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Abstract

Investigations of the reactivity of Pd and Pt coexgls with molecular oxygen and

characterization of a gold(lll)-alkene complex

Margaret Louise Scheuermann

Chair of the Supervisory Committee:
Professor Karen |. Goldberg

Department of Chemistry

Understanding the reactivity of metal complexethwmolecular oxygen will facilitate the
development of catalysts that can enable the wrdasipuse of molecular oxygen as an oxidant
for organic synthesis. This thesis presents two clagses of reactions between metal complexes
and molecular oxygen. Neutral five-coordinate Rhptexes were tested for reactivity in the
presence of molecular oxygen. In arene solutianctimplexes’{*M*nacnac)PtMe(1,

BuMehacnac = [((4-tBu-2,6-MeCgsHo)NC(CHs)).CH] ), (***Me-nacnac)PtMg2, "**Me-
nacnac = [((2,4,6-MeCsH2)NC(CH;)).CCHy] ), and **PyPyr)PtMe (3, ®**PyPyr = 3,5-di-
tert-butyl-2-(2-pyridyl)pyrrolide) reacted immediatelyith oxygen to form peroxo species in
which two oxygen atoms bridge between the metaleceand a carbon atom in the ligand

backbone. In contrast, no reaction betwédfAgim)PtMe; (4a, PAnlm~ = [0-CgHa-



{N(CH3Pr)}(CH=NCgH3 Pr)] ) or M3AnIm)PtMe; (4b, "*3AnIm™ = [0-CsHa-
{N(CesH2Me3)}(CH=NCgH,Me3)] ) and oxygen was observed. As activation of oxymefive-
coordinate PY species was found to involve cooperation betwhemtetal center and the
ligand, the ability of the ligand to participatetire oxygen binding appears to be a vital
component. Oxygen atom transfer reactions of thvelnmeroxo species are also presented. In a
separate study, an unusual reaction involving tteation of both molecular oxygen and a C-H
bond at the same metal center was investigate®(Rg(tBu)). (15, Ar = naphthyl) was found
to react with molecular oxygen at room temperatu@ene solvent to form a hydroxide dimer
in which one equivalent of phosphine per Pd wakdod the remaining phosphine was
cyclometalated through the naphthyl ring. At lomfeerature, two intermediates were observed.
The nature of these intermediates suggests a msahavolving initial reaction of
Pd(P(Ar){Bu),). with O, followed by the C—H activation step. In a finabgter unrelated to
oxygen reactivity, the generation and charactddnatf a gold'-alkene complex by NMR and
X-ray crystallography is presented. Such specigs baen proposed as intermediates in

catalytic reactions but until recently none hadrbeleserved.
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Chapter 1: Reactions of Pd and Pt complexes with molecular oggn

Aerobic oxidation of organic substrates

Advances in organometallic chemistry have enablady new transformations of
organic substrates. Homogeneous catalysts havedesetoped and optimized for a wide range
of reactions including hydrogenations, carbonyladimlefin metathesis, hydroformylations,
cross couplings, and numerous otHeRecently, significant effort has been focused on
developing C—H functionalization reactions medidtgdransition metal catalysts. Transition
metal complexes have shown high selectivity inatiévation of C-H bond® and considerable
progress has been made on C-H bond functionalimtising a variety of oxidants. However, in
terms of catalyzing oxidations on large scales itlear that inexpensive, benign and readily
available oxidants are and will continue to be e Along these lines, the aerobic oxidation
of C—H bonds in organic substrates is most degrablboth molecular oxygen and the potential
byproducts of such reactionsABland HO,) are environmentally benidit. Catalysis using
molecular oxygen for oxidations can be classifi#d two types in analogy with biological
oxidations: oxidase-type, in which molecular oxygenves as the oxidant without being
incorporated into the product, or oxygenase-typshich molecular oxygen is employed as the
stoichiometric oxidant and oxygen atom soufte.

Late transition metals have several propertiesrtiake them potentially amenable to
aerobic C—H functionalization. In general, electrarh late metal centers are only mildly
oxophilic meaning that in the right coordinatiorveanment they can react with molecular
oxygen and then undergo further reaction to breadetal-oxygen bond. This is in contrast to

the highly oxophilic early transition metals whichmany cases react rapidly with molecular
1



oxygen, however, the resulting oxides are oftereactive toward oxygen-atom transfer. Even
more significant, decades of research have denatedtthe ability of late metal centers to break

C-H bonds, and in many cases, the mechanisms s tieactions are well understgot.

Oxidase catalysis

Using Pd in particular, good progress has beerermadliscovering catalysts that can
oxidize existing functional groups using molecuwaygen. Most of these catalytic cycles can be
described as being oxidase-type (Figure & 3}'In these processes an existing functional group
is oxidized with oxygen serving as the oxidant praton acceptor, thus generating water or
hydrogen peroxide as byproducts. Although C-H bardsroken in some cases, the bond
cleavage event is dependent on the presence attdoal group and will not occur in an
analogous unfunctionalized substrate. The most premh example of Pd oxidase catalysis is the
Wacker oxidation in which ethylene can be conventéd acetaldehyde using Pd@ith CuCh
serving as a co-catalyst* Similar systems have been shown to oxidize a wadge of alkenes
and alkynes**® Although in these systems an oxygen atom is irmated into the product, it
has been shown that this oxygen atom comes froreraad that the role of the molecular
oxygen is simply to reoxidize the catalyst. Molexruxygen has also been used as the oxidant
and hydrogen acceptor for selective oxidationdagtels to ketone$°’The Stahl group
reported the use of molecular oxygen as terminalas® and proton acceptor in the conversion
of cyclohexanones to phendfsin cross coupling chemistry molecular oxygen leensuse as

the terminal oxidant in reactions to couple arom@t-H bonds to alkenes and other arérnés?



Suby, + 2HX L,Pd°
1/2 O, + 2HX

SUbH2 Hzo

L,Pd"X,
Figure 1.1.Generic catalytic cycle of oxidase type catalysis.

Oxygenase catalysis

In oxygenase-type catalysis molecular oxygen seagethe oxidant and is also
incorporated into the final product, however onlyaadful of Pd-oxygenase reactions involving
molecular oxygen have been reported. Loh and Jecently developed Pd-catalyzed methods

for the oxygenation of alkenes using & the oxidant and oxygen atom source (Figure®1.2)

Pd(OAc), OH
. 0, (8 atm) /H/ ,
xR 2 - R
R/\/ Hzo, N32CO3 R
OH

Figure 1.2.Optimized conditions for conversion of alkeneslims using a Pd catalyst and.©®
The remaining examples of Pd-catalyzed oxygenatsysis fall into the tantalizing
arena of functionalization of arenes and alkyl (hathds. Benzene and biphenyl have been
hydroxylated with @using Pd catalysts and CO but the yields and seitées are modest-#
Using a catalyst proposed to involve the' Bdd P4 oxidation states, Ritter and coworkers
affected thex-hydroxylation of ketones (Figure 1.8)Yu and coworkers reported the
hydroxylation of substituted benzoic acids using®%L), with air or Q as the oxidant and
oxygen atom source (Figure 1.%0 labeling studies confirmed that the oxygen atomike
product are from molecular oxygen, however the rasigm of this reaction is not well
understood? Phenyl-pyridine derivatives have been hydroxylatethe presence of Pd and

NHPI (Figure 1.5, NHPI -N-hydroxy- phthalimide) with toluene solvent serviga co-



reductant thus generating benzaldehyde and beazm@long with the hydroxylated phenyl-
pyridine product It is proposed that aiOH radical generated in the decomposition of a

*OOCH,C¢Hs radical is the species that serves as the actigaat.

2

(1 atm)

OH
g/ \N% (catalyst) o N

Figure 1.3.Hydroxylation reported by Ritter and coworkéts.

COCH 10 mol% Pd(OAc), N COOH
2 eq KOAc, 0.2 eq benzoquinone oH

1 atm O,

Figure 1.4.Hydroxylation of benzoic acid derivativé&s.

— 5 mol% PdCl,

/ NHPI, toluene \
1 atm O, N
OH

/

-

Z/

Figure 1.5.Hyrdoxylation of phenyl pyridiné&.

To facilitate the discovery of new processes feHGunctionalization using molecular
oxygen as a stoichiometric oxidant and oxygen aource in catalytic transformations, there
has been significant effort aimed at discovering loaygen reacts with transition metal
complexes. Of particular relevance to the Pd-catalyoxidase and oxygenase chemistry
presented above, are the stoichiometric reactimrsving oxygen and model Pd or Pt
complexes that have been studied. Our nascentstaddmg of how oxygen interacts with

palladium and platinum complexes is primarily basedhe examples reviewed below.

Stoichiometric reactions of Pd with O,



Oxygen binding and oxidation

The most commonly observed reaction of neutrdicBrhplexes with oxygen is oxygen
binding and oxidation to form LL'Pgf-O,) peroxo complexes (Figure 1.6). Along with the
formation of the peroxo moiety, the “L” ligands thig from the trans configuration
characteristic of the LL'PUstarting complexes. Similarities between the bigdif dioxygen
and isoelectronic olefins to Pd” and P centers have been noted. The formation of LLjd(
O,) complexes has been seen with L = L’ = phosphinafrange of phosphines including
PPh,**°PPh{Bu),,*** P(-tolyl)s,*> P(Bu)(Ad),*® P(BuU)(tBu),, **P(c-CsH11)3,>* and 1,3,5,7-
tetramethyl-2,4,8-trioxa-6-phenyl-6-phosphaadaman{épp) (Figure 1.7’ Notably, P4
complexes bearing PRB(),,>! and P(Bu)(tBu),® react with air even in the solid state. In
contrast, Pd(RBu)s), does not appear to react with, Perhaps because of the large cone angle
of the phosphin&® Chelating phosphines such as 1,2-§PiBu,),CsHs>® andTRANSDIP, a
cyclodextrin-derived diphosphiri&have also been used. LL'R4O,) complexes can be
formed in which L = phosphine, L’ = carbeffé'* LL'Pd" (5% O,) complexes in which L and L’
are carbenes have been characterized for L = L3=di(2,4,6-trimethylphenyl)imidazoline-2-
ylidene (IMes§? and 1,3-bis(2,26,6'- tetramethyl-m-terphenyl:5/)imidazol-2-ylidene)
(ITmt).*® The P4 isonitrile adducts, PEBUNC), and Pd(CNATPP?), (Dipp = 2,6-(iPr)CsHs3),
have been reported to react with ®sulting in the formation of BuNC),Pd(%) ** and
(CNArPPP?),pd(Q,).*° When a solution of Pd(bc)(dba) (bc = 2,9-dimetiy#-diphenyl-1,10-
phenanthroline, dba = dibenzylideneacetone) wassegto dioxygen, the dba was displaced by
an Q fragment generating Pd(bg§{O,) which was crystallographically characteriZ8&ey
spectroscopic and crystallographic data for LLiPdD,) complexes are summarized in Table

1.1. The O-O0 stretching frequencies, which at othetals have been shown to correlate well



with O-O bond length and the degree of charge feafiom the metal center to the boung O

moiety”’ are consistent with assignment ag-peroxo complex.

L L

)
i 0, —~ \Pd<(|)
L L

Figure 1.6.Generic representation of the reactions dfdeunplexes with oxygen.

P(c-CgH11)3
PPh(tBu), P(nBu)(tBu), P(nBu)(Ad),

QLY v
A OGS

ttpp 1,2-(CH,PtBu,),CgsH4
P(p-tolyl)s

— TRANSDIP
NN
O NN Q 4 Pro P
g NN
O O IMes @ ~ @
iPr iPr

e

iPr iPr iPr
25 Lo
CEN% iPr 4
fBUCN O iPr iPriPr
CNAD#PP2 SPr

Figure 1.7.Ligands for which LL’Pd¢°0O,) complexes have been reported.



Table 1.1.Key crystallographic and spectroscopic data foiPid( #°0,) complexes.

complex voo (cm™) | 0-0 (A) Pd—O (A) *Ip (ppm)
(PPh(Bu),),Pd(Q) 91% 1.37(2% 2.06(1), 2.05(P) —
(TRANSDIP)PA(Q) — 1.409(5), 1.993(3), 2.005(3) 28.8 (GDg)°
1.454(6)
(P(c-CeH11)3)2Pd(O) 900 - — _
(PPh)Pd(Q) 82¢" 1.422(3Y 1.999(2), 2.013(%) 34.2(THFY
(P(p-tolyl)3)Pd(Qy) 882 — - 31.7 (CDQ)'
(P(NBu)(Ad),).Pd(Q) — 1.395(4) 2.0070(199 60.32 (CDCY)
(P(MBu)(tBu),)Pd(Q) - - - 64.04 (€De)'
(ttpp)Pd(Qy) — 1.412(3) 2.0118(13¥" —
(1,2-(CHPtBW,),CeHa)- | — 1.443(3) 2.0130(16), 60.1 (tol}
Pd(Q) 2.0187(16Y
(IMes), Pd(Q) 867 1.443(2Y 2.0104(11), n/a
2.0104(12°
(ITmt), Pd(Q) — 1.479 2.004, 2.015 n/a
(tBUNC),Pd(Q) 893 — — n/a
(CNAIPPPA,Pd(Qy) 805 or 1056 1.415(4) 1.978(3), 1.987(3) n/a
(bc)Pd (Q) 891’ 1.415(15), | 1.944(12), 1.954(11), | n/a
1.407(18Y | 1.959(13), 2.000(13)
(IPr)(PPh)Pd(Q) — 1.430(2) 1.9912(16), 36.45(GDg)”
1.4399(18§ | 1.9975(15) 2.0023(14
2.0138(15])
(SIPr)(PPR)PA(Q) — 1.621(9) 2.006(6), 2.058(7) 30.7%
(SIPr)(PCy)Pd(Q) — 1.448(5)" 2.004(4), 2.015(4) 49.9¢

% ref 26.°ref 25.° CCDC-746930° ref 39.€ *°0,. ' ref 30 supporting informatiod.CCDC-235181.
(THF)" ref 30." ref 35. ref 36. ref 36 supporting information, CIFref 36 supporting
information."CCDC-233088" ref 38. ° CCDC-181821" ref 42 supporting informatiofi.ref 42."
ref 43supporting information, CIEref 44." ref 45 supporting information; IR data was reprte
but the vibrations were not assignedef 45 supporting information, CIFref 46." ref 46

supporting information: CCDC-682048Y ref 40? CCDC-799173, some ellipsoids are distorted.

aref 41.°° CCDC-799172.

There is one example of an anionic' Peroxo formed by reaction with,O

[(PPhy)Pd(;*-0,)CN]™.*® For [(PPR)Pd{*-0,)CN]™ an O—0O bond length of 1.441(4) A and

Pd-0O bond lengths of 1.990(3) and 2.016(3) A weeasured crystallographically. These values
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fall within the range of O—O and Pd—O bond lengihserved in neutral PgfO,) complexes
(Table 1.1). In the crystal the'Kligated by a crown ether) is situated in closxpnity to the

n?-O, moiety(K---O = 2.784 and 2.698 A).

K
<

d\O

NC
(PPh3)4Pd + KCN + 16-crown-6 + O ————> \p
Ph3P/
Figure 1.8. Anionic Pd peroxo complex.

Given the large number of Pdomplexes that have been found to react with axyge
generate Plperoxo complexes and the likely involvement oftsaomplexes in various
oxidase-type catalytic cycles, there has beenfsignt computational effort to investigate the
mechanism by which the molecular oxygen biffdfe.Calculations suggest a mechanism for the
reaction between LL'Pdcomplexes and oxygen involving initial end-on abination of
molecular oxygen in its triplet ground state tanficein open shell triplet species that may be best
described as a Rduperoxo complex (Figure 1.9). In this geometdnfiguration, with the @
moiety bound;* and the two L ligands still nearly trans to onetaer, the open shell and closed
shell singlet species are substantially highemiergy. For the triplet species, formation of a
second Pd-0 bond is a spin forbidden process. Hemas/the superoxo moves fromzgn
toward an;? binding mode the singlet energy surface lowersigrgy and in fact dips below that
of the triplet surface when the second Pd-O distaeaches ~2.3 A. Once this spin crossover

has occurred the formation of the second Pd-O Imadarrier-less process.



L
L L L

Ny

O
(0]
O

/

Figure 1.9.Summary of computational work on the binding oft®Pd.

In addition to computational efforts, experimem@alrk has been performed to probe the
mechanism of the reaction of LL'Pdith oxygen. Roth and coworkers measured kinstitope
effects for the reaction between Pd(BRhnd Q to form (PPB),Pd ¢*0,) and found a
ks 1dkis 18value of 1.0093(29Y Based on comparison of this value to isotope &ffebserved
in the binding of molecular oxygen to other traiositmetals they suggested that the reaction of
Pd with dioxygen occurs by a concerted transfer af electrons to the fragment.

Subsequent calculations by Stahl and coworkersatelithat the kinetic isotope effect observed
by Roth could also be consistent with a stepwisehaeisnt°

In one recent report a bis-carbené-Bamplex with sterically hindered 1,3-
bis(diisopropyl)phenylimidazol-2-yli-dene ligandssvfound to react with £at low temperature
to generate a bis superoxo complex rather thamtire commonly observed fg?-peroxo
(Figure 1.10¥2 The bis superoxo complex was characterized ctggtalphically and the O—O
bond distances were found to be 1.314(11) and (133@. The O-O bond lengths are shorter
than those reported for the peroxo complexes inelald consistent with the superoxo
description. A broad NMR spectrum was presentednaagnetic susceptibility studies measured

1.8 unpaired electrons but resonance Raman andd&fRvere not reported.



iPr

iPr
Q F\\@
N-—N
iPr T iPr

.O/O\Pd\o/o.

Figure 1.10.Pd' bis-superoxo compleXx.

Stoichiometric reaction of a Pd dimer with O,

Ozerov and coworkers investigated the reactivitg fF PNP)Pd} dimer (PNP = bis(2-
iPr,P(4-flouro-phenyl)amido)) with molecular oxygendgie 1.11)* If greater than 10
equivalents of @were added the produéPNP)Pd(Q), a crystallographically-characterized"Pd
n*-superoxo complex, formed in high yield. Howevelels oxygen was used or if the superoxo
complex was subsequently exposed to vacuum oetierth additional starting material, the
peroxo dimer complex [PNP)PdO-] was generated. Based on crystallographic das, thi
complex is best described ag-a":x'-peroxo bridging two Phcenters. The O-0 bond length of
the peroxo in [PNP)PdO-] was found to be 1.47(2) A. In contrast, the O—@cfor the

superoxo in PNP)Pd(Q) was found to be only 1.293(2) A.
iPr\ /iPr iPr\ /iPr iPr\ /iPr iPriPr iPriPr

(-P P—> (P =) P
N—P|d P‘d—N +20, benzene or THF ) | -0, (FJ B ‘ W
| ) (| o o, o7

AN A AN _ PJ
iPriPr iPr P el Nier ol Nipr P iPr

Figure 1.11.Reaction of [(PNP)Pd} dimer with molecular oxygeH.
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Stoichiometric reactions of Pd with O,

Formal insertion of O, into a Pd' —H bond

The reactions in this section are referred taanél insertions of @into Pd—H bonds as
the end result is formation of a Pd—OOH moiety.alidy several mechanisms for this reaction
have been identified. The mechanisms are distinlitfgrent than those established for carbonyl
and olefin insertion reactiors.

The first example of a directly observed inseriddmolecular oxygen into a Pd—H bond
was reported in 2008.In this reaction insertion of Onto the Pd—H bond of'PCP)Pd-H
(B'PCP = 2,6-bis(CHPtBu,)CsHs) yielded the Phydroperoxide complexX®{PCP)PdOOH
(Figure 1.12). The corresponding hydroxide comgf&8%CP)PdOH was observed as a minor
product in the reaction®(PCP)PdOOH was crystallographically characterizetifannd to
have an O-0O bond length of 1.470(4) A. The insartiboxygen into the Pd-H bond followed a
second-order rate law (first order in both oxyged Bd—H). The rate of the reaction was not
significantly impacted by light or radical initiatband &y/kp value of 5.8(5) was determined.
Computational studies suggested a mechanism imgplnitial H-atom abstraction by o
generate a{"PCP)Pdfragment and afOOH radical which rapidly recombine to generate the
observed'?“PCP)PdOOR®*" (*"PCP)PdOOH undergoes further reaction to form the

(B*“PCP)PdOH species.

,tBu |D/tBu P/tBu
P<Bu ~tBu ~tBu
Pd_H +0, 2enzene, Pd—OOH Pd—OH
FL/tBu P/tBU P/tBU

\tBu Bu Bu

Figure 1.12.Reaction of P“PCP)Pd—H with @
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Mechanistic studies of the insertion of ito a Pd—H bond in non-pincer ligated
systems revealed a different mechanism for thetiradnitial reductive elimination of HX from
the Pd hydride complex to generate a’Rgecies is followed by reaction of the’Rdmplex
with molecular oxygen to form ayf-peroxo complex (Figure 1.13). The mechanism of
formation for the;*-peroxo complex from Pdspecies would be analogous to those described
above in the Ptsection. The Pdy?-peroxo then undergoes protonation to generatetiberved
Pd—OOH product®® It has been noted that some formal oxygen insergéantions are
facilitated by benzoquinon#.®*®*The role of the benzoquinone is likely to helpitae Pd
intermediates prior to the binding of oxygen whiea teductive elimination pathway is
operative.

L
X—Pd—H — "~ o+ Pd—"2 » \Pd<c|> T X Pd—0OH
/ L

Figure 1.13.Formal oxygen insertion into a Pd—H bond by a raegm involving reductive
elimination.

