halrmdampi fggeffueatiyonc.al ¢
optimised geometries were performed at the s
and transition states were confirmed by the
eigenvalue in the Hessian matvirix,betewpect inve
transition states was confirmed by distortin
the imaginary vibrational mode of the react
unconstrained geometry opti mii®ati oanlss.o Tphreo vfi
thermal and entropic correctioh=s 2%8.tlhte K oa ma
p= 1 wimhin -tbeomrm/figardmoni c oscillator ( RRH
Aultrafined grid option was used for numeric
in Gaussianl6 (Rev. B. 01) . Single point ene
opti mi sedesgeaotmet @3 /BISEZVZR P 156 458 @3 of theor:
conjunction with th’ as8#MDseblVventi par amdekrs c
to those df=2b@T¥H#S)dai s set superposition er

was corrected with the counte¥®*poise method b
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To be consistent with previous <calculations (ClI
performed aid3t3blel GRRWY, PR p) I &lReoNBOh@ooyg.r am

(version 6.0) was wused to perform Natur al Bond
strucdtéihes Al MALL tool was wused for topological
el ectron?3°OePNOCED( T) -pxiimgl eenergy calcul ati ons
performed using the ORCA program, in order to val
in selected cases. TheseTEZY¥PPubasi #nsewutiinhicend] u
with the def2/JbasivesstlofauWwWeilgamg. The RI JCOSX
was used to accelerate evalwuation of €oul omb and
TZVPP/ C correlation fitting auxiliary basis was
(RI') used in?%hien Tr af WL DDT) calcul ations we
performed on the basis of Nor mal PNO-okfettings w
values: TCut MENt B®i TEulLE®@NO7.3.A331 Ical cul ati ons use
AVeryTight SCFO0 comkher Wamad Zd rigl eri &@anergy decomp
analysis (EDA) was carriedPd¢at |l uel egt ADR, batsi tsh
| evel gémphepwiryg Gri mmedés D3 di spdopbneononcorrect
dampitigl®THKe EDA analysisnwa®dngamrcitednowt th the a
strain?®tmodalolly,cumhar structures and orbital isos

and visualised with ?the ChemCraft program.

5. Results & Discussion

5.30ftidative addition of H

For the activation of di hydrogen, two plausi bl e
(Schebt® . The firwaddis$siadinredt dl h®dr ogledn et.o the do

a t-awweontre activation. This possibility is suppo
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t heoretical work carried out BbBbyentnoared atnwdi sRi
i mi nodi si |l ®fbespecihnedi sil ene was shown to ac
at room temperat-uagy. aiNMRy sainsed iXndi cated a st
hydrogenation of the double bond. A theore
congestion of the Bultkvwy skti gandshei miSducdd bond
arranging the fronan&gddiotribant adfs diolhy draacgddre.

Chapter 4, it was found that the structur al 1
it is reasonable to assume that a similar me

bylmay be operative.

Mes ‘Buz Mes l\(les Mes
H N N
m—m m~ 2 St Al
~———— : —_— :
/" H N
‘Buz Dimer / monomer ‘Buz Oxidative addition Bu, ‘Buz
equilibrium
1 Im 3 1m
Direct 1,2-addition Comproportionation
Mes Mes Mes Mes
N
N\ »H N N\ »H N
AI*AI AI*AI
/ WO H ™
Bu, 'Bu, Bu, Bu,
2D/E and 2F 2A-2F

Sc h e h& Possible pathways2to the dihydrodial ane

The second possibility involvlesgeher atissgct
al umi nyl Mm@ n oSmebrsse,qu e nt oxidative addition t
Al (1'1'1') 3,divhhyiderhi dcean t hen clagmproepet Bbieat lea twi d
pat hway i s wunlikely i n thilswiptrhe s2e netq uci evnatl eexntt,s
prepadrreadpi dl'y generates al/l S2i AF. dF warstt ree rernonre @
theoretical wor k by Cao has investigated t

monomer i c AIN@Ic)Nac®anlpe reéke Y{8Consi st ent with the
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conditiong @F7®& &tCm H6 hrs) required for this rea

Energy activation bamwrirer scadfcubadedkcal hmo) a d
addition to the double bond i s mo st i kel vy, b as
theoretical evidence.

