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Chapter 1

Overview of Triple Bond Metathesis, XXX Pincer Ligands, and Electronically
Tunable Pincer Ligands

1.1  Triple Bond Metathesis Overview

Catalytic—triple bond metathesis is a growing fithdt has found application in
both natural product and conjugated macrocyclehggis' > The most common form of
triple—bond metathesis is alkyne cross metathésM), in which two organic alkyne
fragments are interconverted to yield a new C-Qldrbond (Scheme 1.1). A drawback
to ACM is the need for the desired substrate ts@es a preexisting alkyne functional
group. As nitrile functional groups are typicaltyore readily introduced than alkyne
groups™® nitrile alkyne cross metathesis (NACM) is an apipgaprocess in which an
organic nitrile and an alkyne are metathesizedive g new alkyne and a new nitrile
species (Scheme 1.1). Both ACM and NACM are dguilm processes, and so a

driving force is required to achieve complete caswm to the desired product species.

ACM RC=CR + RC=CR =< > 2eq RC=CR

NACM RC=CR + 2eq RC=N  ~ 2eq RC=N + R'C=CR

Scheme 1.1.Triple-bond metathesis reactions



ACM is typically catalyzed by Group 6 (Mo, W) alldyne species, which can be
generatedn situ or used as discrete complexes. Two plausible amesims have been
proposed for ACM. In the first mechanism, the rhatlylidyne complex undergoes a
[2+2] cycloaddition with an alkyne to generate atatecyclobutadiene intermediate;
subsequent [2+2] cycloreversion yields a new alkgnd a new alkylidyne complex
(Scheme 1.2. A second possible mechanism is the formatioa ofetalatetrahedrane

intermediate, which then breaks up to give the aiyne and alkylidyne compléeX.

[M] [M]
R' Mechanism 1: Metalacyclobutadiene R '
I I |+ |
M] M]
R' R R' R'
T~ < =
[M]

Mechanism 2: Metalatetrahedrane

Scheme 1.2.Possible ACM mechanisms.

Both metalacyclobutadiee'?and metalatetrahedrafie’® complexes have been
isolated; some examples of the former are activeAfoM, while no examples of the
latter have been shown to catalyze AEMTheoretical calculations on the model system
HC=MoCl; + HC=CH reveal that the parallel approach of the alkimé¢he alkylidyne

group is symmetry—allowed, leading to the formatioh a metalacyclobutadiene



complex’®>  However, the corresponding perpendicular approdehding to a
metalatetrahedrane was found to be symmetry—foeidohdicating that such a pathway
would have a high energy barriér. The same study also found the metalatetrahedrane
Mo(n®CsH3)Cl; to be 52 kJ mol more stable in energy than the corresponding
metalacyclobutadiene Mg{-CsH3)Cls,*® suggesting that metalatetrahedrane complexes
may be catalyst deactivation products in ACM systemOn the other hand, some
metalacyclobutadienes are active ACM catalysts. séah, it is currently accepted that
ACM proceeds through a metalacyclobutadiene intdrate.

Most ACM catalysts have the general formula=RA{OR"); with M = Mo, W.
For these catalysts, several important reactivinds have been noted. First, a more
Lewis acidic metal center corresponds to an ineréashe rate of ACM? One manner
of raising the metal acidity is to use a less dogatlkoxide ligand. This effect is noted
both computationallyy and experimentally, as R®Mo(OC(CFR),Me); is active for ACM
while RCEMo(OCMey); is not?’ A second method to increase the metal acidity isse
a less electronegative metal while retaining thmesalkoxide identity. For example,
RC=W(OCMey); catalyzes ACM while the corresponding Mo compleesl not.” *®
The lower acidity for Mo relative to W also resuitsMo catalysts displaying a higher
tolerance of polar functional groups.Finally, the decreased spatial extent of the4do
orbitals relative to the W 5d orbitals results ihigher activation barrier for metalacycle
formation with Mo than with W given the same ligaset'®

Typically ACM is limited to internal alkyne subates. In some instances
terminal alkynes can undergo ACMhowever the turnover numbers are very low. One

proposed reason for the failure of terminal alkyteesindergo ACM is that degenerate



metathesis occurs, thus preventing productive ACM.A second obstacle is the
formation of catalytically inactive deprotiometayatobutadiene species, of which a
variety have been isolated for both Mo andW° Additionally, both terminal alkynes
and internal alkynes can be polymerized by alkylel}complexes. Steric factors are
important in the polymerization side reaction, aghbsmaller alkoxide ligands and
smaller alkynes lead to larger amounts of polynatiin product$™ *°* The composition
of the poly(alkyne) products remain elusive, legdio uncertainty in the polymerization
mechanism.  Current theories for polymer formatimtiude a ring expansion
mechanisnf! a bimolecular mechanisfh, and the presence of trace alkylidene
complexes, which are known to polymerize alkyhe$ 24

Azametalacyclobutadiene species can also be foameshobserved intermediates
in a variety of reactions (Scheme 1.3). Complex@é=W(O'Bu)s,?>
N=Mo(OC(CF),Me)s,%° and N=Mo(OC(CF)3)s(NCMeY*® have been shown to react with
>N labeled nitriles to generate the correspondi[M] complexes. The mechanism is
assumed to proceed through a diazametalacyclolem@adntermediate, which is not
observed (Path A, Scheme 1.3). Monoazametalaayddlene intermediates can be
formed through reaction of either a metal nitridenplex with an alkyne (Path 8)or a
metal alkylidyne complex with a nitrile (Path €)% The ancillary ligand identity has
been found to influence the relative thermodynastability of W and Mo nitride and
alkylidyne complexes. Strong alkoxide donors tgflicfavor the more oxidizing nitride
ligand over the alkylidyne ligantf. Conversely, weak alkoxide ligands favor the less

oxidizing alkylidyne ligand over the nitride ligaritl For a given ligand set, if there is a

large energy difference between the alkylidyne amttide complexes, then no



equilibrium between the two species can be estaddis However, if the energies of the
alkylidyne and nitride complexes are close enouglallow reversible interconversion,

then NACM is possiblé? *

Path Path Path

i A B R C R
+RCN N +RCCR )y - RCN

NON il NO)—R I

M] [M] [M] [M]
-R'CN - RCCR! +R'CN

Scheme 1.3.Formation of azametalacyclobutadiene species.

While a wide variety of metalacyclobutadienes hheen isolated, there are no
examples of Group 6 azametalacyclobutadiene comaplex In one case, an
azametalacyclobutadiene (AMC) was formed and isdldtom the reaction between a
transient Ti alkylidyne complex with a nitrile (Sahe 1.4¥° An X-Ray structure could
not be obtained to definitively exclude the podgibof an azametalatetrahedrane (AMT)
structure. Support for the AMC geometry came fioRT calculations which found it to
be the more stable isomer by 40 kcal / folAdditionally, the calculated®N NMR
chemical shift o6 676 ppm matched well to the experimental chensbét of 6 672.6

ppm (reference to Nif) at 0 ppm)*®

R
R RCN P
(A R = CMe,, (N R
\h A N 1-Adamanty! N=Ti O>—R OR N—TiX\
\p CMes, N g
CMes CMe;
PNP = N[2-P(CHMe2)2_4-CeH4Me]2_ AMT AMC

Scheme 1.4.Formation of a Ti azametalacycle.



1.2  Early Hetero- and Homogeneous ACM catalysts

The first ACM catalysts were heterogeneous siliggperted tungsten oxide
species’” *® These systems operated in a continuous flow seamter a temperature
range of 100-500 °C. Large amounts of aromatiadujycts were formed through a
cyclotrimerization pathway, making these heterogese catalysts impractical for
selective alkyne formation. The active specieshiese systems were proposed to be
surface metal alkylidyne species, though no eviddemas been reported to support this
claim.

In 1974, Mortreaux and Blanchard extended ACM te Klomogeneous phase
with the discovery that am-situ combination of Mo(CQ) and phenol gave an active
ACM catalyst®® Later studies indicated that more acidic phenatsbe used to generate
more reactive catalyst mixturé$? The functional group tolerance of the systeimig,
with groups such as acetates, nitriles, amides, sanfbnes being tolerated, among
others® *° As the catalyst precursors are inexpensive, cawiaieand can be weighed
directly in air, the Mo(CQ) system is quite convenient for use by organic dsism
However, low activity and high operating temperasuf140—150 °C) somewhat limit the
system’s utility. Additionally, the inability todentify the actual catalyst species makes
systematic optimization difficult.

Some years later, an analogous W(EE3talyst mixture was discover&d. The
tungsten system is less attractive for ACM as dgunees higher catalyst loadings and
operating temperatures than the molybdenum systelrurthermore, the range of

compatible functional groups is greatly reducethmtungsten system.



1.3  Tungsten Alkylidyne ACM Catalysts

The first well-defined ACM catalyst was reported I8chrock in 19812
Schrock’s original synthesis, shown in Scheme 1libyolved treatment of
MesCC=W(CH,CMes); with HCI in the presence of DME to give M&C=WCI3(DME).
Subsequent treatment of MEC=WCI3(DME) with a variety of lithium alkoxides led to
isolation of a variety of neopentylidyne complex&e;CC=W(OR);. An improved
synthetic route was later discovered in which imralkynes promote W-W triple—bond

scission in W(OR)s complexes (Scheme 1.8)*

3 eq HCI
CMe, DME CMe, CMe,
pentane _
Me,C. I -30°C | O 3LIOR I
\\\\\-W\/CMe3 I CI;W el —— RO\‘)W\
—0o7 | OR
MesC 0 RO
L/
RO_ OR R————FR R
ROWNV=EWIoR  ————— 2 |’|
4 >
RO OR ROV WA
4 OR
R = CMes, RO
OCMe,CF4

Scheme 1.5.Synthesis of tungsten alkylidyne complexes.

The prototypical catalyst MECEW(OCMe;);, which is now commercially
available, is far more active than the early ilfwded ACM systems. At 25 °C,
unsymmetrical internal alkynes are metathesizeahtequilibrium of the unsymmetrical

alkyne and the corresponding symmetrical alkyndess than 4 hour$. Catalysts



containing fluorinatedert-butoxide ligands OCMgCFs),-1 display even faster rates of
ACM, with a higher degree of fluorination correspang to a higher rate of metathedis.
The size of the alkoxide ligand was found to beangnt as ligands smaller thaert-
butoxide yield higher amounts of alkyne polymeiiaat products relative to ACM
products:' Despite the high catalytic activity, these alélylie complexes are highly
sensitive to moisture, oxygen, and are incompativieh polar functional groups
including thioethers, thiophenes, alcohols, amiaes, crown ethers?

More recently, Schrock has reported a class ofistem alkylidyne complexes
containing mixed alkyl-alkoxide ancillary ligandfs.As shown in Scheme 1.6, treatment
of WCI3(OAr)s (Ar = 2,6-diisopropylphenoxide) with neopentyl Grard leads to the
formation of MgCC=W(CH,CMe;)(OAr),. Subsequent treatment with LiNPBELO and

1-adamantanol (HOAd) generates Ja€=W(CH,CMe;)(OAd)s.

CMe3
WCI;(OAr), Et,O
+ -25°C Il
4 eq Me;CCH,MgCl — ArO\"W\/CMe3
4
_ ArO
Ar = 2,6-C6H31Pr2
2 eq LiNPh,
Et,O
CMe, CMe,
2 eq AdOH
| | Et,O | |
Adov N~ _-CMes = PhoNv g ~CMes
AdO Ph,N

Scheme 1.6.Synthesis of alkyl-alkoxide neopentylidyne conele



The bis-aryloxide complex is a poor ACM catalystiarequires more than 24
hours at room temperature to reach an equilibriumture of ACM products and
generates large amounts of alkyne polymerizatiodymts. In the presence of 3-hexyne,
the aryloxide catalyst exists predominantly at atateeyclobutadiene resting state.
Sluggish cycloreversion from the metalacyclobutadieould account for both the slow
ACM rate and the observed alkyne polymerizatioron¥&rsely, the bis-adamantoxide
complex undergoes more rapid ACM, with an equilibri mixture of products being
observed in less than three hours at room temperaflhe adamantoxide catalyst has a
propylidyne resting state, indicating that cyclaesion from the metalacycle is rapid.
The effect of the alkyl ligand on the functionabgp compatibility has not been reported

at the present time.

1.4 Molybdenum Alkylidyne ACM Catalysts

Shortly after his initial report on the synthesisW neopentylidyne complexes,
Schrock reported a similar synthesis for the ligitengener MgCC=Mo(CH.CMe3)s.*
Similar ligand substitutions allowed for the isadat of a variety of complexes with the
form MeCC=Mo(OR); (Scheme 1.7). Unlike the case of tungsten, thenpbex
MesCC=Mo(OCMe;); reacts very slowly with internal alkynes at ro@mperature. Use
of —OCMeCF; as the alkoxide ligand improves the rate of mefsith for smaller
alkynes, but the rates for larger alkynes such dse@yne are still rather slow.
Neopentylidyne complexes containing the alkoxideCMe(CF;), are even more active
for ACM, with 3-heptyne being metathesized rapidly room temperature. The

complexes REMOo(OAr); (OAr = 2,6-diisopropylphenoxide) were also fourd ke



highly active ACM catalysts, with equilibrium mixes formed in less than five minutes
at room temperatuf®. For RGMo(OAr);, only the neopentylidyne complex (R =

CMes) is a solid, while the propylidyne complex (R 3 Btreported to be an dif.

CMey
toluene MoO,Cl, Et,0 I
M002 + Clz _— + _— Me3C
6 eq Me;CCH,MgClI \\\.Movcwle3
Me3C
3.1 eq HCI
CMe; CMe DME
Et,0
Il 3 LiOR | &C' 3o
Mo S — ‘
RO'¢™0R 0

RO

Scheme 1.7.Synthesis of molybdenum alkylidyne complexes.

Unlike the tungsten analogue, ME=Mo(CH,CMes); is not amenable to
isolation on a large scale as the vyields are lovd gourification is difficult.
Dimolybdenum complexes M@OR)s were originally thought to be unreactive towards
triple—bond scission with alkynes, as no alkylidyoemplexes were observed upon
treatment with symmetrical internal alkyri@s. Recently, Geyer discovered that
Mo,(OR) complexes do indeed catalyze ACM of unsymmetiadiaines at temperatures
ranging from 25-45 °¢’ Heating the reaction mixtures to 75-85 °C alloviedthe
spectroscopic observation of the complexes W OR); (R = OCMg, OCMeCH;),
though the pure alkylidynes could not be isolatgchéme 1.8). When R = OCMe(§4
no buildup of an alkylidyne complex was observegygesting that only a trace amount

of an alkylidyne complex is formed. The compleks(OR)% and R'GMo(OR); were
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concluded to exist in equilibrium, with more domnati alkoxides displaying greater
conversion to the benzylidyne complex. This trenakes intuitive sense as stronger
alkoxide donors should facilitate the formal Mo(ltd Mo(VI) oxidation. Additionally,
the equilibrium lies much further to the right fibve analogous W system (Scheme 1.5),

since W is less electronegative than Mo and thezedasier to oxidize.

R
RO\NI — _OR R%R‘ 5 ”
ROVGOTVRIOR  —— RO'JO o
RO OR 0
R = CMe;,
OCMe,CF3,
OCMe(CF3),
Et Et
I wC! 3eqlLior I -Etccet RO, oR
Cl=Mo—Cl ———— RO“J!°\ox —— RoMo=M0 0
QO\ OCMe,CF,4

Scheme 1.8.Molybdenum alkylidyne formation through Mo bond scission.

When the propylidyne complex Et®10oCl3(DME) was treated with LIOR (R =
OCMe;, OCMeCF;), complexes EtEMo(OR); were formed and subsequently reacted
bimolecularly at low temperatures to yield MOR) (Scheme 1.8}" No Mo=Mo bond
formation was observed when more highly fluorinaaééaxides were employed, though
the isolated alkylidynes retained a DME ligand thiaely prevented further reaction.
These observations illustrate the subtle influeheg sterics can have on the reactivity of
these complexes, as the neopentylidyne complexCkeMo(OCMes); has never been

reported to undergo self—reaction to give {R ).
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1.5 Mo ACM Catalysts via Mo(N[R]Ar) 3

Other synthetic routes to molybdenum ACM catalysise been reported. In
2000, Cummins reported a multi-step synthesis 0fSueH,C=Mo(OAd); (OAd = 1-
adamantoxide}® Beginning with their previously reported molybiatine-hydride
complex?® they found that introduction of trimethylsilylagitne formed a paramagnetic
n*-alkyne complex that was isolated as thg-RCCR")Mo(N[Pr(Ar)s][l] salt following
oxidation by 0.5 equiv,l Reduction with LiHBE# afforded am?vinyl complex, which
rearranged at 80 °C to give an alkylidyne tris-asredmplex. Finally, protonolysis with
1-adamantanol yielded the alkylidyne tris-adamaid®xcomplex (Scheme 1.9). The
adamantoxide complex is active for ACM at room temagure, though few details on
rates or substrate scope were gi{ferGiven the tedious synthesis and reactive natfire o
the molybdaziridine hydride (which reacts with) R Cummins’ ACM catalyst has not

found widespread use.

—|®| S
T SiMe, SiMe,
R ' /]/ ) HeCoMes R. N/ LiHBEL R /
N v
N\\““‘Mo\ 2) 0.5 equiv I, \NIII""MO\ R 4 \Nlll“"MO\ R
A l N - N / N
r R— \ Ar R l | Ar R l |
’I‘ Ar \'Il Ar \']1 Ar
Ar Ar Ar
R="Pr [n2-alkyne][l] complex n?-vinyl complex
Ar = 3,5-C6H3Mez SiMea
1) 80 °C,
| | 12hrs
Ad0\‘}"°\o Ag  2)3equivAdOH
AdO

AdO = 1-adamantoxide

Scheme 1.9.Cummins’ molybdenum alkylidyne synthesis.
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Cummins’ related molybdenum tris-anilide complex(M['BuJAr)s>° was later
found by Furstner to give an active ACM mixture ngtivation with CHCI, and other
geminal dihalides> > These ACM mixtures displayed good yields of nietais
products when heated at 8D. A wide range of functional groups were toledatéough
secondary amides and substrates containing adidtors remained problemafit. The
complexes CIMo(NBuJAr); and HGMo(N['Bu]Ar); were observed spectroscopically
in thein situ generated catalyst mixtures and their identitiesewconfirmed through
independent synthesis (Figure 1.1). Pure sampfe€Iblo(N['Bu]Ar); displayed
catalytic activity comparable to the catalyst mietuwhile the HEMo(N['Bu]Ar)3
surprisingly displayed very sluggish rates of ACMhen Mo(N[BuJAr); was activated
with CH,Cl, in the presence of alkynes, complexes >®Ig(N'BUAr), and
MoCly(NAr)(N'BuAr), were isolated and crystallographically characestigFigure 1.1).
The former displayed no ACM activity, while thet&twas slightly superior to tha situ

generated catalyst mixture.

H R R
R\ EI . R || R AI’\N/ ol \N (i:I
NinveMo = —Ny,
4 N~ “NimeMo R Nz o/ Ar AT N o=N—Ar
Ar R I / \N / MO=MO'I[/ 4 ( I
N A Ar | Ar / \ N_ Ar—N
Ar I s TAr R
Ar R

R = {Bu, Ar = 3,5-dimethylphenyl

Figure 1.1. Mo complexes observed or isolated from Furstn@€d/1 system.

Moore improved upon Furstner’'s system by introdgca “reductive recycle”

strategy in which Mo(NBu]Ar)s is activated with a geminal dihalide in the preseof
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magnesium® Both CIMo(N[Bu]Ar); and R&Mo(N['Bu]Ar); are formed from the
initial activation, but CIMo(NBUJAr); is selectively reduced back to Mo{B{iJAr)s

(Scheme 1.10). In this way, the reaction coulddbgen to give high yields of the
alkylidyne complexes. Subsequent alcoholysis givesitu mixtures that are active
catalysts for ACM. While Moore’'s system is appeglias a ready source of
molybdenum alkylidyne species, the route suffeesnfirreproducibility as a variety of

factors, such as Mg patrticle size, can have draffiects on the success of the reaction.

Rl
R R R ?I
Ny, R'CHCI, SNineMo. R R If
Ar (Mo—N\ - Ar/ l I}l + /Nuu...Mo\N/R
R\ITI Ar R\’Tl Ar Ar R~y |
Ar Ar A Ar
"
T Mg R =Bu
) Ar = 3,5-CeH3Mez
R'=H, Me, Et

Scheme 1.10.Moore’s reductive recycle strategy.

Moore later made a heterogeneous ACM catalyst Iloypregnating
EtC=Mo(N['Bu]Ar); onto silica?> The resulting catalyst was determined to have a
surface composition of E&Mo(N['Bu]Ar),(OSi)_, and was found to rapidly catalyze
ACM at room temperature. Thiophenes and methylzbate groups were tolerated,
though an extended functional group compatibilitydg was not reported. The catalyst
is recyclable for at least three cycles and doegyive alkyne polymerization products,
which suggests a bimolecular mechanism for therpetization reaction. Moore later

reported homogeneous analogues using a varietycofripletely condensed polyhedral
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oligomeric silsesquioxanes (POS%). A range of ACM activity was observed with

different POSS'’s, though functional group toleran@es not reported.

1.6 Mo ACM catalysts via Ne[Mo] complexes

In 2006, our group reported that molybdenum atiylie complexes could be
accessed from molybdenum nitride complexesVid(OR); (R = CMe(CE),, C(CR)s)
by treatment with 3-hexyne at $&.2° Addition of DME to the reaction mixture
containing Et&Mo(OCMe(CF),)s allowed for the isolation of the alkylidyne comyle
as its DME adduct (Scheme 1.11). Later Geyer tedathe similar preparation of the
analogous benzylidyne complex by using 1-phenyliyae?’ Additionally, Geyer
discovered that solutions of=EINMo(OR); (R = CMe(CR),, C(CR)3) effectively catalyze
ACM at room temperature without prior generation tfe alkylidyne ligand,

presumably through formation of trace unobservéylidiyne species.

Rl
M R'CCEY Il
Mo —_— Mo
RO\ ~ ROV Vi
rd' OR rd R
Lewis acid R = OCMe(CF3)y,
cocatalyst OC(CF3)s
R'CCR" R' = Et, Ph
R = CM93,
ACM OCMe,CF,

Scheme 1.11.Reactions of Mo nitride complexes with alkynes.

As heavily fluorinated alkoxide ligands are quéepensive, catalysts utilizing

less fluorinated alkoxides were desired. Geyendothat the combination of a Lewis
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acid co-catalyst and aMo(OR); (R = CMe,, CMe,CF;) gave an active ACM catalyst
(Scheme 1.11%’ A wide variety of Lewis acids were screened, withBr, and Mgb
being among the most active. No buildup of alkyhied complexes was observed,
suggesting only trace alkylidyne formation. Thderof the Lewis acid was not
elucidated, but likely acts as a lone pair acceftom either the nitride or alkoxide
ligands.

The typical method for preparation oEMo(OR); species involves the reaction
of MoCl,(NCMe), with an azide, such as NgNto give an intermediate species
[N=MoClI3(NCMe))s. Subsequent treatment with LIOR leads to fornmtibthe desired

nitride complexes (Scheme 1.79).%%

Seeking to avoid the use of potentially
explosive azides, Furstner reported in 2009 theofisB=Mo(OSiMe;),(N[SiMe3],) as a
precursor for ACM’ The parent nitride complex, which is synthesimader relatively
mild conditions (Scheme 1.12), underwent alcohslysith a variety of fluorinated
alcohols, phenols, and silanols to give an adtiveatu ACM catalyst mixture at 80 °C.
Of the alcohols screened, HOSiRive the best results, with the ring-closing aékyn
metathesis (RCAM) of their benchmark dialkyne beicmmplete within 1.5 hours.
Though a mixture of molybdenum species were obserspectroscopically, only
N=Mo(OSiPh)s(py) could be isolated upon addition of pyridinethe in situ mixture.
The pyridine adduct was only slightly less reactilian thein situ generated catalyst

mixture. Additionally, the pyridine adduct was falito be tolerant of both pyridine and

thiophene substrates, which are typically challegdunctional groups in ACM.
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1.7

N

NaNj 3 equv LIOR n'xl!:
MoCI,(NCMe), —— [N=MoCI3(NCMe)], ———— > RO“¢"~oR
RO
TMSCI N
DME LIHMDS Il
Na,MoO, ——> [MoO,Cly(DME)] ——> Me3SiO_“‘M°\N/S'Me3
Me;SiO \
SiMe,
N ) 2 eq HOSIPh
_ Il \\\\\OS|Ph3 py 3 l ROH
Ph3SiO—Mo—py -
Ph3SiO ACM catalyst

Scheme 1.12 Routes to obtain Mo nitride complexes.

Applications of ACM

Though not as common as with olefin metath&sis? applications for the

construction of complex molecules using ACM haverbef interest. One such tool is

ring-closing alkyne metathesis (RCAM), in which igrek substrate is metathesized to

give a cyclic alkyne product (Scheme 1.13). Thieyrs¢ functionality can then be

transformed further to other functional groups sastZ-alkenes (Lindlar reductiony.

Because the latter transformations proceed stdestisely, RCAM offers an advantage

over the corresponding ring-closing olefin metahagsaction, which typically yields

mixtures ofE- andZ-isomers.

—R
{ RCAM Lindlar

X —> X ||—>X

Scheme 1.13.Tandem RCAM - Lindlar reduction to give cyclealkenes.
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RCAM has been mediated by a variety of ACM catalysOriginal reports of
RCAM employed Mo(CQ)/ ROH and RCW(OCMg; catalysts? %% However, the
usefulness of RCAM was attenuated by the limitettfional group compatibility of the
catalysts. Furstner later reported thatihisitu Mo(N['BuJAr)s / CH,Cl, catalyst also
efficiently mediated RCAM: ®* Due to the higher functional group tolerance of
Mo(N['Bu]Ar)s, Furstner was able to employ RCAM in a late stag® in the total
synthesis of epothilone C (Scheme 1.14), whichriseanber of a family of chemotherapy
drugs®® This ring-closing is particularly interesting #® substrate contains challenging
thiophene and pyridyl functional groups. As ddsedi previously, Mo(NBu]Ar)s is
quite synthetically challenging, and so Furstnerengly described the use of the less
synthetically challenging but similarly functional group tolerant

N=Mo(OSiMey)»(N[SiMes],) / HOSiPh as arin situ catalyst for RCAM’

R=TBS O OR O

Scheme 1.14.RCAM step in total synthesis of epothilone C.

A second application for ACM is in the synthesi§ aonjugated arylene-
ethynylene polymers and macrocycles. In the cdsgolymer synthesis, a 1,4-diyne
(Scheme 1.15) undergoes ACM to yield a poly(aryetignylene) (PAE), in which the

polymer backbone is fully conjugated. PAE’s digpfavorable optical properties that
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make them attractive for use in applications suchfD displays® The most common
method of PAE synthesis is via Pd-catalyzed crospling, which can lead to problems
with end group ambiguity, defect structures, angbsation of the PAE from Pd and P
byproducts® Polymerizations via ACM using R®V(OCMey); and Mo(COy / ROH
were able to avoid the typical problems associatghd PAE synthesis, and a variety of

structures could be obtain&y%" 68

R L R
p= ACM —
n — \ / —

>_/ —(n-1) T 7
R _ R n

\

Scheme 1.15.Poly(arylene-ethynylene)’s via ACM.

ACM of diyne substrates can also give macrocyatiiactures as shown in Figure
1.23 A variety of ring sizes have been synthesized A@M, depending on the
substitution pattern of the diyne. Because ACMrsequilibrium process, macrocycle
formation via ACM leads to formation of a thermodymic product, which often allows
for high conversions to a given macrocy®le Contrarily, Pd-catalyzed cross coupling
reactions lead to kinetic products and subsequevely low yields of the desired
macrocycle, as the C-C bond formation is irrevéesibinitial ACM synthesis used the
catalysts RCW(OCMg; and Mo(COg / ROH, but still often gave low yields due to the

lack of a driving force to force the equilibriumatards the desired produftt.
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Tetramer Hexamer

Figure 1.2. Arylene-ethynylene macrocycles synthesized viaMAC

Using his reductive-recycle catalyst, Moore iniggged a vacuum-driven strategy
to remove 2-butyne as it was formed during the s®wf the ACM reactiof® This
approach led to successful high—yield synthesdserémeric macrocycles (Figure 1.2)
and the corresponding pentameric macrocycles. Mewehe vacuum-driven ACM
strategy only worked well on a milligram scale. df® next investigated a precipitation-
driven ACM strategy in which the typical 1-propymgtoup was replaced with a large
benzoylbiphenyl acetylene grolih.The insoluble bis-benzoylbiphenyl acetylene pridu
readily precipitates from the reaction solution,ietthallowed for high conversions to a
tetrameric carbazole macrocycle (Scheme 1.16).erLktoore demonstrated that the
carbazole tetramer could also be synthesized u#ivey same strategy with his
homogeneous Mo-POSS ACM catalyst. These macrocycles are potentially useful
materials, as nanofibril films of the carbazoleraeter have been employed in the

detection of explosiveda fluorescence quenchirg.
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R =(CHy)13CH;
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Scheme 1.16.Carbazole macrocycle synthesis via precipitatiomen ACM.

1.8  Nitrile—Alkyne Cross Metathesis

Schrock’s alkylidyne complex MEC=EW(OCMe;)s is known to react irreversibly
with nitriles to give the nitride complexa\W(OCMes)s (Scheme 1.17° The discovery
of reversible NACM was first made in our lab by GJuwho demonstrated that
N=W(OCMe(CR),)s(DME) will reversibly interconvert into the corresponding
alkylidyne complex in the presence of alkynes af@3° This observation allowed for
the development of catalytic NACRA: 3 By employing a “sacrificial” alkynee.g. 3-
hexyne, nitriles RCN were transformed into theirresponding alkyne species RCCEt

and RCCR.
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k/O\ k/O\

Scheme 1.17 Known W alkylidyne and nitride complex interconverss.

Further studies in our lab by Geyer demonstrated NW(OCMe,CF;); was
also an active NACM catalyst. > " Mechanistic studies determined that the alkoxide
ligand identity affected the position of the eduilim between the nitride and alkylidyne
complexes (Scheme 1.17). When OR = OQB4g, the nitride complex is favored over
the alkylidyne complex. However, the alkylidynenguex was favored over the nitride
complex when OR = OCMe(GJz. Because the nitride ligand is more oxidizingntitae
alkylidyne ligand®® decreasing the alkoxide donor strength has the effieict of
stabilizing the alkylidyne complex relative to @srresponding nitride complex (Scheme
1.18). Therefore NACM is only observed within anited range of ancillary ligand
donor strengths, as both the nitride and alkylidwwnplexes must be thermally

accessible from each other.
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donating strength

CR
W.
> R'O\\ ~ '
5 rd! OR
] + RC=N
N CR N
s i s
RO\ Ao R'OV VS A on R"OV YN A oo
R R Ry oR od OR
+ RC=CR + RC=N + RC=CR

Scheme 1.18.Effect of alkoxide donor strength on relative rgies of W nitride and
alkylidyne complexes.

Chapter 2 discusses the functional group tolerasfcéhe current W NACM
catalysts. As expected from a Lewis acidic W gatala variety of functional groups will
be shown to be problematic. Since Mo ACM displaysider range of functional group
tolerance than their W counterparts, one can reddprexpect a Mo NACM catalyst to
exhibit the same trend. However, NACM with Mo poseveral challenges. First, the
requisite alkylidyne to nitride transformation heever been observed for M6.>® This
lack of reactivity is attributed both to the gredtarrier to metalacycle formation for Mo
relative to WA® and to the greater electronegativity of Mo, whicduses alkylidyne
ligation to be more favorable than nitride ligatiin Finally, the tendency of Mo
alkylidyne complexes to form M@R) species can lead to a deactivation pathway for
NACM, as the dimolybdenum complexes do not reach wiitriles?’ Therefore,
discovery of a Mo NACM catalyst will require thesdstacles to be overcome or

avoided.
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1.9. Trianionic (XXX) Pincer Ligands

As discussed in Chapter 3, our lab became intetestthe use of trianionic (XXX)
pincer ligands. At the time the current work wagimn, only one bulky XXX pincer
ligand had been reported, while several others haea reported since. The previously
known example was an sfN(C,H4NR),] triamido ligand from the Schrock group
(Scheme 1.19% Metalation of H[N(C-H4NR);] (R = SiMe;, CsFs) occurred with
TaMe; to give Ta[N(GHsNR)]JMe, (Scheme 1.19), in which the NAd4NR), ligand
adopts a meridional pincer geometry. In the cdd® © GFs, the intermediate complex
Ta[HN(CG:H4NR),]JMe3 could be isolated prior to the final ligand depration. The lack
of rigidity in the pincer ligand allowed it to adop facial geometry upon reaction of the
central amido group with AIMg(R = SiMe). However, addition of a methyl group
abstractor to Ta[HN(&HsNR),]JMes led to [Ta[HN(GHsNR);]JMe,]*, in which the ligand
retained a pincer geometry. Schrock also reportdd closely related
Ta[N(CsH4NSiIMe;),]Me, complex, in which the ligand 8, linkers have been replaced

by 1,2-GH, linkers”?