Computational studies have also recognized ati@mi&n which the @ fragment stays®
rather than forming anf-peroxo prior to the protonation event (Figure J.%4Hydrogen
bonding between the Pd center and the coordinaidchalps stabilize the Bdpecies prior to
the reaction with oxygen. Oxygen then binds to farsuperoxo structure, which is protonated
by the bound acid. The intersystem crossing theolwes the transfer of an electron from the Pd

center to the OOH fragment.
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pyr pyr pyr pyr
P +0, * Pd-O Pd'-0_ o—"Pd'—0
“H o — o} ’ AN
| H H /& OH
OO , , o
O\ / @) /
>/O >\/o
pyr = pyridine

Figure 1.14.Mechanism for formal insertion by protonation d®e superoxo.

In agreement with a suggestion in the literatheg the reductive elimination and H-atom
abstraction pathways might be competifiepmputational studies found that the reductive
elimination pathway and the H-atom abstraction wathhave similar activation energies for the
reaction of some complexes with oxgyefi* ®**Recently, a combined experimental and
computational study involving a series gPldHX complexes (L = NHC, X = para substituted
benzoic acids) was undertaken to investigate tteeplay between the reductive elimination and
H-atom abstraction mechanisffisA Hammett study revealed that for benzoic acidbMe, H,
Cl, or NbO as the para substituent, the rate of the reantmeased with increasing. However
when the substituent was OMe, the rate of the i@aetas faster than would have been
predicted by the Hammett correlation. Further stofithep-OMe substituted benzoic acid case
led to a two term rate law (equation 1) in whicle d@rm is first order in [g) and the other term
is zero order in [g].

Rate =3[Pd-H] +k[Pd-H][O] (1)
This rate law is consistent with competition betwéee reductive elimination pathway (zero
order in [Q]) and the H-atom abstraction pathway which ig fargler in [Q]. Further
computational study revealed that at more eleqgtaor metal centers the reductive elimination
pathway is favored whereas the hydrogen atom abistingpathway predominates at more

electron rich metal centers.
13



Detailed mechanistic studies on the insertion ofecular oxygen into a Pd—Me bond in
(bpy)PdMe (bpy = 2,2’-bipyridine) have been perform¥din order to achieve reproducible
rates of reaction, the experiments were performete presence of the radical initiator AIBN
(AIBN = azobisisobutyronitrile). Under these comaliis, kinetic studies support a radical chain
mechanism (Figure 1.15) with a five-coordinaté' Romplex, (bpy)PdMgOOMe), serving as a

key intermediate.

initiation i+ 0, in0O®

inoo* + (bpy)PdMe, —= (bpy)PdMe(inOO)+Me'

propagation Me® +0, —> oOOMe"’

MeOO" + (bpy)PdMe; —» (bpy)PdMe,(OOMe)*

(bpy)PdMe,(OOMe) * ——» (bpy)PdMe(OOMe) + Me®

termination
(bpy)PdMe,(OOMe) 2+ Me0O® — » non-propagating products
Figure 1.15.Mechanism for the formal insertion ot @to a Pd—Me bon#.

The groups of Vicente and Abad have shown seeswahples of the oxidation of Pd-
phenoyl fragments to the corresponding Pd-phenéiaggnents using (Figure 1.16¥2 They
propose a reaction preceding through an unobsétdguerbenzoate intermediate generated by
the insertion of @into a Pd—G,2 bond. No mechanistic proposals for this insertb@; into the

Pd-C bond were offered.
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[ @)
©\/U\Pd/ +120, dichloromethane _ \Pd/L
N PN L PG L

H,
L = PPhg, PTols

Figure 1.16.Reaction involving the insertion of an oxygen atiote a Pd-phenoyl borfd.

Oxidation of Pd" complexes by @

Mirica and coworkers have reported examples dfdednplexes undergoing oxidation by
molecular oxygen to generate'Pdpecies. When a{-dpp)PdMe complex where dpp is the
potentially tetradentate ligand N;Ni-tert-butyl-2,11-diaza[3.3](2,6)pyridinophane svaxposed
to molecular oxygen in a mixture of benzene ancharal at room temperature, the observed
products were ethane and-tipp)PdMe(OHY® The authors proposed a mechanism involving
initial end-on coordination of molecular oxygengenerate the Ptsuperoxo complex, #{-
dpp)PdMe(O.)]. Supporting the involvement of a Pduperoxo intermediate, the reaction was
tested in the presence of 5,5-dimethyl-1-pyrrolexide (DMPO), and the observed EPR

spectrum was consistent with'Pderoxo-DMPO adduct (Figure 1.17).

N\O ¢ N ’ItBu
N
N O/O N
N\Pd/Me +0,+ E% benzene/ methanol _ "N I _Me N - \ N—Pd—N p
PN \N Pd N / \
o g | "Me |
N N N tBu

Figure 1.17.Trapping experiment supporting the involvemena &fd' superoxo intermediafg.
In a further study «f-Mestacn)PdMe (Mestacn = N,N,N"-trimethyl-1,4,7-
triazacyclononanej Pd complex bearing a potentially tridentate ligandswreated with

molecular oxygen in acetonitrile to produce &' Rmplex [¢*-Mestacn)PdMe]* and a PY
15



species#*-Mestacn)PdMeX (X = OOH or OH) (Figure 1.18)Observation of the reaction
mixture by mass spectrometry at early reactionginezeals a compound with/z= 340.1208
consistent with a P4 hydroperoxide complexf{-Mestacn)PdMe(OOH)]". When the reaction
was performed at =70 °C in EtCN a UV-vis absorbasfdg,ax = 407 nmg > 11 000 M* cm™?

was observed, which the authors postulate woultbbsistent with a peroxo or a superoxo

species.
N
N 7 N
N
TN/ . iy
2 E \Pd”\/Me +no, MeCN I:-N\PdIV,Me . EN\Pd”/Me
e ~
N Me NT| "Me N~ OH or OOH
' Me \

Figure 1.18.0xidative Me group transfer reported by Mirica aavorkers?

Stoichiometric reactions of P with O,

Oxygen binding and oxidation

As with Pd (above), the most common reaction of moleculagexywith P complexes
is the binding of oxygen and oxidation of the Ritee forming Pt #*-peroxo complexes.
L,Pt(;>-O,) complexes in which L represents the monodentapsphines PR{F>*""?p(c-
CesH11)3,>% *PPhMe,”® PEt,"*and PPIBU,>* have all been reported. A similasRt(;>-O5,)
complex where tL.is the bidentate ligand 2,11-
bis(diphenylphosphinomethyl)benzo[c]phenanthrol@mpbp) is also knowfA: Hwang also
reports a low temperature IR spectrum of a thegymaiktable complex (El4)-Pt(0).”® Selected

spectroscopic and crystallographic data are regpant@able 1.2.
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Table 1.2.Spectroscopic and crystallographic data fop®&) complexes.

complex vo_o (cm™) 0-0 (A) Pt—O (A) *Ip (ppm)
Pt(G,)(CoHa)2 814 — — n/a
(PE)2Pt(Oy) 824 - - -
(PPhMe),Pt(0,) | 825 - — —
(PPh),Pt(O) 82¢ 1.45(4§ 2.01(2), 2.01(3) | 14.¢
(P(C-C6H11)3)2- 81@, 82(? — — -

Pt(C)

(PPHBuU,)-Pt(O,) | 835 1.43(2¢ 2.02(1f -
(dppbp) PY(Q) | - - - 8.4

aref 73.P ref 32.°ref 72.%ref 31. € ref 71.

The'’O NMR spectrum of (PRRPt(O,) has been recorded and the chemical shift for the
peroxo group was found to be 385 ppm (fropOH"* This shift is comparable to the 325 ppm

observed for Ir(CO)CI(@(PPh), and the 350 ppm observed for Ir(COPPh)..

Addition across a metal-metalloid bond

The bis phosphine platinum germanium complexREPtGe(N(SiMg),)., was found to
react with molecular oxygen to form a complex comtay a four membered Pt—O—-O-Ge ring
(Figure 1.19Y° The Pt-peroxo complex was crystallographicallyrabterized and found to have
an O-0 bond length of 1.503(11) A and a Pt—-Ge bemgth of 2.2486(13) A. This peroxo
species undergoes photochemical reaction resuiti@y-O bond cleavage to form ¢EhPt(u-
0),Ge(N(SiMe),).. A preliminary report noted that similar reactywwas seen with Pd-Ge
complexes bearing monodentate or chelating phosphirowever the corresponding Pd species

were less stable and were not isoldfed.

17



i 0—0O . _
R3P\M_Ge/N(S|Me3)2 o, benzene R3P\M/ G\/N(S'Mes)z ho R3P\M/O\Ge/N(S'Mea)2
+ bensene — Ge _ho
- AN \ 2 yZ N M PR
R3P N(SiMe3), RsP N(SiMes), RsP e N(SiMes),
M=Pt,R=Et

M =Pd, R=Et, Ph

Figure 1.19.Addition of oxygen across a M-Ge bofi.

Stoichiometric reactions of Pt with O,

Aerobic oxidation of Pt' complexes to PY

In 1977 it was reported that (bpy)Pi@acted wittcis,cis1,3,5-triaminocyclohexane
(tach) in air to form #-tach®Pt(bpy)(HO)?* (tach? =twice deprotonatedis,cis1,3,5-
triaminocyclohexane)’ In contrast a reaction of (bpy)Ps®ith cis-1,3-diaminocyclohexane
(dach) under the same conditions yielded tHecBinplex, £>-dach)Pt(bpy}*. This result
suggested that a facially coordinating ligand miuglp promote aerobic oxidation of' Renters.

Using similar nitrogen donor ligands, the group¥veghardf® and Puddephdttoffered
examples of ligands switching froef to ° binding modes upon reaction of theil Bomplexes
with air. (*-[9]aneNs),P£* ([9]aneN; =1,4,7-triazacyclononane) was found to react Wiho
generatex’-[9]aneN;),Pt* and (*[9]aneN;)PtMe, reacted with @to form ¢>-
[9]aneN;)PtMe,OH.

More recently Ptcomplexes with ligands specifically designed fagit«? to facial«®
hemilability have been tested for aerobic oxidatidsing a di(2-pyridyl)methanesulfonate
(dmps) ligand with a hemilabile sulfonate group ¥edkov reported several examples of well-
defined square planar'Rtomplexes undergoing oxidation by © generate octahedral*Pt
complexes with concommitant binding of the hemikabgand arm. Clean oxidations have been

reported for £%-dmps)PtMe and *-dmps)PtMe(HO).2° and (*dmps)Pt(CHCH,OH)X (X =
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Cl or OH) (Figure 1.20§! For each of these reactions, the products aréedtal PY

complexes in which the dmps is boud

Q o)
© H,0 Nl M
e M sz o T (e M o
N Me N"| “Me
OH
0
Q H,0 ?
g\g/l\/le +1/2 02 2 @Pﬂ/Me
PN
N OH; N~ | “OH
OH
S i
H,0 N
N:Pt/OH +1/2 0+ HO 2 (:Pt/\oj\ + OH-
\/\ N
N OH Cl)H OH

o SO,
N N N~
Figure 1.20.Oxidations of dmps ligated Pcomplexe®®
In addition, the Vedernikov group has reporteco&idation of Pt complexes bearing

di(hydrocarbyl)di(2-pyridyl)borate (dmdpb and dpdifigands (Figure 1.21% These reactions

involve migration of an “R” group (R = Me or Phpim the boron in the ligand backbone to the

Pt center.
R\ R
R
Bé B‘o/
R'OH l + OH~
+1/202+ROH—> N5 /'V'e
/
| Me

R =Me, R' = H, Me, Et
R =Ph, R =iPr

Figure 1.21.Reaction of (dmdpb)PtMa&omplexes with @in alcoholic solvent®
Bercaw and Goldberg found that a series of (NN3tddmplexes (NN = 2/2bipyridyl,

1,10-phenanthroline, N,N/N'-tetramethylethylenediamine) could be oxidizedh® t
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corresponding Pt-methoxide-hydroxide species in methanol and fursihedies by Bercaw
found that these reactions involve & Piydroperoxo intermediate (Figure 1.52)Che reaction
sequence was found to involve initial reactiondNjPtMe, with oxygen and methanol to form
(NN)PtMe,(OOH)(OMe) species which could be characterizedN)Me,(OOH)(OMe) can
also react with a second equivalent of startingenmatto form two equivalents of
(NN)PtMe,(OH)(OMe). Over time the (NN)PtMEOOH)(OMe) converts to
(NN)PtMe,(OH)(OMe) and %2 @ The evolved gas was measured with a Toepler pump an

identified by mass spectrometry.

C|)OH
N Me MeOH N Me
~n, ~i,
Pt +1/2 O, + MeOH < Pt
CN/ e N Me
OMe
o OH
N Me N Me
N | Me N/ \Me N/ | \Me
Cl)OH ?H
N Me N Me
~_ . _~ slow < ~_L _~
Pt EEE— Pt +1/2 O,
N/ | \Me N/ | \Me
OMe OMe

N
< = tmeda, 2,2'-bipyridine, 1,10-phenanthrolene, etc.
N

Figure 1.22.Reaction sequence for (NN)PtMesomplexes reaction with oxygéh.

An observation by Davies and Hambley provides tamtthil insight into the mechanism
of the oxidation of Ptby O,. They report that the reaction of PACIMSO), with 1,4,7-
triazacyclononane ([9]angNin the presence of {gjives [PiCl,-(U2-O2)2([9]aneNs)2]Cl, (Figure
1.23) in 42 % yield* The authors suggest a mechanism involving infitiahation of
([9]aneNs) PtCI(0,)(DMSO)' featuring any* peroxo or superoxo moiety, which then dimerizes
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by displacement of the DMSO ligand. {€bL-(12-0-)2([9]aneN;),]Cl, was crystallographically

characterized and found to have O—O bond lengtiis38{(1) A.

| [: Pt
0 'NH| _Cl A
2PtCI2(DMSO BN . [; 2.5 . —— N O\o
DMSO N"'| ‘DMSO O | §
H H ol
*2 / \ o\o- o j

Figure 1.23.Proposed mechanism for the formation of@+(2-O2)2([9]aneN;),]Cl,.%

Addition across a Pt—Pt bond

The bimetallic metalloborane complex [(PM&)PtLB10H10] complex reacts with ©
reversibly to form [(PMgPh)(O.)PtLB1oH1g] in which the oxygen has added to the Pt—Pt liekag
forming a four-membered Pt—Pt—O—O ring structuigufe 1.24)° The crystallographically-
measured O-0 bond length is 1.434(6) A and the FD-®t1 torsion angle is 15.8° suggesting a
hydrogen peroxide-like structure. The reactioncisompanied by a shortening of the Pt—Pt
distance from 2.9865(1) A to 2.7143(3) A. The riactan be reversed with gentle heating or

by purging the sample with nitrogen or argon.

Me,PhP _-PPhMe, Me,PhP_ O Q PPhMe,
Me,PhP- Pt\Pt PPhMe, MezphP,Pt\Zt PPhMe;
/ /\ H’BH +0, dichloromethane / /\ H’BH

HB’HB / - HB’HB /

Figure 1.24.Reaction of a bimetallic matalloborane complexhwik.®
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Insertion into a Platinacycle

Platinacyclopentane complexes ligated by diazad{€rgure 1.25) were found to react
with oxygen accompanied by inversion of an allereig® The products were isolated as green
solids in 95% vyield after several hours at roomgerature. The material where R = 2,6-
dimethylphenyl was characterized crystallographjcahd an O—O bond length of 1.49(1) A was
measured. The authors propose that a mechanisted-étathe metallo-ene reactidhwith
molecular oxygen serving the role normally playgdih isoelectronic olefin, would explain the

observed regiochemistry. The observed productignsistent with direct insertion of,@to a

Pt-C bond.
/R
N _ N/ o—0O
N\ b — \_/
Pt ‘0 enzene Pt
2 =
\
R \R \

R = 2,6-dimethylphenyl, 2,6-diisopropylphenyl

Figure 1.25 Reaction with oxygen accompanied by alkene inger$

Insertion into Pt"-Me bond

Exposure of (PN)PtMgPN = 2-((ditert-butylphosphino)methyl)pyridine) to 5 atny O
resulted in the formation of a methylperoxo complexe product, (PN)PtMe(OOMe) was
characterized by X-ray crystallography which essdigd that the methylperoxo moiety occupied
a site trans to the phosphine arm of the bidetiigaad (Figure 1.26J° The O—0O bond length in
the product was 1.502(8) A. The reaction was acatgld by light, and inhibited by the radical
trap BHT (4-methyl-2,6-dtert-butylphenol) leading the authors to suggest aedadnechanism,

perhaps analogous to that proposed for the reacfitpy)PdMe (above)?’
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/ /
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Figure 1.26.Reaction of (PN)PtMewith O,.%

Britovsek and coworkers reported the insertiomofecular oxygen into the Pt—Me bond
of a cationic, amino-substituted terpyridine compl€'"?%erpy)PtMésbrs (MP%erpy = 6,6'-
diaminoterpyridine, Figure 1.27) to forf{?%terpy)PtOOMé&SbRs~ which was
crystallographically characteriz&dNotably the reaction did not proceed when a corpii¢h
an unsubstituted terpyridine ligand, (terpy)PtBleR;~, was used. Supported by electronic
spectra and luminescence properties, the authggested that¥*?%erpy)PtMéSbR is a
singlet oxygen sensitizer while (terpy)Pt\Fs~ is not. This reasoning led to their proposal
that a non-radical pathway involvid@, insertion into the Pt—-Me bond is operative. The
product, ""?%erpy)PtOOMéESbFR;", reacts further to generaf®®%erpy)PtOHSbR~ and

formaldehyde.

Figure 1.27.Insertion of oxygen into a Pt—Me bond reportedBbyovsek®

Insertion into a Pt'—H bond
Wenzel reported the insertion of molecular oxygea the Pt—H bond of (dppe)PtHEF

(dppe = 1,2-bis(diphenylphosphino)ethane) undén beermal and photochemical conditions.
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Under thermal conditions, the yield of (dppe)Pt(QOOR; was 11% which could be increased to
25% in the presence of Vazo 64 or Vazo 52 initidttowever, in both cases the selectivity for
(dppe)Pt(OOH)CEwas limited and other species including (dppe)P)OF; were observed

Under photochemical conditions (dppe)Pt(OH)@kas observed as the major product.

Stoichiometric reaction of Pt with O,

Insertion into a Pt"'—H bond

Insertion of molecular oxygen in the Pt—H bond"6fTp)PtRH (M**Tp =
hydridotris(3,5-dimethylpyrazolyl)borate, R = Meh)Ro form {"**Tp)PtROOH has been
observed and detailed mechanistic studies weredasut (Figure 1.283" Initial experiments
showed variable rates of reaction but investigatiorthe presence of the radical initiator AIBN
resulted in reproducible kinetics. A radical chaiachanism involving H-atom abstraction was
proposed. The proposed mechanism bears many stiegdo the mechanisms generally
proposed for organic autoxidation reactions. Howe#aote is that thé"'¢*Tp)PtROOH
product was also found to promote the reaction teodering the platinum reaction
autocatalytic. The"Tp)PtMeOOH product was crystallographically characteriaad found

to have an O-0 bond length of 2.698(5) A. Upon ingat'**Tp)PtMeOOH undergoes further

H
N benzene \
+ 0, /
@ -
; Q B/

R = Me, Ph

reaction to generat&¢Tp)PtMeOH.

Figure 1.28.Insertion of Q into a P& —H bond*
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Perspective

In the following chapters new modes of reactiotwleen molecular oxygen and Pd and
Pt complexes are presented. One reaction involfigs-@oordinate Pf center and its ligand
cooperatively activating molecular oxygen and tbeosd is a transformation of a'Rmbmplex

that results in both C—H and O—O bond cleavages.
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Chapter 2: Reactions of five-coordinate P complexes with

molecular oxygen

Introduction

In this chapter, the reactivity of neutral T&ige-coordinate Pf complexes with
molecular oxygen is presented. Five-coordinatespecies have been identified as ubiquitous
intermediates on the reaction paths of C-H, C-C@nH bond cleavage and bond formation
reactions via oxidative addition to"Rind reductive elimination from Pt respectively. As
oxidative addition and reductive elimination are keactions in homogeneous catalysis,
understanding how these unsaturated intermediatg@espreact with molecular oxygen will be
essential to the rational development of novel atah catalysts for use with,OWNhile five-
coordinate Pt species are usually highly reactften eluding even spectroscopic observation, a
limited number of isolable species have recentnbeported and characterizétHere the
reactivity of several isolable five-coordinaté'Rtimethyl complexes bearing chelating anionic
nitrogen ligands with molecular oxygen is describ&de have found that activation of dioxygen
by these complexes requires the involvement of Hwglelectrophilic metal center and a Lewis

basic site on the ligand.

" The material in this chapter was previously puldih

Adapted with permission from “Scheuermann, M. lekEU.; Kaminsky, W.; Goldberg, K. I.
Organometallic201Q 29, 4749-4751" © 2010 American Chemical Society agdHeuermann,
M. L.; Luedtke, A. T.Hanson, S. K.; Fekl, UKaminsky, W.,Goldberg, K. .Organometallics
2013, in press” © 2013 American Chemical Society.
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Building on previous work in the Goldberg grolipthe five-coordinate complexes
(B"M*hacnac)PtMe (1, ®"M*hacnac = [((4-tBu-2,6-MeCsH2)NC(CHs)).CH]),3*° (M**Me-
nacnac)PtMe(2, "**Me-nacnac = [((2,4,6-MeCsH2)NC(CHs)).CCHs] ), (B“*PyPyr)PtMe (3,
BUpypyr = 3,5-ditert-butyl-2-(2-pyridyl)pyrrolide)? (*?Anim)PtMe; (4a, P?Anim™ = [o-
CsHa-{N(CcH3PRL)(CH=NCeH3Pr,)]),® and ***Anim)PtMe; (4b, M**AnIm™ = [0-CeH.-
{N(CesH2Me3)}(CH=NCgH,Mes3)] ), shown in Figure 2.1, were exposed to oxygereimzieneds
or toluenesdsg solutions. Complexek-3 react rapidly forming peroxo intermediates in whane
oxygen atom is bound to the platinum center andather to a carbon atom of the ligand
backbone. No reaction was observed with compldres 4b. This difference in reactivity is
attributed to the inability of the Anlm ligand teteract with oxygen,thus preventing concurrent

binding of oxygen to the metal and the ligand.