To gain insight into the details of the above re
andb imalte¢wl ati ons were carried out. Analogous t

di hydrodi al a2aAF, ptbhducdidadusmenexi sts as si X pos
di astereomer s, pl uSc hemd r dhant A@mewe t he

phosphinandenemash ot heEi samer s,hewhialt®& t he i somer
have the phosspyhhionee adcchnoortsheZi s omer ¢ .heWi talrien t hes
t wo subset s, the relative orientation of the m

backbone differentiates the individual i somer s.
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I\I/Ies tBu /tBu I\I/Ies I\I/Ies
N ) N N
AN / N /
Al—AI Al—AI
/ \N / AN
\ \ \
By 'Bu Mes BS Bu 'BY 'Bu

1A 1D
I\I/Ies 'Bu /tBu I\I/Ies I\I/Ies
N ] N N
N / AN /
QXY Qs 1]
/ N ; \
\ \ \
BU Bu Mes BJ Bu BY 'Bu
1B 1E
I\I/Ies Bu /tBu I\I/Ies I\I/Ies
N \ N N
\ / \ /
Q= 1) Q1)
/ Ny ; \
\ \ \
By 'Bu Mes BY Bu B 'Bu
1C 1F

Sche®m& The six possible diasltereomers of the dial umeneé

Firstly, the calcuEasiomeslsvplodhc e theratr mmave en
wi ndow around t he b BG:sstENbA+e . ils & mal){l @o |

+1. 3 kida,l wnpill s t2)-iasslolmeafi ct feor(ms | iZelDhkbgRer i n
kcal m"mDHUL ES5. 9 kc'djil 2{me4. 8 kc'dl. mnmohlerefore, a
di astereomer s are thermodynamically accessi
calculations predicting ant. ehaetgycopaerasf oon
the diastereomers is presumellhbamad precoeambdd nait a
as any of theSdhaB®®TRrRiosners gupported by the
| ow bond dissociati omG,eeonfer#g®d. 1 hk chba prheedrt edd (f
basis set supéiRposittiiomnaeouoad) t he Al =Al axi s

possibility. Rel axed potenti al energy surfac
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5-ReactivitytabidaiBase Di al umene

a | obwoernd esti mat éf of 6bekcat ambbn. This i s unsur

heavil-pent ansglf uceupfed with the bulky substituen

I\I/Ies Bu /tBu I\I/Ies I\I/Ies Mes
| N
N , N\ N N
Al—AI -~ 2 Al: ——— Al—AI
/ \ / v \
\ \ \ \
tBu/ Bu ,\I/|es tBu/ Bu tBU/ Bu tBu/ Bu
1C 1y 1D
Sc he & Example of intercont€rmddDnvbat waehi abomhessoci ati on

equivalents of Inhef Al I(dWwWedompy meecombi nati on.

Having hypothesised that the most pl-ausi bl e me.
addition of di hydrogen to the double bond, t wo
context. The first psoysadidh itliiatrcyr @ifsss Htthhee cAol n=cAelr tbeodn c
which direcdtACyncontveetsexperizi@dFntlanlyhebscemtvext o
this woyrakd,dida i on wi |l be defined as per the | UPA
we l | as wor k¥%°f3F8meBaonksemi cal arrangements corr
torsion angles between OA and N90OA. This defini-t
of the transition sAlaAiHe d,i hepge ai f iamadleay tTlhe ald hi e
addition, concerted partial rotation and concomi
must occur befxdre paddiitdieon hef cdrrect stereochemi

product, due to the significantScphyerf@mi dal i zati on
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5-ReactivitytabidaiBase Di al umene

\
(#) () ¥ ]
N N N NS
Concerted rotation H-
S andinversion N +Hy ; "H N Rotation H N
LAI=AI” — A=A N“..AIZAI\ N I—»‘l\l‘
\ /
N/ / H
(E)'1 Backside 2D-F

syn-addition

Sche h& Necessary mechanisyaddisttiegpm dfteth &h FE-¥,e btoond of
produce the ob2er/abediff prNdwmas projecti orid, gwiiiegnwhetd tdoo wn

|l et shown above each structure, to help visualise th

Once addition to thecidbm® keidebe( AefAhebdond |
the stereochemistry is |l ocked in place, prev
of tdhel Adingle bond yielding the dedirraemcs pr o
to each other. A shorthand for the bel ow di
thegre | abelled according to the starting mat
the conv &Frlshi B profce(eds t hr oughS (@) amnidt sonf ot a