Me Me Me
R. ‘T AlMe, Me;Si~y,, |
N/ a\N > |\/|e33|\N'Ta Me

K/N\) R = SiMe; K/N N R = SiMe, Zk/’!‘\NMe
3

H3[N(C2H2NR),]
TaMes - CH/
R= C6F5 S)
Me, Me  |® B(CeFs)sMe

Me 4
CeFs~Ny, | aMe  BCeFs)s R N/Ta‘\N R

CGFSYINrTla‘Me
- K/NH)

Scheme 1.19.Schrock’s XXX ligands.

R HN~ R TaMe5
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In 2007, Bercaw reported an [OCO]ligand based on a 1,3-bis(2'-
hydroxyphenyl)benzene framework (Scheme 1720} The ligand underwent—bond
metathesis with Ta@Me); to give the complex Ta(OCO)QWith 3 equiv of CH as the
byproduct. An intermediate complex preceding tlikaCtivation was characterized and
found to possess an agostic CH bdtraths to the lone remaining methyl ligand. Heating
the intermediate to 90 °C led to the formation teé fully trianionic ligand. A second
metalation route involved deprotonation of the mienwith KBn, followed by salt
metathesis with Ta@Me)s, with subsequentoc—bond metathesis leading to
Ta(OCO)Me. In this instance, the CH activation occurreddilyaat room temperature,
likely due to the presence of tvets methyl ligands in the proposed intermediate tyialk

species.

Scheme 1.20.Bercaw’s XXX pincer ligand.

In 2008, Veige reported a similar phenolic ligartlat was activated through
reaction with Mo(NMe), yielding Mo(OCO)(NMe)(NHMe,)..”> Subsequent treatment

of this Mo(IV) complex lead to the formation of argtric molybdenum nitride complex
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(Scheme 1.21). No triple bond metathesis actiwitis reported for the dimeric nitride
complex, as the —NMecis to the nitride ligand likely prevents approach ayfjanic
substrates. The dimer was later shown to be npbleo, with initial substitution
occurring at the nitride ligand to generate imidenplexes’® Utilizing the nucleophilic
nitride ligand, Veige reported that treatment of thimer complex with acyl chloride
substrates leads to the extrusion of a new nirile formation of a Mo oxo complé%.
Similar N-atom transfer reactions have previousigrbemployed to synthesize nitrifés,
"8 with Cummins demonstrating a complete cycle feomporation of dinitrogen into the

product nitrile’®

HO 1) Mo(NMe,),
O O 2) NaN,, DMF
R >

R = CMej;
S S
Q O + R'C(O)CI ‘
O B - R'CN

Scheme 1.21.Veige’s XXX pincer ligand.

Veige also reported a pair of hafnium complexestaioing NCN~ ligands as
shown in Scheme 1.73. Each ligand was first isolated as the correspumfNCN-Lis]»
complex prior to undergoing salt metathesis witiCkf Depending on the pendant aryl
group identity, different structures were observ&dhen the group was bulky (Ar = 2,6-

'Pr,C¢Hs), a single NCN ligand was coordinated to Hf, witre Ar groups nearly
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perpendicular to the ligand backbone in the sdlties With the smaller group Ar = 3,5-

Me,Cg¢H3, two NCN ligands were coordinated to Hf, and elagdnd was nearly planar.

. . o] :
1) 3.5 equiv MeLi Cl | Li(THR),(Et,0)
AN NH N2 CgHsMe, 110 °C Af\N_\,J,f_NfAf
2) HfCI,(THF),
THF/Et,0
Ar = 2 6-'Pry,CgHs
N N Ar | Li2(DME),
I _Ar
SNH Br HN 1) 3.3 equiv "BulLi N Ar
DME, -35 °C \ o
> Hf
2) 0.5 equiv HfCl, N
CgHg N/ /N
Ar = 3,5-M9206H3 \AAr
.

Scheme 1.22 Veige’s [NCNf~ Hf complexes.

Heyduk has reported a redox—active pincer liganth van ONO framework
(Scheme 1.23}" In its fully reduced state, the pincer is forrgadh XXX pincer ligand.
The complex TaG{ONO™®% underwent sequential one-electron oxidations WHICh to
give the complexes TagfONO™) and TaCJ(ONO") in which the ONO ligand exists in
its semiquinone (sq) and quinone (q) oxidized statespectively (Scheme 1.23). In the
same study, the bridging imide complex [(Ta(ORDpy)-u-NAr], was found to extrude
ArN=NAr upon treatment with Phigl This latter transformation presumably proceeds
through an initial oxidation of the ONO ligand aa iB already in its highest oxidation

state.
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R
»—0
\ WGl +05 PhICI2 C\ O vos PhICI2 \ / “\\C,

N—Ta—Cl ———>
/ - o 5 Phl C|‘/ - o 5 Phl C|’/ \
R o) R o Ccl
R CMe3 R R
[ONOred]S‘ [ONOS92- [ONO9]'-

Scheme 1.23.Redox active ONO pincer ligand.

Shortly after his report of a redox active ONOganligand, Heyduk reported a
closely related NNN pincer ligarfd. Methoxy groups were introduced into the aryl
backbone in order to increase the reducing abditythe ligand. Upon isolation of
TaCk(NNN®Y9) with the NNN ligand in its semiquinone form (Sahe1.24 center), cyclic
voltammetry studies revealed that reversible oeetsdn reduction and oxidation were
both possible, giving the reduced and quinone forespectively. The small potential
gap AE° = 0.5 V) relating the three oxidation statedigates that all three should be
readily accessible. The redox—active NNN liganehtlallowed for nitrene transfer from

an organic azide to Ta(V), a process which requaremput of 2 einto the azide group.

T
& & &

N =N N
\ & e ¢\ C —e \ ©
N—Ta—Cl — N—Ta—Cl N—Ta—Cl
cl’/ +e cl’/ te cl’/
N N N
>/ n MeO >/ | MeO >/ n
E” =0.324V E%=-0.148 V

Scheme 1.24 Redox active NNN pincer ligand.
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1.10 Electronic Tuning of Pincer Ligands

As described previously in the current chapteg,dhcillary ligand donor strength
can have a direct and significant effect on theathestsis reactivity of Group 6 nitride and
alkylidyne complexes. Pincer ligand donation gjtbnis commonly tuned by
introducing electron—withdrawing or electron—dongtgroups into the pincer backbone.
This often requires the synthesis of a wide var@dtyigand precursors, which can be
tedious®® A novel approach is to introduce a Lewis basie Bito the pincer backbone
that does not coordinate to the metal center. &ulent interaction of the basic site with
a Lewis acid can pull electron density away frora thetal center, thus changing its
reactivity. Examples of electronically tunable gen ligands are sparse and currently
limited to late transition metals.

Milstein introduced a PCP pincer ligand in whick ttentral phenyl ring has been
replaced with a 3,5-lutidine ring (Fig 1.%).The outer pyridyl nitrogen atom was able to
react with Lewis acids, with the BEand PdGl adducts being reported. Incorporation of
electron withdrawingpara substituents is known to cause a downfield shiftthe Gys
chemical shift in thé*C NMR spectrum as a result of decreased electrosityeat the
Cipso atom® # A similar effect is observed upon Lewis acid ahoation to Milstein’s
PCP ligands, with both the Bfand PdG adducts displaying deshieldegh&chemical
shifts relative to the parent compl®x. The reduction in electron density alsis
expected to make the arylide ring a weaker dorganil, which in turn reduces the
electron density at Pd. This effect is indeedeolred, as Lewis acid coordination causes

the®!P NMR resonances to shift downfield as a restihafeased donation to Pd.
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PPh, PPh,

4 4
N A Pd—Cl Et;B—N A Pd—Cl
PPh, PPh,
8 13Cipso = 170.89 ppm 8 3Cipso = 177.06 ppm
5 31P = 33.07 ppm 531P = 34.55 ppm
Ph,P al PPh,

CI—P|d / \N—Pld—N/ N _pg—cl 3 *Cipso = 176.89 ppm
— | — | 5 3P = 34.74 ppm

Ph,P cl PPh,

Figure 1.3. Milstein’s 3,5-lutidine PCP ligand.

Cauzzi recently reported a zwitterionic Rh(SNS)[C&@mplex as shown in
Scheme 1.287 The imine-N atoms of the SNS pincer are availdole Lewis acid
interaction, and the sequential protonation of eacs demonstrated. Increasing
protonation was found to increag€0) from 1953 ¢t for Rh(SNS)(CO) to 2013 cth
for [Rh(H,SNS)(CO)f*. The change in CO stretching intensity correspotml a
reduction in electron density at Rh as a resulvefker donation from the thione ligand
relative to the original thiolate ligand. Compigatlly derived Mulliken populations
confirmed the decreasing Rh electron density (Seh&m5). The rate of oxidative
addition of Mel by [Rh(HSNS)(CO)t* was found to be three orders of magnitude slower
than the parent Rh(SNS)(CO). Double protonati@htte an even slower rate of Mel

oxidative addition by [Rh(kSNS)(CO)f*, though the rate was not determined.
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Et B Et e B Et To®
/ / /
N\ HN HN
>—s s >=s
PhoR | e PhoR | s PhoR |
7N—Rh——CO — 7N—Rh——CO — ,/N—Rh——CO
Ph,P | Ph,P | Ph,P, |
—S >—s >=s
4 4
N N HN
\ \ \
Et L Et _ L Et _
vCO = 1953 cm™" vCO = 1979 cm™! vCO =2013 cm™"
MPgy, = —0.338 au MPgy, = —0.294 au MPgy, = —0.263 au

Scheme 1.25.Sequential protonation of Rh(SNS)(CO).

Williams has demonstrated that deprotonation d-k2s-imidazolylpyridine
pincer ligands in complexes [\WH.NCN),]** leads to spontaneous metal oxidation,
yielding complexes [M(NCN);]*~ (Scheme 1.26% 8 A result of increased N-atom
donor strength, the deprotonation—induced spontaeaidation was observed for Fe,
Ru, and Co complexes, but not for Ni. Cyclic voitaetry indicated a large drop in the
M"/M" oxidation potential, with the protonated complexasdergoing reversible
oxidation at positive potential and the deprotodatemplexes being reversibly oxidized
at negative potentials. The protonated Fe(ll) demplisplayed spin-crossover behavior
with perr = 3.6 ug at room temperature angs« ~ O pg. at 200 K. Conversely, the

deprotonated Fe complex was confirmed to be low Bp{lll) with pest = 1.9ps.%
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Fe(ll)/Fe(lll) = +0.920 V Fe(ll)/Fe(lll) = -0.460 V

Ru(ll)/Ru(lll) = +0.663 V Ru(ll)/Ru(lll) = -0.619 V
Co(ll)/Co(lll) = +0.286 V Co(ll)/Co(lll) = -1.031 V (red.)
Ni(I/Ni(lll) not observed -0.521 V (ox.)

Scheme 1.26.Redox state switching induced through pincemichdeprotonation.

1.11 Thesis Goals

The long-term goal of the current work is to depeNACM for use in organic
synthesis. The first half of Chapter 1 will dissuhe substrate scope of current W
NACM catalysts>* **along with the application of NACM in the synttesif conjugated
macrocycles® In the second half of Chapter 2, the synthesithefmally robust Mo
nitride complexes is discussed, along with theimatorent NACM reactivity. Chapter 3
will describe the design and synthesis of XXX pindigands intended to facilitate
NACM, as well as the challenges associated witlr tlgation to early transition metals.
In Chapter 4, XXX-Zr complexes are utilized to istigate the ability of a new XXX
ligand to undergo post-ligation electronic tunindn understanding of the degree of
electronic tuning possible will be useful to appdyfuture NACM catalysts containing

similar XXX ligands.
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Chapter 2:

Nitrile-Alkyne Cross Metathesis with Group 6 Nitride Complexes

2.1. Introduction

Nitrile-alkyne cross metathesis (NACM) is a conwsttimethod to form a new
carbon-carbon triple bond from a pre-existing carhdrogen triple bond. The actual
synthetic utility of NACM is dependent on the t@eace of the catalyst for a diverse array
of functional groups. In Chapter 1, NACM was swsstelly demonstrated with W
nitride catalysts, but the functional group tolerarof the systems remained unknown.
Therefore the substrate tolerance of the W catalysi be addressed in this chapter,
along with the application of NACM in the synthesfsarylene ethynylene macrocycles.

As described in Chapter 1, Mo—based ACM catalyststypically tolerant of a
wider variety of functional groups than W—-based ACMalysts. The inability of current
Mo complexes to catalyze NACM will be addressechglwvith strategies to overcome
the inherent obstacles associated with Mo. Finalgw complexes will be synthesized

and tested for NACM activity.

2.2 Substrate Scope of [W&N Catalysts
Previous studies have determined the optimizedticmaconditions for NACM
reactions with complexea 1 and2.2 (Figure 2.1)" 2 Use of 3-hexyne as an inexpensive

“sacrificial” alkyne allows for the facile initiatin of the NACM cycle. For a given nitrile
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substrate REN, both the unsymmetrical alkyne REt and the symmetrical alkyne
RC=CR can be formed. If desired, mixtures of the aékproducts can be driven towards
symmetrical alkyne formation through ACM followitige in vacuoremoval of 3-hexyne

and propionitrile from the reaction solution.

b WOCMe(CFy), n
F.C),MeCO—W->—0OCMe(CF W
(F5C)2 o (CF3), F3CM62C0“I ~OCMe,CF,
k/o\ F4CMe,CO
2.1 2.2

Figure 2.1. W-NACM catalysts.

In conjunction with Dr. Andrea Geyer, a survey witrile substrates was
completed to determine the functional group contéti of 2.1 and2.2 (Table 2.1).
The reactions were catalyzed by the more a@iteunless otherwise noted. Substrates
possessing halide, alkyl, tertiary aniline, andyVvigroups are tolerated. Nitriles
containing electron—donating groups (-OMe) reaadhilégium much faster than those
containing electron—withdrawing groups (-Br, =ICF Thiophene substrates are also
tolerated, which is surprising as thiophenes haeenb previously shown to be
incompatible with tungsten-based ACM catalysfs.Catalyst2.1 shows good tolerance
of methyl ester groups, but poor tolerance foraseind ketals and is incompatible with
tert-butyl esters. Better conversions of acetal andllgibstrates could be achieved by
using 2.2, which also displayed a low tolerance for teet-butyl ester group. The
increased tolerance @2 towards these functional groups is attributedh® decreased
Lewis acidity of tungsten as a result of strongkecteon donating alkoxide ancillary

ligands.
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Table 2.1. Nitrile substrates tolerated in NACM.

Products (% Yield) i 3-hexyne
Entry|  Starting Nitrile Unsymmetrical Alkyne  Symmetrical Alkyne Time (h) | (equiv)
_ 11 _ 81| 8 1.0
1| Meo{ )oN | Meo =~ [ wmeo )=~")omel L. |10
2 | B¢ )cN B~ y—=— 0 B =< )8 100 15 | 20
s s S
3 |S/ CN )= 19 =<1 41 11 2.0
s S
> L 0 L/ 75| 22 | 20
4 o \ \ s .
CN N
FaG FsC FaC CFy
s Do | D= s D= %] B |20
F3C F3C F3C CF3
6 %}CN QZﬁ <5 I N=x)  >9| 24 | 20
| = _
7 | ~CN = 40 HI 3| 6 2.0
\ \ _ \ _
8 4 hen = 64| 13 | 16
o) Q o) 0
9 VN =~ 76 2 N=C)4 24| 24 | 30
MeO MeO MeO Q O OMe
¢
10 go (o1¥ _ 19 omO _ 07) 23 11 1.0
)N FO= s 22| 25 | 102
o) Q o) 0
11 VN el I S S ey S G I P X
Bu'O Bu'O BulO O O O'Bu
o) ol ~
50 60 4 00 09 o | 12 1.0
12 H@CN HH = 253 HH 0@ 253 1.02
N
13 | N HeN Nr—=— 0 N =N 13| 18 | 20

NMR conversions. Conditions: toluedg-95 °C, 20 equiv of nitrile, cataly&t1 unless
otherwise noted? Catalyst2.2.

As seen in Table 2.2, a variety of polar functiogabups were shown to be

incompatible with NACM catalyzed b2.1 Three modes of reaction failure were

identified: deactivation of the tungsten nitridemgmex, deactivation of the alkylidyne

complex, and failure to undergo NACM without casdlyleactivation.
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catalyst deactivation was determined through adlditiof anisonitrile (4-
methoxybenzonitrile) to the reaction mixture — l@¢KNACM reactivity with anisonitrile
indicated catalyst deactivation. Ketone (entry@¥idyl (entry 6), and protic (entries 4,
7, 9-11) groups were found to immediately deactivihie nitride comple®.1; in these
reactions, no propionitrile formation was obseniadjcating deactivation of the nitride
complex prior to reaction with 3-hexyne. Varioubey substrates (entries 1, 3, 5, 8, 12)
led to deactivation of the alkylidyne complex, ast@chiometric amount of propionitrile
was formed. Bulky substrates (entries 13-14) pidee large to undergo metathesis, but

did not cause catalyst deactivation.

Table 2.2. Catalyst deactivation modes (indicated by Y) viitompatible substrates.

Cat. Degcomp. Cat. Degomp.
Entry| Starting Nitrile | [WIN |[W]CEt Entry| Starting Nitrile [WIN |[W]CEt

1 (H)@CN N Y 8 Butg@CN N Y

o)
2 >~ _)-oN Y ° HN-(_)-CN Y
3 o,N-_)-cN N Y 10 H.NCN Y
~_CN
4 | HN{ HoN |y 11 HN Y
Q CN
5 8 N Y 12 N N Y
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Overall, 2.1 displays a relatively low tolerance of polar fuootl groups,
especially relative to Schrock’'s ACM catalyst J8€=W(OCMe3);.> * Some of the
functional group intolerance likely stems from thewis acidic tungsten center, which
tends to react with polar functional groups. Amdhially, the high operating temperatures

required for NACM likely led to more rapid catalydgactivation.

2.3 Arylene Ethynylene Macrocycles via NACM

The utility of NACM in the preparation of arylen¢ghgnylene macrocycles was
next investigated, as these macrocycles oftenalispteresting optical properties but can
be challenging to make (Chapter 1). Initial stsdfecused on the dicyanobenzene
substrates shown in Figure 2.2. NACM reactiond ,@fdicyanobenzen& @3) and 4,5-
dimethylphthalonitrile 2.4) were found to proceed very slowly with no disdele
product being formed. The slightly larger substrdi-dimethoxyphthalonitrile2(5) did
not display any NACM activity. Clearly thesetho-dinitriles are too sterically hindered

to undergo efficient NACM.

NC CN
©iCN j@ECN Meoj@ECN
CN CN MeO CN
23 2.4 2,5 2,6
Figure 2.2. Unsuccessful substrates for macrocycle formation.

The less hindered tert-butylisophthalonitrile 2.6) was active for NACM

catalyzed by2.1. However, NACM with2.6 was not selective for macrocycle formation,
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as a large number of product peaks were observét it NMR spectrum. Attempts to
drive the reaction towards selective macrocyclenfiion throughn vacuoremoval of 3-
hexyne and propionitrile were unsuccessful.

The formation of a tetrameric carbazole-deriveccimeycle was next targeted.
As shown in Scheme 2.1, synthesis of the desirdustsate was straightforward.
Deprotonation of 3,6-dibromocarbazole with NaH daled by reaction with 1-
tetradecylbromide led to the formation of 3,6-dilbbmN-tetradecylcarbazole2(7) in 86
% isolated yield. Rosenmund-von Braun coupling2of with CuCN then gave the

desired substrate, 3,6-dicyano-N-tetradecylcarlea@dB), in 54 % isolated yield.

R R
H 1) NaH, THF / DMF ,[l 3.7 eq CuCN ,11
2) BrCH,(CH,)4,CH3 DMF, 155 °C
=
(M) o (3N
Br Br Br Br NC CN
2.7 2.8

1) 2 eq 3-hexyne
20 mol % 2.1
PhBr, 95 °C, 20 hr
2) vacuum, 2 hr
3) PhBr, 95°C, 13 hr

A

R=(CH2)13CH;
68 %

Scheme 2.1.Synthesis of an arylene ethynylene tetramer USGM.

NACM reactions oR.8 were found to proceed efficiently using 20 mok% and
2 equiv 3-hexyne in bromobenzene. After 20 hotireaction time, a mixture &f.9 and

other oligomers was formed. Removal of volatilee8eyne and propionitrile followed by
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ACM of the reaction mixture gave the desired tegamarylene ethynylene macrocycle
2.9in good conversion. Macrocyc®9 could be isolated in 68 % yield after workup. Its
identity was confirmed through MALDI-TOF mass spestopy and comparison of its
'H and™C{*H} NMR spectra to reported valugs.

Moore’s precipitation-driven ACM strategy is theesh reported method of
synthesizing2.9. The current synthesis gives an overall yield 8P comparable to
Moore’s route (42 %)in three fewer steps; optimization of the reactimmditions to
make substrat2.8 would likely improve the current overall yield.dditionally, Moore’s
strategy relies on the formation of a large, inbldualkyne byproduct to drive
macrocycle formation, which is atom uneconomic#tree to the current byproduct of
3-hexyne. Therefore, the current synthesi® .8fhighlights that NACM can be more
advantageous than ACM.

Given the successful synthesis of a tetramericrocgcle, we next investigated
the ability to form other tetrameric macrocyckda NACM. Synthesis of the siloxide
substrate 2.10 was readily achieved by condensation pfcyanophenol with
diisopropyldichlorosilane in the presence of tngdimine (Scheme 2.2). Extraction of
the crude product with ED and subsequent removal of excgssyanophenol by
sublimation afforde®.10as a yellow oil in 64 % vyield. Studies by Dr. Aed Geyer
indicated that2.10 does participate in NACM, with both the trimerie.X1) and
tetrameric 2.12 macrocycles being formed in 33 % conversion €achihe lack of
conversion to a single structure is likely the tesfl the flexibility of the siloxide unit.
Preparations o2.11 and 2.12 via ACM also do not occur selectively, and so the

macrocycles must be separated from each &ther.
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CN

2.5 equiv NEt;

'Pr_ O
iPr,SiCl, + HOOCN THF > >Si:

64 % Pr @)
2.5 equiv Q
2.10 CN
2.1
toluene-dg
i iPr ipr
[ . | o
P! Pr—sio— p—=— H-o-Si-r
/ N\
o Yo Q Q
7 2 \ + Il 2.12 Il
9 o
iPr-8i-0 Q = O O-Si-Pr 0 0
! ! 'Pr-Si-O Q = O O-Si-'Pr
Pr iPr [ !
'Pr 'Pr

Scheme 2.2.Formation of silicon-containing macrocycles by GIM.

2.4 Design of Mo NACM Catalysts

As seen in Section 2.2, NACM cataly&td and2.2 have limited functional group
tolerance, making their utility somewhat limite@ecause Mo ACM catalysts are often
more functional group tolerant than W catalysts, mext sought to develop NACM
catalysts based on Mo. Chapter 1 discussed sortie @hallenges in the design of Mo

NACM catalysts, including 1) higher barriers to alatycle formation for Mo relative to
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W.B 2) alkylidyne ligation being favored over nitridigation” and 3) dimerization of
RC=Mo(OR");; complexes to give MYOR"); specie$.

Given that the alkylidyne—to—nitride conversion n@ver been observed for Mo,
the obvious solution is to heat the metathesis unegt to increasingly higher
temperatures until nitride formation occurs. Withrrent Mo systems containing
fluorinated alkoxides, this approach was expecteresult in catalyst decomposition by
either bimolecular decomposition to give MOR'%s specie® or alkoxide C—O bond
scission resulting in Mo-oxo speci’s. To prevent these deactivation pathways, we
sought to use thermally robust ligands that possssmigh steric bulk to prevent
bimolecular decomposition.

Not only do the ancillary ligands need to be laagel thermally robust, but the
donating strength of the ligand must be appropriatallow reversible interconversion
between nitride and alkylidyne ligation.  Given tlsiccessful conversion of
N=Mo(OC(CR),Me); to EtG=Mo(OC(CF),Me)s,** we chose to use alcohols with a pKa
near that of HOC(CfbMe (pKa = 13.3, K0)** Phenol (pKa = 9.5, #D; 18.0,
DMSO)*® and triphenylsilanol (pKa = 16.6, DMSY)were estimated to have an
appropriate pKa and therefore were of interestuse as ancillary ligands. Because
phenol is rather small, we chose to use phenoltagong bulky substituents in the 2,6-
positions. Additionally, silanols of the type H®®R (R = alkyl) were of interest, as
the alkyl substitution would make the correspondsilgxide ligand a stronger donor

ligand than triphenylsiloxide.
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2.5 Protonolysis of NEMo(NMey);3

Protonolysis of Mo-NR bonds was investigated for installation of theirdels
ancillary ligands. The known complexaNlo(NMe,)s (2.13"° seemed a good candidate
for protonolysis. In a modification of the liteva¢ procedure2.13was synthesized by
reaction of EMo(OCMe;); with Zr(NMey),. Complex2.13was subsequently isolated in
77 % vyield by precipitation from toluene / pentan&he literature procedure uses
Ti(NMey)s, which is purified by distillation and is flammabl Therefore, the advantage

in the current synthesis 8f13is that Zr(NMe), is readily purified by crystallization.

N 0.85 equiv Zr(NMe), N

I\wo toluene
Me,COV 10N

Me,col  OCMes

Yy
=
(]
N
=z
Az
/
P
=
(0]
N

Scheme 2.3.Synthesis 02.13

Addition of 2.1 equiv HOSiPhto a benzene solution d2.13 led to the
precipitation of NEMo(OSiPh)2(NMey)(NHMey) (2.14), which was isolated in 93 %
yield (Scheme 2.4). Th#d NMR spectrum of.14displays two methyl resonances each
for the —\NMe and NHMe ligands, indicating that rotation about the Mo—bnbs is
hindered. No crosspeaks between the —N&e&l NHMe groups were observed in the
2D NOESY spectrum oR.14 suggesting a square pyramidal geometry viitins

siloxide ligands.
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2.1 equiv HOSiPh, N NHMe,
CeHo Ph,SiO—Mo—-0SiPh,

T MeN”
m 214
M%N\&\AO\NM%
©2 4.9 equiv HOSiPh; N
2.13 THF, 60 °C Ph3SiOy, Il .
- Mo-0siPhq
PhsSIO” N1,
2.15

Scheme 2.4.Protonolysis of.13with HOSIPh.

Protonation of the final —NMeligand proved more challenging. Ultimately,
reaction betweefi.13and an excess of HOSiPIm THF at 60 °C led to the formation of
N=Mo(OSiPh)3(NHMe,) (2.15 as shown in Scheme 2.4. Comp&15displayed low
solubility in most solvents, except THF and £, and henc@.15was isolated in 62 %
yield containing a small amount of an unknown inifyur A single —OSiPhenvironment
was observed in thtH NMR spectrum of2.15 indicating either fast exchange of the
siloxide ligands or a geometry in which the NHMigand istransto the nitride ligand.

Next investigated was HOSiFBu,'® since the corresponding siloxide ligand
should be a stronger electron donor than —Os3iBhd thus could affect the catalyst
resting state in a NACM reaction. Wh2ri3was treated with 3.2 equiv of HOS{BuU,
mixtures of NEMo(OSiPh'Bu)x(NMeo)(NHMe,) (2.16 and NeMo(OSiPh'Bu)s(NHMey)
(2.17 were formed. The third protonation step provedteyslow, with only 85 %
conversion ta2.17 being observed byH NMR spectroscopy after heating the reaction

mixture for 5 days at 90 °C. For this reason,hexi2.16nor2.17was isolated.
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3.2 equiv

N : t N
l (H;OE;S 'PQOZ?CU N NHMe, 'BuPh,SiO,, Il
MeN'R1ON e 2800 P tBuPh,Si0-Mo-0SiPh,Bu * . S'O’MO_OSIPhZ Bu
Me,N 5 days Me,N UPh;SI0” (e,
213 2.16 217

15 % 85 %

Scheme 2.5. Protonolysis 02.13 with HOSiPh'Bu.

The structurally related alcohol HOGRte was found to react cleanly wighl3
in THF at room temperature to give=Mo(OCPhMe);(NHMe,) (2.18) as an initial
product (Scheme 2.6). However, upon multiple gigaiions from toluene / pentane, the
NHMe; ligand was lost and #Mo(OCPhMe); (2.19) could be isolated in 21 % yield.
Unsurprisingly,2.19 rapidly decomposed at 98 to give 1,1-diphenylethene as the only

product observed in tHél NMR spectrum.

HoGHmM

e

\nl/Tlo THF. 1t - Mephzoo/,“wo_oopthe . \nl/Tlo

N NMe, MePhaCO” \imte, epnod  OCPhaMe
2.13 2.18 219

Scheme 2.6. Protonolysis 02.13 with HOCPhMe.

X-ray quality crystals 02.18 were grown from a toluene / pentane solution &t —3
°C. Single-crystal X-ray diffraction analysis reed that.18 crystallizes in the triclinic
space group P The dimethylamine ligand is rotationally disameld over two equally
occupied positions, and was confirmed to be locatt to the nitride ligand. The Mo-

N bond for NHMe is very long at 2.606(6) A and 2.584(6) A for theo sites.
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Additionally, the MeN triple bond is quite long at 1.700(4) A due te firesence of &
donor NHMe transto the nitride ligand. This distance is amongltmgest found for a

terminal nitrido complex of Md’

Figure 2.3. 50 % thermal ellipsoid plot .18 The hydrogen atoms and 1 NHM e
omitted for clarity. Selected bond lengths (A) aamples (deg): Mo1l-N2, 1.700(4);
Mo1-01, 1.883(3); M0o1-02, 1.884(3); M0o1-03, 1.883(301-N1a, 2.606(6); N2-Mo1-
01, 102.18(15); N2-M01-O2, 104.09(15); N2-Mo01l-O303D1(15); N2-Mol-Nla,
175.5(2); O1-Mo01-02, 113.64(12); O1-Mo01-03, 117183( 0O2-M01-03, 113.91(12).
Complete XRD data can be found in Appendix 1.

Complex2.13 also reacted readily with bulky substituted phenol'reatment of
2.13 with 2,6-ditert-butylphenol resulted in a single protonation tovegi
N=Mo(OAr)(NMey), (2.20; the inclusion of excess phenol did not lead wothier
substitution (Scheme 2.7). Washing the crude méxtuth cold pentane allowed for the
isolation 0f2.20in 81 % yield. ThéH NMR spectrum foR.20displays two broad peaks
for the —NMe groups due to hindered rotation. Cooling a tobuéysolution 0f2.20to —

10 °C resulted in sharpening of the dimethylamigigonances.
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OH
T calmy.
l 1.1 equiv i

Mo Mo
Me N4 Nwe, > MeNY T oar
Me,N THF Me,N
2.13 2.20

Ar = 2,6-tBU206H3

OH
)\@/k 1) THF, 60 °C
2) MeCN, -35°C N N
(|| SOAT [[| LOAr

5.0 equiv >  ArO-Mo—-NHMe, + Me,N—Mo—NHMe,
ArOl ArOl
2.21 2.22

Ar = 2,6-Pr,CeHj,

Scheme 2.7.Protonolysis o2.13with substituted phenols.