Ar1 AI'Z Me
/ / @)
N-.,-Me N Me N ! _Me
Pt “Pt? Pt
iN | “Me ‘g\C:N/Plt\Me FBUSEINT SMe
\ Me \ Me
Ary Ar, t-Bu
1 2 3
Ar3 r2
QN\ | /Me QN\ | /Me
Arg Arp
4a 4b

Arq = 4-tBu-2,6-dimethylphenyl
Ary = 2,4 6-trimethylphenyl
Ar; = 2,6-diisopropylphenyl

Figure 2.1.Five-coordinate Pt complexes studied in our laboratory
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Results and discussion

Reactions of five-coordinate Pt complexes with modellar oxygen

Upon mixing a bright orange solution 8t{"**nacnac)PtMg 1, in benzenel; or
tolueneds with dioxygen, the solution rapidly became palbBoye and a new species, (Figure
2.2), formed® At room temperature, the three Pt-Me groups afe represented by a single
broad resonance in thiel NMR spectrum centered at 0.83 ppm in toludgéA’hen a sample of
5in tolueneds was cooled to —40 °C, tiel NMR spectrum revealed two distinct signals fa th
Pt-Me groups. A singlet integrating to one methrgup was evident at 0.55 ppm witBJa._n=
68 Hz and a singlet integrating to two methyl groappeared at 1.10 ppm with.s= 71 Hz.
These values are consistent with those expecteghfaxial and two equivalent equatorial Pt-Me
groups, respectively, in an octahedral geometrg. ddupling constant between the protons of
the axial methyl group and the Pt cenfdp(}), 68 Hz, is of note because it strongly indicates
that a ligand is coordinated trans to the axialhylegroup. If there was no ligand in this position
or only a weakly coordinating one, a significarilyger coupling (> 80 Hz) would be
expected®' The broad resonance for the three Pt-Me groupisstiudbserved at room
temperature is readily explained by a fluxionalgass in which the Pt—-Me groups exchange
positions on the NMR timescale. Most likely thickange proceeds through reversible opening
of one of the three ligand arms to generate aigahBve-coordinate species in which the Me
groups can exchange positions. Five-coordin&othplexes are typically fluxional and the
methyl groups of the starting five-coordinat& Rtimethyl complexes have been observed to

exchange position rapidly on the NMR timescale eatelemperatures of —80 °C.
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/Ar1 H O-o Ar HO, O A
iN;Pt:Me O—2>EN§Pthe — - \\N’\\P{LMG
l\{ I\l/le Me N™ "~ Me N~ ~Me
Ar, Ary Me Ar; Me
1 5 1C

Ary = 4-tbutyl-2,6-dimethylphenyl
Figure 2.2.Reaction ofl to form5 and10.

Spectroscopic data fé@ralso support the binding of oxygen to the ligaadkbone. The
one bond carbon-hydrogen coupling constaki.) of the central carbon of the ligand
backbone decreased from 157 HAito 144 Hz irb. This decrease in the coupling constant is
consistent with a hybridization change froni &psp.*?

Derivatives in which a sixth ligand interacts exstUely with the metal center were
prepared by reactions vith CO ortert-butyl isonitrile to generate the CO tert-butyl
isonitrile adduct$ and7 respectively (Figure 2.3). THéc_ values fo6 and7 (158 Hz and 155
Hz respectively) indicate that th&-_ value at the central carbon of the ligand backlisne

relatively insensitive to a ligand binding exclusito the metal center.
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Ar = 4-t-butyl-2,6-dimethylphenyl

Figure 2.3.%Jc_values for a series of Pt complexes with@psp hybridized carbon atoms in
the ligand backbone.

Notably the reaction df with ethylene or 3,3-dimethylbutyne resulted ia thrmation
of six-coordinate Pt speci@and9, respectively (Figure 2.4). Whikwas only stable under a
pressure of ethylen8,was isolated and crystallographically characteriggure 2.5). As seen
in Figure 2.5, the central carbon of the ligandkbane in9 is clearly sp hybridized. Consistent
with this assessment, thé& _; values of the C—H bond at the center of the ligamckbone ir9
is 129 Hz. ThéJc- for this carbon ir8 exhibits a similar value of 131 Hz. Observations in
organic systems have established that the presémareelectronegative atom will increase
coupling constant values, and tHusould be expected to have a larger coupling cons$tean
either8 or 9. The measured value of 144 Hz observed for thisarain5 is then consistent

with sp’ hybridization and an attached oxygen functionality
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Ar; = 4-tBu-2,6-dimethylphenyl

Figure 2.4.Formation of complexe®and9 by reaction ofl. with ethylene and 3,3-
dimethylbutyne respectively.

Figure 2.5.POV-Ray rendition of the ORTEP 8fat the 50% probability level with hydrogen
atoms, the aryl rings, and cocrystallized toluemitted for clarity****Selected bond lengths
(A”) and angles (deg) fa&: Pt1-C1 = 2.126(2), Pt1-C2 = 2.053(2), Pt1-C3G421(19),
Pt1-C45 = 2.073(2), Pt1-N2 = 2.1894(15), Pt1-N118@6(17), C3-Pt1-C45 = 92.35(8),
C2-Pt1-C45 = 93.83(8), C3-Pt1-C1 = 86.02(9), C2—Ptil = 85.98(9), C45—-Pt1-N1 =
84.07(7), C45- Pt1-N2 = 84.48(7), N1-Pt1-N2 = 885]3

The structure 05 as depicted in Figure 2.2 is well supported by N§fiectroscopic
evidence and by the characterizatiol8@aind9, carbon analogs of the peroxo group coordination
in 5. Efforts to obtain crystals & suitable for X-ray crystallography were unsucoeisg$s
underwent further reaction under ambient condition®rm the Pt-alkoxide complef(,

Figure 2.6)" All attempts to grow crystals &fyielded complex0 instead'™’ The alkoxide
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complex,10, was characterized by NMR spectroscopy, confirntimggpresence of an OH
moiety, and X-ray crystallography confirming theoodination of oxygen to the metal. Complex
10is structurally similar to Pt hemiketal ring systeprepared by Puddephatt and co-workers.
In the room temperatur# NMR spectrum ofl0 in tolueneds resonances for the axial Pt-Me
group (0.72 ppmiJei.+= 72 Hz) and the equatorial Pt-Me groups (1.21 pdpan= 70 Hz)

could be identified but were somewhat broadenedevthe resonances of the ligand are sharp.
The Pt—Me resonances sharpen at lower temperaincebroaden into the baseline at 50 °C

suggesting similar fluxionality to that observed %o

Figure 2.6.POV-Ray rendition of the ORTEP %0 at the 50 % probability level with hydrogen
atoms, aryl rings, and co-crystallized solventenales omitted for clarity"** Selected bond
lengths (A) and angles (deg) fb@: Pt1-C2 = 2.034(6), Pt1-C3 = 2.021(6), Pt1-C1022(6),
Pt1-O1 = 2.146(4), Pt1-N1 = 2.206(5), Pt1-N2 = @(%8 01-C6 = 1.397(7), 02—C6 =
1.384(7), C3—-Pt1-C1 = 85.8(3), C3—Pt1-C2 = 87,6802)-Pt1-N2 = 75.72(17), O1-Pt1-N1 =
74.17(16), N2—Pt1-N1 = 88.19(18), C6—-01-Pt1 = 1(@).2

The conversion of the peroxo compkio the alkoxo speciel) involves cleavage of
the oxygen—oxygen bond and the formal insertioarobxygen atom into a carbon—hydrogen
bond. We reasoned that replacement of the carbahiebgn bond on the central carbon of the
nacnac ligand with a more oxidation resistant cafoarbon bond could inhibit this
transformation of the peroxo intermediate. The egalis five-coordinate Pt comple¥¢{Me-

nacnac)PtMg 2, was prepared incorporating a recently reported aatrased ligand bearing a
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methyl group rather than a hydrogen atom at thé&@erarbon of the ligand backbotfein
analogy to the method used for prepartrand3,**°*M**ie-nacnac-H was deprotonated with
KH in THF, and a toluene solution of the deproteddigand was then added to a toluene
solution of [PtMgOTf]4 resulting in immediate formation of bright r2d

Upon exposure of a benzene solutior ¢Figure 2.7) to 1 atm of air or,xthe bright red
color of 2 rapidly disappeared and a pale yellow solutiomwaifpale yellow precipitate of a new
speciesll, was obtained. In addition to being only sparirguble in benzend,1is also
insoluble in THF and acetonitrile. Dissolution @nepoundll in dichloromethanek allowed
for characterization bjH and**C NMR spectroscopies. At 25 °C the resonancedatable to
the chelating ligand df1 are sharp, however, the Pt—Me groups appeariagla broad
resonance centered at 0.27 ppm. At —40 °C, twandtstesonances for the axial and equatorial
Pt—Me groups ot1 can be observed (axial: =0.11pgdk_n= 69 Hz; equatorial 0.30 pprlpin
=71 Hz). These coupling constants are nearly idaino those ob, (vide supra) 68 Hz and 71
Hz for the axial and equatorial Pt—-Me groups respely. As in compound, these data are

most consistent with a six-coordinate octahedrdl d@mplex.

l\{ I\l/l Me \ ~Me
e

ry Ar2 Me
2 11

Ary = 2,4,6-trimethylphenyl
Figure 2.7.Reaction oR with O, to form11.
Complex11 with the methyl group on the central carbon ofltgand backbone is more
stable than complexwith a hydrogen atom at that position. The perocoumplex,11, persists in
dichloromethane solution for several days befoagi|g to a mixture containing multiple

species. X-ray quality crystals b1 were grown from a dichloromethane and pentaneisolait
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—10 °C. The crystal structure confirms thatis indeed a peroxo complex with one oxygen atom
bound to the Pt center and the other bound togh&a carbon of the ligand backbone (Figure
2.8). Compound.1 has a slightly distorted octahedral geometry ablmiPt center with angles
between cis ligands ranging from 84.3 to 98.8°. Dh® bond length is 1.465(3). A related
iridacyclohexa-2,5-diene-peroxo complex was reqbttehave an G0 bond length of 1.466(7)

A (Figure2.9)

C1

Figure 2.8 POV-Ray rendition of the ORTEP b1 at the 50 % probability level with hydrogen
atoms, aryl rings, and co-crystallized benzdgemitted for clarity****Selected bond lengths
(A) and angles (deg). Pt1-C1 = 2.062(3), Pt1-C20412), Pt1-N1 = 2.1787(17), Pt1-O1 =
2.103(2), 01-02 = 1.465(3), 02—C5 = 1.438(4), O24@1 = 117.05(16), C5-02-01 =
117.0(2), C2—Pt1-C1 = 84.27(13), C2—-Pt1-C1 = 8646 (C2—-Pt1-01 = 89.99(8), C2—-Pt1-N1
=94.99(8), C1-Pt1-N1 = 98.78(9), O1-Pt1-N1 = 8%y 1

O<

O
N
\ Ir/PEt3
PEt,
PEt,

Figure 2.9.Previously reported Ir—peroxo complex with an Ceddd length of 1.466(7) A.

While complexes witl§-diketiminate-based ligands have been shown tazsyel wide
range of substrates with multiple bonds similathi reactions of 1 with ethylene and 3,3-
dimethylbutyne (above), evidence for the formal 2 eyclization of dioxygen has been more
limited.2b,18 Oxidation of the central carbon gf-diketiminate ligand by dioxygen has been

observed in Cu and Zn complexes but in these m@&tio peroxo intermediates were deteéied.
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A B-diketiminate-based Co macrocycle was reporteqg¢tze with dioxygen to form a peroxo
complex but no X-ray structural evidence was preskfi We recently reported in situ
spectroscopic characterization of complex 5,10 anehe crystallographic characterization of
11 provides further confirmation that oxygen can edeeact by cycloaddition involving tifie
diketiminate ligand backbone. This new evidenaenortant in light of the widespread use of
B-diketiminate ligands in inorganic chemistry antatgsis®* In addition, it should be noted that
such peroxo structures wherein the oxygen molaesueund to both the metal center and the
ligand backbone are reminiscent of those propaséitei mechanisms of heme oxygeriased

extradiol ring-cleaving dioxygenases.

To better understand the reactivity of a rangéwvef-€oordinate P species with
molecular oxygen, we investigated the reactiod®8fRyPyr)PtMeg (3, Figure 2.10) with
oxygen? A benzeneds solution of3 was exposed to oxygen and within minutes nearly
quantitative formation of a new speci&g, was observed by and**C NMR spectroscopies at
room temperature. In addition to a single set df-vesolved resonances corresponding the
chelating ligand, théH NMR spectrum of.2 contains three, well-resolved Pt—-Me resonances
indicative of a static, six-coordinate Pt compl&Ris static structure is in contrast3@ndl1l
which both exhibit exchange of the axial and equalt®t—Me groups on the NMR time scale at
room temperature. Upon warming in toluetiethe Pt—Me resonances i broaden relative to

other ligand resonances but were not fully coaléste30 °C.
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Figure 2.10.Reaction of3 with O, to form12 and13.

In air, a benzene/pentane solutiorl@fwas allowed to evaporate slowly resulting in
small crystals suitable for X-ray diffraction. Agals of these crystals revealed an asymmetric
unit containing two independent moleculed @f(Figure 2.11). The structure 2 has a peroxo
group that bridges between the Pt center and @eatom on the ligand backbone reminiscent
of the peroxo complexésandl11. The Pt-O bond lengths il (2.103(2) A) and in2 (2.11
0.02 A, average of two moleculé&are similar, perhaps not surprisingly as the orya@ms of
both11 and12 are trans to strongly donating methyl groups. ©r® bond length i12 (1.49 +
0.02 A average) is slightly longer than thailin(1.465(3) A) and the O—O-Pt bond angles for
the two complexes differ substantially with having an angle of 117.05(16)° at®@an angle of
109 + 1° (average). The smaller angld s consistent with the presence of smaller five-
membered platinacycles, in contrastLiowhich has only six-membered platinacycles. Efftots

isolatel2 on a large scale were not successful.
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Figure 2.11.POV-Ray rendition of the ORTEP & at the 50 % probability level of the two
independent molecules &2 with hydrogen atoms omitted for clarity*The” designation
represents that the measurements presented asgaseaf the two structures. Selected bond
lengths (A) and angles (deg) averaged over tharndependent molecules (estimated errors +
0.02 A and + 1 deg}* (C1-Pt1) = 2.04, (C2-Pt1)= 2.01, (C3-Ptl)= 2.05, (N1-Ptl)=2.14,
(N2-Pt1) = 2.21, (01-02)= 1.49, (O1-Pti)= 2.11, (02-C9-N2)= 110, (02-C9-C8)=
115, (N2-C9-C8)= 103, (C2-Pt1-C1)= 88, (C1-Pt1-C3)= 91, (C2-Pt1-O1)= 89,
(C2-Pt1-N1) = 95, (O1-Pt1-N1¥ 82, (C3-Pt1-N2)= 103, (N1-Pt1-N2)= 75,
(02-01-Pt1) = 109, (C9-02-01)= 111.

Unlike the peroxo complexésandl1l, complex12is not stable to vacuum. A benzene
solution of12 was allowed to evaporate slowly under vacuum owerweek. Again X-ray-
quality crystals were obtained, but analysis ottheevealed a new bimetallic peroxo sped8s,
(Figure 2.12Y Such a structure could form by the loss eff®m 12 to form3 which then
coordinates to a second equivalenL®f The structure of3 with a second Pt atom bound to the

peroxo oxygen atom proximal to the Pt center suggeat the proximal oxygen atom is a
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relatively electron rich and nucleophilic site. &tk to crystallizeL3 on a larger scale were not

successful.

Figure 2.12.POV-Ray rendition of the ORTEP &8 at the 50 % probability level with

hydrogen atomgBu groups, and disorder in the pyridine rings oeditfor clarity™>'*Selected
bond lengths (A) and angles (deg): Pt1-C3 = 2.(®)3@t—C2 = 2.037(12), Pt1-C1 = 2.082(12),
Pt1-N1 = 2.12(3), Pt1-O1 = 2.188(7), Pt1-N2 = 2(aR8t2—C23 = 2.021(12), Pt2—C22 =
2.031(11), Pt2-C21 = 2.076(12), Pt2-N3 = 2.02(8-P1 = 2.202(7), Pt2-N4 = 2.209(9), O1-
02 = 1.490(9), 02—-C9 = 1.388(12), C3-Pt1-C2 = &), {3—Pt1-C1 = 92.7(6), C2—Pt1-C1 =
87.3(6), C3—Pt1-N1 = 91.6(12), C2—Pt1-N1 = 98.6(M)-Pt1-O1 = 80.0(12), C3—Pt1-N2 =
100.8(4), C1-Pt1-N2 = 98.2(5), N1-Pt1-N2 = 75.6(0R)-Pt1-N2 = 77.9(3), C23-Pt2—C22 =
86.2(5), C22—-Pt2—C21 = 86.1(5), C22—Pt2—-01 = 89, %3-Pt2—01 = 94.3(17), 02-01-Pt1 =
108.6(5), 02—-01-Pt2 = 106.9(5), Pt1-O1-Pt2 = 184,.5(9-02-01 = 110.7(7).

Surprisingly, no reaction was observed upon midrmenzenels solution of the five-
coordinate complexF*Anim)PtMe; (4a Figure 2.1) with dioxygen at room temperattifénis
contrasts with the five-coordinate Pt spedig®, and3 which react with oxygen immediately
upon mixing. When a benzewlg-solution of4awas pressurized with 1 atrmp,@he solution
retained its dark red color and no signals othan tinose attributable #aitself were detected
by *H NMR spectroscopy. Heatirta in the presence of dioxygen resulted in loss loéiee
followed by a previously reported activation ofamyl isopropyl group. The thermal reactivity

of 4awith oxygen was identical to that observed onihgata in the absence of dioxygén.
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To test whether the sterically bulky isopropyl ditbhents on the aryl rings could be
preventing oxygen from accessing the metal ceritéa,o"**Anim)PtMe; (4b Figure 2.1) was
prepared. The steric properties of this complexukhbe similar to those of complexgéand2
which also have methyl groups at the 2- and 6-tppos of the aryl rings. A solution db was
pressurized with 3 atm OAfter one day, no new species were observedlirtisn by*H NMR
spectroscopy and the deep red color of the solygrsisted. Longer reaction times and heating
were avoided adb was found to decompose in the absence of oxygderuhese conditions

and the details of the decomposition in the absehe& are not well understood.

Each of the five-coordinate Pt complexes studegldn open site at the metal center yet
only 1-3 react with oxygen. In each reaction, the oxygeiheswde forms a bond to the open site
at the Pt center and also forms a bond to a caatwon on the ligand backbone. Of note, each of
the carbon atoms in the ligand that participatebéreaction with oxygen is a relatively
electron-rich site where a partial anionic chagmlization is suggested by a resonance
structure. On the basis of the observation 1hdf and3 react with oxygen buta and4b do not,
it seems that subtle structural variations in tgarid are important in controlling the reactivify o
five-coordinate Pt species with oxygen. In all fafethese PY complexes, the Pt bears a
formally anionic bidentate ligand with a delocatizgegative charge and all of the atoms in the
platinacycle containing the chelating ligand arehsgbridized. Upon cooperative binding of
oxygen, one of those Shybridized atoms must take or’ $yybridization and move out of the
plane. In complexes and2 the strain of this conformational change is easdgommodated as
the nacnac ligand localizes its electrons to foum iimine bonds. The peroxo compleXeand
11 are formed rapidly and irreversibly. The mononigtand bimetallic peroxo complexes

derived from3, complexed 2 and13, indicate that the pyridylpyrrolide ligand struatican also
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demonstrate this change of hybridization. The lafcleactions involvingta and4b may be
rationalized by considering that a reaction witbxggen analogous to that seerlj2, and3
would involve breaking the aromaticity of the si>embered arene ring in the ligand backbone, a

more thermodynamically uphill transformatioh.

Reactivity of the Pt¥-peroxo complexes

The reactivity of the new peroxo complexes wae abglored. As was noted, the peroxo
complex5 undergoes further reaction in arene solventseratisence of any added substrate to
form the Pt alkoxide compledO (Figure 2.2)° This reaction to formlQis interesting as the
O-0 bond is cleaved and the C—H functionality atd¢bntral carbon of the ligand backbone is
oxidized to a C-OH, suggesting that’Rteroxo complexes might be effective oxidants for
incorporating oxygen atoms into organic substrates.

The related Pt peroxo complexl1, lacks a C-H bond on the central C of phe
diketiminate backbone. The substitution of a megrglup in this position appears to stabilize
the peroxo intermediate and has allowed us to piledeeactivity of the peroxo functionality
with added substrates. Complekin dichloromethaneh solution was observed to react with
PPh, SMe, and CO. In each reaction, there was no chantfeeimisual appearance of the
samples butH NMR spectra recorded after four hours revealedpiete consumption dfl.
Regardless of which substrate was added, the sam@®ticontaining specie$4 (Figure 2.13),
formed in > 90% vyield (as determined by integratiéthe’H NMR resonances relative to an
internal standard). In the cases of P&hd SMe, OPPh and DMSO were also detected
respectively. The three Pt—-Me groups in the Pt pcgd 4, appear as a single broad resonance at
0.53 ppm in théH NMR spectrum. Upon cooling to — 5 °C, the broasnance resolved into

two singlets with Pt satellites at 0.58 ppfik{n = 75 Hz) and 0.12 ppniJern = 71 Hz) for the
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equatorial and axial Pt—Me groups respectivelys@ig ofl4 were obtained by slow
evaporation of a solution containing a mixture whtbromethaned, and pentane. X-ray
crystallography confirmed that complé# is an octahedral Ptspecies in which an O-O bond
has been broken and one oxygen atom has beemubbsthsat the bridging peroxo moiety from

11is now an alkoxo (Figure 2.14).