Al l energies are reported relatiE)reBto the | o

The energetic cgaddf oiEpbAsbsii @geni fi cant, proc
a barrier of'(F2 8 bRek cail vimedi pwiotdlucliot h of t he
pairs |ying on the same side -6GESDhE) AgFrAes ba
energetic barrier t hat i S g)oome lwb a h bagheer

i nconsistent with a reaction that proceeds r
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5-ReactivitytabidaiBase Di al umene

0.92
9y 1.93
2.07 \ TS(A-F) mes
1.91 t N Hmes
[28.7] ‘Al H N
J 33.6 Y
253 “@n 258 263 JEEDY — \A|<
1.94 J | 'Bu N
/ | '8y 'Bu
T
o
S
©
g 75
6 H,Z 8.5
< 2.1 < (E}1A )
2.6 +Hp mes
(E}-1A | AjN’. Hmes
| (AI .~‘N
\ tBu” Al
Nlmes . ) ‘.‘ tBU H ~~ S
Al Bu, /BU ! tgy 'Bu
U -24.5 -
'Bu \tB AI\N ﬁ \2;20.0/— ‘\\\\
\ twist v =333
mes \\_30.0
2F

Fi gbRe Computed reaction ensey-agdiptriogtioE)elfAf I6Gi bbbasc kFsri edee
Energies (M nakealJeEme® 8ak= alndat m rE-L 8ati viehe oSMD( benzene)
B3ILYORB/ dEZVPP// 0BG 2-8YVR and -DCBNQT)TZYRR/ MDB2 X8VR

(iint @l ilcesvel s of theory.

Prior to theéekFfohmati drheofhydrogen atoms are tr an
twisted i n2ket#smevéisa tlieicgafiBgey ( yi ng Bhi5ghkecrali nmol
ener gy2 R hTame di hedr al -A¥WdH d sd BBiFwe dc dynp &r e d

to a dihedral @rEglFeurotfhelr5@Ai3e bAotmilie 2 Binige h i n

0.04 shortaM,baomdlleendpteh®Al are consi stent acros

1.61 j
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5-ReactivitytabidaiBase Di al umene

Fi g68e a) Fr odhRwil)i eSwinbdvi 2Fwi®)f Fr on Fv)i eSaindoeV i 2fv o f

Fr ontssytadded i t IEpInBr €6 U (2tFd time ena2iR i pmeceeodi ng w
aslightly |l ower, but still(Fisga®ablThebamni e@g o
procesB-1EGGunrE)-COGt he enanlti ormesulotfs2 Dann8pEr oduct s

through barriers ofl 27 e5 paFoitgiGheendilgds)e mol
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5-ReactivitytabidaiBase Di al umene

mes
TS(B-F) N, mes
[25.9] A
[31.6FF ) /\’ \Alf/
' Bu Bu ~
‘ \ \
/ 18.8 ! 'BJ 'Bu
T 22.5 \
2 (Er1B
= +H
© Ha 2
(@] '
X
~ - ,4(
(D /
< lmes
0.0 N, Hmes
00 Al N
(E)1B ; et Al
Bu
mes ‘Bu H \/ t)
By Bu
N 'Bu, /tBu i}
Al A , 286
‘Bu/ \tBu A|\ =222 -7 .
N 2Ftist N, -333
mes " =30.0

2F'

Fi gbAe Computed reaction ensy-adgdiptriodtioEefBf ldGi bbbasc kFsri edee
Energies (nakealJFme® 8ak= alndaglmat EjvleBat ot e SMD(benzene)
B3LYORB/ dEZVZPP// NBE62HBYR and -DCBNQT)-TAERR MDB2 H8VR

(iint @l ilcesvel s of theory.

Bu”

TS(C-D) mes
[27.5]F N/AI’H\H \
[32.9F e 4

— “Sai

Bu ~
/N
A By 'Bu
T
o
€
© \
(&) v
~ K \
= / !
HZ 5.7 K \),:/
(<19 : ] 6.6 , > mes
1.3 .- (EM1C | N | mes
8T A
(E)-1C gy~ Al
| Bu Bu HI \\
| tg/ 'Bu
mes v
N 'Bu /fBu V295
Al \ " =22.4 7"
o SRTIN, e . =305
Bullg, ANy 2Dyie¢ \ 2268
mes 2D

Fi gbbe Computed reaction ensey-a@gdiptriogtioE)elfCf 16Gi bbbasc kFsri edee
Energies (YnakealJEm@&®W8afk= alndat m rE-IL Bati viehe oSMD(benzene)
B3LYORR/ dEZVZPP// WB6 HBYR and -DCBNOQT)TAERR/ MDB82 Xd8VR