As 2,6-ditert-butylphenol proved too large to achieve multipldtitutions, a
slightly smaller phenol was next employed. Treatm&f 2.13 with an excess of 2,6-
diisopropylphenol at 60 °C in THF led to the forroatof both N=Mo(OAr)3;(NHMe,)
(2.212) and N=Mo(OAr)2(NMez)(NHMey) (2.22 at intermediate reaction times (Scheme
2.7). After extended reaction periods (>20hfis) NMR spectroscopy indicated tHag2
had been consumed, with21 being the only Mo compound observed. Separatfon o
2.21 from the remaining phenol proved difficult, as leas highly soluble in nonpolar
solvents, including pentane. Ultimately, deep-cegstals of2.21 were grown slowly
from MeCN at —35 °C, an@.21 could be obtained in 85 % yield. Addition of adee
crystal to the solution greatly facilitated the stigl growth of2.21 *H NMR analysis of
crystalline2.21 revealed the presence of 0.4 equiv of HOAr ande@uivof 2.22 The
presence oR.22in the isolated product was surprising, as2i22 was observed in the
reaction mixture prior to crystallization. Appatigra mechanism for conversion 21

to 2.22exists under the crystallization conditions.
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X-ray quality crystals oR.21were grown from an acetonitrile solution at —35 °C
Single-crystal X-ray diffraction analysis revealbet 2.21 crystallizes in the monoclinic
space group Rth. The Mo-N triple bond length is typical at 108%10) A, and the Mo-
NHMe; bond length of 2.2859(11) A is much shorter thasesved in2.18 since the
NHMe; ligand is now bounais to the nitride ligand rather tharans The mutually
trans aryloxide rings lie approximately in a plane canitag the MaN bond, while the
third aryloxide is approximately orthogonal to tpne. In contrast, only a single

aryloxide environment is observed in the solufiBiNMR spectrum oR.21at 25 °C.

Figure 2.4. 50 % thermal ellipsoid plot a2.21 The hydrogen atoms are omitted for
clarity. Selected bond lengths (A) and angles dello1-N1, 1.6509(10); Mo1-O1,
1.9292(8); Mo1-02, 1.9206(8); M01-03, 1.9333(8); M2, 2.2859(11); N1-Mo01-01,
103.93(4); N1-Mo1-02, 109.65(4); N1-M01-03, 102585N1-Mo1-N2, 92.79(5); O1-
Mo01-03, 95.12(4); O1-Mo1-N2, 81.34(4); O2-M01-02,97(3); O2-Mo1-N2, 81.49(4).
Complete XRD data can be found in Appendix 2.

Of the NeMo(OR)(NHMe,) complexes isolated, on.18 (R = CPhMe) was

found to possess a labile NHMiggand. The observed NHM¢éability of 2.18is likely a

result of stronges-donation from the —OCBNle ligand relative to —OSIiRH{2.15 and —
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0-2,6'PrCgHs (2.2)). Therefore, the Mo center @18 is more electron rich and the

Mo—-NHMe; bond is consequently weaker and more labile.

2.6  Protonolysis of NEMo(N[R]Ar) 3

Expecting that a bound NHMeligand could inhibit triple—bond metathesis
reactions of ¥Mo(OR);(NHMe,) complexes, the corresponding base-free complexes
N=Mo(OR); were sought. In this regard, Cummins’ complexedMN(N[R]AN3 (R =
'Bu, 'Pr; Ar = 3,5-MeCsH3)*® *° proved useful as the aniline products of protosislyare
likely too large to bind. Theert-butyl derivative N=Mo(N['Bu]Ar)s reacted readily with
3.5 equiv of HOSIiPhto give N=Mo(OSiPh); (2.23 as the only observable product
(Scheme 2.8). The reaction proceeded slowly amnrtemperature, but was complete
within 6 hours at 90 °C in toluene. Separationmfroéhe aniline byproducts by

precipitation from toluene / pentane afford83as a white powder in 51 % yield.

N >(
NP 3.5 equiv HOSIiPhg

|
TO—N toluene, 90 °C m
> -~.Mo
N Ph3S|O\ N i
%/ physic! OSiPhs
2.23

Scheme 2.8.Protonolysis of Mo(N['Bu]Ar)s with HOSiPh.

The larger silanol HOSiBBuU reacted extremely slowly with=¥o(N['Bu]Ar)s,
with only small amounts of substitution observecro8 days at 90 °C. Use of the

smaller isopropyl derivative 2o(N['Pr]Ar); facilitated the reaction greatly. Treatment
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of N=Mo(N['Pr]Ar)s with 3.2 equiv of HOSIPBu in toluene at room temperature led to
the rapid formation of NMo(OSiPhBu)(N['Pr]Ar) (2.24 as judged by'*H NMR
spectroscopy (Scheme 2.9). Heating the reactioxtunei at 90 °C resulted in the
appearance of aMo(OSiPh'Bu); (2.25, with a 79 % conversion t.25observed after
3 hours. Further heating of the reaction mixtursuited in negligible change in the
product composition. Cooling an acetonitrile sotof the crude mixture to —35 °C
resulted in the precipitation of a white powdenesal sequential precipitations followed
by Iyophilization from benzene allowed for the mdn of2.25as a yellow oil in 59 %

yield.

L

, BuPh,siow Mo—N
m 3.2 equwt tBuPh,SiO
N/u, HOSiPh,'Bu
2.24
TO N toluene, 90 °C
R +
N
III
tBUthSIO\l OSIPthBU
BuPh,SiO
2.25

Scheme 2.9.Protonolysis of KMo(N['Pr]Ar)s with HOSiPh'Bu.

The reaction of 2,6-diisopropylphenol with both=Mo(N['Bu]Ar); and
N=Mo(N['Pr]Ar); was very slow. Multiple products were observed by NMR
spectroscopy at all reaction times. Therefore,2féediisopropyl substitution pattern is
shown to be too congested at the —OH group to adiffiwient protonation of the bulky

anilide ligands.
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2.7  ACM Studies of Mo Nitride Complexes

The ACM activity of the new BMo(OR)(L) complexes was assessed prior to
investigating their NACM activity. Catalytic reamts were performed in {Os at a
catalyst concentration of 5 mg mlwith 20 equiv 1-phenyl-1-butyne as the substrate.
As seen in Scheme 2.10, the ACM products of 1-ph&futyne are diphenylacetylene
and 3-hexyne. The reaction progress was readilyitored by'H NMR spectroscopy
through integration of the Ph group resonances vé#ipect to an internal standard of
1,3,5-trimethoxy benzene. At a statistical equililm mixture as shown in Scheme 2.10,

the integrations for 1-phenyl-1-butyne and diphangtylene would be equivalent.

catalyst
2 Ph—==——Ft <~——~ Ph—==—Ph + Et—==—TFEt

Figure 2.5. Statistical equilibrium mixture of ACM with 1-phgl-1-butyne.

Of the five tri-alkoxide complexes synthesizedgthwere active for ACM. The
highest activity was observed with=Mo(OSiPh)s (2.23, which catalyzes ACM at
room temperature to a reaction equilibrium withihdurs (Table 2.3). When the ACM
mixture was heated to 90 °C, an 80 % conversiantalkylidyne complex was observed
after 16 hours. The complexes=sMo(OSiPh)3;(NHMe,) (2.15 and NeMo(O-2,6-
'Pr,CgH3)s(NHMe,) (2.21), which each contain a basic NHMEgand, were found to
require elevated temperatures for ACM to occur.weler, equilibrium mixtures were
reached rapidly within 1.5-2.5 hours at 75 °C, @ating sufficient lability of the NHMe

ligand to allow interaction of the Mo center witicoming alkyne substrate.
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While N=EMo(OSiPh)s (2.23 was found to be a very active ACM catalyst, the
related complex NMo(OSiPh'Bu); (2.25 was not active for ACM even at 90 °C. Steric
effects of the larger —OSiPBu likely increase the activation barrier for matgjicle
formation for 2.25 relative t02.23 though the magnitude of the effect is currently
unknown. Secondly, inductive effects of tlBu group should render —OSifBu a
stronger electron donor ligand than —O3jRhus making nitride ligation more favorable
than alkylidyne ligation fo2.25 A pKa value for HOSiPfBu or similarly substituted
silanols has not been reported for comparison t&iR@. However, the nearly identical
pKa's of HOSiPh (pKa = 16.57, DMSJ} and HOCPh (pKa = 16.97, DMSJ} suggest
that —OSiPHBuU and its carbon analogues should have similaitrele donor abilitites.
Like 2.25 N=Mo(OCPhMe); (2.19 was inactive for ACM and decomposed at 90 °C
with 1,1-diphenylethene being observed as a decsitipo product. As —OCBNle is
smaller than —OSiRhelectronic influences also play a role in thebihgy of 2.19 and

2.25to catalyze ACM.

Table 2.3. Catalytic ACM of 1-phenyl-1-butyn®.

Complex Temp/°C Time/R % PhGCEt % PhG&CPh % EtGCEt

2.15 75 1.5 50 25 25
2.19 75 21.0 100 0 0
2.21 75 2.5 50 25 25
2.23¢ RTY 2.0 50 25 52
2.25 90 9.0 100 0 0

2 NMR scale reactions with 5 mol % catalyst at gatatoncentration of 10 mg mtin
CsDs. Product compositions were determined from irtgan of the'H NMR spectrum
resonances® Time to reaction completion in hour§20 mol % catalyst® RT = room
temperature.
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2.8 NACM Studies of Mo Nitride Complexes

In order to test for NACM activity, the complexessMo(OR)(NHMe,) (2.15
2.27) and NeMo(OR); (2.23 2.25 were heated in the presence of 10 equiv of 1yghen
1-butyne and 10 equiv of anisonitrile. Incorpavatdf ap-methoxyphenyl unit into any
one of three possible alkyne products would be engd for conversion of a metal—
alkylidyne species to its corresponding metal-adétrcomplex. Anisonitrile was chosen
as the nitrile substrate for two reasons. Ffi$tNMR spectrum resonances for both the
OCH3; and AH (ortho to MeO) are not typically obscured by other peakgcondly, in
NACM reactions catalyzed bg.1, anisonitrile is more reactive for NACM that most

other nitrile substrates (Table 2.1).

NACM Products

MeoO%Et A

Figure 2.6. Design of NACM test reaction

During the course of the NACM survey, it was gsatif to discover that
N=Mo(OSiPh); (2.23 was active for NACM at 180 — 185 °C in solutianfsBrCeDs.
Both 1-(but-1-ynyl)-4-methoxybenzend)( and 1-methoxy-4-(phenylethynyl)benzene

(B) were observed in thdd NMR spectrum and their identities were confirngdGC-
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MS and comparison to literature NMR shifts. Asrsée Figure 2.7, increasing the
catalyst concentration from 20 mg ML(22 mM) to 40 mg mL* (42 mM) resulted in
higher conversions to NACM products. At a concatiin of 40 mg mL*, NACM is the
most rapid and productive with > 20% conversionaot#d over 8 hours. At all
concentration levels, an alkylidyne species canobgerved through appearance of a
secondo-PHH resonance for the siloxide ligand. Catalyst deatibn occurs during the
course of the reaction, and so a true equilibrisnmever established. The alkylidyne
form of the catalyst likely accounts for most oé tilecomposition, a&.23 decomposes

only slightly upon heating at 180 °C for 16 hour8BirCsDs solution.

30.00 -

20 mg/ mL
m 30 mg/ mL

25.00 -
A40 mg/ mL {

20.00 ~ { {
15.00 - i
*
)
10.00 - ;

5.00 -

% Conversion to NACM products

0. 00 T T T T T T 1
0 2 4 6 8 10 12 14

Time / hours

Figure 2.7. Conversion to NACM products catalyzedh3

At low catalyst concentrations (20-30 mg M. productive NACM occurred

over 12 hours, while at a higher concentrationrt¢pmL™) NACM activity ceased after
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8 hours. In all cases, the cessation of NACM d#gtioccurs prior to complete catalyst
decomposition, as both the nitride and alkylidypecies were observed in thd NMR
spectrum of the NACM-inactive reaction mixturesheTNACM inhibition may arise
from the presence of decomposition products inrélaetion mixture, though the mode of
inhibition is currently unknown. The faster raté @atalyst deactivation at higher
concentration is suggestive of an alkylidyne compl@imolecular decomposition
pathway, possibly resulting in a MO®R)s specie$. However, three separate reaction
pathways (I-1ll) affect the alkylidyne concentratias shown in Figure 2.8, all of which
are likely accelerated at increased initial conagitns. Therefore, at higher initial
concentrations the nitride-alkylidyne equilibriumaynlie further towards an alkylidyne
species, thereby increasing the decomposition watbout invoking a bimolecular
mechanism. Without a more detailed mechanistidysthe factors influencing the mode

of catalyst decomposition cannot be elucidatedurt

R
N
I\III| —I‘ |\|/|| ! decomposition
Ph;SiOV % a: PhsSiOV ¢ %~ na: -
Physid OSns I Physidl OS5I
2.23

Figure 2.8. Catalyst reaction pathways in NACM wig22

The other ACM catalysts2(15 2.21, and 2.25 did not display any NACM
activity under similar conditions (185 °C, 40 mg Thicatalyst concentration). In the
case of NMo(OSiPh)3(NHMe,) (2.15, complete complex deactivation occurred after

20 hours, though the decomposition products are nanh. The 2,6-
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diisopropylphenoxide complex,=o(OAr)3(NHMey) (2.21), was clearly unstable under
the reaction conditions, as free HOAr was the aligervable phenolic product after 4
hours of reaction. One possible mechanism fordéeomposition o2.21 would be
formation of an aryloxide radicalia homolytic Mo—O bond scission. The complex
N=Mo(OSiPh'Bu); (2.25 was very stable under the reaction conditiongh wiCM
occurring at the reaction temperature of 180 °@ aMkylidyne formation was observed,
suggesting formation of only a trace amount of kdkye complex. Given the
importance of alkylidyne concentration found P2 it is not surprising that the trace
amounts of alkylidyne species formed fr@25are not sufficient to promote NACM.
Other known complexes (Figure 2.9) were also itigated for NACM under the
current reaction conditions; as expected, nonbedd complexes were active for NACM.
Complexes2.28—2.30 are all known ACM catalysfs** ?°and accordingly ACM was
observed in the current NACM test reactions. Terrhal stability of2.28and2.29was
observed to be very low, as only small amountsitofdle complex remained after 4 hours
at 185 °C. Decomposition d2.30 was not readily ascertained from thed NMR
spectrum, though the absence of additional ACM uaddition of excess 1-phenyl-1-
butyne suggests a lack of alkylidyne species irr¢laetion mixture. Complex&s26and
2.27 were found to catalyze ACM under the test condgjowhich is significant as
neither has previously been demonstrated to caa®@M without a Lewis acid co-
catalysf In particular,2.27 was quite stable under the reaction conditionsugh no

buildup of an alkylidyne complex was noted, explagnwhy NACM was not observed.
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Et wwannan

N N Ad =
i [1.OC(CF3)3 |\|/||
Mo (F4C),CO—Mo—NCMe Mo
rovMo_ 3C)3CO— Adov Mog
Rd OR (F3C)3CO AdO OAd
2.26 R=CMe, 2.29 2.30
2.27 R = CMe,CF
2.28 R = CMe(CF,),

Figure 2.9. Literature complexes tested for NACM.

2.9 Conclusions

Tungsten catalys2.1 was found to be an efficient catalyst for effegtiNACM
using a variety of nitrile substrates. Good funicéil group compatibility was observed in
the absence of very polar groups and protic groups few cases, the less Lewis acidic
catalyst2.2 gave better conversions for some functional grogosh as acetals and
ketals. A tetrameric arylene ethynylene macrocy2l8) was successfully synthesized
using NACM catalyzed bg.1 Silicon-containing macrocycle2.(1 2.12 could also
be formed through NACM, though not selectively.

A variety of new Mo nitride complexes were synikhed by protonolysis of
N=Mo(N[R]R")s compounds. The size of the amido ligand was fdorae important for
several reasons. First, in most examples, proysiswobf the small amido ligand —NMe
led to products containing a strongly bound NHMgoup, while protonolysis of the
larger amido groups allowed for the isolation ofsédree complexes. Second,
protonation of large amido groups was found to éesgive to small changes in the
amido group size. For example, HOSIBh was slow to protonate the -BjJAr

group, while protonation of the —IR]Ar group was faster.
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Four of the new Mo nitride complexes were foundéoactive for ACM: 2.15
2.21, 2.23 and2.25 Complexe<2.15 and?2.21 required heating prior to the onset of
ACM, as the bound NHMeligand prevents ACM at room temperature. The NkEMe
free complex2.23 an analogue o2.15 was found to rapidly catalyze ACM at room
temperature. The rates of ACM farl5 2.21, and2.23are faster than found faert-
butoxide derived complexe&.262.29° though the challenging syntheses render them
less practical. A catalyst with stronger siloxidienor ligands Z.25 requires excessive
heating for ACM to occur (> 90 °C), making it anatinactive ACM catalyst. The first
example of Mo—catalyzed NACM was discovered ustz as a catalyst at 185 °C in
BrC¢Ds solution. Increased catalyst concentration wasndoto result in greater
conversions to NACM products. At a 40 mg Th(42 mM) concentration .23 a 23
% conversion to NACM products ( > 2 turnovers with % 2.23 was achieved over 8
hours. Decomposition of the alkylidyne complex anthe reaction conditions prevented
the establishment of reaction equilibrium. Othey Mtride complexes were found to be
inactive for NACM under the same reaction condgioemphasizing the importance of

ancillary ligand identity in triple—bond metathesis

2.10 Experimental
2.10.1 Methods

All reactions were performed in an atmosphere oitdigen, either in a nitrogen-
filled MBRAUN Labmaster 130 glove box or by usintgrsdard air-free techniqués’H
NMR spectra were recorded at 499.909 MHz, 399.96¥zMor or 300.075 MHz on a

Varian Inova 500, Varian Inova 400, Varian MR400Marian Inova 300 spectrometer
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and referenced to the residual protons in GDEI26 ppm), bromobenzerms-(7.18
ppm), GDs (7.16 ppm), CBCl, (5.32 ppm), or toluends (2.09 ppm).*°F NMR spectra
were recorded at 282.384 MHz on a Varian Inova t¥rtrometer or 376.326 MHz on a
Varian Inova 400 spectrometer and were referencexhtexternal standard of CRGh
CDCI3 (0.00 ppm)**C NMR spectra were recorded at 100.724 MHz on aavidnova
400 or Varian MR400 spectrometer and were refebtzaaturally abundarfC nuclei

in CDCk (77.16 ppm), €Dg (128.06 ppm), toluends (125.49), or CBCl, (54.00 ppm).
GC/MS data were collected on a Shimadzu GCMS-QP%0f00a Restek XTI-5 phase
column (30m, 0.25 I.D., 0.25 D. F.). HRMS data evewllected on a Micromass
AutoSpec Ultima with electrospray ionization. MALIDOF MS data were collected on
a Micromass TofSpec-2E, and EI-MS data were catbon a VG (Micromass) 70-250-
S magnetic sector mass spectrometer. Combustaligs®s were performed either on a

Perkin-Elmer 200 Series Il Analyzer or by Midwesichlabs, LLC.

2.10.2 Materials

All bulk solvents were obtained from VWR scientifiBenzene and G&Il, were
degassed and dried over 4 A molecular sieves, tothar solvents used were dried and
deoxygenated by the method of Grubbs.3,5-dimethylbenzonitrilé® 4-(1-
(ethylenedioxy)ethyl)benzonitrifé,  4-(1,3dioxolan-2-yl)benzonitrilé®>  t-butyl-4-
cyanobenzoat®, 3-iodopropionitrile?’ HOSIPh'Bu,*® Zr(NMe,)s,?® NMo[N(‘Bu)(3,5-
Me,CsH3)]a,'®  NMO[N('Pr)(3,5-MeCeHa)ls,>  NW(OC(CR),Me)(DME)  (2.1),"
NW(OC(CFR)Mey)s 2.2} 4,5-dimethylphthalonitrile 2.4, 4,5-

dimethoxyphthalonitrile  2.5),*° 5-tert-butylisophthalonitrile  2.6),>> NMo(O'Bu)s
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(2.2, NMo((OC(CR)Me,)s (2.27,% NMo(OC(CR):Me)s (2.28,*
NMo(OC(CR)3)s(NCMe) (2.29,* and EtCMo(OAd) (Ad = 1-adamantyl)2.30%° were
all made according to literature procedures. NMbtvents were obtained from
Cambridge Isotope Laboratories and were dried v&molecular sieves for at least 24
hours. 1-Bromotetradecane, sodium hydride (60 %mineral oil), bromobenzene,
copper(l) cyanide, anisonitrile, 3-aminopropioméri p-aminobenzonitrile, p-
dimethylaminobenzontrile, p-nitrobenzonitrile, trimethylacetonitrile, p-
hydroxybenzonitrile, 2-cyanopyridine,p-toluenesulfonic acid monohydrate, 4-
cyanostyrene, 4-bromostyrene, 4-nitrobenzonitrBe(dimethylamino)propionitrile, 4-
acetylbenzonitrile, N-methyg-alaninenitrile, 3-hexyne, 1,2-dicyanobenzene, 2)tddi-
tert-butylphenol were obtained from Acros. 3,5-bisliegromethyl)benzonitrile was
obtained from Matrix Scientific. 1-phenyl-1-butymeas obtained from GFS Chemicals.
2-thiophenecarbonitrile was obtained from Oakwoobe@icals. Triethylaminep-
bromobenzonitrile, 4-cyano-benzoic acid methyl es@thiopheneacetonitrile, 3,6-
dibromocarbazole, and 1,3,5-trimethoxybenzene webtained from Aldrich. 4-
cyanobenzaldehydep-toluenesulfonyl acetonitrile, and 2,6-diisoprogymol were
obtained from Alfa Aesar. 1,1-diphenylethanol wasained from TCI. Triphenylsilanol
and diisopropylchlorosilane were obtained from GeleAll liquid nitriles and alkynes
were dried for 24 hours using 4A molecular siethiopheneacetonitrile was distilled

prior to use. All other reagents were used as vedei
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2.10.3 Synthetic Procedures

3,6-dibromo-9-tetradecyl-H-carbazole (2.7).In a glovebox, a solution of
THF/DMF (30 mL / 10 mL) was measured into a 250 &heck flask fitted with a gas
adapter, rubber septum, and a solid addition funaetaining NaH (60% in mineral oil,
0.48 g, 12.0 mmol, 1.6 equiv). Undep RHow on a Schlenk line, 3,6-dibromocarbazole
(2.51 g, 7.72 mmol, 1.01 equiv) was added to thskfl then 1-bromotetradecane (2.28
mL, 7.66 mmol) was addeda syringe. The resulting solution was cooled to Q tt&n
the NaH was added with stirring. The solution wdewsed to warm overnight with
stirring, then the volatiles were removiedvacuo The remaining mixture was quenched
with 1 M HCI (50 mL). The product was extractediwi€HCE (75 mL), and the organic
layer was washed with J@ (3 x 50 mL). The solvent was removed, and theltieg
powder was washed with cold pentane (2 x 20 mL) @meld in vacuq yielding white
needles 0.7 (3.45 g, 6.62 mmol, 86 %IH NMR (300 MHz, CRCl,): & 8.16 (s, 2H,
ArH), 7.57 (d, 2H, AH, 33y = 8.7 Hz), 7.33 (d, 2H, At, 334.n = 8.7 Hz), 4.26 (t, 2H,
NCHy, 334n = 7.5 Hz), 1.83 (m, 2H, NC}€H2), 1.23-1.53 (m, 22H, (8,)11), 0.88 (t,
3H, CHs, 3Jun = 6.6 Hz)."*C{*H} NMR (CDCl3): 5 139.35, 129.07, 123.50, 123.31,
112.02, 110.46, 43.41, 32.08, 29.83, 29.80, 2928873, 29.68, 29.60, 29.52, 29.47,
28.96, 27.34, 22.85, 14.29. Anal. Calcd fosHzsNBr: C, 59.90; H, 6.77; N, 2.69.

Found: C, 60.06; H, 6.45; N, 2.65.
9-tetradecyl-9H-carbazole-3,6-dicarbonitrile (2.8).In a glovebox, dry DMF (30

mL) was measured into a 100 mL 2-neck flask equppih a rubber septum and gas

adapter. Under Nflow on a Schlenk line2.7 (3.17 g, 6.08 mmol) and copper(l) cyanide
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(2.00 g, 22.3 mmol, 3.7 equiv) were added to thskil A reflux condensor was fitted
under N flow and the solution heated to reflux with stigifor 26 h. The solution was
cooled to room temp, then concentrated,8H (20 mL) was added. After stirring for 10
min, the mixture was extracted with @&l (2 x 50 mL). The combined organics were
washed with HO (2 x 50 mL) and brine (50 mL), then filtered thgh a plug of silica to
remove solid impurities. The silica plug was waskhath CH,CI, until the filtrate ran
colorless. The combined filtrate was concentratedryness. The resulting powder was
washed with acetone, then drigdvacuoyielding 2.8 (1.35 g, 3.26 mmol, 54 %) as a
brown powder.*H NMR (300 MHz, CDCY): 5 8.41 (s, 2H, AH), 7.79 (d, 2H, AH, 33,

w = 8.4 Hz), 7.52 (d, 2H, M, 33y = 8.4 Hz), 4.35 (t, 2H, NB,, *}..4 = 6.9 Hz), 1.83-
1.90 (M, 2H, -NCHCH2), 1.22-1.33 (m, 22H, (85)11), 0.87 (t, 3H, Els, >}y = 6.6 H2).
13c{*H} NMR (CDCl3): & 142.84, 130.40, 125.81, 122.24, 119.92, 110.33,50) 43.90,
32.04, 29.78, 29.76, 29.74, 29.69, 29.60, 29.54&8929.39, 28.98, 27.31, 22.81, 14.25.
Anal. Calcd for GgHssN3: C, 81.31; H, 8.53; N, 10.16. Found: C, 80.87;8#1; N,

10.01.

Tetramer (2.9). In a glovebox, complexX.1 (93.4 mg, 0.112 mmol) and.8
(250.5 mg, 0.606 mmol) were weighed into a bombkfl8romobenzene (37 mL) and 3-
hexyne (0.14 mL, 1.23 mmol) were added, then thlbflask was sealed and placed in
a 95 °C oil bath. After 20 h, the solution was eabhnd vacuum was pulled for 2 h to
remove volatile products. The bomb flask was sealadl heated for an additional 13 h.
The solution was cooled and washed through a plsgioa with CHCE (150 mL). The

filtrate was concentrated to dryness, then preatigat from CHG) / pentane at —20 °C.
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The mixture was filtered and the precipitate wasdlin vacuoto give2.9 (161.1 mg,
0.104 mmol, 69 %) as an off-white powd& NMR matched the literature valu®s.

MALDI-TOF [M/Z] * : 1542.1 (G12H14dNs).

4,4'-(diisopropylsilanediyl)bis(oxy)dibenzonitrile (2.10). In a glovebox, 4-
cyanophenol (3.29 g, 27.7 mmol, 2.5 equiv) was mremsinto a 100 mL 2-neck flask
and dissolved in THF (40 mL). Triethyl amine (318&, 27.7 mmol, 2.5 equiv) was then
added and the flask fitted with a gas adapter andbber septum. Under,Nlow on a
Schlenk line, a liquid addition funnel containinigsdpropyldichlorosilane (2.0 mL, 11.1
mmol, 1.0 equiv) was fitted and the flask coole®ttC. The silane was added dropwise
to the flask, causing a precipitate to form. Afstirring overnight, the volatiles were
removedin vacuoand the remaining residue was returned to a glmvelirhe product
was extracted with BED (2 x 30 mL), filtered, and concentrated to drgmeRemaining 4-
cyanophenol was then remowved sublimation to give.10(2.49 g, 7.11 mmol, 64 %) as
a yellow oil.'"H NMR (400 MHz, CDCJ): 5 7.55 (d, 4H, AH, 33,4 = 8.7 Hz), 7.00 (d,
4H, ArH, 3344 = 8.7 Hz), 1.30 (sep., 2H,H{CHs),, %3y = 7.4 Hz), 2.15 (d, 12H,
CH(CH3)2, 33in = 7.4 Hz). °C{*H} NMR (CDCls): & 158.10, 134.29, 120.51, 118.80,
105.74, 16.84, 12.53. MS [M+Na]+ = 373; HRMS dafor GoH2:N.0,Si 373.1348,

found 373.1349.

NMo(NMey); (2.13) Solid Zr(NMe), (1.8886 g, 7.06 mmol, 0.85 equiv) was

added to a stirring solution of NMo{®u)s (2.7373g, 8.31 mmol, 1.0 equiv) in toluene

(110 mL). After stirring for 2 hours, the solutisras concentrateith vacuoto a volume
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of ca.25 mL. Pentane (40 mL) was added, and the ragufiecipitate was collected by
vacuum filtration, washed with pentane, and diredacuoto give2.13(1.1844 g, 4.89
mmol, 59 %) as a yellow powder. The filtrated veamcentrated to dryness, then the
residue was slurried in pentane (20 mL). The metwas filtered and the solid was
washed with pentane (3 x 5 mL) and dried/acuoto give a second crop @f13(0.3690

g, 1.52 mmol, 18 %)'H NMR matched the literature valu¥s.

NMo(OSiPhs)2(NMey)(NHMey) (2.14). Solid HOSIPh (0.3728 g, 1.349 mmol,
2.1 equiv) was added to a stirring solution of NMbe,); (0.1554 g, 0.642 mmol, 1.0
equiv) in GHs (5 mL). The solution immediately changed to agbtiyellow color,
which faded as a precipitate formed. After stgrih hour 15 minutes, pentane (10 mL)
was added to the mixture and the precipitate wdleated by filtration, washed with
pentane (5 mL), and driad vacuoto yield2.14(0.4778 g, 0.597 mmol, 93 %) as a pale
yellow powder. '"H NMR (500 MHz, CRQCl,): & 7.71-7.69 (m, 11H), 7.42-7.34 (m,
16H), 3.68 (s, 3H, —NB3), 2.88 (s, 3H, —N8j3), 2.33 (s, 3H, NHEj3), 2.32 (s, 3H,
NHCHs), 2.27 (br s, 1H, NMe,). “C{*H} NMR (CD.Cl,): 5 138.94, 135.83, 129.92,
128.26, 62.40, 46.88, 40.90. Anal. Calcd fapHGsMON3O,Si,: C, 64.07; H, 5.78; N,

5.60. Found: C, 64.02; H, 5.75; N, 5.40.

NMo(OSiPhz)s(NHMey) (2.15). A solid mixture of NMo(NMe)s (0.1343 g,
0.555 mmol, 1.0 equiv) and HOSiP®.4756 g, 1.72 mmol, 3.1 equiv) was dissolved in
THF (10 mL) inside of a bomb flask. The flask waaced in a 60 °C oil bath and the

reaction solution was stirred for 20 hourdd NMR analysis of an aliquot revealed the
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presence of a small amount of remaintid4 Additional HOSIiPhk (0.2760 g, 1.00
mmol, 1.8 equiv) was added to the reaction solutiamich was then stirred at 60 °C for
an additional 18 hours'H NMR analysis of a second aliquot revealed thesuomption
of 2.14 The reaction solution was pipetted into toluéd@ mL) with vigorous stirring,
but no precipitate formed. The solution was cotregedin vacuoto a volume ota. 10
mL, resulting in the precipitation of a powder. eTkolid was collected by vacuum
filtration, washed with toluene (3 x 5 mL) and e (10 mL), then drieoh vacuoto
yield 2.15(0.3363 g, 0.343 mmol, 62 %) as a white powdét.NMR analysis revealed
the presence of a small amount of HOQIPfA he first crop 0f2.15 was dissolved in
CH.CI, (10 mL), then BO (8 mL) was added and the solution cooled to -G5 °
resulting in the precipitation of a white powdéeFhe powder was collected by vacuum
filtration, washed with toluene (2 x 10 mL) and fzere (2 x 10 mL), then driad vacuo
to afford 2.15 (0.2512 g, 0.256 mmol, 46 %)'H NMR analysis of the second crop
revealed no improvement in purity over the firsorof 2.15 *H NMR (500 MHz,
CD,Cl,): & 7.58 (br s, 15H, Atl), 7.29 (br s, 8H, Ad), 7.13 (br s, 15H), 2.54 (br s, 1H,
NHMe,), 1.91 (s, 6H, NH(El3),). *C{*H} NMR (CD,Cl,): d 136.85, 136.06, 130.14,

128.23, 41.77. EI/MS [M/Z] 936.9 (NMo(OSiP¥)s).