B \O,\. Ar,p PPh3 or SMe, or CO O\Ar2
:NN;PtiMe - = \\Nlpt/Me + OPPh3; or OSMe, or CO, (not detected)
! I Me CD2C|2 N | Me
Ar2 Me AI'2 Me
11 14

Ary = 2,4,6-trimethylphenyl

Figure 2.13.Reaction oflL1 with oxygen atom acceptors to fod.

Figure 2.14 POV-Ray rendition of the ORTEP d4 at the 50 % probability level with
hydrogen atoms, aryl groups, and cocrystallizedarenare omitted for clarity:** Selected

bond lengths (A) and angles (deg): C1-Pt1= 2.02&8)-Pt1= 2.028(7), C3—Pt1 = 2.029(7),
N1-Ptl = 2.145(7), N2—-Ptl1 = 2.248(11), O1-Pt1052(9), C2-Pt1-C1 = 83.6(6), C2—Pt1-C3
=87.2(6), C2-Pt1-01 = 102.2(5), C3—Pt1-01 = 97,4(3—-Pt1-01 = 172.1(4), C1-Pt1-N1 =
95.1(5), O1-Pt1-N1 = 79.5(3), O1-Pt1-N2 = 75.6(3).

Summary

The reactivity of oxygen with a series of five-cdimate PY trimethyl species with
monoanionic N,N or N,N’ chelating ligands was exphh Three of these complexés2, and3

react with oxygen immediately to form new'Rieroxo species that were characterized
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spectroscopically and in two cases, crystallogregdhy. The peroxo products exhibit bonding of
one of the oxygen atoms to the metal center andtties to a carbon atom on the chelating
ligand. This reaction with oxygen requires the iggyation of both the metal center and a site on
the ligand backbone. In complex¢sand4b, there is no adequate Lewis basic site on thadiga
to participate in the binding of oxygen and conssly no reaction with oxygen is observed.
The activation of oxygen by five-coordinaté 'Ptpecies can be regarded as another class of
reaction involving metal-ligand cooperatihopening new possibilities for the discovery of
other transition metal oxygen activation reactiddsth intra- and intermolecular oxygen transfer

from the new Pt ligand peroxo complexes were oleskerv
Experimental

General Considerations

Unless otherwise specified, all manipulations weaeied out in a nitrogen-filled glovebox,
using a Schlenk line, or using a high-vacuum maaifGlassware was oven-dried prior to use.
Benzene, dichloromethane, THF, toluene, and pentane dried by passage through activated
alumina and molecular sieve columns under argonz&gees and toluenedg were vacuum-
transferred from sodium/benzophenone ketyl. Didiwthaned,was vacuum transferred from
CatHb. Complexed,® 3, 4aand4b,® [PtMe;OTf]4,?” and the neutral proligand for compl2x
Me3Me-nacnac-H? were prepared using previously reported procediidsvas obtained as a
suspension in mineral oil and washed with pentaioe o use. All other reagents and gases
were obtained from commercial vendors and used@swed. Gas pressures in excess of 1 atm
were attained using a previously described prezation apparatu€ IR spectra were recorded

on a Perkin Elmer Spectrum RX1 FT-IR spectrometerujol mull. NMR spectra were recorded
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on Bruker DRX500, AV500, AV700, or AV800 spectromiet and were referenced to the
residual protiated solvent signal. Data from HMQ®@ &MBC experiments were used in the
assignment of°C resonances. Abbreviations: s = singlet, d = detuldd = doublet of doublets,

m = multiplet, br = broad.

Synthesis of ¥**Me-nacnac)PtMe; (2)

Me3Me-nacnac-H (69 mg, 0.20 mmol) was dissolved inl5THF in a glass reaction vessel with
a Teflon stopper. Potassium hydride (40 mg, 1.0 ljhmas added and the solution was stirred
20 hours. The bright yellow suspension was filtaredugh a 0.2im PTFE filter, and the
volatiles removed in vacuo giving a yellow residuleich was dissolved in 15 mL toluene. This
solution was slowly added to a solution of [Pg@é&f],4 (78 mg, 0.050 mmol) dissolved in 5 mL
toluene. After 30 minutes, the bright red suspensias filtered through a 0.2 uM PTFE filter,
and the volatiles removed in vacuo to give a rdu sehich was recrystallized from pentane at
—35 °C to give red crystals 8f(36 mg, 31 % yield}H NMR of 2 (benzeneds, 700 MHz, 298

K) & 6.90 (S, 4H, ArH), 2.24 (s, 6H, Afar—CH3), 2.07 (S, 12H, Ajitne—CH3), 1.97 (s, 3 H,
(N=C),—CH3), 1.77 (s, 6 H, N=C—83), 1.12 (s, 9H*Jp_y= 74 Hz, PtEH3). °C NMR of 2
(benzenads, 176 MHz, 298 K 157.1 (N-Cpackpony 148.4 (N-Cary), 133.6 Car-para), 131.9
(Car-ortho)s 129 (Gir-metg), 100 Chackbone centdr 21.4 (N-C-EHz), 20.9 (Apara—CHz), 20.4 (Gackbone
center’CH3), 19.5 (Abrin—CHa), 2.0 (P+EHs). Anal. Calcd. for GHoN,Pt: C, 55.18; H, 6.86; N,

4.77. Found: C, 55.26; H, 6.97; N, 4.72.

tEuMeZ

Reaction between nacnac)PtMeg (1) and dioxygen to form 5

Complexl1 (1.0 mg, 0.0015 mmol) and a 1,3,5-trimethoxybenzeteznal standard (0.5 mg,

0.003 mmol) were dissolved in toluedg(0.4 mL) in an aluminum foil-covered NMR tube
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fitted with a J. Young style Teflon valve. The tulbas then pressurized with dioxygen (1-4 atm)
at room temperature or -78 °C resulting in an imiaiedcolor change from bright yellow-orange
to pale yellow. The yield d was greater than 90% (integration relative toitibernal standard).
'H NMR of 5 (tolueneds, 233 K)& 0.55 (s, 3H?Jpw= 68 Hz, Pt—El3), 1.12 (S, 6H?Jprn= 71

Hz, Pt—=(H3), 1.25 (s, 18 H, C(B3)3), 1.40 (s, 6H, N=C-B3),*° 2.14 (s, 6H, Ar—El3), 2.37 (s,

6H, Ar—CHs), 4.62 (s, 1H, N=C-B),* 7.17 (s, 2H, ArH), 7.19 (s, 2H, ArH). *H NMR
(benzeneds, 323 K)§ 0.78 (s, 9H?Jpir= 70 Hz, Pt—El3), 1.23 (s, 18H, C(B3)3), 1.50 (s, 6H,
N=C—CH3),%° 2.12 (s, 6H, Ar—El3), 2.34 (s, 6H, Ar—B3), 4.64 (s, 1H, N=C—-8),%° 7.13 (s, 2H,
Ar—H), 7.14 (s, 2H, AH). **C NMR (tolueneds, 298 K)& 18.6 (Ar-CHs), 19.3 (Ar-CHs), 24.1
(N=C—CHpg), 31.5 (CCHy3)3), 34.3 C(CHj3)3), 87.9 (O-€-H), 125.4 Ca—H), 125.8 Ca—H),

127.5 Ca—CH), 130.6 Ca—CHs), 141.0 (N-Ca/) 148.9 Ca—C(CHp)s), 173.8 (N).

Synthesis of 6 from 1 and CO

Complex1 (1.0 mg, 0.0015 mmol) and a 1,3,5-trimethoxybeezeternal standard (0.5 mg,
0.003 mmol) were dissolved in toluedg(0.4 mL) in an aluminum foil-covered NMR tube
fitted with a J. Young style Teflon valve. CO gasafm) was added by opening the degassed
sample to a CO-filled manifold. The solution turriemm yellow-orange to colorless on mixing.
The yield of6 was 92% (integration relative to the internal stadil'H NMR (tolueneds, 233
K) & 0.70 (s, 6H?Jpen= 63 Hz, Pt—El3), 1.29 (s, 18H, C(B3)s), 1.53 (s, 6H, N=C—85), 1.67
(s, 3H,2Jpen= 64 Hz, Pt-El3), 2.33 (s, 6H, Ar—8l3), 2.37 (s, 6H, Ar—Bl3), 4.62 (s, 1H, N=C—
CH), 7.21 (s, 2H, ArH), 7.22 (s, 2H, ArH). *H NMR (tolueneds, 298 K)& 0.88 (s br, 9H, Pt—
CH3), 1.27 (s, 18 H, C(B3)s), 1.53 (s, 6H, N=C—83), 2.30 (s, 12 H, Ar—83), 4.61 (s, 1H,

N=C—CH), 7.16 (s, 4H, ArH).
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Synthesis of 7 from 1 andert-butylisonitrile

Complexl1 (5.0 mg, 0.0076 mmol) and a 1,3,5-trimethoxybepzeternal standard (1.0 mg,
0.0076 mmol) were dissolved in toluedgf0.4 mL) in an aluminum foil-covered NMR tube
fitted with a J. Young style Teflon valveert-Butylisonitrile was added (0,9L, 0.008 mmol).
The sample turned from yellow-orange to colorlgssrumixing. Integration of thtH NMR
spectrum revealed a yield of 95% relative to therimal standardH NMR (tolueneds, 298 K)5
0.62 (s, 6H2Jpen= 65 Hz, Pt—El3), 0.89 (s, 9H, N-C(B3)3), 1.29 (s, 18 H, Ar—C(83)3), 1.43
(s, 3H,2Jpen= 65 Hz, Pt-El3), 1.59 (s, 6H, N=C—83),2.39 (s, 6H, Ar—El3 ), 2.44 (s, 6H, Ar-
CHa3), 4.62 (s, 1H, N=C-B), 7.15 (s, 2H, ArH), 7.17 (s, 2H, ArH). **C NMR (tolueneds,
298 K)§ -7.6 (Pt-CHs), 5.3 (Pt€Hs), 19.8 (Ar-CHs), 20.4 (Ar-CHg), 24.7 (N=C€Hs), 29.4
(N—C(CH3)3), 31.7 (Ar—=CCHa)3), 34.1 (Ar—CCHs)3), 56.2 (N-€(CHs)s), 96.0 (N=C-E—-C=N),
124.8 Ca—H), 124.9 Ca—H), 132.2 Cao—CHs), 134.1 Ca—CH), 137.2 (PtE=N), 146.2 Car—

C(CHs)s), 147.1 Ca—N), 159.0 C=N). IR (cmib): 2192 gcn).

Synthesis of 8 from 1 and ethylene

Complex1 (1.0 mg, 0.0015 mmol) and a 1,3,5-trimethoxybeezaternal standard (0.5 mg,
0.003 mmol) were dissolved in toluedg(0.4 mL) in an aluminum foil-covered NMR tube
fitted with a J. Young style Teflon valve. Ethylef@eatm) was condensed into the tube from a
known-volume bulb. The sample turned from yellowa+aye to pale yellow upon warming and
mixing. Integration of théH NMR spectrum revealed a yield of 85% relativéh® internal
standard'H NMR (tolueneds, 298 K)& 0.01 (s, 3H%Jp.n= 46 Hz, Pt—El3), 0.92 (s, 6H Jpen=
73 Hz, Pt—Ei3), 0.93 (br m, 2H, Pt-8,), 1.24 (s, 18 H, C(B3)3), 1.39 (s, 6H, N=C-853),

1.74 (br m, 2H, Pt—CHCH,), 2.03 (s, 6H, Ar—€l3), 2.20 (s, 6H, Ar-€l3), 3.50 (s, 1H, N=C-

CH), 7.12 (s, 2H, ArH), 7.17 (s, 2H, ArH). **C NMR (tolueneds, 298 K)& —5.5 (PtCHa), 2.3
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(Pt-CHs), 16.8 (Pt€H,), 18.7 (Ar-CHs), 19.9 (Ar-CHj), 23.4 (N=C-CHj3), 24.0 (Pt-Ch-
CH,), 31.5 (CCHa)3), 34.2 C(CHa)s), 65.9 (N=C-€—-C=N), 125.4 Ca—H), 125.5 Ca—H),

128.2 Ca—CH), 129.5 Ca—CHg), 142.5 Ca—N), 148.2 CA—C(CHs)s), 173.9 C=N).

Synthesis of 9 from 1 and 3,3-dimethylbutyne

Complex1 (1.0 mg, 0.0015 mmol) and a 1,3,5-trimethoxybepzeternal standard (0.5 mg,
0.003 mmol) were dissolved in toluedg(0.4 mL) in an aluminum foil-covered NMR tube
fitted with a J. Young style Teflon valve. 3,3-Dithglbutyne was added (&, 0.2 mmol). The
sample turned from yellow-orange to colorless umixing. Integration of théH NMR
spectrum revealed a yield of 95% relative to thierimal standard. Material for elemental
analysis was precipitated from pentane solutionrargd with several portions of pentatte.
NMR (tolueneds, 298 K)5 0.12 (s, 3H2Jpin= 45 Hz, Pt—El3), 0.93 (s, 6H2Jprn= 75 Hz, Pt—
CH3), 1.13 (s, 9H, C(83)s), 1.23 (s, 18 H, Ar—C(B3)s), 1.63 (s, 6H, N=C-83), 1.81 (s, 6H,
Ar—CH3), 2.25 (s, 6H, Ar—Bl3), 4.72 (d, 1H*J4. = 2 Hz, N=C—®1), 7.07 (s, 2H, ArH), 7.17
(s, 2H, Ar-H), 7.56 (d, 1H*Jy.q = 2 Hz,%Jprri= 35 Hz).2*C NMR (tolueneds, 298 K)& —7.7
(Pt-CHa), 0.4 (Pt€Hs), 18.6 (Ar-CHs), 19.9 (Ar-CHa), 24.8 (N=C-€Hjz), 30.4 (CCHs)3), 31.5
(Ar—C(CHg)3), 34.2 (Ar-C(CHa)s), 37.8 C(CHs)3), 69.5 (N=C-€-C=N), 125.4 Co—H), 125.5
(Ca—H), 128.2 Ca—CHs), 130.5 Ca—CHs), 137.8 (Pt—CE), 141.7 Ca—N), 148.4 Ca—
C(CHs)3), 161.0 (PtE=C), 172.7 C=N). Anal. Calcd for GHsoNPt (739.97): C, 61.68; H,

8.17; N, 3.79. Found: C, 61.81; H, 8.27; N, 3.77.

Formation of 10 from 5

Over time, the formation dfO was observed in greater than 60% vyield relative 163,5-

trimethoxybenzene internal standard. Material femental analysis was precipitated from
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benzene solution and rinsed with several portideeataneH NMR of 10 (tolueneds, 298 K)
8 0.72 (s, 3H%Jpr.y= 72 Hz, Pt=El3), 1.21 (S, 6H?Jpr.= 70 Hz, Pt=El3), 1.29 (s, 18 H,
C(CHs3)3), 1.99 (s, 6H, N=C-B3), 2.19 (s, 6H, Ar-E@3), 2.45 (s, 6H, Ar—E3), 7.16 (s, 2H,
Ar—H), 7.27 (s, 2H, ArH), 11.25 (s, 1H, C-B). *C NMR (tolueneds, 298 K)5 —14.4 (Pt—
CHs), —9.9 (Pt€Hs), 19.3 (Ar-CHs), 20.0 (Ar-CHg), 20.0 (N=C-€Hs), 31.5 (CCHs)3), 34.2
(C(CHg)3), 109.8 (O€—0OH), 125.4 Ca—H), 126.0 Ca—H), 128.7 Cao—CHs), 130.6 Ca—
CHj3), 140.8 (N€ar) 148.6 Ca—C(CHg)3), 191.1 (N). Anal. Calcd for GH50N,0.Pt

(689.53): C, 55.72; H, 7.31; N, 4.06. Found: C335H, 7.38; N, 4.12.

Reaction of 2 with air to form 11

Complex2 (27.6 mg, 0.0470 mmol) was partially dissolve@ imL benzene. The suspension
was exposed to air upon which the solution col@ancfed from orange to pale yellow
accompanied by the formation of a pale yellow poitaie. The suspension was allowed to settle
and after 1 hour the benzene supernatant was gipattay. In air the remaining solid was rinsed
with 3 x ImL THF and then dried under vacuum yie¢fl1 (21.7 mg, 0.036 mmol, 76%).
Crystals suitable for X-ray diffraction were obtaihby cooling a solution & in
dichloromethane/pentane to approx. —~10#€CNMR of 11 (dichloromethanek, 500 MHz, 298

K) 6 6.98 (s, 2H, ArH), 6.95 (s, 2H, ArH), 2.31 (s, 6H, Afara—CH3), 2.17 (S, 6H, Afitno—CH3),
2.07 (s, 6H, A§ne—CH3), 2.02 (s, 6 H, N=C—83), 1.92 (s, 3H, O-O—-C-d3), 0.27 (br, 9H, Pt—
CHs).™H NMR of 11 (dichloromethaneh, 500 MHz, 233 K 6.95 (s, 2H, ArH), 6.93 (s, 2H,
Ar-H), 2.28 (s, 6H, Afara—CH3), 2.11 (s, 6H, Afine—CH3), 2.02 (s, 6H, Afitne—CH3), 2.01 (S, 6

H, N=C—H3), 1.91 (s, 3H, O—O—C—8), 0.30 (s, 6H2Jprpy= 71 Hz, Pt-Ei3), —0.11 (s, 3H,
2Jptn= 69 Hz, Pt—Ei3). *C NMR of11 (dichloromethaneh, 201 MHz, 298 K} 177.5 (N<),

141.7 (N'Cary|), 136.1 CAr-para), 130.7 CAr-ortho), 129.6 CAr.meta), 129.4 CAr.meta), 128.0 CAr.
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ortho), 88.1 (O—OE€, 3Jpr = 48 Hz), 23.6 (O—O—Q3H3), 21.6 (N=C-CH3), 21.0 (Apar—CHa),
19.4 (Alyin—CHs), 18.3 (Abrine—CH3).3° Anal. Calcd. for G/H4oN-O-Pt: C, 52.33; H, 6.51; N,

4.52. Found: C, 51.96; H, 6.61; N, 4.39.

Generation of 12 from 3 and Q

An orange benzengs (0.4 mL) solution of t“*PyPyr)PtMe, 3 (2.3 mg, 0.0046 mmol)
containing toluene as an internal standard wasgpeelpn an NMR tube fitted with a Teflon
stopcock. @gas (1 atm) was added to the tube. The solutioarbe bright yellow and complex
12 formed in > 90 % yield as measured by integratibthe'H NMR spectrum. Crystals df2
suitable for X-ray diffraction were obtained bywlevaporation of a benzene/pentane solution
of 12in air.™H NMR of 12 (benzeneds, 500 MHz, 298 K 8.00 (d,2J4-1 = 5 Hz,3Jpy = 19

Hz, 1H, Gyriay—H), 7.21 (d2J4-1= 8.0 Hz, 1H, Gyriay—H), 6.73 (t.2Ju-n = 7.5 Hz, 1H, Gyriay—
H), 6.33 (t,°J4-n = 7.0 Hz, 1H, Giay—H), 6.22 (s, 1H, N=C—CH), 1.79 (s, 3HZJp = 73 Hz,
Pt—CH3), 1.60 (S, 3HXJpwn= 77 Hz, Pt-El3), 1.29 (s, 9 H, (B13)3), 1.12 (s, 3H?Jprn= 68 Hz,
Pt—CH3), 0.99 (s, 9H, (E3)3). *C NMR 0f 12 (benzeneds, 126 MHz, 298 K 184.2 €Jp_c=

15 Hz,C—C—(CHb)3), 175.0 C-C—(CHs)3), 158.9¢Jptc= 8 Hz,Cpyriayi), 145.5 tIprc= 16 Hz,
Coyridy—H), 137.7 Cpyrigy—H), 127 (N=CLE), 125.3 {p_c= 15 Hz,Cpyriay—H), 122.8 Cpyriay—H),
119.1 €Jprc= 23 Hz, N-Cp3, 36.6C—(CHa)s), 35.5 C—(CHs)s), 32.6CHs)s), 28.1 CHa)3),

—6.5 (Jpc= 735 Hz, Pt€H3), —9.8 {Jpic= 707 Hz, PtEHs), —15.2 {Jpic= 683 Hz, PtEHa).

Crystallization of 13

In a glass reaction vessel fitted with a teflorpstck £*?PyPyr)PtMg, 3 (20 mg, 0.040 mmol)
was dissolved in benzene (4 mLJhe solution was degassed by three freeze-pump-ieles

and then oxygen gas (1 atm) was introduced cawasowjor change from red to greenish-yellow.
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The solvent volume was reduced under vacuum ovema@ek resulting in crystals of the

bimetallic speciesl3, which were suitable for X-ray diffraction.

Typical procedure for testing 4a and 4b for reactio with O,

A benzenads solution of4b (10 mM) and the internal standard 1,3,5-trimethm®nzene in an

NMR tube fitted with a Teflon valve was pressurizeth 3 atm Q and monitored byH NMR.