(iint @l ilcesvel s of theory.
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5-ReactivitytabidaiBase Di al umene

TS(C'-E) mes
12717 N Hep
[31.4F A ]@

tR,” '\ Al
Bu By .
A Bu” 'tBu
.
o
1S
©
£
6.2 \
—~ H2 69 / “//,
(O] " | et e
< 13 \\ ’/’ (E)-1C’ ‘\\ mes
' e +Hy | i iNl
1.8 .- ' . Hmes
— \ AI
(E)-1C° | ty \/ \AI'\\NﬁA
N Bu tBU ~
mes \ gy " Bu
N Bu Bu -21.4
/'N\ v —18.7 ..--="--
tgy” Al 2E,... -29.7
u ‘Bu \N\ twist \_27.3
mes =

Fi gbbe Computed reaction eneyamddiptriogtnoE)efCHle@i tbbasc kS ee
Energies (nakealJEme® 8ak= alndat m rE-Ll Bati viehe oSMD( benzene
B3ILYORB/ dEZVPP// 0BG 2-8YVR and -DCBNQT)-TZYRR/ MDB82 X8VR

(iint @l ilcesvel s of theory.

Calcul ation of taedbhaclkeidde f icpInkf trroengul ti ng
prodauAtwere found to be energetically inacce
barriers in exclé¢FsisgborfeanBb glbB)@&! Troils i s consi s
the observation that the initial2Dop2EBbdawcd mi X
2F Given that the barriers of the above reac
moi( both at the LTEBD{AJ DEeRMO of theory), it

sy-addi tiamdi eof kHnetically inaccessible.
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5-ReactivitytabidaiBase Di al umene

TS(F-A) mes
1 Bu B
[28.3]F Ai’\‘,_ ’H“H\/ v
\ N

tR;”\ Al
Bu By ~
\
_ \ mes
|
o
€
8 H, 9.8
X : 9.3 /
~ ’—
0) 48 i (2)-1F
< 4.1 i +H,
— A
(2)-1F ‘s
mes
AiN, mes mes
A \Nﬁl AiNﬁ /H 'Bu IBu
tr 1~ '\ Al v Al
Bu '‘Bu ~ N t /\( \AI.\\ ﬁ
g/ 'Bu ' Bu By / N
\ H \
mes
| _29.4
V=284 -l -35.3
— \\ -30.9
2Awist T

Fi gbimie Computed reaction ensy-agdiptriogtio)elf Ff Qi blbac kFsriedee

Energies (HnakealJEeme® 8ak= alndat m rE-Ll Bati vieha oSMD( benzene)
B3LYORB/ dEZVPP// WMBG2ABYR and -DCBNQT)-TAERR/ MDB2 X8V R

(iint @l ilcesvel s of theory.
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5-ReactivitytabidaiBase Di al umene

A
L
o
1S
©
o Ha
x :
=~ 2
O 4.8 ’
< 4.1
(2)-1F
Imes
(Al -‘\Nﬁl
Bu \tBu AI\ :
By 'Bu
Fi gbB8e Comput ed

Energies

B3ILYORB/ dEZVZPP/ / NDBG 2-8VR and

(iint @l ilcesvel s

of

129
12.4 /
- (2)1F
+ H,

reaction

(P nakealJEme® 8aK= alndat m

TS(F-A)
[27.1FF
[29.6FF

‘BU/ \t

L _28.0

\—22.8 .--TTeel

2Atwist

theory.

mes

-35.3

-DCBNQT)TAHCRR/ MDB2¥8VR

eney-agqgdiptriogtnoldfFf l8Gi bfbrso nrtrseied e

re-I Bati vieha oSMD( benzene

t Heomes mai $ hof

Having estabVadtiedi gthoaovafnyH of

prohibitively highnacnhsivatéeéon WwWiarhiehses exper
reacti o-n htei md ¢ enéndadtiitvieon pat hway was then ex
access the obs2BFyegaptodlbctrotati on of t he A
(Scheme . Once dihydrogen has been added to
centres (both units rotated against one anot
parti al rotation (in the opposite direction
withhydrmrogent raastnesmeach ot her. However, this

constraints

concer t-addiatnitd rZ)-i tsoo mie Hbes

o

n

t he

(The
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5-ReactivitytabidaiBase Di al umene

rotation without inversion at one Al centre 1in
process, on the basis of a geometric strain aragu
VR N
N H H N
@) A
H
N N N H N
;\N Rotation J +Hy H & Rotation '," _‘\\N
A=A ———  wAI=AL o AIRCAL ——— N\\;AI—I-’\I’
N/ 7/ N voN
(2)1 Frontside 2D-F
anti-addition