NMo(OCPh;Me); (2.19). Solid 1,1-diphenylethanol (0.4588 g, 2.31 mmog 3
equiv) was added to a stirring solution of NMo(NMe(0.1745 g, 0.721 mmol, 1.0
equiv) in THF (12 mL). The solution was stirred 0 hours, then the volatiles were
removedin vacuo The residue was dissolved in toluene (2 mL)ntphentane (6 mL)

was added to the solution which was then cooleeB®°C. After 2 days, small colorless
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crystals of2.18 formed on the sides of the crystallization viahil several large amber
blocks had grown at the bottom of the vial. Thebamblocks were removed from the
mother liquor and rinsed with pentane (1 mL), thieey were re-dissolved in a solution
of toluene (1.5 mL) and pentane (4 mL), which waesnt cooled to —35 °C. Colorless
clusters precipitated from the solution. The motlggior was removedia pipet and the
solid driedin vacuoto yield 2.19 (0.1062 g, 0.151 mmol, 21 %) as white flake'$d
NMR (400 MHz, GDg): 6 7.32-7.29 (m, 11H), 7.09-7.00 (m, 16H), 2.03 {3, GHa).
13c{*H} NMR (C¢Dg): 5 148.54, 128.28, 127.19, 126.88, 87.74, 29.93. |.Abalcd for

C4oHagMONO3: C, 71.89; H, 5.60; N, 2.00. Found: C, 71.93; 565N, 1.84.

NMo(O-2,6-'Bu,C¢H3)(NMey), (2.20). Solid 2,6-ditert-butylphenol (0.2783 g,
1.349 mmol, 1.1 equiv) was added to a stirring tsmtuof NMo(NMe,); (0.3017 g, 1.246
mmol, 1.0 equiv) in THF (12 mL). After stirring f& hours 30 minutes, the volatiles
were removedn vacuq then the residue was slurried in cold pentanel(3 and cooled
to —35 °C. The mixture was filtered and the seolias washed with cold pentane (3 x 1
mL) and driedin vacuoto give 2.20 (0.4065 g, 1.008 mmol, 81 %) as a pale yellow
powder. *H NMR (400 MHz, GDg, —10 °C):5 7.36 (d, 2H, AH, *}..4 = 7.8 Hz), 6.96 (t,
1H, ArH, 334 = 7.8 Hz), 3.86 (s, 6H, N@), 2.83 (s, 6H, NE3), 1.52 (s, 18H,
C(CHs)3). *C{*H} NMR (C;Dg, —10 °C):5 164.68, 138.62, 120.19, 60.25, 44.20, 35.11,
31.15. Anal. Calcd for £g2H3aMoNzO: C, 53.59; H, 8.25; N, 10.42. Found: C, 53.21; H,

8.02; N, 10.22.
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NMo(O-2,6-Pr,CeHs)s(NHMe») (2.21). NMo(NMey); (0.4150 g, 1.71 mmol,
1.0 equiv) was dissolved in THF (20 mL) inside ofbamb flask. Neat 2,6-
diisopropylphenol (2.16 mL, 8.58 mmol, 5.0 equivgsradded to the THF solution. The
bomb flask was sealed and heated at 60 °C withingtifor 11 hours 30 minutes'H
NMR of an aliquot indicated complete conversion 221 The solution was
concentrated to dryness, then the residue washektssm MeCN (3 mL) and cooled to —
35 °C. After 14 days no crystals had formed. Adserystal of2.21was added and the
solution cooled to —35 °C. After 23 days the mothguor was removedia pipet
leaving behind deep red crystals. The crystalevassolved in ¢Hg (5 mL) and the
solution frozen and lypholizeid vacuoto give crude2.21(0.4712 g, 1.456 mmol, 85 %)
as a deep red powdettH NMR analysis indicated the presence of 0.1 et{Mo(O-2,6-
iPr2C6H3)2(NMe2)(NHMe2) (2.22 and 0.4 equiv 2,6-diisopropylphenotH NMR (500
MHz, CsDg): & 7.14 (d, 6H, AH (2.21), 334 = 7.5 Hz), 7.02 (d, 0.9H, At (HOA), 33
= 7.6 Hz), 6.98 (t, 3H, ArHX21), 3J4.u = 7.5 Hz), 6.92 (t, 0.4H, At (HOAr), 334 =
7.6 Hz), 4.31 (s, 0.4H, @ (HOAr)), 3.94 (s, 0.5H, NB; (2.22), 3.87 (br s, 6H, BMe,
(2.20)), 2.93 (sep, 0.7H, BMe; (2.22), 33n = 6.8 Hz), 2.82 (s, 0.5H, NG (2.22),
2.39 (sep, 0.7H, BMe, (HOAr), %3y = 6.1 Hz), 2.02 (s, 3H, NHE; (2.21), 2.01 (s,
3H, NHCH; (2.21), 1.37 (d, 1.3H, CHE3 (2.22), 33 = 6.9 Hz), 1.35 (d, 1.3H, CHG
(2.22, 334n = 6.9 Hz), 1.29 (d, 36H, CH& (2.21), %31 = 6.8 Hz), 1.14 (d, 4.6H,
CHCHj3 (HOAVY), 334 = 6.8 Hz). *C{*H} NMR (C¢Ds, 2.21): 5 161.09, 138.75, 124.65,

123.81, 42.63, 27.75, 24.81. EI/MS [M/Z]643.8 (NMo(O-2,6Pr,CeHs)s).
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NMo(OSiPhs)s (2.23). Solid NMo[N(CMe)(3,5-MeCsHs)]s (0.2889 g, 0.452
mmol, 1.0 equiv) and HOSIiRK0.4392 g, 1.589 mmol, 3.5 equiv) were dissolved i
toluene (20 mL) inside of a bomb flask. The flagks heated in a 90 °C oil bath for 5
hours 30 minutes, then cooled. Pentane (25 mL)addsed to the solution with vigorous
stirring, then the solution was allowed to settho precipitate formed over 10 minutes,
so additional pentane (5 mL) was added. The swiuiecame cloudy and was allowed to
settle overnight. The powder was then collecteddyuum filtration, washed with #2
(3 x 15 mL), and drieth vacuoto afford2.22(0.2146 g, 0.229 mmol, 51 %) as a white
powder. H NMR (400 MHz, GDe): & 7.67 (d, 18H, ArH33n = 7.1 Hz), 7.16 (m,
ArH), 7.06 (t, 17H, ArH,%3.n = 7.5 Hz). C{*H} NMR (CgDg): & 135.87, 134.80,
130.45, 128.29. Anal. Calcd forfE,sMoNOsSis: C, 69.28; H, 4.85; N, 1.50. Found: C,

69.04; H, 4.84; N, 1.47.

NMo(OSiPh,'Bu)s (2.25). Solid NMo[N(CHMe)(3,5-MeCeHs)]s (0.2777 g,
0.465 mmol, 1.0 equiv) and HOS§#Bu (0.3837 g, 1.496 mmol, 3.2 equiv) were
dissolved in toluene (15 mL) inside of a bomb flagke flask was heated in a 90 °C oll
bath for 10 hours, then the flask was cooled amdwibiatiles removedh vacuo The
resulting oil was dissolved in MeCN (3 mL) and axbko —35 °C. A semi-solid mass
precipitated over several days, then the mothepligvas removed via pipet and the solid
rinsed with cold MeCN (2 mL). The solid was resdived in MeCN, and the
precipitation procedure was repeated twice morée fesulting solid was dissolved in
CsHe (6 ML), then the solution was frozen, lyopholizadd driedn vacuoto yield 2.25

(242.2 mg, 0.276 mmol, 59 %) as a dark yellow di. NMR (500 MHz, GDe): & 7.84-

71



7.82 (m, 12H), 7.18-7.14 (m), 7.13-7.09 (m, 12HY91(s, 27H).**C{*H} NMR (C¢Ds):
§ 135.71, 134.63, 130.12, 128.15, 27.11, 20.63. MSI/ [M/Z]":  819.9

[NMo(OSiPh'Bu); — CMey).

2.10.4 Substrate Compatibility Studies with 2.1

General Procedure: Compl@xl and all solid substrates (20 equiv) were added Jo
Young tube and dissolved in toluedgor bromobenzends to give a concentration of 5
mg/mL based or2.1 Then 3-hexyne (10 equiv) and liquid substratés ¢guiv) were
added to the reaction mixture. An internal standefdL,3,5-trimethoxybenzene was
introduced. The J. Young tube was placed in arbath at 95 °C and the reaction was
monitored by NMR spectroscopy. Additional 3-hexyaad/or 2.1 were added as

necessary to each reaction.

2-thiophenecarbonitril§Table 2.1, entry #4)

Following the general procedure: Complexl (3.7 mg, 0.0045 mmol), 2-
thiophenecarbonitrile (8.75L, 0.094 mmol), and 3-hexyne (5.2&, 0.046 mmol) were
dissolved in toluenés (0.74 mL). After 4 h of heating, additional 3-heey(5.25pL,
0.046 mmol) was added. The reaction was furthetelfar 4 h, at which poirftH NMR
spectroscopy indicated conversion to symmetric rakyl,2-di(thiophen-2-yl)ethyne
(26%), and asymmetric alkyne, 2-(but-1-ynyl)thiopag47%). The volatiles were then
removedin vacuo The resulting residue was dissolved in toluenéed74 mL) and
heated for 4 h, at which poifH NMR spectroscopy indicated conversion to 1,2-

di(thiophen-2-yl)ethyne (41%) and 2-(but-1-ynylthhene (19%). The resulting reaction
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mixture was washed through a plug of alumina withloform and concentrateid
vacua *H NMR data agreed with the literature vald&és®>GC/MS [M/Z]+ : 136 (GHgS,

Rt 4.6 min), 190 (&HsS,, Rt 9.8 min).

3,5-bis(trifluoromethyl)benzonitriléTable 2.1, entry #5)

Following the general procedure: Complex1l (3.0 mg, 0.0036 mmol), 3,5-
bis(trifluoromethyl)benzonitrile (12.@iL, 0.071 mmol), and 3-hexyne (4.28., 0.037
mmol) were dissolved in toluerdz-(0.60 mL). After 10 h of heating, additional 3-ger
(4.25 L, 0.037 mmol) was added. The reaction was furtteated for 11 h, at which
point *H NMR spectroscopy indicated conversion to symmesikyne, 1,2-bis(3,5-
bis(trifluoromethyl)phenyl)ethyne (20%), and asyntmce alkyne, 1-(but-1-ynyl)-3,5-
bis(trifluoromethyl)benzene (80%). The volatiles resethen removedn vacuo The
resulting residue was dissolved in toluelgg0.60 mL) and heated for 4 h, at which point
H NMR spectroscopy indicated conversion to 1,235(
bis(trifluoromethyl)phenyl)ethyne (95%) and 1-(Hutmnyl)-3,5-
bis(trifluoromethyl)benzene (5%). The resultingatean mixture was washed through a
plug of alumina with chloroform and concentratediacuo *H NMR (400 MHz, CDC},
symm.): 3 8.00 (s, 4Hm-ArH), 7.89 (s, 2H0-ArH). 'H NMR (400 MHz, GDsCDs,
asymm.):57.56 (s, 2HmM-ArH), 7.55 (s, 1Hp-ArH), 2.08 (g, 2H, RE,CHz, 3}y = 7.6
Hz), 0.99 (t, 3H, RCBCHs3, 3344 = 7.6 Hz).'®F NMR (CDCk, symm.):d -63.45 (s)'°F
NMR (CsDsCDs, asymm.) -63.48 (s) *C{*H} NMR (CDCls, symm.):5 132.22 (qm-

ArCCFs, 2Jo = 33.8 Hz), 131.6 (-ArC, 3Jer = 2.9 Hz), 124.17 (s, &), 122.57 (q,

73



CFs, Y.k = 273.1 Hz), 89.18 G=C-). GC/MS [M/Z]+ : 266 (G-HsFs, Rt 3.6 min), 450

(C15H6F12, Rt 6.5 mln)

3,5-dimethylbenzonitriléTable 2.1, entry #6)

Following the general procedure: Complex1l (5.3 mg, 0.0064 mmol), 3,5-
dimethylbenzonitrile (17.1 mg, 0.130 mmol), ande¢me (7.5uL, 0.066 mmol) were
dissolved in toluends (1.06 mL). After 6 h of heating, additional 3-hexey(7.5uL,
0.066 mmol) was added. The reaction was furthetekefor 18 h, at which pointH
NMR spectroscopy indicated conversion to symmetrakyne, 1,2-bis(3,5-
dimethylphenyl)acetylene (37%), and asymmetric réky 1-(but-1-ynyl)-3,5-
dimethylbenzene (63%). The volatiles were then reedin vacuo The resulting residue
was dissolved in toluerd; (1.06 mL) and heated for 3 h, at which potht NMR
spectroscopy indicated conversion to 1,2-bis(3rbetlnylphenyl)acetylene=95%) . The
resulting reaction mixture was washed through @ gitialumina with chloroform and
concentratedh vacuo 'H NMR data were consistent with the literature eafl GC/MS

[M/Z]+ : 131 (GsHgN, Rt 5.0 min), 234 (GH1s, Rt 13.7 min).

3-iodopropionitrile(Table 2.1, entry #7)

Following the general procedure: Complexl (3.6 mg, 0.0043 mmol), 3-
iodopropionitrile (7.5uL, 0.085 mmol), and 3-hexyne (5J0L, 0.044 mmol) were
dissolved in toluends (0.72 mL). After 4 h of heating, additional 3-hexey(5.0L,
0.044 mmol) was added. Further heating for 3 hrditiresult in further conversion as

indicated by'H NMR spectroscopy. Additiondl.1 (5.4 mg, 0.0065 mmol) and toluene
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ds (0.36 mL) were added. The reaction was furthettdweéor 2 h, at which pointH
NMR spectroscopy indicated conversion to symmetikyne, 1,6-diiodohex-3-yne
(33%), and asymmetric alkyne, 1l-iodohex-3-yne (40¥)e resulting reaction mixture
was washed through a plug of silica with chlorofand concentrateish vacuq yielding
solely 1,6-diiodohex-3-yne. The product’s identiyas further confirmed through
independent synthesis according to a literatureqaore®” *H NMR (300 MHz, CDCY):
53.22 (t, ItH,, 33y = 7.5 Hz), 2.74 (t, -8,=, *3yn = 7.5 Hz).1*C{*H} NMR (CDCls):

581.07, 24.15, 2.15. GC/IMS [M/Z]+ : 334 disl,, Rt 8.1 min).

t-butyl-4-cyanobenzoat@able 2.1, entry #11)

Following the general procedure: Compl2Xd (3.3 mg, 0.0040 mmol)}tert-butyl-4-
cyanobenzoate (16.2 mg, 0.080 mmol, 20.0 equiwd, 3xhexyne (4.5uL, 0.040 mmol,
10.0 equiv) were dissolved ins0s (1.0 mL). After 4 h of heatingH NMR spectroscopy
indicated the presence of a molar quantity of popiile equal to the molar quantity of
2.1 used. The volatiles were vacuum transferred indearate J. Young tube. Isobutene

was identified as a component of the volatiles mgigsis of the¢H NMR spectrum.

4-acetylbenzonitriléTable 2.2, entry #2)

Following the general procedure: Complexl (5.0 mg, 0.0060 mmol), 4-
acetylbenzonitrile (17.9 mg, 0.123 mmol, 20.5 efjuand 3-hexyne (7.QuL, 0.062
mmol, 10.3 equiv) were dissolved in toluete{1.0 mL). After 4 h of heating, no

metathesis products were observedihyNMR spectroscopy.
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4-nitrobenzonitrileg(Table 2.2, entry #3)

Following the general procedure: Complexl (5.0 mg, 0.0060 mmol), 4-
nitrobenzonitrile (18.5 mg, 0.125 mmol, 20.8 equand 3-hexyne (7.AL, 0.062 mmol,
10.3 equiv) were dissolved in toluedg (1.0 mL). After 4 h of heatingtH NMR
spectroscopy indicated the presence of a molartiyasf propionitrile equal to the

molar quantity oR.1 used.

p-toluenesulfonyl acetonitrilelable 2.2, entry #5)

Following the general procedure: Complexl (5.0 mg, 0.0060 mmol),p-
toluenesulfonylacetonitrile (24.2 mg, 0.124 mmd), 2 equiv), and 3-hexyne (7},
0.062 mmol, 10.3 equiv) were dissolved in tolueigél.0 mL). After 6 h of heatindH
NMR spectroscopy indicated the presence of a noplantity of propionitrile equal to

the molar quantity o2.1 used.

2-cyanopyridingTable 2.2, entry #6)

Following the general procedure: Compfx (5.0 mg, 0.0060 mmol), 2-cyanopyridine
(11.8pL, 0.123 mmol, 20.5 equiv), and 3-hexyne (jdLQ 0.062 mmol, 10.3 equiv) were
dissolved in toluenes (1.0 mL). After 4 h of heatingH NMR spectroscopy indicated
the presence of a molar quantity of propionitritgui@ to the molar quantity &&DME

used.
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4-hydroxybenzonitriléTable 2.2, entry #7)

Following the general procedure: Complexl (5.3 mg, 0.0064 mmol), 4-
hydroxybenzonitrile (15.8 mg, 0.133 mmol, 20.8 ejuand 3-hexyne (7.2fL, 0.0638
mmol, 10.0 equiv) were dissolved in tolueshe(1.06 mL). After 2 h of heating, no

metathesis products were observediB\NMR spectroscopy.

3-aminopropionitrile(Table 2.2, entry #10)

Following the general procedure: Complexl (5.0 mg, 0.0060 mmol), 3-
aminopropionitrile (8.9uL, 0.122 mmol, 20.3 equiv), and 3-hexyne (6l8 0.060 mmol,
10.0 equiv) were dissolved in toluedg (1.0 mL). After 4 h of heating, no metathesis

products were observed byt NMR spectroscopy.

N-methylB-alaninenitrile (Table 2.2, entry #11)

Following the general procedure: Compl2xl (5.0 mg, 0.0060 mmol), N-methf}-
alaninenitrile (11.3uL, 0.120 mmol, 20.0 equiv), and 3-hexyne (U8 0.060 mmol,
10.0 equiv) were dissolved in toluedg (1.0 mL). After 4 h of heating, no metathesis

products were observed byt NMR spectroscopy.

3-(dimethylamino)propionitriléTable 2.2, entry #12)
Following the general procedure: Complexl (5.0 mg, 0.0060 mmol), 3-
(dimethylamino)propionitrile (13.6uL, 0.120 mmol), and 3-hexyne (648L, 0.060

mmol) were dissolved in toluertg (1.0 mL). After 13 h of heating, only stochiometri
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conversion of the catalyst to produce propionitrias observed by*H NMR

spectroscopy. At this point, the catalyst had lsesiroyed.

trimethylacetonitrile(Table 2.2, entry #14)

Following the general procedure: Comple2.1 (4.3 mg, 0.0052 mmol),
trimethylacetonitrile (11.54L, 0.104 mmol, 20.0 equiv), and 3-hexyne (§U0, 0.053
mmol, 10.2 equiv) were dissolved in toluemhe(0.86 mL). After 70 h of heatindH
NMR spectroscopy indicated the presence of a ngpantity of propionitrile equal to

the molar quantity o2.1 used.

1,2-dicyanobenzen@.3)

Following the general procedure: Comp24 (3.7 mg, 0.0045 mmolR2.3 (5.3 mg,
0.0414 mmol, 9.2 equiv), and 3-hexyne (4L7 0.0414 mmol, 9.2 equiv) were dissolved
in bromobenzenes (0.74 mL). After 60 h of heatingH NMR spectroscopy indicated

79 % remainin@.3.

1,2-dimethylphthalonitrilé2.4)

Following the general procedure: Comp24 (2.4 mg, 0.0029 mmolR2.4 (4.4 mg,

0.0282 mmol, 10.1 equiv), and 3-hexyne (@B, 0.0594 mmol, 20.6 equiv) were
dissolved in toluenes (0.80 mL). After 37 h of heatingH NMR spectroscopy

indicated 67 % remaining.4.
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4,5-dimethoxyphthalonitrilé2.5)

Following the general procedure: Comp24 (7.9 mg, 0.0042 mmolR2.5 (7.9 mg,
0.0420 mmol, 10.0 equiv), and 3-hexyne (@b, 0.0836 mmol, 19.9 equiv) were
dissolved in bromobenzem (1.0 mL). After 4 h of heating, no metathesisduats

were observed b{H NMR spectroscopy.

5-tert-butylisophthalonitrilg2.6)

Following the general procedure: CompxX (6.7 mg, 0.0081 mmolR.6 (14.4 mg,
0.0782 mmol, 9.7 equiv), and 3-hexyne (BL9 0.0783 mmol, 9.7 equiv) were dissolved
in CsDs (1.3 mL). After 23 h of heating, a large numbgtest-butyl containing products
were observed b{H NMR spectroscopy. The volatiles were then rerdamesacuo The
resulting residue was dissolved igDg (1.3 mL) and heated for 19 h, at which point 1H
NMR spectroscopy indicated the formation of at teélasesonances corresponding to a

tert-butyl group.

Substrate studies with the following nitriles andhw2.2 were completed by Andrea
Geyer and are reported elsewheré: ©  anisonitrile, p-bromobenzonitrile, 2-
thiopheneacetonitrile, 4-cyanostyrene, 4-cyano-benzacid methyl ester, 4-(1-
(ethylenedioxy)ethyl)benzonitrile, 4-(X@Boxolan-2-yl)benzonitrile, p-
dimethylaminobenzontrile,  4-cyanobenzaldehyde, p-aminobenzonitrile, N-(4-

cyanophenyl)acetamidestolunitrile, 2.10

2.10.5 Additional Protonolysis Reactions
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With HOSiPh'Bu

NMo(NMe)s: A solid mixture of NMo(NMe2)3 (11.6 mg, 0.0479mmul, 1.0
equiv) and HOSIiPfBu (39.3 mg, 0.153 mmol, 3.2 equiv) was dissolved@HF (1 mL)
and the solution was transferred to a J. Young.tubige solution was placed in a 60 °C
oil bath for 16 hours, then the volatiles were resttin vacuo *H NMR analysis of the
residue (@De) indicated a conversion ®116(74 %) and2.17(26 %). The @D solution
was placed in a 90 °C oil bath and the reactioness monitored biH NMR. After 17
hours, the product makeup was 582%6 and 42 %2.17. After 17 hours, the product
makeup was 41 %.16and 59 %2.17. After 17 hours, the product makeup was 15 %
2.16and 85 %2.17. Reaction progress was monitored with the follailistinctiveH
NMR resonances? 3.82 (s,2.16 3H, N(H3), 2.80 (s,2.16 3H, NCH3), 1.26 (s,2.16

18H, C(CH)a), 1.19 (s2.17, 27H, C(CH2)a).

NMo[N(CMe&)(3,5-MeCg¢H3)] 3: A solid mixture of NMo[N(CMe)(3,5—
Me,CsH3)]s (6.5 mg, 0.0102 mmol, 1.0 equiv) and HOSIBh (8.5 mg, 0.0332 mmol,
3.3 equiv) was dissolved ingBs (0.8 mL) and the solution was transferred to daling
tube. The solution was placed in a 95 °C oil kmtt the reaction progress monitored by
'H NMR. After 24 hours, a 35 % conversion2z@5was observed. After 8 days, a 50 %

conversion t®.25was observed.
NMo[N(CHMe)(3,5-MeCeH3)]3: A solid mixture of NMo[N(CHMeg)(3,5—

Me;CsH3)]3 (9.7 mg, 0.0163 mmol, 1.0 equiv) and HOSIBh (13.3 mg, 0.0519 mmol,

3.2 equiv) was dissolved insBs (0.7 mL) and the solution was transferred to éaling
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tube and the reaction progress monitored'HyNMR. After 10 minutes at room
temperature, a 100 % conversior2t@4 was observed. The reaction solution was placed
in a 95 °C oil bath and the monitoring of the reattprogress by'H NMR was
continued. After 3 hours, the product makeup wia%62.24and 79 %2.25 Compound
2.24 was identified through the following distinctivél NMR resonances ¢Ds, 400
MHz): & 6.55 (s, 1H, AH), 6.42 (s, 2H, AiH), 4.53 (sep., 1H, BMe, 334 = 6.6 Hz),

1.49 (d, 6H, CH(El3),, 3Ji.n = 6.6 Hz), 1.24 (s, 18H, C(G)).

With 2,6-diisopropylphenol

NMo[N(CMe&)(3,5-MeCgsH3)]3:  Neat 2,6-diisopropylphenol (5.QL, 0.0270
mmol, 3.1 equiv) was added to a solution of NMo[NIg)(3,5-MeCsH3)]s (5.5 mg,
0.00880 mmol, 1.0 equiv) ingDs (0.7 mL). The solution was transferred to a Juivg
tube and heated in a 60 °C oil bath. After 20 Bp@ major reaction products were
observed in théH NMR spectrum containing at least five CHHg), resonances. After
heating for an additional 23 h, no significant afparnn the product composition had

occurred.

NMo[N(CHMe)(3,5-MeCsH3)]s: Neat 2,6-diisopropylphenol (156, 0.0596
mmol, 3.2 equiv) was added to a solution of NMo[N{@e,)(3,5-MeCsH3)]3 (11.0 mg,
0.0184 mmol, 1.0 equiv) ingDg (0.7 mL). The solution was transferred to a Juiv®
tube, heated in a 90 °C oil bath, and the reaqtimgress was monitored Byl NMR.
After 3 hours, five major reaction products weresatved by the BMe, resonance.

After heating overnight, no significant changehe product composition had occurred.
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2.10.6 ACM Studies

General Procedure: [Mo] (5.0 mg) and an intertahdard of 1,3,5-trimethoxybenzene
were dissolved in §Ds (0.50 mL) to give a catalyst concentration of 1 mL™. The
solution was transferred to a J. Young tube antidnpl-1-butyne (20 equiv) was added
via syringe. The sample was frozen and the overlgingpsphere was removedvacuo
The J. Young tube was heated at the desired tetaperand the reaction was monitored

by 'H NMR spectroscopy.

NMo(OSiPhz)s(NHMey) (2.15) Following the general procedure at 75 °€:15 (5.0
mg, 0.0051 mmol), 1-phenyl-1-butyne (14ub, 0.102 mmol). After 1.5 hours, a 25 %

conversion to diphenylacetylene was observed.

NMo(OCPh;Me); (2.19). Following the general procedure at 75 °@:19 (5.1 mg,
0.00743 mmol), 1-phenyl-1-butyne (21j0L, 0.148 mmol). After 21 hours, no

metathesis products were observed 2d@had completely decomposed.

NMo(O-2,6-Pr,CeHs)s(NHMe») (2.21). Following the general procedure at 75 °Z21
(5.0 mg, 0.0073 mmol), 1-phenyl-1-butyne (2010 0.141 mmol). After 2.5 hours, a 25

% conversion to diphenylacetylene was observed.

NMo(OSiPhg); (2.23). Complex2.23(6.7 mg, 0.0072 mmol, 1.0 equiv) and an internal
standard of 1,3,5-trimethoxybenzene were dissoine@Ds (0.7 mL), then the solution

was transferred to a J. Young tube. Neat 1-phgésydtyne (5.1uL, 0.036 mmol, 5.0
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equiv) was added and the reaction was monitoredHb)NMR spectroscopy at room

temperature. After 5 hours, a 25 % conversionpbehylacetylene was observed.

NMo(OSiPh,'Bu)s (2.25). Following the general procedure at 90 °Z:25(20.0puL of a
0.25 mguL™ stock solution in gDg, 0.0057 mmol), 1-phenyl-1-butyne (1610, 0.113

mmol). After 9 hours, no metathesis products vedrgerved.

2.10.7 NACM Concentration Studies with 2.23

General Procedure: Compléx23 anisonitrile (10 equiv) and an internal standafd
1,3,5-trimethoxybenzene were dissolved in bromobeeds at the desired concentration
of 2.23 then the solution was transferred to a J. Yowdlgt Then 1-phenyl-1-butyne
(10 equiv) was introducedia syringe and the overlying atmosphere was remamed
vacua The reaction was heated at 180-185 °C and mmecitoy’'H NMR spectroscopy.

The results are reported in Table 2.4.

20 mg mC*  Following the general procedure: 2.23 (10.0 mg, 0.011 mmol),
anisonitrile  (14.6 mg, 0.11 mmol), 1-phenyl-1-bwyn(15.2 pL, 0.11 mmol),

bromobenzeneés (5.0 mL).

30mg m* Following the general procedure: 2.23 (15.0 mg, 0.016 mmol),

anisonitrile  (21.3 mg, 0.16 mmol), 1-phenyl-1-bugyn(23.0 puL, 0.16 mmol),

bromobenzeneés (5.0 mL).
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40 mg m*  Following the general procedure: 2.23 (20.0 mg, 0.021 mmol),
anisonitrile  (28.0 mg, 0.21 mmol), 1-phenyl-1-bwgyn(30.4 pL, 0.21 mmol),

bromobenzenés (5.0 mL).

Table 2.4. NACM studies with2.23

Concentration Time

a a
(Mg mL‘l) ) ArCCPh +/— ArCCEt +/— Total +/-
4

20 5.33 0.62 3.67 0.85 9.00 1.47
8 7.33 0.62 5.33 0.62 12.66 1.24
12 8.50 0.00 5.50 0.00 14.00 0.00
30 4 6.83 1.18 2.83 1.43 9.66 2.61
8 8.83 0.94 6.50 0.71  15.33 1.65
12 11.00 1.78 7.50 0.41 18.50 2.19
40 4 10.67 1.18 7.00 041 17.67 1.59
8 15.50 1.47 7.83 0.47  23.33 1.94

12 14.50 8.50 23.00

& Ar = 4-MeOGH.,.

2.10.8 Attempted NACM with [Mo] Complexes

General Procedure: [Mo] (20.0 mg), anisonitrile @duiv), and an internal standard of
1,3,5-trimethoxybenzene were dissolved in bromoéeeds (5.0 mL) at a concentration
of 40 mg mL?, then the solution was transferred to a J. Yougt Then 1-phenyl-1-
butyne (10 equiv) was introducea syringe and the overlying atmosphere was removed
in vacuo The reaction was heated at 180-185 °C and nmeditdy ‘H NMR
spectroscopy. ACM products were observed in aésabut are indicated only for those

complexes that have not been previously been showatalyze ACM.
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NMo(OSiPhs)3(NHMe) (2.15) Following the general procedurg:15(20.3 mg, 0.021
mmol), anisonitrile (26.8 mg, 0.20 mmol), and 14pyiel-butyne (29.QuL, 0.20 mmol).
After 20 h, no NACM products were observed. Thee faf 2.15 was unclear, and so
additional 1-phenyl-1-butyne (871, 0.61 mmol) was added and the reaction heated at
90 °C. After 1 h, no additional ACM products wereserved, indicating decomposition

of 2.15

NMo(O-2,6-iPr2C6H3)3(NHMe2) (2.21). Following the general procedure2.19 (19.6
mg, 0.029 mmol), anisonitrile (39.3 mg, 0.30 mmalpd 1-phenyl-1-butyne (414L,
0.29 mmol). After 20 h, no NACM products were atvee with 2,6-diisopropylphenol

being the only phenolic species present.

NMo(OSiPh,'Bu)s (2.25). Following the general procedur2225 (80.0uL of a 0.25 mg
uL™ stock solution in gDg, 0.023 mmol), anisonitrile (30.1 mg, 0.26 mmolydal-

phenyl-1-butyne (32.4L, 0.23 mmol). After 8 h, no NACM products weresebved.

NMo(O'Bu)s (2.26). Following the general procedure2.26 (20.5 mg, 0.062 mmol),
anisonitrile (80.8 mg, 0.61 mmol), and 1-phenylutyme (86.QuL, 0.61 mmol). After 4

h, no NACM products were observed, but ACM had osxlito give a mixture of 1-
phenyl-1-butyne (50 %), diphenylacetylene (25 %) 8-hexyne (25 %). After 16 h, no

NACM was observed an2l26 had decomposed.
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NMo(OCMe,CF3); (2.27). Following the general procedure2.27 (20.6 mg, 0.042
mmol), anisonitrile (56.9 mg, 0.43 mmol), and 14pyiel-butyne (58.QuL, 0.41 mmol).
After 4 h, no NACM products were observed, but 82%v remained and ACM had
occurred to give a mixture of 1-phenyl-1-butyne @) diphenylacetylene (25 %), and

3-hexyne (25 %). After 16 h, no NACM was obseraed 51 %2.27remained.

NMo(OC(CF3),Me); (2.28). Following the general procedure2.28 (22.0 mg, 0.034
mmol), anisonitrile (40.7 mg, 0.41 mmol), and 14pyiel-butyne (40.QuL, 0.28 mmol).

After 4 h, no NACM was observed aBd8had largely decomposed.

NMo(OC(CF3)3)3(NCMe) (2.29). Following the general procedure2.29 (20.7 mg,
0.024 mmol), anisonitrile (31.2 mg, 0.23 mmol), and 1l4pyiel-butyne (33.QuL, 0.23

mmol). After 4 h, no NACM was observed ah@9had largely decomposed.