Generation of 14 by oxygen-atom transfer from 11

An NMR tube fitted with a Teflon valve was chargeith 2 (2.2 mg, 3.7 mmol) and benzene
(0.4 mL) with a small amount of 1,3,5-trimethoxykene added as an internal standard. The
sample was pressurized with 3 atm Bfter 20 min. all of the volatiles were removedviacuo,
dichloromethanel, was added by vacuum transfer, and an initial specbfl11 was recorded
and integrated relative to the internal standaRisiR1.7 mg, 6.5 mmol) was added. Within four
hours,14 was observed in >90% yield (integration‘dfNMR spectrum relative to 1,3,5-
trimethoxybenzene). A similar procedure was usedniiesting the reactivity dfl with other
potential oxygen atom acceptots. NMR of 14 (dichloromethanekb, 500 MHz, 298 K 6.95
(s, 2H, ArH), 6.91 (s, 2H, ArH), 2.29 (s, 6H, Ajara—CH3), 2.07 (s, 6H, Afino—CH3), 2.07 (s,
6H, Arorno—CH3), 1.95 (s, 6 H, N=C—85), 1.84 (s, 3H, 0O—C—85), 0.53 (br, 9H, Pt—-83). 'H
NMR of 14 (dichloromethaneal,, 500 MHz, 268 K) 6.95 (s, 2H, ArH), 6.91 (s, 2H, ArH),
2.28 (s, 6H), 2.05 (s, 6H), 2.04 (s, 6H), 1.94(sl, N=C-CH3), 1.85 (s, 3H, O—C-g3), 0.58
(s, 6H,2Jpey= 75 Hz, Pt—=Ei3), 0.12 (s, 3H2Jpr_y= 71 Hz, Pt—El3). *°C NMR of 14
(dichloromethanel,, 201 MHz, 298 Kp 190.8 (N<), 140.8 (N-Cay)), 135.6 Car-para), 130.4
(Car-ortho), 129.5 Car-metd, 129.2 Car-mets), 129.1 Car-ortho), 94.6 (0€), 27.2 (O—CEH3), 20.8

(Arpara—CHz), 20.7 (N=C-CH3), 19.9 (Abho—CHs), 18.2 (Abho—CHz).*°
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Generation of 14 using CO

A solution of1lin dichloromethanel was prepared as above and then pressurized \aitin 3
of CO. Within four hours]4 was observed in >90% yield (integration‘sfNMR spectrum

relative to 1,3,5-trimethoxy benzene).

Crystallographic characterization of 9

A colorless prism, measuring 0.22 x 0.05 x 0.03*mms mounted on a glass capillary with oil.
Data was collected at —163 on a Bruker APEX I single crystal X-ray diffracheter, Mo-
radiation. The crystal-to-detector distance wash® and the exposure time was 20 seconds per
degree for all sets. The scan width wag.(D&ta collection was 100% complete to 269. A

total of 122416 (merged) reflections were colleatedering the indices, h = -15to 15, k =-18
to 18, | =-32 to 31. 19150 reflections were synmnigtdependent and thg,R= 0.0587

indicated that the data was of average qualityeximy and unit cell refinement indicated a
triclinic P lattice. The space group was foundédl (No.2). The data was integrated and
scaled using SAINT, SADABS within the APEX2 softwarackage by Brukér.Solution by
direct methods (SHELXS, SIR%J produced a complete heavy atom phasing modeistens
with the proposed structure. The structure was d¢eteq by difference Fourier synthesis with
SHELXL97 3334 Scattering factors are from Waasmair and Kifféflydrogen atoms were

placed in geometrically idealized positions andstaned to ride on their parent atoms with C—
H distances in the range 0.95 - 1.00 A. Isotropértal parametersewere fixed such that

they were 1.2}, of their parent atom 44 for CH's and 1.5k}, of their parent atom {4in case of

methyl groups. All non-hydrogen atoms were refinagotropically by full-matrix least-squares.
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One disordered toluene molecule, was found. Fudisarder required some restraints to be

applied for ensuring convergence of the refinenaétilhermal parameters of the disordered

moieties. Structural parameters are reported ineTal..

Table 2.1.Crystallographic data f@.

Parameter 9

Empirical formula G@sH128N4PL
Formula weight 1572.07
Temperature 110(2) K
Wavelength 0.71073 A
Crystal system Triclinic
Space group P-1

Unit cell dimensions

a=9.264(5) A o=89.109(5)°
b = 11.244(5) A B= 78.762(5)°
¢ =19.100(5) A y = 76.840(5)°

Volume 1899.3(14) A

Z 1

Density (calculated) 1.374 Mgfm
Absorption coefficient 3.723 mm

F(000) 810

Crystal size 0.22 x 0.05 x 0.03 mm

Theta range for data collection

1.86 to 37.37°

Index ranges

-1 h<15, -18<k<18, -32<1<31

Reflections collected

122416

Independent reflections

19150 [R(int) = 0.0587]

Completeness to theta = 25.00°

100.0 %

Absorption correction

Semi-empirical from equivaken

Max. and min. transmission

0.8965 and 0.4947

Refinement method

Full-matrix least-squares on F

Data / restraints / parameters

19150/ 162 / 559

Goodness-of-fit on &

1.025

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

R1 =0.0283, wR2 9842

R indices (all data)

R1 = 0.0400, wR2 = 0.0579

Largest diff. peak and hole

1.222 and -1.860°&.A
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Crystallographic details for compound 10

A colorless prism, measuring 0.24 x 0.20 x 0.18°mms mounted on a glass capillary with oil.
Data was collected at —143 °C on a Nonius Kappa ERB90 single crystal X-ray
diffractometer, Mo-radiation. Crystal-to-detectastdnce was 30 mm and exposure time was 35
seconds per degree for all sets. The scan widtifv&¥ata collection was 92.9% complete to
28.2% and 99.3% complete to 28 9. A total of 62342 partial and complete refleciamere
collected covering the indices, h = -13 to 15,K15 to 18, | =-20 to 19. 10886 reflections
were symmetry independent and thg R0.0951 indicated that the data was of a ligkslthan
average quality (0.07). Indexing and unit cellmefment indicated a triclinic P lattice. The space
group was found to be B (No.2). The data was integrated and scaled usihg

SCALEPACK? This program applies a multiplicative correctiactbr (S) to the observed

intensities (1) and has the following form:

_ i 2
S = @28y [scalg

S is calculated from the scale and the B factoerd@ned for each frame and is then applied to |
to give the corrected intensityd}). Solution by direct methods (SHELXS, SIR§DIRDIF*)
produced a complete heavy atom phasing model densisith the proposed structure. The
structure was completed by difference Fourier sgsithwith SHELXL97%3* Scattering factors

are from Waasmair and KirféfAll hydrogen atoms were located using a riding ntodl non-
hydrogen atoms were refined anisotropically by-foditrix least-squares. 3.5 deuterated benzene
rings accompany the complex. C18-C20 of one ofehainalt-butyl groups is rotating and

refined with a disorder model. Structural paransetee shown in Table 2.2.
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Table 2.2.Crystallographic data fdrO.

parameter 10

Empirical Formula GH50N20,Pt, 3.5(G Dg)'

Formula Weight 984.33

Temperature K 130(2)

Wavelength A 0.71073

Color and habit colorless prism

Crystal System, space group Triclinic, P 1 (No. 2)
a=12.0695(9)A, a=80.727(3)°

Unit Cell Dimensions b =13.6977(11)A, B = 84.903(3)°
c =15.1780(16)A, y = 72.956(7)°

Volume 2365.4(4) A

Density 1.382 Mg/m

Absorption coefficient 3.006 mm

F(000) 994

theta range for data collection 2.18° to 25.75°

Index ranges -18 h< 15, -15< k<18, -20<1<19

Reflections Collected/Unique 20342 /12420

Rint/ Ro 0.0951/0.2105

9m / completeness 25°/99.3%

R1, wR2, [I>2(1)] 0.0565, 0.0920

R1, wR2, (all data) 0.1242, 0.1085

Absorption correction Semi-empirical from equivdken

Max. and min. transmission 0.6137 and 0.5323

Refinement method Full-matrix least-squares on F

Data / restraints / parameters 10886 /0 /535

Goodnes-of-fit on F2 0.905

Crystallographic details for compound 11
A yellow prism, measuring 0.19 x 0.15 x 0.10 fwas mounted on a loop with oil. Data was
collected at —163 °C on a Bruker APEX Il singlestay X-ray diffractometer, Mo-radiation.

Crystal-to-detector distance was 40 mm and expdsuewas 10 seconds per frame for all sets.
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The scan width was 0.5°. Data collection was 100%pmlete to 25° . A total of 99922
reflections were collected covering the indices,+27 to 27, k = -15 to 15, | =-28to 27. 3365
reflections were symmetry independent and the=R.0375 indicated that the data was brilliant
average (quality 0.07). Indexing and unit cellmefnent indicated a C-centered orthorhombic
lattice. The space group was found tadmca(No.64). The data was integrated and scaled
using SAINT, SADABS within the APEX2 software pagleaby Bruker' Solution by direct
methods (SHELXS, SIRS% produced a complete heavy atom phasing modelstenswith

the proposed structure. The structure was complstetifference Fourier synthesis with
SHELXL973%3*Scattering factors are from Waasmair and KiHféflydrogen atoms were

placed in geometrically idealized positions andst@ined to ride on their parent atoms with C—
H distances in the range 0.95 - 1.00 A. Isotropémal parametersgwere fixed such that

they were 1.2}, of their parent atom 44 for CH's and 1.5k}, of their parent atom {Jin case of
methyl groups. All non-hydrogen atoms were refinagotropically by full-matrix least-squares.

Structural parameters are reported in Table 2.3.
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Table 2.3 Crystallographic data fdrl.

Parameter 11

Empirical formula G7 HagN2O,Pt
Formula weight 619.70
Temperature 110(2) K
Wavelength 0.71073 A
Crystal system Orthorhombic
Space group Cmca

Unit cell dimensions

a=20.498(3) A «=90°
b=11.969(3) A p=90°
c=21.056(4) A y=090°

Volume 5166.2(16) A

Z 8

Density (calculated) 1.593 Mgfm
Absorption coefficient 5.457 mm

F(000) 2480

Crystal size 0.19 x 0.15 x 0.10 Mm

Theta range for data collection

1.93 to 28.63°

Index ranges

-2¥h<27,-15< k<15, -28<1<27

Reflections collected 99922
Independent reflections 3365 [R(int) = 0.0375]
Completeness to theta = 25.00° 100.0 %

Max. and min. transmission

0.6114 and 0.4237

Refinement method

Full-matrix least-squares on F

Data / restraints / parameters

3365/0/ 159

Goodness-of-fit on &

1.101

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

R1=0.0171, wR2 ©884

R indices (all data)

R1 =0.0192, wR2 = 0.0390

Largest diff. peak and hole

1.440 and -1.098¢.A

Crystallographic details for compound 12

From a batch of colorless material was taken og®fe cross like twin, measuring 0.15 x 0.07

x 0.04 mni which was mounted on a loop with oil. Data wademtéed at —173°C on a Bruker
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APEX Il single crystal X-ray diffractometer, Mo-ration. Crystal-to-detector distance was 40
mm and exposure time was 20 seconds per degred fats. The scan width was 0.5°. Data
collection was 100% complete to 26 9. The sample (Figure 2.15) clearly showed concave
interceptions on its edges which are typical sigfsvinning. Additionally, twinning was
investigated by birefringence and optical eigertiagctions across the sample, indicating that
the rotation axis may be almost parallel to thentmitation axis (negligible extinction angle

difference between twin components).

Figure 2.15.Crystal with signs of twinning, seen in (from l&dtright) transmission,
birefringence, and extinctiofi.

The raw data still appeared twinned to some exwith CELL_NOW® a 180 twin operation
about (0 0 1) was found which, if unresolved, woltddye caused overlapping diffraction peak
intensities from different domains of the sampleailfiddomain integration with SAINT within

the APEX2 software package by BruKeaind absorption correction with twind&bsemoved the
remaining overlap. A total of 77780 reflections @epllected with 8536 symmetry independent
reflections covering the indices, h =-12 to 12,k14 to 11, | =0 to 23 with;R=0.1049 (all
data) indicated that the twin-refined data was piadde (average quality 0.07). Indexing and
unit cell refinement indicated then a triclinicdttice. The space group was found to b& P

(No.2).
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Solution by direct methods (SHELXS, SIR§7roduced a complete heavy atom phasing model
consistent with the proposed structure. The straattas completed by difference Fourier
synthesis with SHELXL97%%* Scattering factors are from Waasmair and Kiffetlydrogen

atoms were placed in geometrically idealized posgiand constrained to ride on their parent
atoms with GH distances in the range 0-9500 A. Isotropic thermal parametersqsWere fixed
such that they were 1.2kof their parent atom {4 for CH's and 1.5k, of their parent atom &4

in case of methyl groups. All non-hydrogen atomsenrefined anisotropically by full-matrix
least-squares. The structure shows two indepemdeletcules in the asymmetric unit. Structural

parameters are reported in Table 2.4.
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Table 2.4.Crystallographic data fdr2.

Parameter 12

Empirical formula GoH3N-O0Pt
Formula weight 527.57
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Triclinic
Space group P1

Unit cell dimensions

a=9.7826(19) A a= 91.239(9)°
b=11.383(2) A p=91.586(8)°

c=18.509(4) A  y=190.924(10)°

Volume 2059.4(7) A

Z 4

Density (calculated) 1.702 Mgfm
Absorption coefficient 6.828 mrh

F(000) 1040

Crystal size 0.07 x 0.05 x 0.01 Mim

Theta range for data collection

1.79 10 26.37°

Index ranges

-12h<12,-14<k<14,0<1<23

Reflections collected

77780

Independent reflections

8536 [R(int) = 0.1049]

Completeness to theta = 25.00°

100.0 %

Max. and min. transmission

0.9349 and 0.6465

Refinement method

Full-matrix least-squares on F

Data / restraints / parameters

8536/0/471

Goodness-of-fit on &

1.026

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

R1 = 0.0456, wR2 91005

R indices (all data)

R1 =0.0699, wR2 = 0.0776

Largest diff. peak and hole

1.741 and -1.202 e &

Crystallographic details for compound 13

A yellow piece, measuring 0.19 x 0.10 x 0.05 fwmas mounted on a glass capillary with oil.
Data was collected at —1%3on a Nonius Kappa CCD FR590 single crystal X-ray

diffractometer, Mo-radiation. Crystal-to-detectastdnce was 30 mm and exposure time was 20
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seconds per degree for all sets. The scan widti2d3ata collection was 92.8% complete to
24.71° ind. A total of 71296 partial and complete reflectiovere collected covering the
indices, h=-121t0 12, k =-11to 13, | = -20 10 P0053 reflections were symmetry
independent and the,R= 0.0815 indicated that the data was of averagéitguindexing and
unit cell refinement indicated a triclinic latticBhe space group was found to bd P(No.2).
The data was integrated and scaled using hkl-SCAE®*® This program applies a

multiplicative correction factor (S) to the obsedvatensities (I) and has the following form:

_ i 2
S=E 2B(si’)/A )/scale

S is calculated from the scale and the B factogm@ned for each frame and is then applied to |
to give the corrected intensityd}). Solution by direct methods (SHELXS, SIR§7roduced a
complete heavy atom phasing model consistent wélptoposed structure. The structure was
completed by difference Fourier synthesis with SMEQ7.3*3* Scattering factors are from
Waasmair and Kirfef> Hydrogen atoms were placed in geometrically igealipositions and
constrained to ride on their parent atoms with @gtances in the range 0.95 - 1.00 A. Isotropic
thermal parametersgywere fixed such that they were 140f their parent atom 44 for CH's

and 1.5, of their parent atom 44 in case of methyl groups. All non-hydrogen atonesev

refined anisotropically by full-matrix least-squsr&tructural parameters are reported in Table

2.5.
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Table 2.5.Crystallographic data fdr3.

Parameter 13

Empirical formula GoHeaN4O2PL
Formula weight 1023.13
Temperature 130(2) K
Wavelength 0.71073 A
Crystal system Triclinic
Space group P1

Unit cell dimensions

a=11.0170(5) A o= 73.939(2)°
b=11.1590(6) A p=82.311(2)°
c =17.9080(11) Ay = 87.392(4)°

Volume 2096.5(2) A

Z 2

Density (calculated) 1.621 Mgfm
Absorption coefficient 6.701 mrh

F(000) 1008

Crystal size 0.19 x 0.10 x 0.05 Mm

Theta range for data collection

3.02t0 24.71°

Index ranges

-12h<12,-11<k<13,-20<1<21

Reflections collected

10053

Independent reflections

6616 [R(int) = 0.0815]

Completeness to theta = 24.71°

92.8 %

Max. and min. transmission

0.7305 and 0.3625

Refinement method

Full-matrix least-squares on F

Data / restraints / parameters

6616 /0 /452

Goodness-of-fit on &

0.923

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

R1 =0.0552, wR2 4032

R indices (all data)

R1 =0.1265, wR2 = 0.1269

Extinction coefficient

0.00041(19)

Largest diff. peak and hole

0.941 and -1.117%.A
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Crystallographic details for compound 14

A colorless piece, measuring 0.09 x 0.05 x 0.02mvas mounted on a loop with oil. Data was
collected at —13& on a Bruker APEX Il single crystal X-ray diffracheter, Mo-radiation.
Crystal-to-detector distance was 40 mm and expdsuewas 10 seconds per frame for all sets.
The scan width was 0.5°. Data collection was 96c2¥plete to 25t 3. A total of 42182
reflections were collected covering the indices, 426 to 26, k = -10to 10, | =-17 to 17. 5036
reflections were symmetry independent and the=R0.08977 indicated that the data was of
slightly less than average quality (0.07). Indexamgl unit cell refinement indicated a primitive
monoclinic lattice. The space group was found t®®/c (No.14). The data was integrated and
scaled using SAINT, SADABS within the APEX2 softwgrackage by Brukéf.Solution by

direct methods (SHELXS, SIR%J produced a complete heavy atom phasing modeistens
with the proposed structure. The structure was deteq by difference Fourier synthesis with
SHELXL97 3334 Scattering factors are from Waasmair and Kifiéflydrogen atoms were

placed in geometrically idealized positions andstaned to ride on their parent atoms with C—
H distances in the range 0.95 - 1.00 A. Isotropartal parametersewere fixed such that

they were 1.2}, of their parent atom 44 for CH's and 1.5k}, of their parent atom {4in case of
methyl groups. All non-hydrogen atoms were refinadotropically by full-matrix least-squares.
The structure exhibited a pseudo symmetry obscuhedrue space group. This could be
coincident or twinning, however, no twin-law wasifal by the software packages PLATON or

CellNow. The pentane appears to be disorderedctBtal parameters are reported in Table 2.6.
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Table 2.6.Crystallographic data fdr4.

Parameter 14

Empirical formula GoHg2N4O2PL
Formula weight 1279.55
Temperature 140(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group Pz

Unit cell dimensions

a=22313(4) A «=90°
b =8.9467(16) A p=91.256(9)°
c=14.309(2) A y=90°

Volume 2855.9(8) A

Z 2

Density (calculated) 1.488 Mgfm
Absorption coefficient 4.936 mm

F(000) 1292

Crystal size 0.09 x 0.05 x 0.02 Mm

Theta range for data collection

2.69to0 25.35°

Index ranges

-26 h<26, -10< k<10, -17<1<17

Reflections collected 42182
Independent reflections 5036 [R(int) = 0.0977]
Completeness to theta = 25.00° 96.2 %

Max. and min. transmission

0.9077 and 0.6650

Refinement method

Full-matrix least-squares on F

Data / restraints / parameters

5036 /44 / 310

Goodness-of-fit on &

1.178

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

R1 =0.0926, wR2 4917

R indices (all data)

R1 =0.1400, wR2 = 0.1705

Largest diff. peak and hole

2.030 and -1.587 &.A

Coauthor contributions

Avery T. Luedtke performed initial experiments ihwing complexes3 and12, and grew the

crystals of13. Investigations of complefawere conducted by Susan K. Hanson. Preliminary
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observations of complex@&and10 were made by Ulrich Fekl. Collection of crystallaghic
data and solutions of the structures were compleyad/erner Kaminsky assisted by Thomas R.

Porter and Jason B. Benedict.
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Chapter 3: Oxygen-promoted C—H bond cleavage at Pd

Introduction

There is great interest in using oxygen as anamtitbr organic transformations and the
use of transition metal catalysts has emergedpasmaising strategy for controlling the
selectivity of such reactiorls® Pd-based, oxidase-type catalysts, which emplogemas an
oxidant and proton acceptor, are widely used tdiagiexisting functional groups such as
alcohol$ and olefins, However, to incorporate an oxygen atom into aundfionalized C—H
bond, oxygenase catalysts, which employ oxygerotisthe oxidant and oxygen atom source
have shown promise.

Presently the majority of the Pd-oxygenase catslyagpable of C—H functionalization
employ oxidants other than molecular oxy§émwever some examples in which molecular
oxygen serves as the oxidant are known. Benzenbiphdnyl have been hydroxylated using
0,, a Pd catalyst, and CO but the yields and seléetvare modest® Though not strictly a
C-H oxidation, the groups of Loh and Jiang receddyeloped Pd-catalyzed methods for the
oxygenation of alkenes using @s the oxidant and oxygen atom sourtksing a catalyst
proposed to involve P4', Ritter and coworkers can affect tiaydroxylation of ketone¥’ Yu
and coworkers reported the hydroxylation of subttd benzoic acids using Pd(OAw)ith air
or O, as the oxidant and oxygen atom sodrdéost recently a method to hydroxylate phenyl-
pyridine derivatives using a Pd catalyst and NHNHIP1 =N-hydroxy- phthalimide) with the

toluene solvent serving as a co-reductant was teptr
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In this chapter the stoichiometric reaction oft €omplex with air or @to generate a
Pd' hydroxide dimer is presented. Intermediates aseted that suggest a mechanism
involving initial oxidation of the Ptby dioxygen followed by C—H activation and O—H Hon
formation steps. These observations suggest aqugyiunexplored mechanism for oxygen-

promoted C—H activation at Pd.