SchemkEO0O Necessary mechaniantddisttieprm dfbethAh+#ZhY ebbond of (
produce the obSdr/abedf pr Ndwmas projecti opd, dwiiiegwhetd tdoown t he

|l et shown above each structure, to help visualise the mec

This is indeed the case, as evidenced by the cal
anaddition of Z1bhywdrgogoen t2hlpr(pceddstt hrough a f ac
barrier of *&0g8&9kcali kreowi s &)-1 ad &)-f{fpoaceedséf
through barriers of 118r &8s meakitg v8edbn dkjcgaud r emo |
511) . The energetic separation bleDawdé&nr & he barri e
sufficiently sizeable to discriminate between t

selective format2Emaadf di asteromer s
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5-ReactivitytabidaiBase Di al umene

mes
N t t
- H Bu_ ,Bu
LT
TS(DD) g, F Al
[20.3]* Bu H "y
4 [23.5F mes
- 18.1 - \
T 17.8 \
8 (2)-1D
= Ho L H,
@ \
S N
~
~— 5.7
O] 54 ,
< (21D ¢
mes mes
h’\‘/' mes\ \ h’\l’- /H mes\
D \(Al\AI_\\Nﬁ \\‘ = \/Al\AI.\\Nﬁ
Bu By ~ Bu By
tBu/ Bu \‘ tBu/ \tBu
L 27.9
V22,7 .-TTTTT L
— ~. =30.5
2Dyyist N —26.8
2D

Figbbe Computed reacti am-ad@dnert gpng)ddf iHbiebbfsorFree Ener gi
kcal™)malre F+#veas ai alndtm rEB-1Btti vehet SMDBDeYDB ¢ e ) 2

TZVPP// MBE 28VR and -DCBNOET)TZHWAR/ MDB2 A8VR i(tial ilcesvel s

of theory.

169



5-ReactivitytabidaiBase Di al umene

»

AG / kecal mol™!

Figble Computed reacti amaddet g o) &f iHli &b bfsorFr e e

kcal™)malre F+#veas gl alndt m

TZVPP// 0BG 2-8VR and

of theory.

[20.7F Bu H N

mes
N H'Bu_fBu
TS(E-E) SN

183 .
[18.3] Bu” Y,

mes
h N
(Al\ _\\Nﬁk

Bu” Y, Al

\ Al
. Bu H =,
\ tBu Bu
254
\=28.2 --ttteee —39-;
—_— =27
2E st ?
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Energies

rE-1 Batti weh et SMDBDeYDBé me) 2

DCBNQOT)TZ\ERR/ MDB2ABVR i(tia) ilcesvel s
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5-ReactivitytabidaiBase Di al umene

mes
TS(F-F) N g, t
~ H'Bu_ ,Bu
/ [18.5° Ai,m\\ N
|_ iy Lo
o - | Bu H N
£ ‘ thes
]
(&]
x
S~
Q] 4.8
< 4.1
2)-1F .
0
mes A\
Al N mes
B \/ \AI"\ ﬁl \ Lb’\l/' H mes
Y gy ~p: AN
gy Bu | gy~ Al
L ‘Bu ~
\ By 'Bu
-27.4
V245 - -33.3
_— . =30.0
twist ZF

Figbie Computed reacti eam-aeddeéet gyt opd&f itHi e bfsorFr ee Ener gi
kcal)malre TEvens ai alndt m rE-1Btti vehet SMDBDeYDB ¢ m-e ) 2
TZVPP/ | MBG 2A8VYVR and -DCBRNOQOT)-TAHERR MDB2 N8VR i(tia)l ilcesvel s

of theory.

Finally, anaddeéet léd@waso cal cul ated to oecur vi
26. 0 kd¢alwhmoclh although not being as energet
sy-addi ti on, still renders tFhegdbd gpagthiv8@8ys not
andi gwbnld. A note asidelTSI{&y et hsr d@ haéer d or ssu
convergence of t he transition state opti mi
calculated for a partially optimised transi

mo d e . Therefor e, this structure &vasl gdyeemed t
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5-ReactivitytabidaiBase Di al umene

mes
prrogve i T

[24.6]F B gy 1INy
[29.0FF \
| . . mes

T \

o)

S

s 9.9 .