EtCMo(OAd) (Ad = 1-adamantyl) (2.30). Following the general procedur@.30(20.4
mg, 0.035 mmol), anisonitrile (46.0 mg, 0.35 mmalpd 1-phenyl-1-butyne (48)0L,
0.34 mmol). After 16 h, no NACM products were atveel. The fate of.30 was
unclear, and so additional 1-phenyl-1-butyne (144.01.01 mmol) was added and the
reaction heated at 90 °C. After 1 h, no additioA&lM products were observed,

indicating decomposition &£.30
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Chapter 3:

Design and Synthesis of Trianionic (XXX) Pincer Ligands

3.1 Introduction

In Chapter 2, it was demonstrated that NACM isgilde with Mo catalysts.

However, the Mo catalysts are short-lived at tighhemperatures required to overcome

the activation barrier for the Mo alkylidyne—to-+ide conversion. The high operating

temperatures and low substrate conversions makMthdased NACM impractical for

widespread use in organic synthesis. A Mo complessessing a lower energy barrier

for azametallacyclobutadiene formation would likejyerate at lower temperatures, and

therefore would be appealing as a functional catalyn the azametallacyclobutadiene

transition state for NACM, the alkoxide ligands ptla meridional geometry as shown in

Figure 3.1} Substitution of the alkoxide ligands with a timic (XXX) pincer ligand
would reduce the amount of ligand re-organizatioaquired to form an

azametallacyclobutadiene, thereby reducing theaain barrier as desired.

R—= R—=N

CR 8' R ¢
I N Ser L JlL X N Jer
Mo N vs. N ) i
RO ™SoRr row Mo 1IOR X X \' xwMoixX
RO | ~— ) J
OR L X
High Activation Barrier Low Activation Barrier ?

Figure3.1. Monodentate vs. tridentate ligand coordinatioMACM transition state.
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A second application for an XXX pincer ligand woul® to support high
oxidation state ruthenium alkylidyne species prasip synthesized in our lgb.
Alkylidyne complexes of the form Ru(CAr)(PG)Ys are not active for alkyne cross-
metathesis (ACMJ, presumably due to the absence of an open cooiatinsite for an
incoming alkyne substrate. Replacement of thedbdigands by a bulky XXX ligand
would likely prevent coordination of the large RQigand, thereby allowing for isolation
of a Ru species containing either a weakly bougahid or an open coordinati6on site
to the Re&eCR bond (Figure 3.2). Approach of an alkyne toReC triple bond could be

possible, making such a complex interesting aseanpial Ru ACM catalyst.

Ar
TCY3X c .
o\ L
RU=CAr :> ///,ILL.\\\\ >
X7 | x? X
X ~—
NN
X=Cl, Br, | X X X = trianionic pincer ligand

L = solvate ligand

Figure 3.2. Comparison of known and proposed Ru alkylidynagexes.

For these reasons, XXX pincer ligands are expetddcilitate the triple-bond
metathesis reactions of interest to our lab. Gitlen dearth of reported bulky XXX
pincer ligands at the time the current work wasubpe¢see Chapter 1), the synthesis of
new XXX pincer ligands was a primary research dbjec The design, synthesis, and

metallation of trianionic pincer ligands containimgdazoles will be discussed below.
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3.2 BisImidazole Ligand

Upon searching the literature, we found a repb# wariety of 1,3-bis(4,5-diaryl-
1H-imidazol-2-yl)benzene structures that we envisibneuld serve as a precursor to a
trianionic pincer ligand (Fig 3.3). Such a structure is attractive as an XXX ligand
precursor for two reasons. First, the moleculesraadily synthesized by condensing a
benzil derivative with commercially available isdipalaldehyde. Secondly, the ligand
steric profile can be adjusted through variationtioé pendant aryl groups on the
imidazole rings. In this chapter@vill denote the phenyl carbon atom thabisho to
both imidazole rings, Nwill denote the pyrrolic nitrogen atoms, and Will denote the

pyridyl nitrogen atoms as shown in Figure 2.3.

R R
Q. O
JNH . HNT =~ . /N/M\N\
NvN
R c

Known Proposed

Figure 3.3. Proposed use of 1,3-bis(4,5-diary-imidazol-2-yl)benzene molecules as
XXX pincer ligands.

Upon condensing 3,3,5-tetramethylbenzil 3.1)°> with isophthalaldehyde3(2)
and excess ammonium acetate in refluxing acetd, anidazole NCN-H (3.3) could be
obtained upon precipitation with water (Scheme.3Them-xylyl group was chosen for
its moderate steric protection and the simplicitjt®’H NMR spectrum. Compour@i3
displays low solubility in a variety of solventshérefore, it was purified readily by

washing the crude product with excess ethanol ltregun an 83 % yield o83.3 upon
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drying in vacuo. Ligand precursoB.3 could now be tested for activation of @nd N

by Mo and Ru complexes.

(0] (0]
xs NH4OAc
+ HJ\©)\H AcOH, reflux
3.2

Scheme 3.1. Synthesis of imidazol8.3.

The activation of3.3 to give an XXX complex was investigated using
NMo(NMey)s, NMo(O'Bu)s, Mo(CO), and Mo(CO)(NCEt). It was anticipated that the
Ca—H bond 0f3.3 would be deprotonated by the basic ligands —Nisted —CBu, or
activated by Mo(0) precursors. However, the-B remained intact under all conditions
tested as judged By NMR spectroscopy. The activation B with RuCh(PPh); and
[RuClx(p-cymene)} was also investigated, but again CH activation was observed.
This was not unexpected, as examples of pincendig@H activation by Ru are rafte.

Furthermore, addition of KBu to3.3 did not facilitate G—H activation by Ru.

"B e | N7 /B "B I, | \qu B
”\ «I / u ”\N 4 Rlﬁ‘\\ N/ u
[Rh(cod)ClI],
-y i\Q C”/ij\“rj
3.4 3.5

Scheme 3.2. Known pincer ligand transmetalation from Zr th.R
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The literature Zr comple&.4 (Scheme 3.2), which contains a pincer ligand that i
structurally similar t03.3, has been shown to transmetallate its pincer diganRh to
afford 3.5." Hoping to employ a similar strateg9,3 was found to react cleanly with
Zr(NMey)4 to yield Zr(NCN)(NMe)(NHMey) (3.6) in 93 % vyield as shown in Scheme
3.3. Complex3.6 is insoluble in nonpolar solvents and has a lowlsibty in CH,Cl,
and THF. The'H NMR spectrum o8.6 in CD,Cl, displays broadened peaks for the —
NMe, and NHMe resonances, indicating a ligand exchange procegmn cooling the
NMR sample to 0 °C, the broadened peaks sharpegeidicantly in the spectrum. The
NHMe, resonance appears far downfield &atl7.77 ppm, which suggests that the
exchange process may involve hydrogen bonding. tifthentate nature of the imidazole
ligand of 3.6 was confirmed by the deshield&C NMR resonance of Cat 5 184.05
ppm, which is indicative of metal coordination. Whkver, X-ray quality crystals 8.6
could not be grown due to its low solubility, and &s precise geometry remains
unknown. Given the successful formation33, activation of3.3 was also attempted
with the lighter congener Ti(NMg. Reaction of Ti(NMg4 with 3.3 clearly resulted in
deprotonation at N but the G-H remained intact as observed By NMR

spectroscopy.

[\
O NH HN O E:%M%M ;i\zr/fN
O /N//K‘/\dN\ O - O /NvN\ O
3.3 3.6

Scheme 3.3. Zr mediated activation &3.
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Complex 3.6 was tested for pincer ligand transmetalation tovaaiety of
substrates. In most cases, no discernible proghast observed vidH or 3P NMR
spectroscopy. Reaction @&.6 with RuCh(PPh); initially seemed promising, as
combination of the two complexes in @I, led to generation of a new peak in tfe
NMR spectrum ab 62.67 ppm in a 2:1 ratio with free Pftvhich suggests a structure of
the form [Ru(NCN)(PP}).]~ (Scheme 3.4). However, tHél NMR spectrum of the
mixture was quite complex, and repeated attemptsdlate a clean product proved
unsuccessful. Attempted cation exchange of th@onk product with TBACI or PNPCI
did not result in a shift of th&'® NMR signal. Introduction of 4,4"-diért-butyl-2,2'-
bipyridyl led to the gradual formation of RuCBu,-bipy)(PPh),, which was confirmed
independently through reaction of 44'tdit-butyl-2,2"-bipyridyl directly with
RuCh(PPh)s; (Scheme 3.4). Itis not likely that a bidentagaihd would displace a XXX
pincer ligand. Therefore, the reaction3$ with RuChL(PPh); probably does not result
in XXX transmetalation as originally believed. THE® NMR peak ab 62.67 ppm may
indicate the formation of a weak adduct, whichhert broken up through addition of

bipyridine.
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o
- N O 1) RUCL(PPhs)s PhsP, PPh
\_/ CH 2 Cl, 3'e 8
/ N/Zr\N A\ / N/RU\N \
DA s O o
N)\©/\N orTBACI

3.6
3P NMR 6 62.72 ppm
RUCly(PPhs)s cl, ¢
. Ph3P>Ru \PPhg —N N=
CH,Cl, N N— WY
—N N= _—
N\ 7/ \ 7/ 18U 8y
N\ 7/ \ 7/
Bu Bu
Bu By

31P NMR § 25.60 ppm

Scheme 3.4. Attempted XXX transmetalation froB16.

3.3 Trianion Generation

In Chapter 1 it was seen that formation of an NIGjNeomplex allowed for the
formation of Hf(XXX) complexes through salt elimiien® Therefore, we next
investigated whether tri-lithium or tri-magnesiumlts of 3.3 could be generated. As
determined by BO quenching experiments, treatment3d@ with alkyllithium reagents
did not result in deprotonation ofaC We sought to replace,€H with G—X (X =
halogen) in order to generate an arylide speuiaslithium- or magnesium-halogen
exchange. The imidazole compound NCN-Br-(3.8) was readily synthesized by
condensation of 2-bromoisophthalaldehy@8&)f with 2 equiv of3.1 (Scheme 3.5), and
upon purification was isolated in 68 % yield. lardands, the published procedure for
synthesizing3.7 was not consistently reproducible and did not escatry readily.
Therefore, readily obtained 2-iodoisophthaloniti(9)*° was reduced with 2 equiv of

DIBAL-H, leading the formation of 2-iodoisophthadghyde 8.10) after acidic workup
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(Scheme 3.5). Unoptimized reaction conditions gaeude mixture 08.9 that was not
purified. Subsequent condensation of impBid® with 2 equiv of3.1 generated NCN-I-
H, (3.11), which could be readily isolated due to its loviubdity. The synthesis 08.11

could be performed on a multigram scale in 20 %dyfi®m 3.9.

2 equiv 3.1
o Br o xs NH,0Ac NH X HN
AcOH, reflux O 4 — > > O
37 3.8 X=Br
3.11 X=1

2 equiv 3.1

_ ) xs NH,OAc
2 equiv DIBAL-H o ! o AcOH, reflux

|
NC CN Et,0, -78 °C
» H H

3.9 3.10

Scheme 3.5. Synthesis of imidazosaNCN-X-H..

With ligand precursor8.8 and3.11 in hand, investigations into the generation of
trilithium salts commenced. In the test reacti@8,or 3.11 were treated with 3 equiwv
BuLi in thawing solvent and the resulting solutiwwas quenched with {» (Scheme 3.6).
In all cases’H NMR analysis of the quenched reaction mixtureticited a sole product
having chemical shifts identical to NCN;H3.3), except that a single xylyl-group
environment was observed on the NMR timescale. réfbee, dianionic species
3.12.H(D) was assigned as the reaction product, suggeshag tti-lithiation was

successful.
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O O 1) 3 equiv "BuLi O Q

thawing solvent

X
DI e DR

X =Br 312H A=H
1X=1 312D A=D
h

Scheme 3.6. Tri-lithiation followed by deuterium quenching

8
1

3.
3.

While tri-lithiation was successful, the subsedudauteration at £ was not
complete and varying amounts of protonation werseoled as shown in Table 3.1.
Protonation of & suggests that the XXX-gicomplex is somewhat unstable with respect
to proton abstraction from the solvent. The leasbunt of proton incorporation (24 %)
was observed upon lithiation &8 (X = Br) in thawing E{O followed by DO
guenching after 15 minutes. Under identical reactionditions, the iodo derivatia11
yielded a greater percentage of proton incorpanafé8 %), likely due to a more rapid
rate of Li—I exchangde followed by decomposition. Performing the reausion thawing
THF resulted in greater amounts of protonation both 3.8 and 3.11, despite the
decreased reaction times prior to quenching. THas® indicate that while tri-lithiation
is facile, the resulting species are not very statith respect to protonation ak,Ghus

limiting their synthetic utility.

Table 3.1. Results of tri-lithiation reactions.

Compound Solvent Temperature Time/min % H?

3.8 EtLO thawing 15 24
311 EtLO thawing 15 68
3.8 THF thawing 5 36
311 THF thawing 5 97

2 Determined by integration of the\B signal in the'H NMR spectrum.
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We next investigated the reactivity of Grignardgents in the hope of generating
a more stable tri-anionic species that would peisisolution long enough to react with
metal substrates. Treatment3il with 2 equiv of EtMgBr in THRdg resulted in rapid
deprotonation of the imidazole rings to gi8d3 as judged byH NMR spectroscopy
(Scheme 3.7). Addition of a third equivalent ofVigBr followed by heating to 55C
resulted in a complicatedH NMR spectrum containing large numbers of broad
resonances. Upon quenching withCH the'H NMR spectrum revealed the presence of
3.12.H, suggesting the intermediate formation of an XXX-@Ag (3.14) complex as

desired.

NH | HN %Hegu;VEtMgBr ﬁ) ' ﬁ)
s o O N Oat U oy
— ~ —_—
3.11 - 3.13 -
1 equiv EtMgBr
STNRA
('3 H ('3 ﬁ "XXX-(MgBr);"
O~ A AR 3
3.14
3.12.H

Scheme 3.7. Tri-anion formation using a Grignard reagent.

Complex3.14 was generateth situ and then treated with a variety of metal

compounds. The Mo complexes NM&BD);, NMo(OCMeCR); and

EtCMoCkL(DME) did not give any identifiable reaction prodsigvith 3.14 in THF-dg; the
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correspondingH NMR spectra matched tt814 spectrum in complexity. Reaction of
3.14 with RuCh(PPh); in THF generated free PPhas observed by'P NMR
spectroscopy, as well as a very broad peak-a60 ppm. However, "H NMR spectrum

of the reaction mixture in CITl, showed a large number of NCN—containing produsts a
judged by the xylyl group region of the spectruBissolution of the reaction mixture in
pyridine-ds resulted in the formation of multiple productshath the'H and®'P NMR
spectra. Therefore, it seems tlBal4 is not suitable for metalation of transition metal
complexes. One possible explanation for the latkeactivity is the formation of

imidazole-Mg oligomers that prevent the requiredrapch with a metal substrate.

3.4  Monoanion Generation

We thought it interesting to determine whether latkcidic protons would affect
the formation and stability of the dithium arylide species. Therefore the dimethyl
imidazoles NCN-H-Mg (3.15) and NCN-I-Me (3.16) were also synthesized from the
corresponding parent imidazol@8 and3.11 as shown in Scheme 3.8. Upon metalation,
these compounds would be structurally similar t@iaety of known monoanionic (LXL)
NCN pincer ligandS. Additionally, we anticipated that the correspamgiXL ligand
would be a good ancillary ligand for Ru alkylidyheand carbid€™® complexes of

interest to our group.
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O Q 2.2 equiv NaH Q
NN

2.0 equiv Mel
JNH X HN THF
O N SN O ‘N
\
33 X=H 315 X=H
311 X=1 316 X=1

Scheme 3.8. Synthesis of potential LXL precursors NCN-X-Me

Precursor3.15 was found to be deprotonated byBuLi at C, to give NCN-LI-
Me, (3.17) as desired (Scheme 3.9). However, a large nunabeunidentifiable
byproducts were also formed in the reaction. CGleaonversion was achieved by Li-I
exchange betweet16 andn-BuLi and allowed for the isolation &17 as an off-white
powder in 70 % yield. Soli@.17 was found to be rapidly protonated in THF solution
even at low temperatures, and so reaction8.bf were typically performed in either
Et,O or GHe.

Compound 3.17 was treated with the substrates RuEPh);, [RuChk(p-
cymene)}, Ru(Cp-CsHsMe)(PCy)-Cl,*? and Ru(CS)(PGY:Cl..** Under all of the
conditions tested, either no reaction was obsemwedhe reaction was sluggish and
yielded multiple products. The poor reactivitypsssibly due to the large size of the
NCN ligand, which could inhibit its approach towardu substrates. Because the use of
3.15 and3.16 as LXL pincer ligand precursors was not expecteddeance the primary
research interest of triple-bond metathesis, inyasbns of these ligands were not

pursued further.
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¢ 0 ¢ D
Pioy PALRE

1.0 equiv "BuLi
Et,O
not clean

1.1 equiv "BulLi
Et,O

QD

Scheme 3.9. Lithiation to give an LXL precurs@:.17.

3.5  Synthesisof XXX Precursors Containing Three Acidic Protons

Given the difficulty encountered in activation 8f3 and its derivatives, we
reasoned that an XXX ligand precursor possessieg thcidic protons would be easier to
ligate via protonolysis or salt elimination pathway To this end we targeted a 2,5-
bisimidazole-pyrrole framework, in which the cehtghenyl ring of 3.3 has been
replaced with a pyrrole ring. A closely related lecnle was synthesized through the
condensation of benzil with 1-methyHipyrrole-2,5-dicarbaldehyd€. Therefore, we
targeted a similar route to obtain the desired moés (Scheme 3.10). Attempts to

condense 3,3',5,5-tetramethylbenz8.1j, pyrrole-2,5-dicarbaldehyde3.08),*® and
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NH4OAc in refluxing acetic acid resulted in the isaat of a black solid. The only
identifiable compound observed in thd NMR spectrum wag.1, indicating that the
pyrrole component was unstable under the reactomditions. The pyrrole.18 was
observed to be thermally unstable, with significatécomposition 0f3.18 being
gualitatively observed even upon storiBd8 at low temperatures in the solid-state.

Therefore, the instability .18 in refluxing acetic acid was not entirely surpitsi

Ph Ph

Known xs NH,OAc NH | HN
AcOH
Ph\’H‘\Ph I AN \Aﬁ\
reflux Ph N \ / N Ph
2 equiv
Attempt W!Iﬂ(/)VH_QMrrO/e ;\Sg;“‘OAC Ar Ar
A o w9 c N HN~§\
r + N
31 O 2equiv 3.18 reflux

Scheme 3.10. Attempted synthesis of desired 2,5-bisimidazolegie.

Seeking other synthetic routes, we turned ounttte to the Paal-Knorr synthesis
of pyrroles, in which a 1,4-diketone substrate amdensed with an amine to form a
pyrrole ring. For example, use of 1,4-diphenylibetd ,4-dione as the substrate leads to
the formation of 2,5-diphenylpyrrofé. Therefore, known 1-methyl-4,5-
diphenylimidazole 3.19)?° was used as a model substrate to test the fagsibilthe
synthetic route. Imidazole rings are known to beompatible with Friedel-Crafts
chemistry”* and s03.19 could not be acylatetlia electrophilic aromatic substitution.

Consequently, the required 1,4-did®21 was synthesized by lithiation at the 2-position



of 319 followed by nucleophilic addition into  N,N'-dimetky-N,N'-
dimethylsuccinamide3(20),%? as shown in Scheme 3.11. Upon workup, did@21j was
isolated in 59 % vyield. In a test reacti@?1 was condensed with excess XI\c in
refluxing acetic acid. The desired 2,5-bisimida&zpyrrole specie8.22 was precipitated
upon quenching the reaction with water. Compo82& was identified through it&H
NMR and MS spectra, indicating the applicability tbk Paal-Knorr synthesis to the

current systems.

o oM
Ph N/ pe THF
I) +  "BulLi + \N)‘\/\H/N\
|
N OMe o)
20

Ph
2.1 equiv 2.1 equiv
3.19 3.
Ph
Ph Ph 29 eq NH,OAc N
/ \ AcOH, refiux o NN\
J N H N { N ~ Ph
Vi N X Ph = N
Ph N N Ph \
\_/ N o
N
Ph
3.22 3.21

Scheme 3.11. Paal-Knorr synthesis &f12.

Having determined that the Paal-Knorr synthesis feasible for construction of
the desired imidazole-pyrrole scaffolds, we turtedh system employing N-protecting
groups on the parent imidazole. Synthesis of tharemt 4,5-bis(3,5-
dimethylphenyl)imidazole 3.23 was achieved by condensing3.1 with
hexamethylenetetramine (HMTA) in refluxing acetaida with 3.23 being isolated in 64
% yield. Deprotonation d3.23 with NaH followed by treatment with dimethylsulfagio

chloride gave imidazol8.24 in 64 % vyield after purification. Lithiation &.24 with n-
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BuLi followed by treatment with XC(O)&14C(0)X (X = N(OMe)Me, OMe, ClI) did not
result in acylation of the imidazole ring. Stagtimidazole3.24 was the only imidazole-
containing product observed in thé NMR spectrum of the crude reaction mixtures. A
deuterium quenching experiment under similar comat revealed only partial
deuteration at the imidazole (CH = 60 %), suggegstivat H-atom abstraction from the
solvent is relatively slow. Therefore, the lowctwaty of the lithiated imidazole species
with acyl substrates could be due either to favierdithium chelation by the sulfamoyl

group, or to steric hindrance associated with thiashoyl group.

1) 2.0 equiv
0.3 equiv HMTA NaH, THF
8.2 equiv NH40OAc H 2) 1.1 equiv
AcOH, reflux N CISO,NMe,
> | />
N
(J s
7 ]
N-l—N O\\ A
LN~/ 1) 1.0 equiv /S_N\
HMTA = hexa- No reaction "BuLi, THF N
methylenetetramine - | />
X = N(OMe)Me, N
OMe, CI 2) 0.5 equiv
o 3.24

X
\”/\)J\X
(0]

Scheme 3.12. Attempted dione formation with an N-protecteddazole.
Other protecting groups for the imidazole nitrogesre considered in the hope of

increasing the reactivity of the lithiated imidazol However, a judicious choice of

protecting groups was necessary, as a variety miwmn imidazole N-protecting groups
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are not compatible with organolithium reagentsr &ample, imidazole N-trimethylsilyl
and N-benzyl groups are known to react with alkyilim reagent$' Facile lithiation of
N-methoxymethyl (MOM) protected imidazoles is kngwhowever, the N-MOM
protecting group can be difficult to remo¥fe. Fortunately the dimethylaminomethyl
group has been shown to be suitable for lithiatieemistry and can be removed ea$ly.
However due to the hydrophobicity 8123, attempts to install a dimethylaminomethyl
group failed under the typical aqueous conditimrdtie Mannich reaction.

Due to the difficulty in finding an appropriategpecting group for the Paal-Knorr
synthetic route, we returned to the previouslymagteed imidazole condensation pathway.
Unlike the other heterocyclic substrates teste@, tlompound 3,6-dert-butyl-9H-
carbazole-1,8-dicarbaldehyd8.q5)** was found to readily condense wigil to give
NNN-H3; (3.26) as shown in Scheme 3.13. Upon purification & thaction mixture,
3.26 was obtained in 55 % yield as a yellow powder. [ikén3.3, imidazole3.26 is
soluble in a wide range of solvents due to theames of theert-butyl groups on the
carbazole ring. Future investigations into metallaof 3.26 will be discussed further in

Chapter 5.
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2.2 equiv

xs NH,OAc O O
AcOH, reflux 2 “NH ANT
N= —N

[ -

3.26

H H H
0
3.25

Scheme 3.13. Synthesis of an NNN-Higand precursor.

36  Conclusions

Two new rare XXX ligands have been developed andhggized. The NCN
ligand @3.3) was found to be activated by Zr(NMeto give a Zr(XXX) complex 3.6).
The activation of3.1 with other metal substrates was found to be chagite, which is
not surprising given the limited scope of other XXgand precursors that contain only
two acidic protons (see Chapter 1). Upon synthe$ighe appropriate imidazole
substrates, tri-lithiation of the NCN ligand coubé achieved, though the species was
unstable with respect to protonation at CAn XXX-(MgBr); (3.14) species could also
be generatedn situ and was found to be more stable than the XXX-pecies.
However,3.14 did not react cleanly with metal substrates, pdgsibe to the large size
of the ligand. A monoanionic NCN-Li species1(7) could be formed, but was found to
have a low reactivity with metal substrates.

It was hypothesized that the difficulties encouatlein metalation of the NCN

ligand could be remedied by synthesizing a derrationtaining three acidic protons.
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Formation of a model 2,5-bis-imidazole-pyrrole caupd @.22) demonstrated the
feasibility of the Paal-Knorr synthesis for makingidazole-pyrrole compounds.
Difficulties were encountered in making the redeisilione intermediate when using
protecting groups other than the N-methyl grouphisTobstacle was bypassed by
designing a new target ligand containing a carkebaickbonevia condensation of a
benzil derivative 3.1) with a substituted carbazole-1,8-dicarbaldehygi24f to give a
new imidazole-carbazole compour826). Imidazole3.26 is a rare example of an XXX-

pincer ligand precursor containing three acidicqms.

3.7 Experimental
3.7.1 Methods

All reactions were performed in an atmosphere pitgtigen, either in a nitrogen-
filed MBRAUN Labmaster 130 glove box or by usintprsdard air-free techniques
unless indicated otherwiée!H NMR spectra were recorded at 499.909 MHz, 399.967
MHz, or or 300.075 MHz on a Varian Inova 500, Variaova 400, Varian MR400, or
Varian Inova 300 spectrometer and referenced toasidual protons in pyridinds (8.79
ppm), CDC} (7.26 ppm), €Ds (7.26 ppm), CBCl, (5.32 ppm), THR3 (2.09 ppm),
(CD3),SO (2.05 ppm), or CEEN (1.94 ppm). *C NMR spectra were recorded at
100.724 MHz on a Varian Inova 400 or Varian MR4p6écrometer and were referenced
to naturally abundant®C nuclei in CDC} (77.16 ppm), CBCl, (54.00 ppm), or
(CD3),SO (39.52 ppm). HRMS data were collected on a dfiass AutoSpec Ultima

with electrospray ionization. LCT-MS data wereledled on a Micromass LCT Time-



of-Flight mass spectrometer. Combustion analysexe werformed on a Perkin-Elmer

200 Series Il Analyzer.

3.7.2 Materials

All bulk solvents were obtained from VWR scientifi@enzene and Gi&l, were
degassed and dried over 4 A molecular sieves, tothar solvents used were dried and
deoxygenated by the method of Grubbs. Zr(MME  NMo(OBu)s,®’
NMo(OCMeCFs)3,2®  EtCMoCK(DME),*®  Mo(COX(NCEt:*®  Ti(NMey)s,>®
RuCh(PPh)s,*  [RuCk(p-cymene)},** [Ruly(PPh)]n** [Ru(cod)CHa** Ru(Cp-
CeHaMe)(PCy),Cl,*?  Ru(CS)(PCy).Cl,,** 3,3',5,5-tetramethylbenzil 1),° 2-
bromoisophthalaldehyded.7),° iodoisophthalonitrile 3.9),'° pyrrole-2,5-dicarbaldehyde
(3.18),'® N-methyl-4,5-diphenylimidazole ~ 3(19),%° N,N'-dimethoxy-N,N'-
dimethylsuccinamide 3(20),%* and 3,6-ditert-butyl-9H-carbazole-1,8-dicarbaldehyde
(3.29)** were synthesized according to literature proceslufenmonium acetate, methyl
iodide, sodium hydride (60 % dispersion in mineddl), hexamethylenetetramine,
dimethylsulfamoyl chloride, dimethylamine hydrochétz, 1.0 M EtMgBr in hexanes,
dimethyl succinate, succinyl chloride, and 4,4t-Oiityl-2,2'-bipyridyl were obtained
from Acros. Acetic acid, acetone, methanol, 2-prag, aqueous ammonia, HCI, and
formaldehyde (37% w/w aqueous) were obtained frashdf. Mo(COy, PNPCI, 1.6 M
n-BuLi in hexanes, and 3.0 M EtMgBr in J&t were obtained from Strem.
Isophthalaldehyde was obtained from TCI, and 1.DIBAL-H in hexanes was obtained

from Alfa Aesar. TBACI was obtained from Flukall Aeagents were used as received.
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3.7.3 Synthetic Procedures

NCN-H3 (3.3). In 250 mL round bottom flask equipped with a refeondensor
open to air, a suspension of isophthaldehy8l@) ((1.80 g, 13.4 mmol, 1.0 equiv),
3,3,5,5-tetramethylbenzil3 1) (7.29 g, 27.4 mmol, 2.0 equiv), and ammonium ateet
(16.6 g, 215 mmol, 16 equiv) in acetic acid (150)mias brought to reflux for 4 hours.
After cooling, the solution was poured inta® (250 mL), causing a light powder to
precipitate. The solid was collected by filtratiand washed with ¥ (2 x 250 mL).
The solid was stirred in EtOH (300 mL) for 20 miesit then filtered and washed with
Et,O (100 mL). Addition of HO (100 mL) to the EtOH / ED filtrate yielded a second
crop of product, which was collected by filtratiofihe crops were combined and heated
at 145 °C for 24 hours to remove traces of acetid, /ielding3.3 (6.97 g , 11.1 mmol,
82.8 %) as a light cream powdefH NMR ((CDs),SO): & 12.70 (s, 2H, NH), 8.77
(pseudo t, 1H, ArH), 8.07 (ddJun = 7.9 Hz,*Jun = 1.8 Hz, 2H, ArH), 7.56 (EJuy = 7.9
Hz), 7.24 (s, 4H, ArH), 7.17 (s, 4H, ArH), 7.00 &, ArH), 6.86 (s, 2H, ArH), 2.27 (s,
12H, ArCHs), 2.21 (s, 12H, ArCH. *°C{*H} NMR ((CD3),SO): & 145.05, 137.40,
137.24, 136.81, 135.04, 130.93, 130.89, 129.05,912828.44, 127.96, 126.07, 125.04,
124.90, 122.29, 20.97, 20.88. Anal. Cacld fagHzN4: C, 84.31; H, 6.75; N, 8.94.

Found C, 84.25; H, 6.41; N, 8.87.

Zr(NCN)(NMe))(NHMey) (3.6). Compound3.3 (6.4611 g, 10.32 mmol, 1.0
equiv) and Zr(NMeg), (2.8990 g, 10.84 mmol, 1.05 equiv) were suspenadt,O (175
mL). The mixture was stirred vigorously for 5 hilsen diluted with pentane (75 mL).

The solid was collected by vacuum filtration, washveth pentane (3 x 40 mL), then



driedin vacuo to yield 3.6 (7.7428 g, 9.63 mmol, 93 %) as a cream coloreddeow'H
NMR (CD,Cl, 0 °C):8 17.77 (s, 1H, NHMg), 7.80 (d 23y = 7.6 Hz, 2H, ArH), 6.97 (t,
334n = 7.6 Hz, 2H, ArH), 6.95 (s, 2H, ArH), 6.92 (s, 4&tH), 6.90 (s, 4H, ArH), 6.62 (s,
2H, ArH), 2.68 (s, 6H, N-CH), 2.41 (s, 6H, N-Ch), 2.28 (s, 12H, ArCh), 1.92 (s, 12H,
ArCHs). °C{*H} NMR (CDCl,, 0 °C):5 184.05 (s, Zr-Gs,), 158.38, 140.08, 137.66,
137.40, 135.31, 132.91, 130.14, 129.27, 127.56,4B27125.40, 120.73, 38.58, 37.86,
21.56, 21.03. Anal. Calcd forsgis:NeZr: C, 71.69; H, 6.52; N, 10.45. Found C, 71.22;

H, 6.37; N, 9.99.