Results and discussion

Preparation and characterization of Pd(P(Ar)¢Bu).). (Ar = naphthyl)

The bright orange BPa¢omplex Pd(P(AriBu).,). (15, Ar = naphthyl) was prepared by
reaction of (tmeda)PdME (tmeda = N,N,N,N-tetramethylethylenediamine) wiitio
equivalents of dtert-butyl-napthtyl-phosphirf& in benzene at 60 °C for 18 hours. Tfie NMR
spectrum ofl5in benzeneds is unremarkable exhibiting one singlet at 43.5 pphe’H NMR
spectrum contains a virtual triplet for tf8 groups integrating to 36 protons. Simulatiothis
resonance suggests a phosphorus-phosphorus coaptisant{Je_p of 450 Hz. Caulton
reports thaflpp values > 250 Hz are typical for trans phosphifiéhere are seven resonances
for the protons of the naphthyl ring each integigtio two protons. Of interest is that one of
these naphthyl protons has a chemical shift of ppr8, significantly different from the other
naphthyl protons (7.25 - 8.05 ppm). In contrasg, darbon atom attached to this unusual proton
has a chemical shift of 130.8 ppm, a typical vd@rea carbon atom in an aromatic system and
near the middle of the 123.7 - 138.3 ppm rangerobdgdor the naphtyl carbons irb.

In an effort to better understand this surprisihgroical shift, we obtained an X-ray
crystal structure of5 (Figure 3.1). The structure confirms a nearlydinmolecule with a P—Pd-
P bond angle of 172.615(11)° and P—Pd bond lerajtB2973(3) and 2.29173(3) A. With

hydrogen atoms placed at geometrically idealizesitipms relative to the aromatic carbons, this
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structure revealed unusually short distances betweePd center and the protons on the

naphthyl carbons labeled C9 and C19 of approxim&&0 and 2.33 A respectively.

Figure 3.1.POV-Ray rendition of the ORTEP &b at the 50% probability level with hydrogen
atoms on théBu groups omitted for clarit}f*” Selected bond lengths (A°) and angles (deg) for
15 P1-Pd1 = 2.2973(3), C1-P1 = 1.8559(11), P2-Pd1917(3), C21-P1 =1.8992(12),
C25-P1=1.8906(12), C7-C8 =1.4099(18), C8-193744(16), C9-C10 = 1.4214(16),
C6-C7 = 1.3651(19), C5-C6 =1.4226(17), C4-C54162(17), C3—-C4 1.3636(18), C2-C3 =
1.4126(16), C1-C2 = 1.3825(16), P2-Pd1-P1 = 17Z18)5C1-P1-C25 = 103.21(5),
C1-P1-C21 = 104.08(5), C25-P1-C21 = 112.02(5), @t+H@1 = 118.16(4), C25-P1-Pd1 =
109.37(4), C21-P1-Pd1 = 109.83(4).

To further investigate the unusual spectroscopitaystallographic data, the gas phase
structure ofL5 was optimized at the DFT level with BP8&nd B3LYP® functionals.
Optimization using the BP86 functional gave Pd-dibtances of 2.289 and 2.290 A and
optimization using the B3LYP functional gave Pd-didtances of 2.364 and 2.362 A. Although
these calculated values are not identical to tifrage the crystal structure, they are in agreement
with the Pd atom and a proton from the naphthysibeing in close proximity. The optimized
structures reveal Pd---H-C bond angles of 159.61&%d8° for the BP86 and B3LYP

optimizations respectively.
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Taken together, the unusual chemical shifts, dhd+t-H distances, and Pd---H-C bond
angles are indicative of what Brookhart, Green, Ratkin refer to as anagostic interactiéhs.
These primarily electrostatic interactions are ahtarized by M---H distances of approximately
2.3t0 2.9 A, M---H-C bond angles between 110 ar@f land'H chemical shifts downfield

relative to those of protons not involved in angosdic interaction.

Reaction of 15 with Q

Prolonged heating df5, in benzenels, with or without added water, results in formation
of a Pd “mirror” on the glass reaction vessel drelgeneration of free phosphine ligand which
was observed b{H and*'P NMR spectroscopies. In contrast, exposure ofemeasolution of
15 (approx. 10 - 15 mM) to 1 - 3 atm of air o & room temperature results in a color change
from yellow to orange/brown accompanied by the glis@arance of the NMR resonances
associated with 5. In the initial NMR spectra after oxygen additioH,and*'P resonances
corresponding to one equivalent of free phospheresfarting Pd were observed. Over several
days, the free phosphine partially oxidized todbeesponding phosphine oxidéR NMR 57.7
ppm). Two additional resonances were observed®WMR spectroscopy at 99.6 and 100.5
ppm.

When the reaction was repeated using a saturasgegsion ol5, crystals formed in the
reaction mixture. These were crystallographicaligracterized as transH?PC)PdOH} 16a
(Figure 3.2). The Pd atoms, connected by two bniglgiydroxides, are in identical,
approximately square planar environments. The OX(®1) bond angle is 78.30(3)° while the
01-Pd1-P1 angle is 102.19(2)°. Once formed, thestats have poor solubility in a range of
solvents. An isolated yield of 75% was measuredpandy for the formula gHsc0.P.Pd: CsHg

was verified by elemental analysis.
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Figure 3.2.POV-Ray rendition of the ORTEP for the growth freant of16aat the 50%
probability level with hydrogen atoms (except on @idups) and co-crystallized benzehe-
omitted for clarity'®!’ Selected bond lengths (A) and angles (deg)l6ar C1-Pd1= 1.9864(9),
C3-P1 =1.8180(9), O1-H1 0.761(18), O1-Pd1= 2.0BR001-Pd1 = 2.1148(7), P1-Pd1 =
2.2191(2), C1-Pd1-01 95.96(3), O1-Pd1-01 = 78.3@3)>Pd1-P1 = 83.61(3), O1-Pd1-P1
=102.19(2), C3-P1-Pd1 = 104.48(3), C11-P1-Pd12=7413), C15-P1-Pd1 = 111.83(3).

The crystal structure showsCa-symmetric complex and on this basis only dfeNMR
resonance is expected. However two signals of walegiensity but with chemical shifts
separated by less than 2 ppm are observed HRHEMR spectrum in benzerg-or
dichloromethaneh. The®'P NMR data suggests that in solution, two simitercies are present.
The'H NMR spectrum also suggests the presence of teciepin solution. TwtBu
resonances are present suggesting cyclometallategppine ligands in two different
environments. The upfield portion of the spectrwhere M—OH resonances would be expected,
contains three resonances that disappear on auditin,O.>* One of these resonances appears
at —0.86 ppm (doubletJs_; = 2.5 Hz) in benzends and integrates as one proton relative to an
aryl proton of the major speci€$i{>'P} NMR experiments confirm that the observed caupli
is to phosphorus. The NMR data suggest that themsggcies in solution is tl&-symmetric
complex,16awhich was observed in the solid state. The oterupfield resonances that
incorporated deuterium (-2.70 ppm, singlet, an® @gm, triplet>Js_; = 2.0 Hz in benzends)
are present in a 1:1 ratio and each integratealfdahe intensity of an aromatic proton in the

minor species. This data is consistent with theomapecies being a dimer havi@g, symmetry,
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cis-[(B"*PC)PdOH} 16b (Figure 3.3), an isomer dba Gas phase DFT calculations carried out
on the optimized structures baand16b suggest that the difference in energy betwikgaand
16bis less than 1 kcal/mol in the absence of solugrtactions. In benzerdg-16aand16b are
present in a ratio of approximately 6:1 while ie thore polar solvent dichloromethamg-16a
and16b are present in a ratio of approximately 3:1. Tditierent ratios are observed upon
dissolution of the same crystalline sample in défe solvents suggest thHeéaand16b are in

equilibrium.

S0P A v

o

16a
Figure 3.3.Structures ofl6aand its isomet6h.

An effort to independently synthesit6aalso yielded boti6aand16b. Based on
literature precedent for related comple&Xek,PdCl was stirred with the free phosphine in
methanol resulting in the formation of cis/tran&“fPC)PdCI} which was characterized By
NMR.? The mixture of cis/trans‘f{?PC)PdCI} was then treated with tetrabutylammonium
hydroxide in acetone yieldintbaand16b in the same ratio as was seen in the reactid® of
with oxygen?* This result again points to an equilibrium betwéentwo structures. If isomers
16aand16b are in equilibrium as the data suggests then thgo must not be a mechanistic
consequence of the reaction involving oxygen.

The reaction o15with O, to form16aand16b is surprising since there have been
numerous studies of reactions of Bis phosphine species with oxygen and none oethes
reactions involve the cleavage of a C—H bond. Iisthcases where a product could be identified,

the result is the formation of IPd'-;’peroxo complexes, several of which have been
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characterized crystallographicafly®® Similar reactivity has also been seen witA izkcies
bearing carbene, nitrogen-based ligands, or migaahdls. The mechanism for the binding of
dioxygen to P8 centers has been investigated computationallyisatibught to involve an'-
superoxo complex as an intermedidté’Despite the limited thermal stability of many oése
Pd'-4*peroxo complexes, to our knowledge there have heaeports describing the formation
of further metal-containing species in the absef@ded reagents. While Rderoxo
complexes are the most commonly reported proddatsastions between Pdomplexes and

O., in one instance, a Pdbis superoxo complex was characterized upon auhditf G to

(IPr),Pd (IPr =1,3-bis(diisopropyl)phenylimidazol-2-ylede), but again no C-H activation was

observed?

Characterization of two intermediates at low tempeature

In an effort to better understand the formatiod@hand16b from 15, and to learn how
oxygen might be involved in the promotion of C—Hingation, we studied the reaction 16 with
O, at low temperature. Oxygen was added to a solatid’ in tolueneds cooled in a dry
ice/isopropanol bath and the sample was insertecaim NMR probe that was precooled to —80
°C. At —-80 °C. Signals assignable to a min®y &nd a major specieB) were observed. Upon
warming the sample to —60 °C the resonanceé fdisappeared and a single spedisyas
present in a yield of > 80 %H NMR integration versus 1,3,5-trimethoxybenzerterimal
standard). Th&'P NMR spectrum oB consists of two sets of doublets at 103.5 ppm5na
ppm. A3P COSY experiment confirmed that the doublets dresa phosphorus-phosphorus
coupling and a coupling constant of 20 Hz was megsrhis coupling constant is consistent
with two inequivalent phosphorus atoms bound tostimae palladium atom but not trans to one

another®
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The chemical shift of metal bound phosphinesr@ngfly correlated with ring size and
the metal-phosphorus—R group artjlé.has been noted that a phosphine in a six mesdber
metallacycle will shift approximately 14 ppm upfigkelative to an electronically similar
phosphine that is not part of a metallacycle. Intast, a phosphine in a five-membered
metallacycle with its smaller metal-phosphine-Rugrangle will typically shift approximately
33 ppm downfield. In the context of this systemtha starting material, the phosphine is
effectively in a six membered ring as a consequendtee anagostic C—H interaction with the
metal center. In the cyclometalated product howéweiphosphines are in five-membered
palladacycles. The 48.3 ppm difference in chensbé#t between these two resonances would be
consistent with a structure in which the phosphaarsesponding to the resonance at 55.2 ppm
retains the anagostic interaction observed in tidugiisg material, while for the phosphine
resonating at 103.5 ppm the phosphorus has acagzored of the geometric parameters of the
cyclometalated phosphine Iiftaand16b.

Much of the'H NMR spectrum is obscured by the toluene solvesidual, however two
resonances at 11.21 and 4.9 ppm are of note. A C&§p8¥trum revealed that these protons,
which have unusual chemical shifts for aromatidqams, couple to other aromatic protons. Thus
these protons are still a part of the aromaticesgsfrom an HMQC experiment at —40 %&3
chemical shifts for the carbons bound to theseopotvere found to be 129.5 and 122.0 ppm.
These chemical shifts in the typical region forl @arbons argue against an agostic interaction
between a C—H bond and the metal center as anratjaa for the unusually upfield proton
shift.

The reaction 015 with oxygen was also studied in THE-at low temperature. Although

the reaction ofl5 with oxygen to generatsbaand16b is significantly less clean in THégthan
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in arene solvents, it appears that intermediatasdB still form in THF-ds. The'H NMR
spectrum of intermedia® in THF-dg allows for the identification of 14 distinct arotita
protons. The observation of resonances integrabirigl protons confirms that in intermedi&te
the C—H activation and cyclometalation of the ptse naphthyl group has not yet occurred.
Exposure of a solution of intermedid&eat —78 °C to vacuum for two minutes did not regukh
back reaction suggesting that under these conditioe formation of intermediaiis
irreversible.

When pentane was added to a THF or toluene solofilmtermediatd at —78 °C, a
yellow precipitate was obtained. A rapid color oparfrom yellow to orange-brown indicates the
instability of intermediat® in solution at room temperature, however in tHelssiate no such
color change occurred on warming to room tempegatircold suspension of intermedi&e
was added to a salt plate, the solvent was quigkhoved under a stream of nitrogen gas
followed by exposure to vacuum, and an IR spectuas recorded. Aiso-1.0 Was observed at
924 cm® (Figure 3.4). IfB was prepared in the presencé®, a peak corresponding t@o-1s0
was observed at 874 &mThis shift of 50 cnt is similar to the 47 cthobserved in a bis carbene
Pd'-#? peroxo complex'? and to the 52 cthpredicted by treating the O-0 vibration as a

simple diatomic*®
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Figure 3.4.IR spectra of intermediaf®. Red'°0,, Blue'®0, then®0,.

Together the data suggest that intermedatea bis phosphine Pgheroxo complex.
Unfortunately a crystal of intermediaBewas not obtained. Semi-empirical PM6 calculations
were used to explore potential geometries forgtesically encumbered Pd compf&x® The
most promising of these structures was then opéchat the DFT level using the BP86
functional® (Figure 3.5). Consistent with the experimentahdhts structure has two
inequivalent phosphine ligands. In one of thesesphimes, the naphthyl group is not in close
proximity to the bound ©fragment. For this phosphine, the Pd—-Rgtmangle is 121.6°, in
close agreement with the value of 120.5° for timie measurement Irb. This phosphine
would likely correspond with th&P NMR resonance observed at 55 ppm. The correspgndi
Pd---Hnapm distance is 2.596 A, longer than the 2.289 ASrut still a relatively close contact
perhaps accounting for the downfield resonanckédi NMR spectrum at 11.21 ppm in
tolueneds. As in compound5the geometry and NMR chemical shifts are consistéh an
anagostic interaction. For the other phosphinentphthyl group is located in close proximity to

the G fragment. In this second phosphine the Pd-Rsrangle is only 113.5° while the same
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measurement ih6ais 103.5°. Although this contraction is not asndatic as irnl6a it may be
sufficient to account for th&P NMR resonance observed at 103 ppm. The Pelgmidistance
was calculated to be 2.304 A while the Oglahdistance is 2.583 A. It is plausible to suggest
that this aromatic proton in relatively close pruoity to an oxygen atom is responsible for the
NMR resonance at 4.90 ppm. Finally the O-O bondttenf 1.387 A and the Pd-O bond

lengths of 2.100 and 2.075 A are consistent wighdscription of a Pdperoxo complex>*°

Figure 3.5.Proposed structure for intermedi&e

At temperatures above —30 °C, the resonancesspameling to intermediat® rapidly
disappeared and approximately one equivalent efgtesphine (per starting Pd) was observed
by *H and®*'P NMR. No Pd species could be identified in the N&fRectra, however by EPR
spectroscopy, several overlapping signals appeargaw in on approximately the same
timescale which intermediaidisappears. These EPR signals then lose intensity o
approximately the same timescale théhand16b appear suggesting that paramagnetic species
may be involved as intermediates between internteBiand the products6aandl16b.

Noting that intermediatd was only seen at —80 °C, disappeared on warmimdydal

not reappear upon re-cooling, we wondered whethlemer temperatures intermedigtemight
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be the major species. To study intermedftexygen was added to a solutionldfin THF-dg
at —95 °C which was then inserted into an NMR prpleecooled to —100 °C. Under these
conditions, intermediatd was the major species in solution, present in >§&% (NMR
integration). Thé'P NMR spectrum of intermediafe consists of two sets of doublets at 57.8
and 51.8 ppm. These chemical shifts suggest tegtlibsphorus atoms in intermediatare in
more similar chemical environments than those wrmediateB. Their chemical environment
likely resembles that of the starting materidd, As with 15 and intermediat8, intermediated
also has aromatic protons with unusual chemicétssim this case 11.25 and 4.26 ppm.
Exposure of a solution of intermediagteto vacuum for two minutes at —95 °C did not regult
any back reaction suggesting that the binding gfer toA is also irreversible. Of note, the
resonances of intermediadebroaden substantially as the sample is warmedeab80 °C
making detection and quantification difficult. THiBbadening could suggest a complex with
paramagnetic character such as asegeroxo complex or a Pdbis superoxo complex, with the
temperature dependence of the linewidth correlaiéidthe relative populations of
antiferromagnetically vs. ferromagnetically coupstdtes. The previously reported bis-carbene-
Pd' bis superoxo complex also generatéti&MR spectrum with broad resonanéés.

Perhaps supporting the assertion that intermediaieuld be a superoxo complex, an
O-0 stretch was identified by resonance Raman spsadpy in a reaction mixture prepared by
the addition of @to 15at —80 °C in THF. Under these conditions a mixfrentermediateé\
andB would be expected. Spectra of samples preparéd-%@4 contained non-solvent peaks at
1383 and 1363 crh(Figure 3.6(a)), while a sample prepared Wfth,, a single sharp peak at
1290 cm* appeared (Figure 3.6 (b)); the features at 13831863 cm' are still present, but at

reduced intensity. These non-solvent peak intesssdecreased upon warming (Figure 3.6 (c)).
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Figure 3.6.Resonance Raman spectra of solution resulting freaiment ofl5 with O, in THF
at -80 °C fex 406.7 nm, 77 K). * = solvent peak.

The two peaks in th¥O spectrum at 1383 and 1363 ¢rmould be consistent with a
Fermi doublet centered at 1373 ¢nSuch doublets have been seen in resonance Rameamnas
of other metal-oxygen speci&sThe features at 1383 and 1363 ¢if1°0,) and 1290 cnat (*°0.)
are assigned ag_ofor a coordinated superoxide ligand based on thgnitiade of the®O-
isotope shift from the average value of 1373%m1290 cm® (A0, = 83 cm?). This
difference agrees closely with that calculated gisin O—O harmonic oscillator approximation
which predicts a shift of 78 crhto 1295 cmi*. The observedo-ois higher than those reported
for most other metal-superoxide complexes, whigncslly exhibitvo-obetween 1000 and 1300
cm 138 Further computational effort would be needed tppse an explanation for this unusual

peak location.
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Kinetic study of Intermediates A and B

The reaction o15 with O, is rapid, even at —100 °C. In contrast, the cosioerof
intermediatéA to intermediatd proceeded more slowly and could be convenientlgitoced
by 'H NMR at —=70 °C over approximately 80 minutes inFFéty. The resonances corresponding
to intermediatéd were too broad to integrate reliably at this terapge and so the appearance
of intermediateB was followed through integration of the aromatiotpns at 10.85 and 4.71
ppm. Fitting the appearance of intermedBt® a first order rate law suggests (Figure 3.3} th

the reaction of intermediae — intermediateB is first order in [Pd].

3.5 4

y =-0.0005x + 2.9799
R? =0.9964

Ln([BJrina—~[B'(1)])

0 1000 2000 3000 4000 5000
time (sec)

Figure 3.7.First order plot for the appearance of intermediatThe [B’] designation refers to
integration relative to an internal standard whgproportional to [B].

The kinetics of intermedia® reacting to form one equivalent of free phosplang an
NMR silent Pd species were found to be first ordehe disappearance of intermediBte
(Figure 3.8). That the reaction is first order Rd] can also be determined based on data for the
appearance of free phosphine. The kinetics ofrdastion were measured between —30 °C and

—10 °C. An Arrhenuis plot revealed the energy divation (E,) to be 16.8 +1.0 kcal/mol.
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Eyring analysis of the data (Figure 3.9) fouxtd* to be 16.3 +1.0 kcal/mol amsS' to be 6+4

e.u. These values suggest that at —2@&E would equal 17.8+2.0 kcal/mol.
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Figure 3.8 First order plot for the disappearance of intediaB. The [B’] designation refers
to integration relative to an internal standardakhs proportional to [B].
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Figure 3.9.Eyring plot for the disappearance of intermediate
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The first order behavior for both the formatiordahsappearance of intermedi&e

would be consistent with intermediat®sandB both having monometallic structures.

Mechanistic consideration

Despite the incomplete picture of the structuocesritermediated\, B, and the
paramagnetic species observed at room temperatures consideration has been given to
plausible mechanisms for the overall transformatand especially the C—H bond cleavage step.

It is clear from the experimental data that thst fstep of this mechanism involves the
interaction of the Pspecies with oxygen to eventually form intermeslBwhich is likely a
Pd'-#* peroxo complex. This seems to be in keeping wiéhextensive precedent for ligated® Pd
species being oxidized by molecular oxydéAlso supporting an oxygen-first pathway is a
computational study that found C-H oxidative addiitto a P8 center to be an endothermic
process?

From intermediat®, one plausible mechanism could be addition of &l @end across a
Pd—0 bond with concurrent phosphine loss to geaeratyclometalated 'f?PC)Pd-OOH]
fragment which rapidly reacts further to dimerizel dose one oxygen atom per Pd. There is
ample precedent for metal-OOH complexes “losingbaygen atom to form the corresponding
metal—-OH complexes.

The addition of a C—H bond across a Pd—O bondviered over an oxidative addition
followed by insertion of oxygen into a Pd—H bond&ese of the lack of precedent for a
Pd—peroxo moiety remaining intact in an oxidatitates higher than PdIn contrast, there is
precedent for the addition of a C—H bond acrosg&hkoxygen bond (Figure 3.1 There is
also an example of the O—H bond of phenol addimgsaca Pt—O bond in a Rt-peroxo species
(Figure 3.11Y3
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Figure 3.10.Addition of a C—H bond across an Ir—O bond.
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Figure 3.11.Addition of an O—H bond to a Pt-peroxo.