X~ Hy 10.7

~ .

) R (1A .

< 2.1 T *tH X

2.6 |

gy Al
Yo N \‘
mes \ —32.1
V=262 .-l -35.3
*~. =30.9
2Awist T

Figsil2a Computed reacti amaddet gt oD &f HHieb bfsorFr ee

Energies

kcal)malre FEvens ai alndtm rE-1Btti vehet SMDBDeYDB ¢ m-e) 2

TZVPP// 0BG 2-8VR and

of theory.
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5-ReactivitytabidaiBase Di al umene

A
L
o
S
©
(&}
x .
o
<
0.0
0.0
—
(E)-1B
Imes
hh‘/ Bu /‘Bu
Al |
R arl ﬁg
u By \N
r\nes
Figbid Computed

kcal™)malr e

TZVPP// 0BG 2-8YVR and

of theory.

reacti amaddet g opABf Hlieb bfsorFr ee

G v2a8 agptc alndat m
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mes
h'\‘/. _H'Bu_ /Bu
Al
i wd 1Y

mes

mes
%N/AI/H tBu\ /tBu
TN S

Bu”Y, Al

/™~
Bu H N\
mes
\ 202
\—24.0,——""‘~\\ _34.9
2Bywist N3
2B

Energi

rE-1 Batti weh et SMDBDeYDBé me) 2

DCBNQOT)TZERR MDB2ABVR i(tia)l ilcesvel s
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ImeS
Aj’\‘,_ _H'Bu_/Bu
TS(C-C) A, j@

* gy~ Al
[26.07* BU™ gy 1 AN
*30.11 \
. Y mes
A
< 17.8 .-
S 18.6 -
£ J(E)-1C
© Ha JotH
S .
X
~
< 1.3 X
1.8 \
\ mes
(E)-1C \ !
N Hitgy /Bu
‘| /AI\ K
Imes Y tBU/ \ Al\
N, Bu /tBu “\ By H/ N\
/A'\ mes
gy~ \ Al )
Bu ~N L —=31.1
mes 2251 el 369
2Cwist \\ﬂ
2¢C

Figblé Computed reactiambéddet g op)A&f tHieb bfsorFree Energies (i
kcal)malre FEvens ai alndtm rE-1Btti vehet SMDBDeYDB ¢ m-e ) 2
TZVPP// 0BG 2-8YVR and -DCBNQT)TAWRR/ MDB2H8VR i(tiapl ilcesvel s

of theory. *partially optimised transition state

't has now been ea&ddibtlii czhi eddontetdfzseo odrntiit ut es t he
mo s t favour abl e mechani stic pat hway t o access
products, with the calculationEhm@Knrgti denti fi e
form. I't was f oungy-adcditt itdhre dafo Elen hila® o mer s
offconsi stently gives kinetically inaccessible ac
mol These findings were f-CCSEDPET) soapboultadi bys DL

gave good agreement with the DFT calcul ated ener

To gain further i nsTi3HHRHAwaisn tcoh otsteens ea sr eas urlepsr,e s ent
example to study in more detail, from a geometr

Vi ew. The opti miTzSHF)rgeecmndtsr yt haft the dihydroger
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5-ReactivitytabidaiBase Di al umene

significantly activated (0.97 j), through do
the Al =Al wunit. This is evident from visual
OTSCAHYFi g6tLt®. The HOMO and LUMO achodr*o relsiptoanlds t ¢
of the Aslippedo Al =Al bond, AiAs yIGeAiddg )f r om
or bilfTehles .t wi sted geometry of the transition s

density on the Al centres.

Fighki®& DFAl culated HOMO aiDa® F36IUMJE 2(dB RpYP i sovalue 0.03
transi tiTG&fF)wthatcehc @amei st entbowidtimg betwadret tavmocti ng

fragments

I n addition to visual i nSthpemtfiooantoifert her Ixiatna
bond orbital calculations (NBO) were-carrie
acceptor interactions taking place in the tr

i nteraction t er ms from secoRidg ubted e r Peet ur
stabil i sakEi*oms emieatgeyd wi t"MASAd )& HEoH N TiSr- &=m

FYs 347 kkcAlsemobnd diddaHd) idad Alr)onhas a much sn
magnitude kdalolningflheal domi nant term is consi s

weakenkeAll AdAdaH bBonds in the transition state,
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