NCN-Br-H; (3.8). In 500 mL round bottom flask equipped with a ugfl
condensor open to air, a suspension of 2-bromoikafdidehyde 3.7) (1.70 g, 7.98
mmol, 1.0 equiv), 3,3’,5,5-tetramethylbenz8.7) (4.27 g, 16.1 mmol, 2.0 equiv), and
ammonium acetate (19.7 g, 256 mmol, 32 equiv) etia@cid (150 mL) was brought to
reflux for 3 hours 15 minutes. After cooling, tha@ution was poured intoJ@ (300 mL)
and the resulting mixture made alkaline with JOHH. The solid was collected by
filtration and washed with #0 (400 mL). The product was purified by multiple
precipitations from THF / hexane at —10 °C, with tlops collected by filtration, washed
with hexane, and drieth vacuo to yield 3.8 (3.84 g, 5.44 mmol, 68 %) as an off-white
powder. *H NMR ((CDs),SO, 300 MHz)% 12.77 (s, 2H, NH), 7.72 (d, 2H, Arfjuy =
7.6 Hz), 7.59 (t, 1H, ArH3Juy = 7.3 Hz), 7.23 (s, 4H, ArH), 7.16 (s, 4H, ArH)98 (s,
2H, ArH), 6.86 (s, 2H, ArH), 2.26 (s, 12H, ArGH 2.21 (s, 12H, ArCh). *3C{*H}

NMR ((CDs);SO): & 144.86, 137.46, 136.78, 136.46, 135.12, 134.09,983 130.86,
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128.95, 127.87, 127.64, 127.15, 125.72, 124.99,56220.98, 20.89. MS [M+H]+ =

705; HRMS calcd for gH4-BrN4 705.2593, found 705.2604.

2-iodoisophthalaldehyde (3.10). In a glovebox, iodoisophthalonitril&.9) (6.44
g, 25.4 mmol, 1.0 equiv) and dry,Bt (200 mL) were measured into a 500 mL 3-neck
flask fitted with a gas adapter and rubber septém.addition funnel containing DIBAL-
H (1.0 M in hexane, 53 mL, 53 mmol, 2.1 equiv) va#tached, then the flask was placed
under N on a Schlenk line and cooled to —78 °C. The DIBALsolution was added
slowly over 10 minutes, then the mixture was alldowe gradually warm overnight with
stirring. The mixture was then cooled to 0 °C gueénched with 25% v/v aqueous HCI
(100 mL). The aqueous layer was extracted with@#(3 x 50 mL), then the combined
organics were filtered to remove particulates dedviolatiles removeth vacuo, yielding
4.87 g of solid. The crude material contained ~9%3.10 as judged by comparison to
the reportedH NMR spectrunt> The remainder of the material consisted of mogtly
iodoisophthalonitrile 3.9). The crude mixture proved suitable to carry oitheut

purification.

NCN-I-H, (3.11). In 500 mL round bottom flask equipped with a ugfl
condensor open to air, a suspension of cBitie (~50 %, 4.87 g, ~9.6 mmol, 1.0 equiv),
3,3,5,5-tetramethylbenzil3 1) (5.11 g, 19.2 mmol, 2.0 equiv), and ammonium ateet
(12.6 g, 164 mmol, 17 equiv) in acetic acid (100)mias brought to reflux for 4 hours.
After cooling, the solution was poured intg@®1(200 mL). The precipitate was collected

by filtration, washed with D (3 x 100 mL), then suspended in EtOH (300 mL) and
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stirred vigorously for 20 minutes. The mixture when filtered and the solid washed
with Et,O (3 x 100 mL), CHCI, (100 mL), and BEO (100 mL). The white solid was
then driedn vacuo at 100°C to yield3.11 (3.87 g, 5.14 mmol, 20 % fro9) ‘H NMR
((CD3),S0, 400 MHz)3$ 12.58 (s, 2H, NH), 7.58—7.60 (m, 3H, ArH), 7.2448l, ArH),
7.17 (s, 4H, ArH), 6.99 (s, 2H, ArH), 6.86 (s, 2&H), 2.27 (s, 12H, ArChH), 2.21 (s,
12H, ArCHs). C{*H} NMR ((CD3),SO): 6 147.45, 138.51, 137.44, 136.75, 136.14,
135.23, 131.02, 130.96, 128.88, 127.80, 127.61,302725.68, 125.00, 102.29, 20.99,

20.89. MS [M+H]+ = 753; HRMS calcd forsgH42IN4 753.2454, found 753.2484.

NCN-H-Me, (3.15). THF (30 mL) was added via cannula to a solid orixtof
NCN-H; (1.5184 g, 2.42 mmol, 1.0 equiv) and NaH (60 %nineral oil, 0.2162 g, 5.37
mmol, 2.2 equiv) at —78 °C. The mixture was stirB® minutes at —78 °C, then 2 hours
15 minutes at room temperature. The solution wa¢ed to 0 °C, then a solution of Mel
(0.30 mL, 4.82 mmol, 2.0 equiv) was added via cémnuThe solution was stirred
overnight, then quenched with® (30 mL), causing a white powder to precipitaide
powder was collected by filtration, washed with @< HO, and driedn vacuo to yield
3.15 (1.4431 g, 2,21 mmol, 91.3 %) as a white powdét.NMR (CDCk, 400 MHz):8
8.07 (t,Jun = 1.6 Hz, 1H, ArH), 7.82 (ddJun = 7.8 Hz,*Juy = 1.6 Hz, 2H, ArH), 7.61
(t, *Jun = 7.8 Hz, 1H, ArH), 7.24 (s, 4H, ArH), 7.09 (s, 2ArH), 7.05 (s, 4H, ArH), 6.80
(s, 2H, ArH), 3.53 (s, 6H, NC§}i 2.37 (s, 12H, ArCh), 2.20 (s, 12H, ArCh). **C{*H}
NMR (CDCk): & 146.94, 138.38, 137.52, 137.28, 134.51, 131.58,.113 130.83,
130.19, 129.63, 129.34, 128.84, 128.55, 127.89,582433.15, 21.32, 21.27. Anal.

Cacld for GeHaeNa: C, 84.36; H, 7.08; N, 8.56. Found C, 84.10; H36N, 8.12.



NCN-I-Me;, (3.16). A mixture of THF (100 mL) and ED (100 mL) was added
via cannula to a solid mixture of NCN-1,H8.43 g, 11.2 mmol, 1.0 equiv) and NaH
(0.6781 g, 28.3 mmol, 2.6 equiv) at 0 °C. The ome&twas stirred for 3 hours at room
temperature, then a solution of Mel (1.40 mL, 2&&ol, 2.0 equiv) in EO (80 mL)
was addedia cannula. The suspension was stirred overnigbt) fuenched with 0
(200 mL). The mixture was filtered, the solid weashed with excess;B, and driedn
vacuo to yield3.16 (7.40 g, 9.48 mmol, 85 %) as a white powd#i. NMR (CDCk, 400
MHz): & 7.64—7.56 (m, 3H, ArH), 7.22 (s, 4H, ArH), 7.08 &H, ArH), 7.04 (s, 4H,
ArH), 6.79 (s, 4H, ArH), 3.27 (s, 6H, NGH 2.36 (s, 12H, ArCh), 2.19 (s, 12H,
ArCHs). C{*H} NMR (CDCls): 5 148.39, 138.82, 138.55, 137.50, 136.95, 134.66,
132.86, 131.03, 130.37, 129.85, 128.72, 128.55,00128124.69, 106.51, 32.52, 21.45,
21.422. Anal. Cacld for £gHssIN4: C, 70.76; H, 5.81; N, 7.18. Found C, 70.17; H15.

N, 6.97.

NCN-Li-Me; (3.17). Method A: A 2.5 M hexane solution ai-BuLi (0.18 mL,
0.450 mmol, 1.1 equiv) was added to a stirring sasjpn 0f3.9 (0.3188 g, 0.408 mmol,
1.0 equiv) in EXO (30 mL). The mixture was stirred for 35 minutibgn the solvent was
removedin vacuo. The residue was dissolved irHg (7.0 mL) and the solution was
frozen and lyopholizeth vacuo. The resulting powder was washed with pentanei3
mL) and driedin vacuo to yield 3.10 (0.1888 g, 0.286 mmol, 70 %) as an off-white
powder. Small amounts of an unknown byproduct wabserved in théH NMR

spectrum.*H NMR (CsDs, 300 MHz):8 7.68 (d,2Jun = 7.0 Hz, 2H, ArH), 7.58 (£Juy =
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7.0 Hz, 1H, ArH), 7.12 (s, 4H, ArH), 6.75 (s, 2HrH, 6.62 (s, 4H, ArH), 6.53 (s, 4H,
ArH), 3.38 (s, 6H, NCh), 1.96 (s, 12H, ArCh), 1.93 (s, 12H, ArChk). Method B: A
2.5 M hexane solution ofi-BuLi (6.4 pL, 0.0160 mmol, 1.0 equiv) was added to a
stirring suspension @&.8 (10.5 mg, 0.0160 mmol, 1.0 equiv) in,8t(1.0 mL), resulting

in an immediate color change to dark purple. Theture was stirred for 30 minutes,
then the solvent removed vacuo and the residue was dissolved igDg (0.7 mL). *H
NMR analysis indicated the formation 8fl0 and a large number of impurity peaks in

the spectrum baseline.

1,4-bis(1-methyl-4,5-diphenyl-1H-imidazol-2-yl)butane-1,4-dione (3.22).
Inside a glovebox, N-methyl-4,5-diphenylimidazad&l@) (0.90 g, 3.84 mmol, 2.1 equiv)
was measured into a 100 mL flask, dissolved inTdfF (25 mL), and cooled to near
freezing. n-BuLi (1.6 M in hexanes, 2.4 mL, 3.84 mmol, 2.1 egjuvas then addedia
syringe and the solution stirred at ambient tenmpeeafor 20 minutes. N,N'-dimethoxy-
N,N'-dimethylsuccinamide3(20) (0.37 g, 1.83 mmol, 1.0 equiv) was added as @l sol
and the mixture stirred overnight. The reactionswhen quenched with saturated
aqueous NEBr solution, then the solution was extracted witH,Cl, and the organics
were concentrated to dryness. The solid residue skaried in acetone (15 mL), then
cooled in the freezer. The solid precipitate wallectedvia suction filtration, washed
with cold acetone (2 x 5 mL), and drigdvacuo to give3.21 (0.59 g, 1.07 mmol, 59 %)
as a yellow powderH NMR (CDCk, 400 MHz): & 7.47-7.51 (m, 10H, ArH), 7.31—
7.34 (m, 4H, ArH), 7.18-7.25 (m, 6H, ArH), 3.80 §J, NCH), 3.77 (s, 4H, C(O)CH).

3c{*H} NMR (CDCls): & 192.04, 142.35, 139.13, 134.94, 134.03, 130.849,8M7
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129.41, 129.29, 128.36, 127.31, 127.13, 33.99,633.BIS [M+Na]+ = 573; HRMS

calcd for GgH3gN4sNaO, 573.2266, found 573.2249.

2.5-bis(1-methyl-4,5-diphenyl-1H-imidazol-2-yl)-1H-pyrrole (3.22). In a 15
mL round bottom flask equipped with a reflux consl@nopen to air, a suspension of
3.25 (0.05 g, 0.09 mmol, 1.0 equiv) and MPAc (0.20 g, 2.6 mmol, 29 equiv) in AcOH
(5 mL) was brought to reflux with stirring. Afteefluxing for 5 hours, the blue mixture
was poured into O (30 mL), causing a precipitate to form. The greslid was
collected by suction filtration and washed withGH The solid was then extracted
through a sintered glass frit with @El,, then the green filtrate was concentrated to
dryness. 'H NMR and MS analysis of the crude mixture indidatie successful
formation of 3.22 as the major product.'H NMR (CDxCl,, 500 MHz, distinctive
resonances)s 10.60 (br s, 1H, pyrrole-NH), 6.67 (s, 2H, pyrrael), 3.65 (s, 6H,

imidazole NCH). LCT-MS: m/z = 532.1 (§sH29N5).

4,5-bis(3,5-dimethylphenyl)-1H-imidazole (3.23). In a 250 mL round bottom
flask equipped with a reflux condensor open to airsuspension of hexamethylene-
tetramine (1.3 g, 9.3 mmol, 0.3 equiv), 3,3",5&ramethylbenzil 3.1) (7.64 g, 28.7
mmol, 1.0 equiv), and ammonium acetate (18.2 g, 12&tol, 8.2 equiv) in acetic acid
(170 mL) was brought to reflux. After 1 h, thewgadn was cooled and poured intgCH
(600 mL). The aqueous solution was cooled in anbath and slowly neutralized with
NH4OH, resulting in the precipitation of a powder. eTfowder was collected by suction

filtration, washed with copious 4@ and E2O (1 x 50 mL, 1 x 30 mL). Upon drying
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vacuo, 3.23 (5.08 g, 18.4 mmol, 64 %) was obtained as a crealored powder.'H
NMR ((CDs3),SO, 500 MHz):3 12.34 (s, 1H, NH), 7.69 (s, 1H, ArH), 7.14 (s, ZxtH),
7.04 (s, 2H, ArH), 6.95 (s, 1H, ArH), 6.82 (s, 1AtH), 2.23 (s, 6H, ArCH), 2.18 (s, 6H,

ArCHs). MS [M+H]+ = 277; HRMS calcd for {gH»1N, 277.1705, found 277.1705.

4,5-bis(3,5-dimethylphenyl)-N,N-dimethyl-1H-imidazole-1-sulfonamide

(3.24). In a glovebox3.23 (1.00 g, 3.64 mmol, 1.0 equiv) and NaH (0.17 g@57/mmol,
2.0 equiv) were measured into a 100 mL flask argpeoded in dry THF (50 mL) with
stirring. After 1 hour of reaction, the mixture pmared brown.
Dimethylsulfamoylchloride (0.43 mL, 4.00 mmol, lehuiv) was added via syringe,
causing the solution to turn light red. After 8tig overnight, the mixture was quenched
with H,O (25 mL). The organics were extracted with,CH (20 mL), then the volatiles
were removedn vacuo. The solid residue was dissolved in a mixturdlefOH (40 mL)
and acetone (2 mL), then a solid was precipitatéd the addition of HO (100 mL).
The precipitate was collecteta suction filtration, washed with 4@, and driedn vacuo
to yield 3.29 (0.89 g, 2.32 mmol, 64 %) as an off-white powd&i. NMR (CDChk, 500
MHz): &8.09 (s, 1H, ArH), 7.09 (s, 1H, ArH), 7.07 (s, 2&tH), 7.06 (s, 2H, ArH), 6.83
(s, 2H, ArH), 2.45 (s, 6H, N(Chb), 2.34 (s, 6H, ArCh), 2.18 (s, 6H, ArCh). “C{*H}
NMR (CDCk): 6 140.18, 138.51, 138.20, 137.62, 132.99, 131.1%.58R? 129.00,
128.91, 126.35, 124.88, 37.10, 21.40, 21.30. MSNsf+ = 406; HRMS calcd for

C21H25N3NaGS 406.1565, found 406.1561.
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NNN-H3 (3.26). In 50 mL round bottom flask equipped with a refcondensor
open to air, a suspension of 3,6tit-butyl-9H-carbazole-1,8-dicarbaldehyd&.29)
(0.54 g, 1.61 mmol, 1.0 equiv), 3,3,5,5'-tetramglienzil 3.1) (0.93 g, 3.50 mmol, 2.2
equiv), and NHOACc (2.4 g, 31.0 mmol, 19 equiv) in acetic acidq10L) was brought to
reflux for 5 hours. Upon cooling, the solution wasured into HO (200 mL) causing a
yellow powder to precipitate. The powder was aiéld by suction filtration, washed
with H,O (6 x 40 mL), and drieth vacuo. *H NMR analysis revealed the presence of
small impurities. The solid was extracted throagsintered glass frit with g (30 mL),
then the filtrate was concentratedct 10 mL in volume, diluted with pentane (10 mL),
and cooled to -5 °C. The resulting powder wasectdd by suction filtration, rinsed
with cold pentane, and dried vacuo to afford 3.30 (0.73 g, 0.88 mmol, 55 %) as a
yellow powder. *H NMR (CDCk, 400 MHz): & 11.87 (s, 1H, carbazole NH), 9.38 (s,
2H, imidazole NH), 8.17 (s, 2H, ArH), 7.70 (s, 2&tH), 7.40 (s, 4H, ArH), 7.22 (s, 4H,
ArH), 7.00 (s, 2H, ArH), 6.63 (s, 2H, ArH), 2.32 (2H, ArCHy), 1.99 (s, 12H, ArCh),
1.19 (s, 18H, C(CH3). “C{*H} NMR (CDCls): § 145.33, 142.02, 138.52, 138.21,
137.30, 136.37, 134.18, 131.72, 129.74, 128.28,0627126.23, 125.09, 124.27, 119.36,
117.13, 113.01, 35.00, 32.29, 21.39, 21.22. MS N+ = 828; HRMS calcd for

CsgHeaNsNa 828.5005, found 828.5037.

3.7.4 Other Reactions

Attempts of3.1 activation

NMo(NMe,)s. Solid3.3 (19.4 mg, 0.031 mmol, 1.0 equiv) was added tolatisn

of NMo(NMey)s (7.5 mg, 0.031 mmol, 1.0 equiv) i@ (1.0 mL) with stirring, causing



an immediate color change from yellow to orange-ratter 1.5 hours’H NMR analysis
revealed a large number of resonances that cotltdenimlentified. After 5 hours, tHel

NMR spectrum was no cleaner.

NMo(O'Bu)s. Method A Solid 3.3 (10.8 mg, 0.017 mmol, 1.2 equiv) and
NMo(O'Bu)s (4.8 mg, 0.015 mmol, 1.0 equiv) were rinsed intb goung tube with g
(2.0 mL). The overlying atmosphere was evacuabed0 seconds, then the tube was
heated in a 95 °C oil bath and the reaction pragnesnitored byH NMR. 1 hour: a
large number of unidentifiable peaks was observédhours: no improvement was
observed. Method B Solid 3.3 (49.8 mg, 0.080 mmol, 4.9 equiv) and NM&O); (5.3
mg, 0.016 mmol, 1.0 equiv) were rinsed into a lingptube with €Dg (1.5 mL). The
overlying atmosphere was evacuated for 20 secdhes,the tube was heated in a 95 °C
oil bath and the reaction progress monitored'8yNMR. 1 hour: NMo(CBu); was
observed, but not HBu. 6 hours: no change was observed. Method ACsolid
mixture of 3.3 (20.2 mg, 0.032 mmol, 1.0 equiv) and NM&0); (10.6 mg, 0.032
mmol, 1.0 equiv) were dissolved in THF (1.0 mL)watirring. After stirring for 4 hours
30 minutes, no color change was noted. The solwtias transferred to a J. Young tube
and placed in a 65 °C oil bath. After heating Ifids, the solution was cooled, the
solvent was removetih vacuo, and the residue taken up ir0g (0.8 mL). *H NMR

analysis indicated that no reaction had occurred.

Mo(CO)s Solid3.3 (9.3 mg, 0.015 mmol, 1.0 equiv) and Mo(G®).1 mg, 0.016

mmol, 1.0 equiv) were measured into a J. Young auiek suspended ingDs (1.0 mL).
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The tube was irradiated with a longwave UV lamp #m&lreaction progress monitored
by *H NMR. 1 hour: 1 major NC(H)N environment was eb®d with a single ArCk
resonance, which suggests no coordination to M®.hdurs: no change had occurred.
H NMR (CsDs, 400 MHZ):8 10.1 (v br, 0.2H), 9.18 (v br, 0.2H), 7.83 (br28, ArH),
7.55 (br s, 4H, ArH), 7.22 (t, 1H, ArH), 7.01 (mHA4ArH), 6.70 (s, 4H, ArH), 2.05 (s,

24H, ArCH).

Mo(CO)3(NCEt);. Method A Solid 3.3 (14.8 mg, 0.024 mmol, 1.0 equiv) was
added to a solution of Mo(CeINCEt) (8.3 mg, 0.024 mmol, 1.0 equiv) ins[@s (0.8
mL) with stirring. After stirring 1 hour 30 minuge'H NMR analysis indicated one
NC(H)N environment with a single ArGHesonance._ Method: BSolid 3.3 (14.0 mg,
0.022 mmol, 1.0 equiv) was added to a solution @{(®D)(NCEt) (7.8 mg, 0.023
mmol, 1.0 equiv) in THF (1.0 mL) with stirring. #ir stirring 2 hours 30 minutes, the
solvent was removeit vacuo and the residue was dissolved igDg (0.8 mL). *H NMR

analysis indicated one NC(H)N environment withragk ArCH; resonance.

Ti(NMey);. Method A Solid3.3 (10.2 mg, 0.016 mmol, 1.0 equiv) was added to
a stirring solution of Ti(NMg4 (9.9 mg, 0.044 mmol, 2.7 equiv) in THF (0.8 mlAfter
stirring for 1 hour, the solvent was removed are rssidue dissolved ingDg (0.7 mL).
'H NMR analysis indicated a single NC(H)N environmesth no imidazole NH signals
visible. 'H NMR (CsDs, 300 MHz):5 8.84 pseudo-t, 1H, GyH), 8.06 (dd 3.y = 7.6 Hz,
*Jun = 1.5 Hz, 2H, ArH), 7.56 (br s, 8H, ArH), 7.38 {un = 7.6 Hz, 1H, ArH), 6.79 (s,

4H, ArH), 3.12 (s, 79H, N(CH), 2.80 (s, 30H, N(CH), 2.20 (s, 24H, ArCH).



Method B Solid 3.3 (15.7 mg, 0.025 mmol, 1.0 equiv) was added tarergj solution
of Ti(NMey)4 (13.9 mg, 0.062 mmol, 2.5 equiv) ik (0.8 mL). After stirring for 1
hour, the solvent was removed and the residue ldia$in GDs (0.7 mL). The'H NMR
spectrum was similar to Method A. Method & solution of Ti(NMe)4 (12.3 mg, 0.055
mmol, 3.0 equiv) in €Ds (0.8 mL) was added to a J. Young tube, followedsblyd 3.3
(11.3 mg, 0.018 mmol, 1.0 equiv). The reaction Wwaated in a 70 °C oil bath for 2

hours. 'H NMR analysis indicated a large number of uniditile products had formed.

RuCl,(PPhs)s: Method A A solid mixture of3.3 (11.3 mg, 0.018 mmol, 1.0
equiv) and RuG(PPh)s; (17.4 mg, 0.018 mmol, 1.0 equiv) was dissolve@€BsCN (1.0
mL), then the solution was transferred to a J. Yptuie and placed in an 85 °C oil bath.
After heating for 3 hours, 2 peaks were visiblé¢hia®*'P NMR spectrum ai 30.12 (s, 68
%) and —4.52 (s, 32 %, P®h 'H NMR spectroscopy indicated no activation gfHNor
CaH with resonances at12.67 (s, 2H, BH), 9.72 (s, 1H, ¢H), 2.24 (s, 12H, ArCh),
2.17 (s, 12H, ArCH). Method B A solid mixture of3.3 (7.0 mg, 0.011 mmol, 1.0
equiv), RuC}(PPh)s (10.3 mg, 0.011 mmol, 1.0 equiv), and BO (3.7 mg, 0.033
mmol, 3.0 equiv) was supended in THF (1.0 mL), ¢farred to a J. Young tube, and
heated at 70 °C in an oil batfhe reaction was monitored B}P NMR spectroscopy.
11 hours: 6 40.7 (20 %), 35.7 (42 %), 24.83 (5 %), —4.6 (34 %81 hours: not much
change. The volatiles were removiedvacuo and the residue dissolved in . 'H
NMR analysis revealed a large number of very bioeaks. The volatiles were removed
in vacuo and the residue dissolved in pyridide- *H NMR analysis revealed no

improvement in the sample clarity. Method @ solid mixture 0f3.3 (6.2 mg, 0.0090
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mmol, 1.0 equiv), RuG{PPh); (9.2 mg, 0.0096 mmol, 1.0 equiv), and B8O (9.7 mg,
0.0864 mmol, 9.0 equiv) was supended in THF (1.0,rtransferred to a J. Young tube,
and heated at 70 °C in an oil bathThe reaction was monitored B¥P NMR
spectroscopy. 11 hours:63.0 (d,2Jpp= 49.0 Hz, 31 %), 51.2 (Jpp = 43.4 Hz, 31 %),
24.76 (s, 8 %), —4.62 (s, 13 %), —16.3 (s, 17 &). hours: no significant change was

observed.

[RuClx(p-cymene)] .. A solid mixture of3.3 (21.1 mg, 0.0337 mmol, 1.0 equiv)
and [RuC}(p-cymene)} (10.2 mg, 0.0167 mmol, 0.5 equiv) was dissolvedCDsCN
(1.0 mL), then the solution was transferred to #aling tube and placed in an 85 °C oill
bath. After heating for 3 hour84 NMR spectroscopy revealed peaks faH\(11.83

ppm) and GH (9.18 ppm). No change was observed after 20shour

Transmetalation Reactions

NMo(O'Bu)s. Solid 3.6 (8.3 mg, 0.010 mmol, 1.0 equiv) was added to atsnl
of NMo(O'Bu); (3.4 mg, 0.010 mmol, 1.0 equiv) in @Cl, (0.8 mL), causing the
solution to turn yellow. After stirring 1 houlH NMR analysis revealed a large number
of products. After reacting overnight, no improwarhin the product composition was
observed. The volatiles were removadiacuo and the residue dissolved in pyridide-

'H NMR analysis indicated (& protonation for the major NCN product.

RuCl»(PPhs);. Method A A solid mixture of3.6 (7.9 mg, 0.0098 mmol, 1.0

equiv) and RuG(PPh); (9.5 mg, 0.0099 mmol, 1.0 equiv) were dissolve@i»Cl, (0.7
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mL). The solution underwent an immediate colomgjeato green-yellow. After stirring
45 minutes'P NMR indicated a new peak &62.72 ppm and free PP a 2:1 ratio,
while 'H NMR indicated a large number of products. Meitt® Solid 3.6 (9.5 mg,
0.012 mmol, 1.0 equiv) was added to a solution «€RPPh); (11.0 mg, 0.012 mmol,
1.0 equiv) and TBACI (4.1 mg, 0.015 mmol, 1.3 equiv CHCl,. The solution
underwent an immediate color change to green-yellJ#® NMR spectroscopy revealed
a new peak a 62.72 ppm and free PPim a 2:1 ratio. The solvent was removed and the
residue taken up in¢Ds. *H NMR analysis indicated a large number of products
Method C (861): Solid3.6 (28.7 mg, 0.036 mmol, 1.0 equiv), Ru@Ph); (34.1 mg,
0.036 mmol, 1.0 equiv), and PNPCI (21.1 mg, 0.03@am 1.0 equiv) were dissolved in
CH,CI, (2.0 mL) to give a green solution. The solutioasvstirred 1.5 hours, then 4,4'-
di-t-butyl-2,2'-bipyridyl (9.6 mg, 0.036 mmol, 1.0 eguwas added as a solid, causing
the solution to turn red-brown. After 20 mittfP NMR analysis indicated the original
product at 62.8 ppm (32 %) and a small new peak @6.7 ppm (6 %). After 50 min,
the peak at 62.8 ppm decreased intensity (22 %}tengeak at 25.7 ppm was larger in

intensity (14 %). _Control reactionSolid 4,4'-dit-butyl-2,2'-bipyridyl (3.5 mg, 0.013

mmol, 1.0 equiv) was added to a solution of R(f®Ph); (12.6 mg, 0.013 mmol, 1.0
equiv) in CHCI, (0.8 mL), resulting in an immediate color changedark red-orange.

3P NMR spectroscopy revealed a peak 26.6 ppm in a 2:1 ratio with free PPh

[Rulx(PPhg)s] .. Solid 3.6 (12.8 mg, 0.016 mmol, 1.0 equiv) was added to a
suspension of [Ru(PPh3)2} (14.2 mg, 0.016 mmol, 1.0 equiv) in THF (0.6 mLhe

mixture was stirred for 50 minutes, then transfén@ a J. Young Tube and placed in a



60 °C oil bath. After 25 minuted'P NMR spectroscopy revealed peaks &0.3 (s, 36
%), 58.1 (s, 54 %), and —4.6 (s, 10 %). The m&tuas heated at 60 °C overnight, then
3P NMR analysis revealed a broad peak 88.23 ppm that accounted for 83 % of the
total signal intensity in the spectrum. The sotwgas removed and the residue taken up
in CD,Cl, (0.8 mL). The**P NMR spectrum was unchanged, wHit NMR analysis

revealed NC(H)N as the major NCN produt8(87, GH).

[Ru(cod)Cly]n: Solid [Ru(cod)C], (3.1 mg, 0.011 mmol, 1.0 equiv) was added
to a solution 0f3.6 (9.3 mg, 0.012 mmol, 1.0 equiv) in @O, (0.7 mL). The mixture
was stirred and slowly changed color to a darkedstof brown. After 20 hours, a large
number of broad resonances were observed ifHHé¢MR spectrum. The volatiles were
removedin vacuo and the residue dissolved in pyridide- ‘H NMR analysis indicated

the formation of multiple unidentifiable products.

Tri-lithiation reactions

General procedureln a glovebox, solvent (1 mL) was added to sbI@N-X-H,

(3.8, 3.11) and the was mixture frozen in a cold well. Immagely upon thawingn-BuLi
(1.6M in hexane, 3.0 equiv) was added to the reaatiixture with vigorous stirring at
ambient temperature. After 15 minutes,®t or 5 minutes (THF), the solution was
guenched with BD outside of the glovebox. The solution was cotre¢éed and the
residue was analyzed B NMR spectroscopy. In all cases the clean foromatf
3.12.H(D) was observed, with the % H incorporation determibgdntegration of &H

relative to ArCH. *H NMR ((CDs);SO, 400 MHz3.12.H(D)): 6 8.67 (s, GH), 7.86 (d,
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33 = 6.8 Hz, 2H, ArH), 7.29 (£ = 6.8 Hz, 1H, ArH), 7.21 (s, 8H, ArH), 6.77 (s, AH

ArH), 2.21 (s, 24H, ArCH).

3.8: In Et;O: Following the general procedure w88 (8.4 mg, 0.012 mmol, 1.0
equiv) andn-BuLi (23.0 pL, 0.037 mmol, 3.1 equiv). 24 % H incorporationswva
observed.In THF: Following the general procedure wit8 (7.7 mg, 0.011 mmol, 1.0
equiv) andn-BuLi (21.0 pL, 0.034 mmol, 3.1 equiv). 36 % H incorporationswva

observed.

3.11: In Et;O: Following the general procedure witil (8.4 mg, 0.011 mmol,
1.0 equiv) anch-BulLi (22.0 pL, 0.035 mmol, 3.1 equiv). 68 % H incorporationswa
observed.In THF: Following the general procedure wigtil (11.2 mg, 0.015 mmol,
1.0 equiv) andh-BuLi (29.0 pL, 0.046 mmol, 3.1 equiv). 97 % H incorporationswva

observed.

Tri-magnesium reactions

Formation of 3.14: Solid 3.11 (13.4 mg, 0.018 mmol, 1.0 equiv) was measured
into a J. Young tube and dissolved in TEH0.6 mL). The sample was heated slightly
to dissolve3.11, then an initial'H NMR spectrum was obtained. A 3.0 M solution of
EtMgBr in EtO (11.8pL, 0.035 mmol, 2.0 equiv) was addei syringe, causing the
solution to turn yellow. 'H NMR analysis indicated the clean formation 213.
Additional EtMgBr (5.9uL, 0.018 mmol, 1.0 equiv) was added to the TddFsolution

via syringe. 'H NMR analysis indicated no reaction had occurréthe sample was
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heated in a 55 °C oil bath for 30 minutes, therlemo'H NMR analysis revealed a large
number of unidentifiable peaks (presumabli4). The solution was quenched withCH
(2 drops), at which pointH NMR spectroscopy revealed the formation3df2.H. *H
NMR (THF-dg, 300 MHz,3.11): 5 11.64 (s, 2H, NH), 7.61 (dJun = 6.8 Hz, 2H, ArH),
7.51 (t,33un = 6.8 Hz, 1H, ArH), 7.39 (s, 4H, ArH), 7.21 (s, AArH), 6.95 (s, 2H, ArH),
2.29 (s, 12H, ArCh), 2.23 (s, 12H, ArCH. H NMR (THF-ds, 300 MHz,3.13): & 7.57
(d, 33un = 7.3 Hz, 2H, ArH), 7.42 (EJun = 7.3 Hz, 1H, ArH), 7.32 (s, 4H, ArH), 7.27 (s,
4H, ArH), 6.87 (s, 2H, ArH), 6.62 (s, 2H, ArH), 33s, 12H, ArCH), 2.14 (s, 12H,
ArCHs). H NMR (THF-ds, 300 MHz,3.12.H): & 8.79 pseudo-t, 1H, ArH), 8.06 (dd,
$3un = 7.7 Hz,"Jun = 1.6 Hz 2H, ArH), 7.48 (€Juy = 7.7 Hz, 1H, ArH), 7.28 (s, 8H,

ArH), 6.88 (s, 4H, ArH), 2.25 (s, 12H, ArGH

Reaction between 3.14 and RuCl,(PPhg)s: Solid 3.11 (11.8 mg, 0.016 mmol, 1.0
equiv) was measured into a J. Young tube and disdoin THF (0.7 mL). A 3.0 M
solution of EtMgBr in EfO (11.8pL, 0.035 mmol, 2.0 equiv) was added syringe and
the sample placed in a 60 °C oil bath for 30 misutS§olid RuGI(PPh); (14.2 mg, 0.015
mmol, 0.9 equiv) was rinsed into the J. Young twbth THF (0.3 mL), causing the
solution to immediately turn red-purple in colorAfter 25 minutes,*'P NMR
spectroscopy revealed 2 broad peaks@Q ppm and 40 ppm along with free BPAfter
reacting overnight, a brown precipitate had fornrethe reaction tube. The solvent was
removedin vacuo and the residue dissolved in @I}, (0.7 mL). 3P NMR spectroscopy
revealed peaks &t58.4 ppm and —5.1 ppntH NMR analysis indicated the formation of

multiple unidentifiable products. The volatiles rgemovedn vacuo and the residue
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dissolved in pyridingls. No improvement was noted in thd NMR spectrum, and the

3P NMR spectrum showed peaksd5.2, 54.4, 49.3, 36.8, 30.1, and -5.1 ppm.