Computational study was undertaken to assess etittd addition of a C—H bond across
a Pd-0O bond could be a viable mechanism in thiesydnitial studies considered the
possibility of this C—H bond activation occurrinfjest phosphine loss (Figure 3.12), however
this pathway was found to be prohibitively highemergy regardless of the computational
method used. The computational efforts were theretlitoward a reaction involving addition of
a C—H bond across a Pd—O bond occurring concuyretitth the loss of one equivalent of
phosphine (Figure 3.13). The transition state West located is shown in Figure 3.14. The
reaction was found to be exothermic and the gasegpbathalpy of activation was calculated to
be 24 kcal/mol. When solvation (dielectric contimjuand entropy are taken into account, the
AG* of the reaction at 240 K was found to be 21 kcal/thThe vibrational spectrum was

calculated to confirm that a saddle point had Heeated.
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Figure 3.12.Addition of a C—H bond across a Pd-O bond aftesphine loss.
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Figure 3.13 Addition of a C—H bond across a Pd—O bond coreaiinwvith phosphine loss.
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Pd--C = 2.555 A

¥— C--H =1.422A

) O-H=1.324 A

0-0=1.406 A

Figure 3.14 BP86 calculated transition state for the addibba C—H bond across a Pd-O
bond.

There are many other plausible mechanisms forGhid bond cleavage process which
have yet to be investigated. Still the accessybditadding a C—-H bond across a metal-peroxo

bond could offer a potential pathway for C—H fupatlization in this and other systems.

Summary

In summary, the reaction of the®Raisphosphine complet5 with dioxygen results in
the formation of dimeric Pchydroxide complexe$6aand16b, a transformation that requires
activation of both O—O and C—H bonds. The isomeraucts were characterized by NMR
spectroscopy, X-ray crystallography, elemental gsig) and quantum chemical calculations.
Observation of low-temperature intermediates witlofathe napthyl C—H bonds intact suggests
that this transformation likely represents initzatO activation followed by C—H bond activation
at a Pd center. Such a scheme seems consisterthwitiopensity of Pdo react with @and
the greater favorability of C—H bond activatiorPat'. We have considered the possibility that
this system could represent a model system foatbee C—H hydroxylation observed by Yu and

coworkers'! In our hands, the catalyst in the Yu system wasoped by Hf suggesting that a
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low-ligated Pdspecies could be important in that mechanism as*W&he reaction o015 with
dioxygen represents a previously unexplored pathimaghe functionalization of C—H bonds by

Pd complexes in which molecular oxygen is emplogethe oxidant.

Experimental

General considerations

Benzene, ether, acetonitrile, toluene, and pentaame dried by passage through activated
alumina and molecular sieve columns under argonz&eeds, THF-dg, and toluenals were
vacuum transferred from sodium/benzophenone kidtghloromethaned, was vacuum
transferred from Ca (tmeda)PdMavas prepared by a literature meth@dAll other reagents
and gases were obtained from commercial vendorsised as received. NMR spectra were
recorded on Bruker DRX500, AV500, AV700, or AV8QgestrometersH NMR spectra were
referenced to the residual protiated solvent sigi@NMR spectra were referenced to the
solvent signal*’P NMR spectra acquired at 298 K were referencenht85% HPO, external
standard (0 ppm). Low temperatdf® NMR spectra were referenced to the deuterateesol
via the lock channel. Data from COSY, HMQC, and HMBxperiments were used in the
assignments and some signal identifications. Abbtiens: s = singlet, d = doublet, dd = doublet
of doublets, m = multiplet, br = broad. ResonaneenBn spectra were collected using an
ACTON AM-506M3 monochromator and Princeton InstrumseACTON PyLoN LN/CCD-1340
x 400 detector. The spectra were obtained at —CI@stng backscattering geometry. Excitation
at 406.7 nm was provided by a Spectra-Physics Be&r2D60-KR-V Krypton ion laser. Raman

shifts were externally referenced to indene anerinatlly referenced to solvent (THF).
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Synthesis of 1-napthtyl-ditert-butylphosphine

In a modification of a literature proceddtan oven-dried Schlenk flask was charged with 1-
bromonaphthalene (5.0 g, 24.2 mmol) and dry eth@® (nL). The solution was deoxygenated
by sparging with Mthen cooled in a dry-ice/acetone batBulLi solution (12 mL, 2.5 M
hexanes) was added dropwise and the solution Waseal to warm to room temperature over
one hour. The mixture was then placed back in tiiead/acetone bath and chloroter-
butylphosphine (5 mL, 26.3 mM) was slowly addede hixture was again warmed to room
temperature and the volatiles were removed in valoua nitrogen-filled glovebox the residue
was extracted with pentane and filtered to a giyellw solution. The volatiles were removed
to give a yellow oil which was stirred with acetwitée (50 mL) yielding white solid 1-napthtyl-
di-tert-butylphosphine which was collected by vacuumdtitsn (4.09 g, 62%). Spectroscopic
data in chloroformd match those previously reportedH NMR (benzeneds, 500 MHz, 298 K)
8§ 9.57 (tJ = 8.0 Hz, 1H), 7.94 (d] = 7.1 Hz, 1H), 7.68 (dl = 7.7 Hz, 1H), 7.64 (d] = 7.7,

1H), 7.39 (m, 1H), 7.27 (m, 2H), 1.20 fdp_= 11.5 Hz, 18H)*'P NMR (benzenels, 202

MHz, 298 K)§ 10.77.

Synthesis of Pd(P(Ar){Bu).). (15, Ar = naphthyl)

A reaction vessel with teflon stopper was ovendigad in a glovebox charged with 1-napthtyl-
di-tert-butylphosphine (800 mg, 2.9 mmol), (tmeda)Pd870 mg, 1.5 mmol), and benzene (30
mL). The vessel was heated at 60 °C for 18 hows tooled to room temperature and the
volatiles removed in vacuo. In a nitrogen-filledgtbox the yellow residue was extracted with
the minimal amount of toluene needed to dissoleentlaterial. The extracts were filtered
through a 0.2um PTFE syringe filter, layered with an equal voluofigpentane and left at —35 °C

for six days yielding orange crystalsi8 (310 mg, 32 %). Further recrystallization of the
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supernatant resulted in a second crop of crysélin290 mg, 30%). X-ray quality crystals
were obtained from a benzedgsolution of15 layered with pentane at room temperattire.
NMR (benzenads, 500 MHz, 298 K% 12.21 (m, 2H), 8.06 (m, 2H), 7.71 @z 7.7, 2H), 7.62
(d,J=7.6, 2H), 7.35 (m, 2H), 7.27 (m, 2H), 7.25 (rhl)21.58 (m, 36 H)*H NMR (tolueneds,
500 MHz, 193 K) 12.34 (br, 2H), 8.00 (br, 2H), 7.65 (br-d, 2HBT (br-d, 2H), 7.49 (br-t,
2H), 7.31 (br-t, 2H), 7.26 (br-t, 2H), 1.56 (br,k®6 *H NMR (THF-ds, 500 MHz, 173 K}
11.87 (br, 2H), 8.18 (br, 2H), 8.06 (br-d, 2H), Z @r-d, 2H), 7.62 (br-t, 2H), 7.50 (br-t, 2H),
7.40 (br-t, 2H), 1.51 (br, 36H}*C NMR (benzenels, 126 MHz, 298 K} 138.3 (m), 134.9 (m),
133.3, 133.0 (m), 130.7 (m), 130.7, 128.5, 12625.4, 123.7 (m), 36.4 (m), 32.0 (MP NMR
(benzeneds, 202 MHz, 298 Kp 43.45. Anal. Calcd. for £§Hs0P.Pd: C, 66.40; H, 7.74. Found:

C, 66.36; H, 7.78.

Generation of intermediate A

In a Nb-filled glovebox, an oven-dried NMR tube with a FE-kned screw cap was charged with
Pd(P(Ar)¢Bu),). (2-15 mg), 1,3,5-trimethoxybenzene (internal stadyland freshly vacuum-
transferred THRdg (0.5 mL). After an initial spectra was recorddte sample was cooled in a
toluene/LN cold bath and oxygen gas was bubbled throughrferto two minutes. The sample
was then inserted into an NMR probe pre-cooled7@® K. *H NMR (THF-dg, 500 MHz, 173 K)

§ 11.23 (br, 1H), 8.90 (br, 1H), 8.20 (br, 1H), 8(bt, 1H), 7.96 (br, 1H), 7.82 (br, 1H), 7.74 (br,
1H), 7.66 (br, 1H), 7.52 (br, 2H), 7.45 (br, 1H)76 (br, 1H), 4.25 (br, 1H}Bu groups appear

as multiple resonances between 0.0 and*4SNMR (THFds, 202 MHz, 273 K)5 58 (d,J = 16

Hz), 55 (d,J = 21 Hz).

Generation of intermediate B
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In a Np-filled glovebox, an oven-dried NMR tube with a FEFkned screw cap was charged with
Pd(P(Ar){Bu),). (2-5 mg), 1,3,5-trimethoxybenzene (internal staddand freshly vacuum
transferred toluends (0.5 mL). After an initial spectra was recorddw sample was cooled in a
dry ice/acetone cold bath and oxygen gas was bdhbiteugh for one to two minut8§The
sample was then inserted into an NMR probe preecbtad 193 K. Alternatively, IntermediaiB2
could be generated by warming a solution of Intetiate A to 213 K in the NMR probe. Either
method gives yields of intermedidBeat 213 K in excess of 80 % by integration relativéhe
internal standard. Addition of pentane to a soluttontaining predominantly intermedide
results in the formation of a non-crystalline yallsolid.*H NMR (THF-ds, 500 MHz, 213 K)
10.85 (br-m, 1H), 8.26 (br-m, 2H), 8.13 (br-m, 2B)03 (br-d, 2H), 7.72 (br-m, 2H), 7.61 (br-t,
1H) 7.53 (br-m, 2H), 7.39 (br-m, 2H), 4.71 (t, 1By groups appear as multiple resonances
between 0.5 and 2.84 NMR (tolueneds, 500 MHz, 233 K 11.19 (m, 1H), 8.31 (dd, 1H),
8.23 (d, 1H), 7.78 (t, 1H), 7.71 (d, 1H), 7.52 1), 7.30 (t, 1H), 7.23 (COSY only), 7.19
(COSY only), 7.17 (COSY only), 7.15 (COSY only) Z.(COSY only), 6.94 (COSY only), 4.90
(t, 1H), tBu groups appear as multiple resonances betweem®.2.03'P NMR (THFdg, 202
MHz, 203 K)& 103 (d,J = 21 Hz), 55 (dJ = 21 Hz).3'P NMR (tolueneds, 202 MHz, 203 K

103 (d,J = 21 Hz), 55 (dJ = 21 Hz).

Synthesis of 16a and 16b from 15

In a Nx-filled glovebox, a tared vial was charged with P@r)(tBu),). (30.3 mg, 0.0466 mmol).
In air, 0.6 mL benzene was added. The suspensismweed and after about one hour all the
solid had dissolved giving a deep red solutioneAft2 days the supernatant was pipetted away
leaving crystals oL6a CsHg which were rinsed with 3 x 1 mL portions of pergamhe crystals
were dried under vacuum yielding puréa: GsHg (15.5 mg, 76.7 %). Anal. Calcd. for
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C36H5002P2Pd2'C6H6: C, 58.14; H, 6.51. Found: C, 58.39; H, 6.45. thijsssuitable for X-ray

diffraction were obtained from a sample in dgDgand using 3 atm £rather than air.

Spectroscopic characterization of mixtures contaimg 16a and 16b

Note that in solution compound§aand16b appear as equilibrium mixturé$i NMR data are
reported separately fbBaand16b. The'*C NMR data represents a compilation of peaks
corresponding to both isomers some of which weeatiflied based on HMQC and HMBC data.
'H NMR of 16a(dichloromethanek, 500 MHz, 298 K 7.82 (m, overlap with a resonance of
16b), 7.77 (m, overlap with a resonanceléb), 7.66 (ddJ = 7.66 Hz, 2H), 7.49 (dd,= 7.66

Hz, 2H), 7.44 (m, overlap with a resonancd.6b), 7.22 (t,J = 7.61 Hz, 2H), 1.51 (d)) p_= 14
Hz, 36H), —0.91 (d*Jp_= 2.5 Hz, 2H)3'P NMR of2a (dichloromethaneh, 202 MHz, 298 K)

§ 100.9.2H NMR of 16b (dichloromethanek, 500 MHz, 298 K) 7.86 (ddJ = 7.86 Hz, 2H),
7.82 (m, overlap with a resonancel@i), 7.77 (m, overlap with a resonanceléb), 7.52 (ddJ

= 7.51 Hz, 2H), 7.44 (m, overlap with a resonanfcé6b), 7.31 (t.J = 7.31 Hz, 2H), 1.47 (d)
p_+= 14 Hz, 36H), 0.19 (£Jp_n= 3.5 Hz, 1H), —2.51 (s, 1H}'P NMR of16b (dichloromethane-
dy, 202 MHz, 298 K) 100.5.2*C NMR data forl6aand16b (dichloromethaneh, 176 MHz,

298 K)o 153, 153, 152, 152, 135, 135, 134, 134, 131, 131, 130, 129.8, 129.7, 126.3, 126.2,
125.1 (dJ =7 Hz), 125.0 (dJ = 7 Hz),123.1, 123.0, 37.1(d= 18 Hz), 36.9 (dJ = 18 Hz),

30.3 (d, overlap), 30.2 (d, overlap).

Independent synthesis of 16a and 16b

In air 1-napthtyl-ditert-butylphosphine (197 mg, 0.72 mmol) angPdClL (242 mg, 0.74 mmol)
were suspended in methanol (40 mL). The headspasgurged with plgas and the mixture
was stirred at reflux for 20 hours resulting in lite solid with a pale yellow supernatant. The

highly insoluble solid was collected on a frit, Wwad with small portions of water, methanol, and
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ether. The product was found to contain two spedi€MR (dichloromethaneh, 500 MHz,
298 K)o 8.22(minor), 8.14 (major), 7.86 (both species2dboth species), 7.57 (minor), 7.55
(major), 7.31 (minor), 7.23 (major), 1.55/1.5B( groups)>'P NMR (dichloromethanes, 202
MHz, 298 K)6 111.66 (major) and 111.37 (minor). Poor solubititgvented the collection of
good quality”*C NMR data. A sample of this solid (100 mg) wastkaspended in acetone (1
mL). The suspension was treated with WBH solution (1M, 25QL) and stirred at room
temperature overnight. The resulting solid waseméld on a frit and washed with watét.and

3lp NMR resonances matched thosé @d and16b.

Crystallographic characterization of 15

An orange cut-block, measuring 0.25 x 0.20 x 0.10°was mounted on a glass capillary with
oil. Data was collected at —1%3 on a Bruker APEX Il single crystal X-ray diffracheter, Mo-
radiation. Crystal-to-detector distance was 40 mohexposure time was 10 seconds per degree
for all sets. The scan width was 9.Bata collection was 99.2% complete t& 26 3. A total of
253915 (merged) reflections were collected covettregindices, h =-11to 11, k =-34 to 34, |
=—-46 to 46. 9911 reflections were symmetry indeleat and the R = 0.0321 indicated that

the data was brilliant (average quality 0.07). kidg and unit cell refinement indicated

primitive orthorhombic lattice. The space group i@asd to be P b ¢c a (No.61). The data was
integrated and scaled using SAINT, SADABS withia tkPEX2 software package by BruKér.
Solution by direct methods (SHELXS, SIR®7produced a complete heavy atom phasing model
consistent with the proposed structure. The straattas completed by difference Fourier
synthesis with SHELXL97%>! Scattering factors are from Waasmair and Kitféflydrogen

atoms were placed in geometrically idealized posgiand constrained to ride on their parent
atoms with C---H distances in the range 0.95-1.60stom. Isotropic thermal parameterg U
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were fixed such that they were 1.20f their parent atom 44 for CH's and 1.5k} of their parent

atom Uy in case of methyl groups. All non-hydrogen atonesewrefined anisotropically by full-

matrix least-squares.

Table 3.1.Crystallographic data fd5.

Parameter 15

Empirical formula Ge Hso P> Pd
Formula weight 651.10
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Orthorhombic
Space group Pbca

Unit cell dimensions

a = 8.2897(3) Ap= 90°
b = 23.8619(10) Ap= 90°
c = 32.6736(14) Ay = 90°

Volume 6463.1(5) A

Z 8

Density (calculated) 1.338 Mg/m
Absorption coefficient 0.696 mrh

F(000) 2736

Crystal size 0.25 x 0.20 x 0.10 Mm

Theta range for data collection

1.82 to 30.65°

Index ranges

-1 h<11, -34< k<34, -46<1<46

Reflections collected 253915
Independent reflections 9911 [R(int) = 0.0321]
Completeness to theta = 25.00° 99.2 %

Max. and min. transmission

0.9336 and 0.8452

Refinement method

Full-matrix least-squares dn F

Data / restraints / parameters

9911/0/ 364

Goodness-of-fit on &

1.025

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

R1 =0.0215, wR2 6488

R indices (all data)

R1 =0.0267, wR2 = 0.0522

Largest diff. peak and hole

0.489 and -0.546 &.A
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Crystallographic characterization of 16a

An orange prism, measuring 0.20 x 0.18 x 0.15°mas mounted on a glass capillary with oil.
Data was collected at —1%3on a Bruker APEX Il single crystal X-ray diffracheter, Mo-
radiation.Crystal-to-detector distance was 40 mm and expdsuewas 10 seconds per degree
for all sets. The scan width was 9.Bata collection was 100% complete t& 263. A total of
99546 (merged) reflections were collected covetinggindices, h = -33to 33, k=-191t0 19, | =
=24 t0 24. 7479 reflections were symmetry indepehdnd the R = 0.0189 indicated that the
data was brilliant (average quality 0.07). Indexamgl unit cell refinement indicated a C-
centered monoclinic lattice. The space group waaddo be C 2/c (No.15). The data was
integrated and scaled using SAINT, SADABS withia thPEX2 software package by Brukér.
Solution by direct methods (SHELXS, SIR®7produced a complete heavy atom phasing model
consistent with the proposed structure. The straattas completed by difference Fourier
synthesis with SHELXL97%*! Scattering factors are from Waasmair and Kitfetlydrogen
atoms were placed in geometrically idealized posgiand constrained to ride on their parent
atoms with C---H distances in the range 0.95-1.8@stom. Isotropic thermal parameterg U
were fixed such that they were 1f their parent atom Ueq for CH's and 1.bf their

parent atom L in case of methyl groups. All non-hydrogen atonesewefined anisotropically
by full-matrix least-squares. The hydrogen of thdding hydroxyl has no acceptor in this
structure, however, the hydrogen was unambiguousilyle in the electron density and refined

with isotropic thermal parameter. The dimer exBilsgéntrosymmetry.
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Table 3.2.Crystallographic data f&a.

Parameter 2a
Empirical formula GoHs50DsOPP A
Formula weight 873.64
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group C 2/c
a=21.4703(7) Aq = 90°
Unit cell dimensions b =12.6614(7) Ap =115.970(2)°
c = 15.7412(7) Ay = 90°
Volume 3847.1(3) A
Z 4
Density (calculated) 1.508 Mg/m
Absorption coefficient 1.053 mrh
F(000) 1784
Crystal size 0.20 x 0.18 x 0.15 Mm
Theta range for data collection 1.92 to 33.45°
Index ranges -38hh<33,-19<k<19, -24<1<24
Reflections collected 99546
Independent reflections 7479 [R(int) = 0.0189]
Completeness to theta = 25.00° 100.0 %
Max. and min. transmission 0.8581 and 0.8171
Refinement method Full-matrix least-squares dn F
Data / restraints / parameters 7479/0/ 221
Goodness-of-fit on & 1.078
Final R indices [I>2sigma(l)] R1 =0.0159, wR2 414
R indices (all data) R1 =0.0178, wR2 = 0.0430
Largest diff. peak and hole 0.745 and -0.747 ¢.A

Simulated NMR spectra

Selected NMR resonances for compodsdvere simulated using gNMR version 5*IThe
experimental and simulated spectra fortBe resonance are shown in Figure 3.15. The
simulated spectrum represents a spin system asgluibm Table 3.3. The experimental and

97



simulated spectra of the aromatic proton in clasimity to the Pd center are shown in Figure

3.16. The simulated spectrum represents a spiarayg$ described in Table 3.4.

Experimental spectrum
500 MHz

Simulated spectrum
500 MHz

1.70 1.65 1.60 1.55 1.50

Figure 3.15.Experimental and simulated spectra fortBe resonance dfb.

Table 3.3.Spin system for the simulaté8u resonance dfb.

Nucleus | Number Shift J[1] J[2]  J[3]
1 9 1.455 - - -
2 H 9 1.456 0 - -
3 PP 1 43.45 21 21 -
4 Plp 1 43.45 -8 -8 450

Experimental spectrum
500 MHz

Simulated spectrum
500 MHz

r—

12.3 12.25 12.2 12.15 121

Figure 3.16.Experimental and simulated spectra for the arammbtton in close proximity to
the metal center.
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Table 3.4.Spin system the aromatic proton in close proxirnotthe metal center ib5.

Nucleus | Number Shift J[1] J[2]  J[3] J[4]
1 [H 9 12.082 - - - -
2 [*H 9 7.350 6.50 | - s -
3 PP 1 43.45 -42.50| 1.00 | - -
4 Plp 1 43.45 31.00 | 0.30 | 450 -
5 [*H 1 12.082 4.00 | 0.01 | 31.00| -42.50

General computational methods

DFT calculations were carried out using the ADFgpam>* °>°°The BP86° and B3LYP®
density functionals were employed as describetertéxt. The ZORA framework for treatment
of relativitic effects was employed throughd(Slater-type triple zeta plus polarization (TZP)

basis sets, optimized for use with the ZORA methete used for all atonTé.