Reaction between 3.14 and NMo(O'Bu)s:  Solid 3.11 (10.9 mg, 0.015 mmol, 1.0
equiv) was measured into a J. Young tube and disdah THFdg (0.6 mL). A1.0 M
solution of EtMgBr in THF (44.QiL, 0.044 mmol, 3.0 equiv) was added syringe, then
the sample was heated in a 60 °C oil bath for 2ol NMR spectroscopy indicated a
large number of peaks presumably corresponding i Solid NMo(GBu)s (5.1 mg,
0.016 mmol, 1.0 equiv) was rinsed into the J. Yotulge with THFeg (0.6 mL) and the
reaction progress was monitored By NMR spectroscopy. 20 minutes (rt): no apparent

reaction. 1 h 10 min (at 60 °C): no apparent ieact10 d (rt): no apparent reaction.

Reaction between 3.14 and NMo(OCMe,CF3)s:  Solid 3.11 (14.2 mg, 0.019
mmol, 1.0 equiv) was measured into a J. Young arzkdissolved in THIgg (0.6 mL).
A 1.0 M solution of EtMgBr in THF (57.QL, 0.057 mmol, 3.0 equiv) was addeich
syringe, then the sample was heated in a 60 °Cbaih for 2 hours. '"H NMR
spectroscopy indicated a large number of peaksiprasly corresponding t&14. Solid
NMo(OCMeCFs)3 (9.4 mg, 0.019 mmol, 1.0 equiv) was rinsed inte $h Young tube
with  THF-dg (0.6 mL) and the reaction progress was monitorgd s NMR
spectroscopy. 20 minutes (rt): no apparent reactil h 10 min (at 60 °C): no apparent

reaction. 10 d (rt): no apparent reaction.
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Reaction between 3.14 and EtCMoCl3(DME): Solid3.11 (12.3 mg, 0.016 mmol,
1.0 equiv) was measured into a J. Young tube asgbhlied in THFdg (0.6 mL). A 1.0
M solution of EtMgBr in THF (49.QuL, 0.049 mmol, 3.0 equiv) was addee syringe,
then the sample was heated in a 60 °C oil bati2ftiours. *H NMR spectroscopy
indicated a large number of peaks presumably coorefing to 3.14.  Solid
EtCMoCkL(DME) (5.3 mg, 0.016 mmol, 1.0 equiv) was rinsewithe J. Young tube with
THF-ds (0.6 mL), causing the yellow solution to changdéocdo purple. The reaction
progress was monitored By NMR spectroscopy. 20 minutes (rt): no appareattion.

1 h 10 min (at 60 °C): no apparent reaction. 1Q)d no apparent reaction.

Reaction 083.17 with Ru substrates

RuCl,(PPhg)s:  Method A THF (1.0 mL) was frozen in a cold well, then
immediately upon thawing was added to a solid me&if 3.17 (5.4 mg, 0.0082 mmol,
1.0 equiv) and Ru@IPPh); (7.8 mg, 0.0081 mmol, 1.0 equiv) with stirring. her
solution was stirred inside a cold well for 30 ntes) then the volatiles were removed in
vacuum and the residue dissolved igDE (0.7 mL). A3 NMR spectrum showed
several signal$ 53.03 (s), 50.66 (s), 50.33 (s), 49.75 (s), 4491 —4.80 (s, PRh
Method B A solid mixture 0f3.17 (6.3 mg, 0.0095 mmol, 1.0 equiv) and Ri{EPh);3
(9.4 mg, 0.0098 mmol, 1.0 equiv) was supsended,@ EL.O mL) with vigorous stirring.
The mixture was stirred overnight, then the vaotatiwere removedh vacuo and the
residue was dissolved ingBs (0.7 mL). *H NMR analysis indicate®.15 as the only
NCN product. _Method C A solid mixture 0f3.17 (7.9 mg, 0.012 mmol, 1.0 equiv) and

RuChL(PPh)3; (10.9 mg, 0.011 mmol, 1.0 equiv) was dissolveids (1.0 mL) with



stirring.  After stirring for 1 hour'H NMR analysis indicated a 9.6 : 1 ratio 217 :
3.15. The solution was transferred to a J. Young tabeé heated in a 70 °C oil bath.
After heating for 3 hourdH NMR analysis indicated a 2.8 : 1 ratio®17 : 3.15. Only
RuChL(PPh); (5 41 ppm, br s) and PRIS —4.80 ppm, s) were observed in ffie NMR

spectrum.

[RUCly(p-cymene)] »: A solid mixture 0f3.17 (10.9 mg, 0.017 mmol, 2.0 equiv)
and [RuC}(p-cymene)} (5.1 mg, 0.0083 mmol, 1.0 equiv) was dissolvedips (1.0
mL) with stirring. After stirring 2.5 hoursH NMR analysis revealed mosty17 with a

variety of other products visible.

Ru(C-p-CgHsMe)(PCys).Cl: A solid mixture of3.17 (4.7 mg, 0.0071 mmol, 1.1
equiv) and Ru((-CgHsMe)(PCw).Cl (5.6 mg, 0.0067 mmol, 1.0 equiv) was dissolved
in CgDe (0.7 mL) and transferred to a J. Young tube. 3dlation was heated in a 65 °C
oil bath and the reaction progress monitoredtbynd®P NMR spectroscopy. 13 hours:
'H NMR spectroscopy indicated no reaction 317, *'P NMR spectroscopy showed
peaks ab 82.13 ppm (s, 4 %), 42.42 (s, SM, 44 %), 40.4688s%), and 10.51 (s, Pgy

14 %). 24 hours: no significant change was olexerv

Ru(CS)(PCys),Cl,: A solid mixture 0f3.17 (7.3 mg, 0.011 mmol, 1.0 equiv) and
Ru(CS)(PCy).Cl, (8.4 mg, 0.011 mmol, 1.0 equiv) was dissolved ¢hlg1.0 mL) with
stirring. The reaction progress was monitored®*#®/ NMR spectroscopy. 24 hours:

Peaks ab 31.1 (s), 30.8 (s), 30.3 (s). 60 hours: No cleangs observed.
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Attempted condensation 8f1 with 3.18

In a 100 mL round bottom flask equipped with aweftondensor open to air, a
suspension 08.18 (0.10 g, 0.81 mmol, 1.0 equiv3,1 (0.46 g, 1.73 mmol, 2.1 equiv),
and NHOAc (1.3 g, 17 mmol, 21 equiv) in AcOH (55 mL) warought to reflux. The
solution changed color to dark purple-red, theblaxk. After 4 h 30 min, the solution
was cooled and poured inta® (150 mL), causing a dark precipitate to form.e Bolid
was collected by suction filtration, washed withioirH,O (4 x 100 mL), and drieth
vacuo to yield 0.46 g of a grey solid. Ben3ill was the only compound observed in the

'H NMR spectrum of the crude product.

Attempted acylation 08.24

General proceduren-BuLi (1.6 M in hexanes, 2.0 equiv) was addeal syringe

to a —35 °C solution 08.24 (2.0 equiv) in THF (1.0 mL) to give an orange siol.
After stirring the solution for 20 minutes, XC(O)@EH,C(O)X (1.0 equiv) was added to
the mixture, which was then stirred overnight. Thaction was quenched with,®l,
then the solution was concentrated to dryness hadrésidue analyzed by NMR

spectroscopy.

X = N(OMe)Me Following the general procedure wig?4 (11.1 mg, 0.029

mmol), n-BuLi (18.1 pL, 0.029 mmol), and3.20 (2.9 mg, 0.014 mmol). The only

observed imidazole-containing product v@ai.



X = OMe Following the general procedure wigt24 (7.6 mg, 0.020 mmol)y-
BuLi (12.4 pL, 0.020 mmol), and MeOC(O)GE8H,C(O)OMe (1.3uL, 0.001 mmol).

The only observed imidazole-containing product @.24.

X = CI: Following the general procedure wid®24 (35.6 mg, 0.093 mmol)-

BuLi (58.0 puL, 0.093 mmol), and CIC(O)Ci€H.C(O)CI (5.1uL, 0.046 mmol). The

only observed imidazole-containing product \8&.

Control reaction n-BuLi (1.6 M in hexanes, 15.0L 1.0 equiv) was addeda

syringe to a —35 °C solution 8f24 (9.1 mg, 0.024 mmol, 1.0 equiv) in THF (1.0 mL) to
give an orange solution. After stirring overnigtiite orange solution was quenched with
D,0, resulting in a color change to yellodd NMR analysis indicated recovery 824

with an integration of 0.6H for the imidazole CHoaance.

Attempted installation of a dimethylaminomethyl f@cting group 0r3.23

In a 100 mL round bottom flask open to the aisodd mixture of3.23 (1.50 g,
5.43 mmol, 1.0 equiv) and dimethylamine hydrochler{0.45 g, 5.52 mmol, 1.0 equiv)
was suspended in,B@ (20 mL) and concentrated HCI| (15 mL). Compouha3
aggregated into clumps of solid on top of the agseswlution. Isopropanol (20 mL) was
added, resulting in the dissolution &23. Aqueous formaldehyde (37 % w/w, 0.46 g,
5.67 mmol) was added to the reaction solution.estirring overnight, the solution was
made strongly alkaline through the addition of 20K@H,q) solution, resulting in the

precipitation of a solid. The mixture was extracteith CHCE (2 x 100 mL) and the
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organics were washed with,8& (100 mL) and concentrated to drynes$d NMR

analysis of the residue indicat8@3 as the only imidazole component.
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Chapter 4:

Synthesisand Theoretical I nvestigations of Zr Complexes
Containing a Charge-Versatile XXX Pincer Ligand

41  Introduction

In Chapter 3, the synthesis of new XXX pincer liganwas demonstrated. These
formally XXX ligands possess nonbonding periphen#iogen atoms that are available
for interaction with Lewis acids as depicted in &de 4.1. This mode of interaction is
rare and opens up the possibility for charge arttedn donor strength tuning as

previously seen in Chapter 1.

S, . 3. D

/NvN o no O S&@% v

LA LA

Scheme 4.1. Interaction of XXX ligand with Lewis acids (LA).

When Lewis acid-base adducts fmethylimidazole are formed (acid = BH
BFs;, CHs"), the 'H and **C{*H} NMR resonances for th&-methyl group are shifted
downfield from the parentN-methylimidazole:® The degree ofN-methyl group
deshielding correlates with the group electronedgfi of the free Lewis acid, which

suggests that stronger LA’s result in a weaker Be@d. A similar interaction with the
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current XXX pincer ligands could allow for tuning ¢he electron donor strength
(Scheme 4.1), with more electronegative LA’s legdio a decrease in pincer electron
donor strength.

The goal of Chapter 4 is to explore the scopeefik acids that can react in a
manner similar to that shown in Scheme 4.1. Ofi@dar interest are Lewis acids that
can be selectively introduced to and removed frbenremote N atom sites under mild
conditions. Such reversibility could eventuallyv&eas an “on/off” switch for catalytic
systems. Finally, the effect of the Lewis acidniily on the donor strength will be
investigated, as a greater range of accessiblér@bedonor strengths could lead to a

wider range of molecular reactivity.

4.2  Ancillary Ligand Substitution

Zr(XXX)(NMe,)(NHMe,) (4.1) proved a useful entry point into a study of Lewis
acid interaction with the XXX pincer ligand (Sche®®). The monodentate ancillary
ligands first needed to be replaced, as the NiH&& —NMe ligands could also react
with incoming Lewis acids. Addition of tetrabutylammonium chloride ([TBA]CI) to a
suspension of4.1 in CH).Cl, led to rapid dissolution, presumably forming
[TBA] J[Zr(XXX)(NMe 5)Cl,] (4.2) (Scheme 4.2). ThiH NMR spectrum o#.2 was not
clear, likely due to the existence of multiple isam Treatment dh situ generatedt.2
with either HCI or [HN{PrLEt]CI yielded [TBAL[ZI(XXX)CI 3] (4.3) as a bright orange
solid which could be isolated in 86 % yield viastllization from CHCI, / EtO. The
pincer ligand ind.3 remains bound in an XXX fashion, as indicated ey a@rylideipso-C

13c{*H} NMR chemical shift ofs 190.49 ppm in CECl,. Other chloride sources such as
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[PNP]CI, [TMA]CI, and [PPR|CI displayed the same reactivity as [TBA]CI, biet
corresponding analogues df3 did not crystallize readily, thus making purifiicat

difficult. Therefore4.3 was the only complex isolated for further investign.

2 equiv
[TBAICI
/ N/Zr\N \ CH20I2
TBA
_‘ [ Iz 1 equiv HCI
Cl CI\C| CHzClz, -35°C
/Zr\
Q /N N\ O 0r1equiv
[HN(Pr),Et]CI
CH.Cl,

Scheme 4.2. Ancillary ligand substitution of.1.

X-ray quality crystals of4.3 were grown from a CkCl, solution at —-35 °C.
Single-crystal X-ray diffraction analysis revealédt 4.3 crystallizes in the monoclinic
space group C2/c and confirmed the tridentate eattithe pincer ligand. As indicated
in Figure 4.1, dianioniet.3 is monomeric in the solid state and possesspseade
octahedral geometry with a N-Zr-C bond angle 0f38(9)°. The two halves of the
molecule are related by a crystallographic two-f@thtion axis coincident with the Zrl-
ClI2 bond. The solid-state structure displays Za+@@ Zr-N distances of 2.229(6) and

2.280(3) A, respectively.
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Figure 4.1. 50 % thermal ellipsoid plot of the molecular anion4.3. The hydrogen

atoms are omitted for clarity. Selected bond leagid) and angles (deg): Zr1-C1,
2.229(6); Zrl1-N1, 2.280(3); Zri1-Cl1, 2.4530(11);1Acl2, 2.5139(18); C1-Zrl-N1,

71.38(9); C1-Zr1-Cl1, 91.78(3); N1-Zr1-Cl2, 108.8p(N1-2Zr1-Cl1, 91.14(9); Cl1-Zr1-

Cl2, 88.22(3). Full XRD data can be found in Apgiers.

The NHMe ligand of4.1 could also be displaced through the addition ef@iv
of tetran-butylammonium bromide; subsequent treatment wiggdiv of [HN(Pr),Et]Br
led to the formation of [TBAJZr(XXX)Br 3] (4.4) (Scheme 4.3). Two crystallizations of
the crude reaction mixture allowed for the isolataf 4.4 as a deep red solid in 32 %
yield. The'H NMR spectrum of.4 is similar to4.3, but reveals the presence of a small
byproduct that is not removed upon crystallizatiofs the [ZrBg]" fragment is more
acidic than [ZrG]]", the XXX pincer of4.4 is expected to be a stronger electron donor
than in4.3. Accordingly, the arylidepsoC of 4.4 is observed abd 191.68 ppm in the

13c{*H} NMR spectrum, which is slightly downfield frorhat observed fo4.3.
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1) 2 equiv —l [TBA],
/ \/ [TBA]Br
\N\ /NH O CH,Cl, O Br‘?r\Br Q
—Ir— : /Zr\\
/N N\ 2)1¢qU|v /N N\
NZ SN O [HN(Pr),Et|Br O Nig SN O
CH,Cl,
4

4.1 4.

Scheme 4.3. Synthesis of.4.

X-ray quality crystals of4.4 were grown from a C¥Cl, solution at —35 °C.
Single-crystal X-ray diffraction analysis revealigtt 4.4 crystallizes in the monoclinic
space group C2/c with a crystallographic two-fadthtion axis coincident along the Zr-
Br2 axis (Figure 4.2). The Zr-C and Zr-N distanoé®.239(4) and 2.278(3) A are not

statistically different from the corresponding distes in the solid state structuredd.

Figure 4.2. 50 % thermal ellipsoid plot of the molecular ani@n4.4. The hydrogen

atoms are omitted for clarity. Selected bond leagid) and angles (deg): Zr1-C1,
2.239(4); Zrl-N1, 2.278(3); Zrl-Brl, 2.6007(4); MBi2, 2.6789(6); C1-Zrl-N1,

71.59(7); C1-Zr1-Brl, 93.341(12); N1-Zr1-Br2, 108(4); N1-Zr1-Brl, 89.46(7); Brl-

Zr1-Br2, 86.569(12). Full XRD data can be foundh\ppendix 4.
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Unlike chloride and bromide, iodide ion was unatblelisplace the NHMseligand
from 4.1, and so a triiodide complex could not be formedngis[TBA]l and
[HN('PrpEt]l. No attempts were made at direct fluoride stitbtion with 4.1, as the
fluoride ion is notoriously hygroscopic. Therefoaetrifluoride complex was targeted via
halide metathesis reactions with3. The reagents AgRFAgBF,;, [TBA][PF¢], and
PhsSnF were all screened agaidsd for halide metathesis, but led to either no reectr
decomposition of the reaction mixture. Ultimatétgatment of4.3 with 4.3 equiv of
Cp.TiF, resulted in the formation of [TBAEZr(XXX)F,Cl] (4.5) as shown in Scheme
4.4. In order to isolate pu#5, the crude product must first be washed with THF t
remove a majority of the more soluble Ti-containbygproducts. Subsequent addition of
THF to a CHCI; solution of the remaining produptecipitatest.5 as a white powder in
48 % vyield. Interestingly, use of an excess of T, does not lead to formation of a

trifluoride species.

O "~ ] [TBAL, O O ~ ] [TBAl,
Cl F
CI\ZI yCI 4(_1;.3 equiv FZ,,Zgy»CI
/ N—4~—~N )\ p,TiF, / N—4—~N N\
O N’)\b/w O CH,Cl, O m\é%m O
5

4.3 4.

Scheme 4.4. Halide metathesis to giveb.

TheF NMR spectrum o#.5 displays a single resonancesat35.2 ppm. This
could indicate a discrete isomer in which the fides are mutuallyrans or it could
indicate that the halogens are rapidly intercorngrt If the former were true, then the

3c{*H} NMR spectrum would be expected to contain alétigor the arylideipso-C.
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However, no resonance for the aryligeo-C is observed, which suggests that the signal
is severely broadened by the exchanging fluoriddslike with 4.3 and4.4, attempts to

crystallize4.5 were unsuccessful.

4.3  Peripheral N-atom Alkylation

Due to its ease of synthesis and purificatidB, was chosen to investigate the
peripheralN-atom interactions with Lewis acids. Accordingly,was found that4.3
reacted cleanly with 2.1 equiv of MeOTf in thawi@#l,Cl, or with 5.0 equiv of Mel in
CHClI, at 40 °C to give Zr(LXL-MgCl; (4.6) as shown in Scheme 4.5. As MeOTf and
Mel both serve as GH synthons, the pincer ligand @f6 is formally monoanionic
(LXL) and the overall complex is neutral. Deperglon the alkylating agerd.6 could
be isolated in 65 % (MeOTf) or 85 % (Mel) yield aswhite powder after inducing
precipitation from CHCI, via the addition of pentane. The imidaz®eCH; groups of
4.6 display a'H NMR chemical shift o 3.86 ppm and &C{*H} NMR chemical shift

of 8 34.35 ppm, which are comparable to relate-dimethylimidazolium ions.

O ] [TBAL
CI\(I:I\\CI A) 2.1 eq MeOTf CICl ¢ O
) N—ZI~N { thawing CH,Cl, \ /\er\\ N
OENAG 7 D0
N N or N N
B) 5.0 eq Mel / \

4.3 CH,Cl,, 40 °C 4.6

Scheme 4.5. N-atom methylation to givé.6.
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X-ray quality crystals of4.6 were grown from a CCl, solution at —-35 °C.
Single-crystal X-ray diffraction analysis revealdtht 4.6 crystallizes in the triclinic
space group P and confirmed the LXL nature of the pincer framekvas shown in
Figure 4.3. The solid state structuredd displays a distorted octahedral geometry, with
a C-Zr-Cl bond angle of 163.10(5)° for the chlortdans to the arylide, and a CI-Zr-Cl
bond angle of 169.607(18)° for the mutualigns chlorides. The chloride distortion is
not attributed to an electronic effect from the L¥Incer, but rather to steric interaction
of the five CHCI, solvate molecules with the pendant xylyl groupd &me chlorides.
The N-Zr-C bond angles are observed to be 70.83¢&) 70.11(6)° with Zr-N distances

of 2.2698(16) and 2.2732(15) A and a Zr-C distanfc22776(18) A.

Figure 4.3. 50 % thermal ellipsoid plot ¢f.6. The hydrogen atoms and 4 of 5 £H
solvate molecules are omitted for clarity. Selddbend lengths (A) and angles (deg):
Zr1-C1, 2.2776(18); Zr1-N1, 2.2732(15); Zr1-N3, 698(16); Zr1-Cl1, 2.4371(5); Zrl1-
Cl2, 2.4550(5); Zr1-CI3, 2.4415(5); N2-C10, 1.463(Ri4-C30, 1.461(2); C1-Zrl-N1,
70.11(6); C1-Zr1-N3, 70.83(6); C1-Zr1-Cl2, 84.86(®)1-Zr1-CI3, 94.61(5); N1-Zrl-
Cl1, 95.57(4); N3-2Zr1-Cl1, 123.78(4); N1-Zr1-Cl27.87(4); N1-Zr1-CI3, 91.98(4); N3-
Zr1-Cl2, 83.64(4); Cl1-Zr1-Cl2, 88.35(1); Cl1-Zrid; 94.816(18). Full XRD data can
be found in Appendix 5.
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Fluoride complexd.5 was treated with the weaker methylating agent Mebom
temperature. At short reaction timél, and'°F NMR spectroscopy indicated the partial
formation of a mono-methylated product. Howevergroextended reaction periods
extensive decomposition occurred. Alternativelglide metathesis was attempted by
treating4.6 with CpTiF,. However, this approach again led to decompasitibthe

reaction mixtures. Therefore, it appears thatiaritie analogue o£.6 is unstable.

4.4  Peripheral N-atom Borylation
Given the successful alkylation déf3, we decided to investigate whether other

Lewis acids would display similar chemistry. TheNBbond is generally quite strofg,
and so Lewis acids of the type BRere next explored. Treatment48 with 2.1 equiv

of BH3-SMe in CH,CI, led to the formation of [TBAJZr(LXL-(BH 3)2)Cl3] (4.7) as
shown in Scheme 4.6. Removal of the volatiles @rnyhg of the residue allowed for
isolation of4.7 as a bright yellow solid in 91 % vyield. Resonanéer NBH3; are not
visible in the’H NMR spectrum, as is common for pyridyl-boranewds® Both the''B
and'B{'H} NMR spectra of4.7 display a broad resonance at —19.5 ppm with, ~
700 Hz, which is similar to the spectrum WNfmethylimidazoleN'-borane' Despite

repeated attempts, X-ray quality crystalglgfcould not be grown.
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~ | [TBAL

2.1 equiv
BH3SMe2

Scheme 4.6. N-atom borylation with Bkt SMeto give4.7.

The difluoride complex 4.5 reacted similarly with BESMe to give
[TBA] J[Zr(LXL-(BH 3)2)CIF;] (4.8) (Scheme 4.6). Comple4.8 displays'H and ''B
NMR spectra that are nearly identical 40. A single resonance at +41.8 ppm is
observed in the®F NMR spectrum 0f4.8, which is 6.6 ppm downfield from that
observed in the spectrum 46. Such a downfield shift is suggestive of wealkamation
of NCN-(BHs), to Zr, resulting in the observed fluoride donatidtowever, other factors
may also influence the fluoride chemical shift, lsugs changes in the xylyl group
orientation, halide site occupation, or proximifyttee TBA cation to the Zr fragment.

Treatment o#.3 with 2.1 equiv of BEERO in CD,Cl, resulted in rapid formation
of a new product49, Scheme 4.7) in which the two halves of the pirlgand were
equivalent on the NMR time scale, as judged#NMR. A variety of byproducts were
also formed in the reaction, possibly stemming floatide exchange due to the strong
Zr-F bond. Performing the reaction in thawing LLH for 5 minutes followed by
removal of the volatile components led to only ahgl decrease in the amount of
byproduct formation, which was insufficient to alldor isolation of4.9. The'*F NMR
spectrum of the crude mixture displayed a 1:1:lidrgt ats —137.16 ppm withJe_g =

17.3 Hz. This quartet accounted for 77 % of thaltSF NMR signal intensity and was
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assigned to the major produ¢®. Upon obtaining thé’F{*'B} spectrum, the quartet
collapsed into a broad singlet locatedéat137.16 ppm and was accompanied by the
observation of surrounding resonances derived ftoapling to the naturally abundant
198 nucleus. Thé'B NMR spectrum of crudé.9 displayed apseudequartet located a
0.16 ppm with'J;1g_10r= 15.9 Hz; a minor peak &t—1.02 ppm was also observed. The
discrepancy in the value of the one-bdiB—"°F coupling constant likely arises from
error in accurately assigning the chemical shift foe broadened'’B NMR peak.
Attempts to obtain &'B{**F} NMR spectrum were unsuccessful. Given the above
spectral analysis, it is reasonable to asdigras [TBAL[Zr(LXL-(BF 3)2)Cls], depicted in

Scheme 4.7.

“] [TBAL,

2.1 eq BF;Et,0
thawing CH,Cl,

—r—
® &©» &

4.3

Scheme 4.7. N-atom borylation with BEEtOto give4.9.

When 4.3 was treated with 2 equiv of BLIn CD,Cl,, the reaction mixture
rapidly decomposed, possibly due to halide abstracto generate B@l salts.
Interestingly,4.3 displayed no reactivity when treated with 2 eqafveither BE$ or
B(OMe);, suggesting that there is a size constraint fer ltewis acids that can be

employed. Addition of the stronger Lewis acid AlEi4.3 led to prompt decomposition.
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45  Peripheral N-atom Silylation

We next investigated the feasibility Nfsilylation of 4.3 and4.5 using a variety
of trimethylsilyl halides (TMSX). It quickly becaenapparent that halide metathesis was
kinetically competitive withN-silylation, leading to the formation of TMSCI aid1SF.
However, théH NMR spectra of the reaction mixtures were quieag and so reaction
progress could be monitored readily. Distinctipedral features included the arylide
m- andp—protons, the xylyl methyl groups, and the TMS oegi

When a —35 °C CfLl, solution of4.3 was treated with 2.1 equiv of TMSH
NMR spectroscopy indicated the formation of Zr(LXMS,)Cl; (4.10) as the major
product (Scheme 4.8, left pathway). A variety oidentified byproducts were also
formed in the reaction. Attempts to scale the titeacup led to a larger percentage of
byproducts, even when the reaction was performémiresr temperatures.

By employing 5 equiv of TMSK.3 could be transformed into a mixture 410
and its mixed halide congeners containing eitheh®rides and 1 iodide4(11) or 1
chloride and 2 iodidest(12) as shown in Scheme 4.8 (right pathway). Afteniibutes
of reaction time, the product distribution was akied to consist of 13 %.10, 43 %
4.11, and 43 %1.12 in the®H NMR spectrum. Also observed were the 1.3 eqSTI
required for the assigned product distributionteAB hours 45 minutes of reaction time,
the product mixture contained 17441, 83 %4.12, and only trace amounts 4f10. As
before, the 1.8 eq TMSCI required for the assigpesiuct distribution were observed.
No change in the product distribution was noteld@ger reaction times, and no evidence

of a triiodide analogue was observed, despite tiesgmce of remaining TMSI in the
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reaction mixture. Treatment @3 with 10 equiv of TMSI in @Dg at 95 °C again

resulted in the formation @12 as the major product.

| [TBAL
\CI
I N/Zr\N \
5eq TMSI
CD,Cl,

2 eq TMSI
CH.Cl,, -35 °C

Tu

Scheme 4.8. N-atom silylation 0.3 with TMSI.

Attempts to isolate pur&12 proved unsuccessful due to the similar solubgdité
the reaction byproducts. After separatihy?2 from a majority of the salt byproducts, a
solution of impuret.12 in toluene containing a trace of benzene at —3giélded a small
guantity of X-ray quality crystals of.12. Single-crystal X-ray diffraction analysis
revealed tha#.12 crystallizes in the monoclinic space group/B2 The peripheral
imidazole nitrogens are shown to be silylated, #mel halides are site—substitution
disordered with contributions from both chloridedandide. Refinement of the X-ray

data revealed the halide composition to bgs{ds; instead of the expected composition

146



of Clil,. Because the halides are unequally distributest the three sites, the molecular
distances and angles cannot be discussed witHieienif degree of accuracy. However,
given the solid state iodide content of 2.57, ih ceaasonably be assumed tiat2
undergoes intermolecular halogen exchange in solutThis makes the inability to fully

replace the chlorides with iodides even more ssimgi

Figure 4.4. 50 % thermal ellipsoid plot 04.12. The hydrogen atoms and solvate
molecules are omitted for clarity. Bond lengthsd aangles are not listed due to
uncertainty resulting from halide site substituttbsorder. Full XRD data are reported in
Appendix 6.

Closer inspection of the solid state structure 4d2 reveals that the pincer
backbone is significantly distorted from planarityhile 4.3, 4.4, and 4.6 all display
nearly planar pincer backbones in the solid steigute 4.5). Additionally, the —SiMe
groups of4.12 are significantly bent away from the imidazolegsn The backbone
distortions likely result from unfavorable sterittéractions between the bulky —SiMe

groups and the rest of the pincer ligand. Furtloeenthe observed steric impact of
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introducing —SiMe groups explains the lack of observed reaction eeh#.3 and BE$

or B(OMe).

4.6
MesSi SiMe;
N N
S N—Z—N—7
4.12

Figure 4.5. 50 % thermal ellipsoid plots of the front viewsos/ing the planarity o4.6
and the non-planarity of£.12. Hydrogen atoms, halide atoms, pendant aryl riagsl
solvate molecules are emitted for clarity.

When4.3 was treated with 5 equiv of TMSOTH NMR spectroscopy indicated
the formation of two products in a 1:1 ratio atrBthutes of reaction time, along with 1
equiv of TMSCI. Both products are presumed todmmiers of Zr(LXL-TM$)CI,OTf
(4.13) as shown in Scheme 4.9; after 3 hours 40 minately, a single isomer 04.13
was observed. At longer reaction timdsl3 continued to react with the remaining
TMSOTf to generate Zr(LXL-TMQCIOTf, (4.14). For example, 11 %.14 was
observed after 6 hours, while 38 444 was observed after 2 days of reaction. By
treating4.5 with 5 equiv of TMSOTf4.14 could be generated as the sole Zr-containing
product in 20 minutes, along with the formation »f equiv of TMSF. Upon
concentrating the solution and redissolving in ,CD, significant decomposition

occurred, possibly through a bimolecular pathway.
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F 3 cl 5 eq TMSOTf
CD,Cl,
/ N/Zr\N \
O O

Scheme 4.9. N-atom Silylation with TMSOTT.

Reactions employing TMSBr were more difficult taarpret; treatingl.3 with 5
equiv of TMSBr led to the formation of at leastrdgbucts in a nearly 1:1 ratio, as well as
TMSCI resulting from halogen exchange. Inspectmithe xylyl methyl region
suggested one product was mono-silylated (4 equehsity singlets) and the other
product was di-silylated (2 equal intensity sing)et While the trimethylsilyl region
agreed with this assessment, only a single aryieproton resonance was observed
which integrated to only 66 % of the expected istrrelative to the ArChklresonances.
Therefore, the product identities cannot be cordatmThe reaction was complete within
20 minutes, as no additional change was noted én'th NMR spectrum at longer
reaction times. Treatment 45 with 5 equiv of TMSBr yielded similar results.