Coauthor contributions

Kyle Grice made the initial observation1d (in situ) and noted that it reacted with
oxygen. Raman experiments were performed and alyy David Boyce under the
supervision of Bill Tolman. Werner Kaminsky colledtcrystallographic data and solved the

structures fod5 and16a Ole Swang offered instruction in computationatimoels.
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Chapter 4: Generation and Structural Characterization of a Gotl"

Alkene Complex

Introduction

Gold complexes are effective catalysts for a rasfg@ganic transformations including
the coupling of alkenes and alkynes to other oxfragments:'° A key step in these catalytic
reactions is assumed to be the coordination of@ @ultiple bond to the gold centet®
Although various catalytic cycles involving Aut complexes have been propod&d*?until
very recently, no Al alkene®® alkyne, allene, or arene complexes had been csimely
detected and characteriz€f***°In 1964, Chalk proposed the generation aHG- AuCl],
based solely on an IR spectrum and elemental d@saf/sixtures containing two specitsGas
phase calculations of Augand ethylene suggest that alkene binding is exmilcé”*®Several
groups have attempted to prepare olefin complek@sid chlorides and bromides, but clear
identification of an At alkene complex remained elusié>1*?*The first conclusive
spectroscopic evidence for Awalkene complexes was presented by Bochmann anorkers
in 2013 They reported cationic Alicomplexes of cyclopentene, norbornene, and etaylen
supported by a 2,6-bis@@BuCsHs),pyridine ligand. In contrast to Al Au' alkene complexes

have been known for some time with several exanmgigarted?>16:24-3°

" The material in this chapter was previously putsi Langseth, E.; Scheuermann, M. L.;
Balcells, D.; Kaminsky, W.; Goldberg, K. |.; Eis¢ais, O.; Heyn, R. H.; Tilset, MAngew.
Chem., Int. EJ2013 52, 1660-1663.

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Reproduced with permission.
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Recent interest in the characterization of potéstig!' intermediates has resulted in the
isolation of both an Ali hydride®® and an Al vinyl*’complex. Herein, we describe the
preparation of the first crystallographically cheteized Al' alkene complex in which the Au

center is directly bonded solely to carbon atdffs.

Results and Discussion

Spectroscopic and structural characterization of Al' species

The cyclometalated tolylpyridine (tpyH) complaégy)AuMe, (17, Figure 4.1) was
prepared as recently describ&d\ddition of triflic acid (HOTT, ca. 2.2 equiv) t@
dichloromethaneh solution of17 at =78 °C followed by warming to —40 °C yieldee thu"
dimethyl species (tpyH)AuM®Tf, 18. Selective protonolysis of the Au—Cfspond, as has
been observed in other Acomplexes? is confirmed in théH NMR spectrum by the two
inequivalent Au—Me groups, the absence of methame the symmetry of the tolyl group. NOE
interactions between the protons of one Au—Me gemgbaromatic protons of tpyH suggest that

tpyH is coordinated to Au as a monodentate ligariBithrough the N atom. Triflate

presumably occupies the fourth site of the squimeeparound the Alicenter.

= + X
. | —
~ N_ _Me HOTf N _Me COD I\ _Me
Au —_— Au . Au
“Me  CD.Cl, 1o~ Me  CD,Cl, -~ Me
17 18 19
1) HBAr-20Et,, 2) COD T X = OTf
or BArf
CD,Cl,

Figure 4.1 Protonation of (tpy)AuMgl17 at low temperature followed by addition of cod to
generate [(cod)AuM&'[X] ™ (19-X; X=OTf or BArf). BArf = tetrakis[3,5-
bis(trifluoromethyl)phenyl]borate.
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Addition of 1,5-cyclooctadiene (cod, 1 equiv) ke tsolution ofL8 at —78 °C followed by
slow warming to 0 °C resulted in the gradual congstiom of cod with concomitant formation of
the Ad" alkene complex [(cod)AuMETOTf]~, (19-OTf; Figure 4.1) in 85% yield frorh7
(NMR, internal standard). The byproduct is tolylgymium triflate, tpyHOTf, formed by
reaction of HOTf with tpyH liberated from the Aurter upon coordination of cod.

The'H NMR spectrum ol9-OTf at 0 °C consists of a single Au—Me resonarick &l
ppm, a pair of multiplets for the GHroups in the backbone of the bound cod at 2.d32a90
ppm, and a broad singlet for the vinylic protonshef bound cod at 6.39 ppm, which is 0.8 ppm
higher than the signal of free cod in dichloromethd, at 5.56 ppm. The Bochmann group
reported that bound olefins in their system algeeaped at higher chemical shift values
compared to the free olefifi” Although vinylic protons typically shift to lowervalues on
binding to a metal centé?,as seen in the Asomplex (HB{3,5-(CF)-pz}s)Au(C:Ha),* there are
also examples of shifts to high&walues with especially electron deficient metaissh as Abin
(HB{3,5-(CFRs)stz}5)Ag (C:H.) (pz = pyrazolyl, tz = triazolylj* The signal of the ethylene
protons of this Ag complex appears 0.3 ppm highan that of free ethylene. Notably, tHe
resonance for the bound ethylene shifts to lowkragby 13.6 ppm. 189-OTf the*C signal of
the cod spcarbon atoms is also shifted to a higherlue, 134 ppm when compared to free cod
at 129 ppm. Further support for the binding of tmdold is a through-space NOE interaction
(700 MHz, 233 K) between the vinylic protons of thmund cod and the Au—Me groups. The
stability of 19-OTf at ambient temperature in solution is somevinated. After 12 h at 25 °C,
the concentration df9-OTf (initially ca. 14 mM) decreased by approximat®0% even with a
cod concentration of 40 mM in dichloromethaheAttempts to obtain crystals from reaction

mixtures containind 9-OTf and excess HOTf invariably led to isolation[iplyH,][OTH].
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In an effort to isolate crystals of the Aalkene complex, the reaction was repeated
using 0.9 equivalent of HOTTf to suppress the foromabf tpyH,OTTf in the reaction mixture.
However, the subsequent addition of as much agj6lvaents of cod resulted in only
approximately 30% yield of the desir@8-OTf (NMR, internal standard). In addition, the
reaction mixture containetB (ca. 20%) and a new species (ca. 20%) that wasegulntly
identified as [(tpyH)AUMe,] [OTf]~ (20-OTf, Figure 4.2) by comparison to an independently
prepared and crystallographically characterizedptantypon addition of tpyH (ca. 6 equiv) to
the mixture above, the composition of the reactioxture changed to <5% yield &B-OTT,
approximately 20% 018, and approximately 60% af7-OTf. These observations suggest that
18, 19-OTf, 17-OTf, free cod, and free tpyH are in equilibriummat is, cod and tpyH compete
for coordination sites at the Aumoiety. Importantly, théH NMR resonances df9-OTf
remain unchanged regardless of whether the otleeiesppresent in the reaction mixture are
tpyH.OTTf (resulting from excess acid) 88 and17-OTf (less than 1 equiv of acid). From this
observation we infer that9-OTf does not have an associated tpyH ligand iatsmi. All
attempts to obtain crystals from reaction mixtughout excess HOTf resulted only in crystals

of 17-OTf.
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Figure 4.2.POV-Ray rendition of the ORTEP df{-OTf) at the 50% probability level with
hydrogen atoms, the triflate anion, and co-cryséalidichloromethane omitted for clarfy****
Selected bond lengths (A) and angles (deg) f&Q@Tf): Aul-C26 = 2.035(2), Aul-C25 =
2.039(2), Aul-N1 =2.1623(18), Aul-N2 = 2.1710(1&)2-C51 = 2.035(2), Au2-C52 =
2.037(2), Au2—-N3 = 2.1562(19), Au2—-N4 = 2.1663(C26—-Aul-C25 = 86.34(10),
C25-Aul-N1 =92.00(8), C26—Aul-N2 = 90.92(8), N14AIN2 = 90.89(7), C51-Au2-C5h2 =
86.61(9), C52-Au2-N3 = 91.81(8), C51-Au2-N4 = 9@8®8N3-Au2—-N4 = 90.86(7).

When approximately one equivalent of f@JH]" [{3,5-(CFs)>-CeHs} 4B]” (HBAIf- 2
OEt)* was used for the protonolysis @f in dichloromethaneb, followed by addition of 15
equivalents of cod, [(cod)AuME[BArf] ~ (19-BArf) was generated in approximately 70% yield
(NMR, internal standard). TH&l NMR chemical shifts for the Au—Me groups and virgylic
and CH protons of bound cod ib9-BArf appear within 0.2 ppm of the corresponding
resonances in a spectruml®&OTf. The solution containin9-BArf was layered with pentane

and stored in a freezer at —35 °C, resulting inlisongstalline demispheres suitable for X-ray

diffraction. The structure of the cation 18-BArf is shown in Figure 4.3.
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Figure 4.3.POV-Ray rendition of the ORTEP &8-BArf with 50% probability ellipsoid§?*34°
Hydrogen atoms and BArf anion are omitted for tyarSelected bond lengths [A] and

angles [°]: Aul-C1 = 2.049(4), Aul-C2 = 2.05(4),JAC3 = 2.371(4), Aul—-C4 = 2.415(4),
Aul-C7 = 2.362(4), Aul-C8 = 2.406(4), C3—C4 = 1(348C7-C(8) = 1.364(5), C3-Aul-C4 =
32.71(13), C7-Aul-C8 = 33.23(12), C7-Aul-C4 = 7(1.8p C3—-Aul-C8 = 77.87(13), C1-
Aul-C2 =85.0(2).

CompoundlL9-BArf crystallized in the monoclinic space groBgi/c with the Au cation
sitting in a pocket formed by the aryl groups ofezal BArf” anions. The cation is nearly C2
symmetric (not crystallographically imposed). Ietgtingly, each cod C=C bond is
asymmetrically bonded to Au such that one Au—C hisrsilgnificantly longer than the other
(2.362(4) vs. 2.406(4) and 2.371(4) vs. 2.415(4)ekpectively). The C=C bond lengthslio:
BArf are 1.348(5) and 1.364(5) A. Several catiokit alkene complexes have been recently
structurally characterizeéd*>**Their Au—Guenebond lengths are in the range of 2.09%(5)
2.37(1§° A, and the C=C distances are in the range of £319109(45° A. It is noteworthy that
the two long Au—G,q distances in the cationic Aucomplex19-BArf are longer than the longest
Au—Caienedistances in the structurally characterized, catidu' complexes?*>%32

Furthermore, the C=C distancesli&BArf are essentially in the middle of the rangerséor

these Alicomplexes, thus indicating some back-bonding ffarfi to the C=C bonds.
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Summary

In summary, we have successfully characterizeditsté® Au" alkene complex for
which an X-ray structure could be obtained. Thiamahiguous demonstration of the existence of
Au" alkene complexes validates their inclusion in meti proposals and will allow for

further work to better understand mechanisms toargially involve Alf' alkene complexes.

Experimental

General experimental methods

(tpy)AuMe,*® and [(3,5-(CK)2CsH3)4B] TH(OEL),] 'BELO (HBArf)***' were prepared
according to literature procedures. Dichloromethand.,2-dichloroethane and 1,5-
cyclooctadiene were dried over GalRentane was dried by passage through activatedrs
and molecular sieves columns under a stream ohaijbprocedures were carried out under a
nitrogen atmosphere, using Schlenk techniques,uwacuanifold techniques, or in a nitrogen-
filled glovebox. NMR spectra were recorded on Brukdvance DRX500, AV500 or AV700
spectrometers operating at 500 or 700 MHH) (*H NMR spectra are referenced to residual
protiated solvent signal$C NMR spectra are referenced to deuterated sosignals, and’F
spectra are referenced to neat trifluoroacetic asidn external standard (-=76.55 ppm).
Chemical shifts fotH and**C are reported in parts per million (ppm) downfigtoin
tetramethylsilane (0.00 ppm) and CE®l defined as 0.00 ppm #F NMR. Coupling constants
are reported in hertz (Hz). The following abbreias are used: s (singlet), d (doublet), t

(triplet), m (multiplet), br (broad).
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In situ generation of (2-p-tolyl)pyridine)AuMe ,(OTf) (18)

A screw top NMR tube with a teflon septum was ckdrgith (tpy)AuMe (1) (3-6 mg) inside a
glovebox. Dichloromethand, (0.4-0.5 mL) and the internal standard, 1,2-dictdéthane (L),
were added. The solution was cooled to —78 °C adidldoromethanek, solution of triflic acid
(0.1 M, 2.2 equiv.) was added. Compouhaas typically observed in 85% yield by integration
'H resonances relative to the internal stand&tdMR (500 MHz, 233 K, dichlorometharus):
§8.72 (d,J = 3.6 Hz, 1H), 8.05 (1] = 7.8 Hz, 1H), 7.72 (d] = 7.8 Hz, 1H), 7.67 (d] = 7.5 Hz,
2H), 7.62 (m, 1H), 7.37 (d,= 7.8 Hz, 2H), 2.42 (s, 3H), 1.06 (s, 3H), 0.803d). **C NMR
(176 MHz, 233 K, dichlorometharay): 6 159.1, 149.3, 140.7, 140.4, 135.3, 129.8, 127,41
124.3, 21.3, 3.6, 3.3. (The g€arbon of the triflate was not observédy. NMR (470 MHz, 263

K, dichloromethanel,): 6 —=77.5.

In situ generation of [(1,5-cyclooctadiene)AuMg [OTf] ~ (19-OTf)

To a solution of (tpyH)AuMgOTf) (18; for preparation, see above) at —78 °C was added 1
equiv. of 1,5-cyclooctadiene. The NMR sample wasweal to O °C during 30 min. to giv&-
OTf in approximately 85% vyield over two steps fram *H NMR (500 MHz, 273 K,
dichloromethanel,): 6 6.39 (br s, C=@, 4H), 2.99 (m, El,, 4H), 2.75 (m, El,, 4H), 1.71 (s,
Au-CHs, 6H).2%C NMR (126 MHz, 298 K, dichloromethamb): § 134.6, 29.1, 21.0. (The GF
carbon of the triflate was not observeld: NMR (470 MHz, 263 K, dichlorometharb): &

—77.9.

In situ generation of [(1,5-cyclooctadiene)AuMg *[BArf] ~ (19-BArf)
A screw top NMR tube with a teflon septum was cbkdrgith (tpy)AuMe (17) (3.2 mg) inside

a glovebox. Dichloromethara-(0.4-0.5 mL) and the internal standard, 1,2-dicbgthane (1
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uL), were added. The solution was cooled to -78ri€@a. 1 equiv. of HBABOE® in ~100
uL dichloromethanel, was added. 1,5-Cyclooctadiene (15 equiv.) was #ugled giving
19(BArf") in approximately 70% yield over two steps frontH.NMR (500 MHz, 273 K,
dichloromethanel,): 6 6.29 (br s, C=@, 4H), 2.99 (m, El,, 4H), 2.66 (m, El,, 4H), 1.68 (s,
Au—CHg3, 6H). The solution was then layered with pentamélaft in a —35 °C freezer yielding

colourless demispheres suitable for X-ray crysggiphy (see below).

Independent generation of [(2-0-tolyl)pyridine) ,AuMe; J[OTf 7] (20-OTf)

In a glovebox, a screw top NMR tube with a Tefleptsim was charged with 5.4 mglof.
Dichloromethaned, (0.4-0.5 mL) and the internal standard, 1,2-dichéthane (1.L), were
added. The solution was cooled to —78 °C and dalicinethaned, solution of triflic acid (0.1
M, <1 equiv.) was added. The solution was warmee® °C then cooled to —78 °C for the
addition of 2.5uL (2.0 equiv.) tolylpyridine givind.7-OTf in approximately 60% yield (by
NMR integration vs. internal standard). Crystald 6O Tf were obtained from a mixture of
dichloromethaneb and pentane at =35 °¢H NMR (500 MHz, 278 K, dichlorometharb): &
7.88 (t, 7.7, 1H), 7.42 (d,= 7.8 Hz, 1H), 7.25 (d] = 7.6 Hz, 2H), 7.22 (d] = 5.0 Hz, 1H), 7.14
(d,J=7.0 Hz, 2H), 7.08 (1] = 6.4 Hz, 1H)!*C NMR (126 MHz, 298 K, dichlorometharb):

0 158.8, 148.6, 141.4, 140.4, 135.5, 130.7, 1282,4, 125.2, 21.5, 4.7. (The €€arbon of the

triflate was not observed)’F NMR (470 MHz, 263 K, dichloromethark): & —77.9.

Crystallographic characterization of 19-BArf

A colorless demisphere, measuring 0.15 x 0.10 X AT, was mounted on a loop with oil.
Data were collected at —173 °C on a Bruker APE3irgle crystal X-ray diffractometer, Mo-
radiation. Crystal-to-detector distance was 40 mohexposure time was 10 s per frame for

all sets. The scan width was 0.5°. Data collecivas 100% complete to 25° th A total of
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166231 reflections were collected covering theaadj h = —15 to 15, k = -25 to 25, | = -26
to 26. 11088 reflections were symmetry independedtthe R; = 0.0785 indicated that the
data were of average quality (0.07). Indexing amitl ecell refinement indicated a primitive
monoclinic lattice. The space group was found t®bgc (No.14). The data were integrated
and scaled using SAINT, SADABS within the APEX2te@fre package by Brukét Solution
by direct methods (SHELXS, SIR$?9 produced a complete heavy atom phasing model
consistent with the proposed structure. The straattas completed by difference Fourier
synthesis with SHELXL97-°?Scattering factors are from Waasmair and Kittéflydrogen
atoms were placed in geometrically idealised pms#tiand constrained to ride on their parent
atoms with C—H distances in the range 0.95-1.08dtropic thermal parametersdWvere fixed
such that they were 1.2:.4bf their parent atom Ueq for CH's and 1.pbf their parent atom 4
in case of methyl groups. All non-hydrogen atomsewefined anisotropically by full-matrix

least-squares. Structural parameters are repartédule 4.1.
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Table 4.1.Structural parameters fa®-BArf

Parameter 19-BArf
Empirical formula GoH30AUBF4
Formula weight 1198.44
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group P&

Unit cell dimensions

a=11.3662(12) Ax = 90°
b=19.156(2) A B =98.279(6)°
c=19.703(2) A y=90°

Volume 4245.2(8) A

VA 4

Density (calculated) 1.875 Mgfm
Absorption coefficient 3.604 mm

F(000) 2328

Crystal size 0.15 x 0.10 x 0.07 Mim

Theta range for data collection

1.81to 28.87°

Index ranges

-15h<15, 255 k< 25, -26< 1< 26

Reflections collected

166231

Independent reflections

11088 [R(int) = 0.0758]

Completeness to theta = 25.00°

100.0 %

Max. and min. transmission

0.7865 and 0.6140

Refinement method

Full-matrix least-squares on F

Data / restraints / parameters

11088 /0/615

Goodness-of-fit on &

1.081

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

R1 =0.0316, wR2 9140

R indices (all data)

R1 = 0.0463, wR2 = 0.0857

Largest diff. peak and hole

2.197 and -1.968 e R

Crystallographic characterization of 17-OTf

A colorless prism, measuring 0.18 x 0.13 x 0.10°mms mounted on a loop with oil. Data was

collected at —173C on a Bruker APEX Il single crystal X-ray diffracheter, Mo-radiation.
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Crystal-to-detector distance was 40 mm and expdsuewas 5 seconds per frame for all sets.
The scan width was 0.5°. Data collection was 99cé%aplete to 25° ird. A total of 314146
reflections were collected covering the indices,+21 to 20, k =-17 to 17, | = -38 to 38. 14510
reflections were symmetry independent and the=R0.0628 indicated that the data was of
slightly better than average quality (0.07). Inaxand unit cell refinement indicated a primitive
monoclinic lattice. The space group was found t®t#/n (No.14). The data was integrated and
scaled using SAINT, SADABS within the APEX2 softwarackage by Brukéf.Solution by
direct methods (SHELXS, SIR®”Yproduced a complete heavy atom phasing model stemsi
with the proposed structure. The structure was deteg by difference Fourier synthesis with
SHELXL97!"® Scattering factors are from Waasmaier and Kifélydrogen atoms were
placed in geometrically idealized positions andst@ined to ride on their parent atoms with C—
H distances in the range 0.95-1.00 A. Isotropicrtia parameters 4 were fixed such that they
were 1.2U, of their parent atom 44 for CH's and 1.5k} of their parent atom &Jin case of

methyl groups. All non-hydrogen atoms were refinadgotropically by full-matrix least-squares.

Structural parameters are reported in Table 4.2.
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Table 4.2.Structural parameters fa7-OTf

Parameter 17-OTf

Empirical formula GsHsAULCioFeN4O6S,
Formula weight 1514.01
Temperature 100(2) K
Wavelength 0.71073 A

Crystal system Monoclinic

Space group P.fh

Unit cell dimensions

a=15.416(5) A o =90.000(5)°
b=12.851(5) A B =103.443(5)°
c =28.979(5) A y=90.000(5)°

Volume 5584(3) A

Z 4

Density (calculated) 1.801 Mgfm
Absorption coefficient 5.492 mrh

F(000) 2968

Crystal size 0.18 x 0.13 x 0.10 Mm

Theta range for data collection

1.68 to 29.73°

Index ranges

—21<h<20,-17<k<17,-381<38

Reflections collected

314146

Independent reflections

14510 [R(int) = 0.0628]

Completeness to theta = 25.00°

99.4 %

Max. and min. transmission

0.6096 and 0.4380

Refinement method

Full-matrix least-squares on F

Data / restraints / parameters

14510/0/ 702

Goodness-of-fit on &

1.031

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

R1 =0.0234, wR2 ©893

R indices (all data)

R1 =0.0389, wR2 = 0.0420

Largest diff. peak and hole

1.246 and —1.234 e R
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