It was reasoned that the TMS groups could be rechdy introducing a strong

enough nucleophile to cleave the N-Si bond. Bezdhe Si-Cl bond is very strofigt

149



was anticipated that addition of chloride ion woldgéd to the desired bond scission.
When a solution o#.12 in CD,Cl, was treated with 2 equiv of [TBAJCEH NMR
analysis revealed the formation of multiple producthe major product waks10, which
was formedvia halide metathesis with free chloride ion. Wheneaness of [TBA]CI
was added td.12, halide metathesis and the desired silyl groupwage occurred to give

4.3, with TMSCI being observed as a byproduct (Schérh8).

412

] [TBA]
O CI‘CI3|\\\C| Q 2
—Zr—
/N/N N\N\ O
4.3

Scheme 4.10. Silyl group cleavage with [TBA]CI.

4.6  Other Slylation Pathways
Given that a bidN-silylated complex could not be isolated in purarfdrom 4.3,
other routes of synthesis were investigated. Tmeat of4.1 with an excess of TMSI in

CsHe initially appeared to cleanly produce Zr(NCN-Sie (4.15) after lyophilization to
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remove excess TMSX species (Scheme 4.11). Howkarge quantities of an insoluble
byproduct were formed during the course of thetieacand complexX.15 could only be
recovered impurely in very small yields by thisteuln a separate NMR-scale reaction,
[MesSiN(H)Me;]l was observed as a byproduct of the reaction eéett.1 and TMSI,
presumably through direct silylation of NHMe Therefore, it is possible that
decomposition o#l.15 during attempted purification is due to the pregeaf an acidic

proton in the crude reaction mixture.

4D
N NH 15 equiv TMSI
\_/
4 \ S
Nig SN

,, )\©/\
15 equiv
41 TMSI 4.15
CH,Cl,
1.01 eq NaH
1.02 eq 15-crown-5 —_ [\, O B (\?
THF N N O-._ | .0
T OGO
N/ \N o ')
)\@/L

N/
4.16

Scheme 4.11. Alternative silylation pathway.

In order to obtaind.15 cleanly, the removal of the acidic proton 4l was
investigated. The NMe;, proton was found to be deprotonated with 1.01\eqtiNaH
and 1.02 equiv of 15-crown-5 to afford [Na(15-cre®{Zr(XXX)(NMe ,),] (4.16),
which was isolated in 68 % yield (Scheme 4.12).e HNMe ligands of4.16 were

equivalent on théH NMR timescale, suggesting net trigonal bipyrarhigeometry in
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solution.

Satisfyingly4.16 did react cleanly with 15 equiv of TMSI to forfhl5 as

desired; however.15 could not be separated from the crown ether prsdudttempts

to deprotonatd.1 by NaH without using a crown ether were unsuccgssfdicating that

the crown ether facilitates the deprotonation step.

4.7

Computational I nvestigations

\|\Cl ]2- \I lc 2=
N—2~N N—2Zr~—N
© ®) @ ®)
N N N N
/ \
HsB BH,
4.18 4.19
%p (BHa) = 2.07
_ Cl
RV VRS
N/Zr\N N/Zr\N N/Zr\N
Me3S| /\©/L S|Me3 /K©/L BF3 )\©/\
4.20 4.21 4.22
xp (SiMe3™) = 2.60 xp (BF3) = 3.06 %p (CHz") = 3.36
Cl‘?' Cl cl ‘?I Cl
N/Zr\N N/ZI’\N
O ®) O ®)
X ; y N
FaC CF4 H H
4.23 4.24
%p (CF5") = 4.80 %p (H*) = 6.52

Figure4.6. Structures modeled by computation. Full atomsiordinates can be found in
Appendix 7.

Given the successful interaction48 with a variety of Lewis acids, we sought to

gain a better understanding of the changes in NIgbtren donor strength as a function
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of Lewis acid identity. As the Zr complexes lackeduitable spectroscopic handle, we
turned to computational investigation to betteranstind the electronic structure of these
molecules. Figure 4.6 displays the model strustueenployed in these studies;
complexes4.18 — 4.22 were modeled after complexes discussed previoudhjle the
hypothetical complexe4.23 and4.24 were modeled for additional insight. Also listed i
Figure 4.6 are the group electronegativitigg) (for each MR group, which were

determined on the Mulliken scale and converted thsentry in Pauling valués.For

ease of comparison, compourt$9-4.24 have been ordered with increasjpg

Table4.1. Calculated Gibbs energy of @nd G, structures.

Structure G (C)/kcal mol® G (Gy)/ kcal mol™  AG?/ kcal mol™

4.18 —-1322885.94 -1322888.17 —2.23
4.19 —-1356348.67 —1356348.67 0.00
4.20 —1836434.59 —-1836435.47 -0.88
4.21 -1730426.64 —1730426.29 0.34
4.22 —1372884.96 —1372884.73 0.23
4.23 -1746682.62 -1746678.63 3.99
4.24 —1323574.94 —1323574.64 0.30

* AG = G(GY) - G(G).

Using the Jaguar 7.0 progranthe geometries of.18-4.24 were optimized with

no symmetry constraints (@ymmetry) using the LACV3P*+ basis Sand the B3LYP
density functionaf*° All structures minimized to a ground state witle exception of
4.21, which was found to have a single imaginary fregpye Some of the optimized
geometries were found to deviate significantly framoctahedral geometry as a result of
halide distortions.

Anticipating that large georyetvariations might influence the

calculated electronic properties, each of the sires was also optimized within,C

153



symmetry constraints, giving structuré48.5-4.24.S, which all minimized to a ground
state. The calculated Gibbs energy was found to diffelyshightly between the £and

C,y structures (Table 4.1). Two compoundld8 and4.20, were found to minimize to a
lower energy within @, symmetry constraints, while the other, Gtructures were found

to be 0—4 kcal mot less stable than their, €ounterparts.

Table 4.2. Natural chargeg of the inner coordination sphere calculated by NPA

Compound Zr C N N Ckq Chxy’  Cly’
4.18 1638 -0.366 -0.669 -0.671 -0.579 -0.508 -0.504
4.18.S 1639 -0.367 -0.671 -0.671 -0.581 -0.504 -0.504
419 1.604 -0.360 -0.638 -0.638 -0.555 -0.480 -0.480
4.19.S 1598 -0.377 -0.638 -0.638 -0.547 -0.480 -0.480
4.20 1.507 -0.252 -0.590 -0.599 -0.453 -0.430 -0.428
4.20.S 1.507 -0.253 -0.596 -0.596 -0.439 -0.428 -0.428
4.21 1575 -0.357 -0.622 -0.634 -0.543 -0.470 -0.469
4.21.S 1583 -0.374 -0.633 -0.633 -0.537 -0.470 -0.470
4.22 1502 -0.315 -0.585 -0.586 -0.429 -0.420 -0.421
4.23.S 1502 -0.335 -0.587 -0.587 -0.429 -0.421 -0.421
4.23 1478 -0.246 -0.571 -0.559 -0.433 -0.406 -0.402
4.23.S 1480 -0.319 -0.579 -0.579 -0.416 -0.408 -0.408
4.24 1.500 -0.300 -0.581 -0.582 -0.422 -0.415 -0.415
4.24.S 1501 -0.300 -0.582 -0.582 -0.422 -0.415 -0.415
43° 1547 -0.355 -0.655 -0.655 -0.520 -0.466 -0.466
46° 1.469 -0.343 -0.589 -0.587 -0.438 -0.421 -0.413

& NPA was performed on the XRD coordinates.

The natural atomic charges|) (were determined through Natural Population
Analysis (NPA}* of the model structures. Table 4.2 lists the gesiof Zr and each atom
within the inner coordination sphere. Differengesstructural symmetry (Cvs. G\)
were found to have little effect on all valuesgofThe natural atomic charge on g(¢Zr),

can be used to describe the amount of electrontgemsthe Zr nucleus, with a smaller

154



g(Zr) corresponding to a more electron-rich Zr atoExamination of the data reveals
that introduction of a Lewis acid to give an LXIgdind leads to decreasen q(Zr) such
that A q(Zr) = q(Zrxxx) — a(Zrix.) > 0. This observation is opposite that which is
expected, and can be rationalized by noting theeased chloride donation for the LXL
complexes4.19-4.24) relative to the XXX complexX.18 (Table 4.2). As seen in Figure
4.7, A q(Zr) has only a very weak correlation wiffy (group), and so no definitive
relationship can be established between the twanpeters. Natural Population Analysis
was also performed for moleculaB (the molecular dianion only) a6 in their solid-
state structures (Table 4.2). T&@r) values for4.3 and4.6 are slightly lower than for
the corresponding model compours8 and4.22. As in the model systermg(Zr) of 4.6

(LXL ligand) is less tham(Zr) of 4.3 (XXX ligand).

0.18 ~
0.16 -
0.14 -
0.12 -
0.1

A q(Zr)

0.08 -
0.06 -
0.04 +
0.02 +

0 T T T T 1
1.80 2.80 3.80 4.80 5.80 6.80

Xp (group)

Figure4.7. Effect ofyp onA q(Zr).
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Some question existed as to the significance efdalculatedyz, differences,
especially with respect to potential Mo-based ¢dpbnd metathesis catalysts. In a recent
study by Chisholm, a series of Group 6 NM(@Rpmplexes was investigated both
spectroscopically and computationaify. Mulliken charges were calculated for
NMo(OCMe;); and NMo(OCMeCR;)s, with the charge at Mo differing by 0.08 between
the two structures. As seen in Chapter 1, Groapréplexes containing —OCMéliffer
substantially in triple-bond metathesis reactidmntanalogous complexes containing —
OCMeCF; as a ligand. Therefore, the current variationgin(A 0.03 — 0.16) are
considered to be significant with respect to pa&trivlo-based triple-bond metathesis

catalysts.

Natural Bond Orbital (NBO) analysfs ' was next performed in order to gain a
better understanding of the electronic differermgsing from R-group identity. Due to
the high ionic character of the Zr-ligand bonds tBO program describes each Zr-
ligand bond as a ligand-centered lone-pair (Ipglettrons and a Zr-centered non-Lewis
lone-pair (Ip*) of electrons. From this bondingsdeption, the Donor-Acceptor (D-A)
stabilization energy AEi_,j*‘z)) is calculated by the NBO program and gives asmea
of the energetic stabilization arising from ligatedmetal Ip—> Ip* donation as seen in

Figure 4.8"
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Energy

Figure4.8. Pictorial description of the D-A stabilizationegy AE;_j-®).

In order to have a common frame of reference fnwhich to compare the
calculated D-A energies, all compounds were fieftreéd as having the Lewis structure
depicted in Figure 4.9. While this structure may be the “best” structure to describe
the bonding, it is one of many valid resonance ®rfor these highly delocalized
compounds. The calculated D-A energies therefallenat correspond to an absolute
bond strength, but will give an indication of timérent ability of each ligand to stabilize
the Zr center. In addition to providing a commoanie of reference fot.18-4.24, the
chosen Lewis structure allows for easy determimatibboth N§¢) and N) effects on

the D-A energies due to the presence of lsaéimd= Ip’s on the N-ligand.

.0l L.
:Cl: ** 10l

[N: Zr N/\>

Figure4.9. Assigned Lewis structure for NBO calculations.
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The calculated D-A stabilization energies are lated below in Table 4.3 for
each N-s, N-r, and Cs interaction. Upon examination of the data, séen that the C
models display large amounts of scatter relativinéoG, models, especially amongst the
energies of the M-Ip’s. Therefore, the analysis was completed usirgg G, dataset.
The change in D-A stabilization energy,D-A = D-Ax. — D-Axxx, was plotted as a
function of the groupe for the total N-stabilization (Y, the Co-Ip stabilization, and the
total NCN stabilization (NCN as shown in Figure 4.9. As expected, the D-A
stabilization energy for bothNand NCN was found to decrease with increasjpg
There is a significant amount of scatter to thead& = 0.6-0.7), and so determination of
xp for a particular group is not sufficient to maleearate predictions about changes the
D-A stabilization energy upon coordination of adpe Lewis acid. The scatter for the
C o-Ip is very large (R= 0.06), indicating that electronic changes inithiglazole rings

have little effect on the Zr-C bonding interaction.

20 ~
L] R? = 0.061
10
©
€ o0 ‘
S D 1
=
=, -10 1
o
o
c
(]
< -20 -
a < N total
< .
-30 4 = C sigma
A NCN total
-40 -

X (group)

Figure4.10. Effect ofyp onA D-A stabilization energy.
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Table4.3. D-A stabilization energies in units of kcal ol

Compound N'o N°c Nz N° N2 Co NCN;°
4.18 117.31 109.32 30.24 13.46 270.33 255.29 525.62
4.19 92.22 9257 20.48 20.63 225.90 244.88 470.78

4.20 106.83 105.28 16.92 19.07 248.10 |Ip*°© --
4.21 106.23 113.75 17.06 20.75 257.79 235.18 492.97

4.22 88.72 86.23 16.49 16.43 207.87 230.42 438.29
4.23 100.14 98.47 16.95 13.32 228.88 73.42 302.30
4.24 89.09 81.70 15.64 1556 201.99 228.45 430.44

4.18.S 92.85 92.85 22.66 22.66 231.02 237.79 468.81
4.19.S 92.34 92.34 20.67 20.67 226.02 238.52 464.54
4.20.S 88.97 88.97 18.26 18.26 214.46 253.78 468.24
4.21.S 9416 94.16 20.18 20.18 228.68 237.04 465.72
4.22.S 87.02 87.02 16.47 16.47 206.98 243.33 450.31
4.23.S 87.38 87.38 16.41 16.41 207.58 244.22 451.80
4.24.S 84.27 84.27 15.62 15.62 199.78 247.28 447.06

aNr = N'o + N + N'm + N’z. P NCNp = Np + Co. © This Ip was described as a
non-Lewis Ip* orbital by the NBO program and didt mesult in stabilization of the Zr
Ip* orbitals.

4.8  Conclusions

The complex [TBAJZr(XXX)Cl 3] (4.3) was found to react with a variety of
Lewis acids, resulting in formation of complexesBH],[Zr(LXL)Cl3]" (n = 0, 2).
Methyl cation synthons (Mel, MeOTf) readily formetie neutral complex 4(6).
Trimethylsilylation of4.3 could also be achieved to afford silyl analogued.6f Halide
metathesis was found to be kinetically competitvth silylation, and so mixed halide
complexes of the form Zr(LXL-(SiMg,)X' X", were obtained. X-ray diffraction analysis
of Zr(LXL-(SiMe3)2)Cll, (4.12) revealed that substitution by the large trimeshiyl
group causes the pincer ligand to distort from gtéy. The silyl groups ofl.12 were

readily removed under mild conditions through addiof chloride ion.

159



Use of the neutral Lewis acids Bldnd BE led to the formation of zwitterionic
complexes [TBAJZr(LXL-(BR 3)2)Cls] (4.7, 4.9). When [TBAL[Zr(XXX)CIF ;] (4.5)
was treated with a BHsource, the complex [TBAEr(LXL-(BH 3),;)CIF,;] (4.8) was
formed. TheF NMR resonance for Zr-F was found to shift dowidfiey 6.6 ppm upon
formation of4.8. This chemical shift suggests that the LXL-@Hs a weaker electron
donor than the parent XXX ligand, though at thigpsteric factors cannot be ruled out.

DFT calculations support the hypothesis that coation of a Lewis acid
decreases the electron donor strength of the N@Gahd. The highly ionic Zr-ligand
bonds were best described as a ligand-centeredpaineand a Zr-centered non-Lewis
lone pair. Subsequent determination of the docoejator stabilization energy Blp*)
revealed a gradual decrease in the D-A energyldbately correlated with an increase in

the Lewis acid electronegativity.

49  Experimental
49.1 Methods

All reactions were performed in a nitrogen-filledBRAUN Labmaster 130 glove
box. *H NMR spectra were recorded at 499.909 MHz, 399M6z, or 300.075 MHz
on a Varian Inova 500, Varian Inova 400, Varian NIB4 or Varian Inova 300
spectrometer and referenced to the residual pratopgridineds (8.79 ppm), €Ds (7.16
ppm), or CBCl, (5.32 ppm). *C NMR spectra were recorded at 100.724 MHz on a
Varian Inova 400 or Varian MR400 spectrometer anefewreferenced to naturally
abundant*C nuclei in CBCl, (54.00 ppm). Combustion analyses were performed b

Midwest Microlabs or on a Perkin-Elmer 200 Seriearialyzer.
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492 Materials

All bulk solvents were obtained from VWR scientifi@enzene and GiEl, were
degassed and dried over 4 A molecular sieves, tothar solvents used were dried and
deoxygenated by the method of Grubbs.CpTiF was prepared according to the
literature procedur¥, which was found to require the use of “wet” aceton
[HN('PrLEt]X were prepared in analogy to a literature pcure for the preparation of
lutidinium iodide’® Zr(XXX)(NMe 2)(NHMe;) (4.1) was prepared according to Section
3.9.3. NMR solvents were obtained from Cambridge Isotopddratories and were
dried over 4A molecular sieves for at least 24 bouMethyl triflate (MeOTf), methyl
iodide (Mel), 94 % BHSMe, iodotrimethylsilane (TMSI), trimethylsilyl trifie
(TMSOTf), chlorotrimethylsilane (TMSCI), NaH (60%n i mineral oil), tetras-
butylammonium bromide (TBABr) and BEELO were purchased from Acros. Tetra-
butylammonium chloride was purchased from FlukaronBotrimethylsilane (TMSBr),
tetra-n-butylammonium iodide (TBAI), B&€(1.0 M in heptane), BE{1.0 M in hexane),
and AIEg (1.0 M in hexane) were purchased from Aldrich. P&kg AgBF,, tetran-
butylammonium hexafluorophosphate (TBAJFtriphenyltin fluoride (P§SnF), and
B(OMe); were purchased from Strem. All TBA-halides weredl by heating to > 100

°C under vacuum for at least 12 hours. All otle&gents were used as received.
4.9.3 Synthetic Procedures

[Zr(NCN)CI3]TBA, (4.3). Solid TBACI (1.4186 g, 5.104 mmol, 2.05 equiv)sva

added to a suspension4fl (2.0033 g, 2.491 mmol, 1.0 equiv) in @, (50 mL) with
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stirring. The mixture was stirred for 10 minutes,which point the solution was clear
yellow in appearance. Solid [HIR{LEL]CI (0.4133 g, 2.494 mmol, 1.0 equiv) was
added and the solution stirred for 3.5 hours. 3@letion was concentrated vacuoto
ca. 20 mL in volume, then the orange solid was imnmedifacollected by vacuum
filtration and washed with cold GBI, (2 x 8 mL) and pentane (1 x 10 mLjH NMR
analysis indicated that the solid contained appnaxely 13 % TBACI. The solid was
dissolved in CHCI, (90 mL), then BO (40 mL) was added and the solution cooled to -
35 °C. The orange solid that formed was colledigdracuum filtration, washed with
Et,O (40 mL), and driedh vacuoto yield4.3 (2.0973 g, 1.606 mmol, 65 %) as a bright
orange powder*H NMR (CD.Cl,, 400 MHz):8 7.35 (d,3Juy = 7.4 Hz, 2H, ArH), 7.32
(s, 4H, ArH), 7.18 (s, 4H, ArH), 7.05 @&y = 7.4 Hz, 1H, ArH), 6.86 (s, 2H, ArH), 6.69
(s, 2H, ArH), 2.72 (m, 16H, TBA), 2.27 (s, 12H, Afg), 2.19 (s, 12H, ArCh), 1.31 (m,
16H, TBA), 1.18 (m, 16H, TBA), 0.84 (£Jun = 7.2 Hz, 24H, TBA). **c{*H} NMR
(CD.Clp): 6 190.49 (s, Zr-6q), 162.57, 142.98, 138.24, 137.31, 136.99, 136.36,42,
135.93, 129.03, 128.14, 128.04, 126.13, 125.37,7¥1758.46, 24.21, 21.49, 21.43,
19.87, 13.79. Anal. Calcd. for76H111ClsNeZr: C, 69.88; H, 8.56; N, 6.43. Found C,

68.93; H, 8.55; N, 6.14.

[Zr(NCN)Br3] TBA, (4.4). Solid TBABr (0.4127g, 1.280 mmol, 2.0 equiv) was
added to a suspension4f (0.5113 g, 0.636 mmol, 1.0 equiv) in @, (20 mL) with
stirring. The mixture was stirred for 15 minutes,which oint the solution was clear
yellow in appearance. Solid [HR¢),Et]Br (0.1337 g, 0.636 mmol, 1.0 equiv) was

added and the solution stirred for 5 hours. Tlenge residue was dissolved in LHp
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(5 mL), then EXO (3 mL) was added and the solution cooled to €35 The red crystals
were collected by vacuum filtration, washed witl2@t(3 x 4 mL), and drieth vacuo
The solid was then recrystallized from gHb (8 mL) at —35 °C. Collection by vacuum
filtration and dryingin vacuoyielded4.4 (0.2922 g, 0.203 mmol, 32 %) as a deep red
solid. '"H NMR analysis indicated that the solid containggbraximately 13 % of an
NCN-containing impurity. *"H NMR (CD,Cl,, 400 MHz):8 7.34 (d3Juy = 7.4 Hz, 2H,
ArH), 7.34 (s, 4H, ArH), 7.18 (s, 4H, ArH), 7.07mp(t, 3Jun = 7.4 Hz, 1H, ArH), 6.86
(s, 2H, ArH), 6.68 (s, 2H, ArH), 2.77 (m, 16H, TBA3.27 (s, 12H, ArCh), 2.18 (s,
12H, ArCHs), 1.33 (m, 16H, TBA), 1.20 (m, 16H, TBA), 0.86%04 = 7.2 Hz, 24H,
TBA). H NMR, impurity (CD:Cl,, 400 MHZ):$ 8.15 (dd,Jun = 7.8 Hz, 1.7 Hz, 0.1H),
7.40-7.60 (m, 0.5H), 6.91 (s, 0.3H), 2.30 (s, 1.7HC{*H} NMR (CD.Cl,, 53.80): &
191.68 (s, Zr-Gso), 162.41, 142.51, 138.06, 137.52, 136.93, 136186.32, 135.48,
129.61, 128.31, 126.14, 125.26, 117.84, 58.69,824£2.50, 19.96, 13.80. Anal. Calcd.

for CzeH111BrsNeZr: C, 63.40; H, 7.77; N, 5.84. Found C, 64.037t95; N, 5.74.

[Zr(NCN)CIF;]TBA, (4.5). Solid CpTik (0.1127 g, 0.579 mmol, 4.3 equiv) was
added to a solution ¢£.3 (0.1768 g, 0.135 mmol, 1.0 equiv) in &8, (10 mL) with
stirring. The orange solution was stirred for 219 then concentrated to dryness. The
residue was slurried in THF (10 mL) and stirregovously for 20 minutes. The
resulting precipitate was collected by vacuumdititn, rinsed with THF (2 x 2 mL), and
dried in vacuo.'H NMR analysis indicated that the solid containpgraximately 0.15
equiv CpTiX,. The crude solid was dissolved in &Hb (2 mL), diluted with THF (11

mL), and cooled to —35 °C. The resulting powdes wallected by vacuum filtration,
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rinsed with E4O (4 mL), and driedn vacuoto yield4.5 (0.0821 g, 0.0645 mmol, 48 %)
as a white powder’H NMR (CD,Cl,, 400 MHz):5 7.36 (d,%J4n = 7.4 Hz, 2H, ArH),
7.28 (s, 4H, ArH), 7.20 (s, 4H, ArH), 7.04 1y = 7.4 Hz, 1H, ArH), 6.82 (s, 2H, ArH),
6.70 (s, 2H, ArH), 2.70 (m, 16H, TBA), 2.27 (s, 12ArCHs), 2.21 (s, 12H, ArCH),
1.24 (m, 16H, TBA), 1.12 (m, 16H, TBA), 0.81 {8y = 7.2 Hz, 24H, TBA). C{*H}
NMR (CD.Cl,, 53.80): & 162.92, 144.74, 138.92, 137.36, 137.25, 137.09,.023
136.79, 127.95, 127.43, 127.38, 126.01, 125.60,4B]1758.28, 24.06, 21.47, 21.40,
19.68, 13.83.%F{*H} NMR: & 35.19 (s). Anal. Calcd. for/&H:1:ClLFNeZr: C, 71.68;

H, 8.79; N, 6.60. Found C, 71.66; H, 8.61; N, 6.45.

Zr(NCN-Me&,)Cl3 (4.6). Method A A solution 0f4.3 (604.5 mg, 0.463 mmol,
1.0 equiv) in CHCI;, (15 mL) was frozen. Immediately upon thawing, Mé@107.4
uL, 0.949 mmol, 2.1 eq) was added via syringe. Adtering at ambient temperature for
1.5 hours, the solution was pipetted into colgDHt30mL). The precipitate was collected
by vacuum filtration, rinsed with ED (2 x 5 mL), then drieth vacuoto yield4.6 (256.8
mg, 0.302 mmol, 65 %) as a white powder. Method Bsolution 0f4.3 (211.5 mg,
0.162 mmol, 1.0 equiv) in Gi€l, (10 mL) was transferred to a bomb flask (with dqua
solution volume and head space volume). Mel (5Q.00.803 mmol, 5.0 equiv) was
added in the dark, then the bomb flask was sealddlg overlying atmosphere briefly
evacuated. The solution was heated for 18 houes4b °C oil bath. The solution was
then cooled, returned into the glovebox, and cotnatsd to dryness. The remaining
solid was then re-dissolved in @El, (4.5 mL), and the solution was slowly diluted with

Et,O (6.5 mL) with stirring. The precipitate was eafled by vacuum filtration, rinsed
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with EtO (2 x 2 mL), then drieth vacuoto yield4.6 (116.4 mg, 0.137 mmol, 85 %) as a
white powder’H NMR (CD,Cl,, 400 MHz):8 7.75 (d,*Jun = 7.8 Hz, 2H, ArH), 7.43 (t,
33un = 7.8 Hz, 1H, ArH), 7.20 (s, 4H, ArH), 7.09 (s, 2&tH), 6.99 (s, 4H, ArH), 6.92 (s,
2H, ArH), 3.86 (s, 6H, NCH), 2.33 (s, 12H, ArCh), 2.22 (s, 12H, ArChH. *C{*H}
NMR (CD.Cly): § 192.99 (s, Zr-Gso), 154.45, 138.87, 138.32, 138.16, 135.76, 131.98,
131.43, 131.34, 130.41, 129.49, 128.83, 128.43,7227123.37, 34.35, 21.35, 21.31.
Anal. Calcd for GgH4sClsN4Zr: C, 64.89; H, 5.33; N, 6.58. Found C, 64.08;5:81; N,

6.45.

[Zr (NCN-(BH3),)Cl3] TBA, (4.7). Complex4.3 (0.2287 g , 0.175 mmol, 1.0
equiv) was dissolved in Gi&l, (10 mL), then 94 % BKHSMe (38.0uL, 0.372 mmol,
2.1 equiv) was addeda syringe with stirring. After 4 hours of stirringfye volatiles
were removedn vacuoto yield 4.7 (0.2116 g, 0.159 mmol, 91 %) as a bright yellow
solid. *H NMR (CD.Cl,, 400 MHz):8 8.74 (d,2Jun = 7.8 Hz, 2H, ArH), 7.22 (EJuy =
7.8 Hz, 1H, ArH), 7.15 (s, 4H, ArH), 6.92 (s, 4HrH, 6.89 (s, 4H, ArH), 6.81 (s, 4H,
ArH), 2.73 (m, 16H, TBA), 2.27 (s, 12H, ArGH 2.20 (s, 12H, ArCh), 1.40 (m, 16H,
TBA), 1.25 (m, 16H, TBA), 0.93 (£Juy = 7.3 Hz, 24H, TBA).**C{*H} NMR (CD,Cl,):

8 192.57 (s, Zr-Gso), 158.34, 139.98, 137.38, 137.19, 136.57, 136184,13, 133.78,
130.39, 129.47, 129.04, 128.70, 127.35, 125.58%5&4.36, 21.60, 21.55, 21.47, 20.07,
14.01. B NMR (CD.Cly): -19.46 (br s,Avi, ~ 700 Hz). Anal. Calcd for

CreH11B2ClsNeZr: C, 68.43; H, 8.84; N, 6.30. Found C, 68.208t69; N, 6.01.
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Zr(NCN-(SiM&3),)I.Cl (4.12). Trimethylsilyl iodide (0.11 mL, 0.77 mmol, 5.0
equiv) was added to a stirring solution 48 (201.3 mg, 0.154 mmol, 1.0 equiv) in
CH.Cl, (10 mL). The solution stirred for 4 hours, the tholatiles were removeih
vacuo The residue was extracted through Celite witluetoe until the filtrate ran
colorless. The filtrate was concentrated to drgnélen the residue was slurried in
pentane (8 mL) and stirred vigorously for 10 misutd he suspension was filtered, then
the solid was rinsed with pentane (3 x 4 mL) aniddin vacuoto give crudet.11 (117.9
mg, ca. 0.1 mmol,ca. 66 %) as a bright yellow solid. NMR analysis rated that the
solid contained approximately 9 % of an NCN-coritagnimpurity. 'H NMR (CD:Cls,
500 MHz):8 7.62 (d,2Jun = 7.6 Hz, 2H, ArH), 7.45 (£3un = 7.6 Hz, 1H, ArH), 7.30 (s,
4H, ArH), 7.08 (s, 4H, ArH), 7.02 (s, 2H, ArH), ©.9s, 2H, ArH), 2.30 (s, 12H, ArGj
2.25 (s, 12H, ArCh), 0.39 (s, 18H, Si(Chs). *H NMR, impurities (CRCl,, 500 MHz):

§ 7.34 (s, 0.2H), 7.14-7.26 (m, 1.2H), 3.17 (m, 0.3BA), 2.34 (s, 1.2H), 1.63 (m,
0.4H, TBA), 1.43 (m, 0.4H, TBA), 1.02 (t, 0.5H, TBA “*C{*H} NMR (CD.CL,): &
193.95 (s, Zr-Gso), 163.00, 140.16, 138.54, 137.98, 136.52, 13514,.76, 131.24,

131.00, 130.97, 130.82, 129.28, 126.85, 125.98X21.49, 3.31.

[Zr (NCN)(NMe&y);]Na(15-crown-5) (4.17). A solid mixture of4.1 (1.5105 g,
1.878 mmol, 1.0 equiv) and NaH (45.4 mg, 1.892 mmd equiv) was suspended in
THF (45 mL) with stirring. After 3 hours, 15-crowin(0.38 mL, 1.913 mmol, 1.0 equiv)
was added, causing the cloudy mixture to clearterAdtirring an additional 25 minutes,
the solution was concentrated to dryness underwacuThe residue was dissolved in

CH.Cl; (30 mL), then pentane (40 mL) was added, resultingrecipitation of a white
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powder. The powder was collected by vacuum fitbrgtrinsed with excess pentane, and
then driedin vacuoto yield [Zr(NCN)(NMe),]JNa(15-crown-5) (1.3354 g, 1.276 mmol,
67.9 %) as a white powdefH NMR (CD,Cl,, 400 MHz):5 7.40 (d,®Ju4 = 7.5 Hz, 2H,
ArH), 7.16 (t,Jqu = 7.5 Hz, 1H, ArH), 7.15 (s, 4H, ArH), 6.89 (s, BbVerlapping ArH),
6.68 (s, 2H, ArH), 3.32 (s, 20H, 15-crown-5), 2.4 12H, -NMe), 2.29 (s, 12H,
ArCHs), 2.17 (s, 12H, ArCh). *C{*H} NMR (CD.Cl, 53.80): & 183.53 (S, Zr-Gso),
161.98, 143.51, 138.16, 137.99, 137.63, 137.34,203136.82, 128.72, 128.40, 127.74,
126.30, 124.87, 117.97, 68.47, 38.43, 21.68, 21 Aiial. Calcd. for GgH71NeNaG:Zr:

C, 66.57; H, 6.84; N, 8.03. Found C, 65.51; 316N, 7.29.

In-situ complexes

[Zr (NCN-(BH3),)CIF,] TBA, (4.8). Solid4.5 (8.3 mg, 0.0065 mmol, 1.0 equiv)
was dissolved in C¥€l, (1.0 mL) at —35 °C, then 94 % Bt$Me (1.4 pL, 0.014 mmol,
2.2 equiv) was addeda syringe to the stirrin solution. After stirringrf20 minutes, the
volatiles were removed and the residue was disdolaeCD,Cl, (0.7 mL). NMR
analysis indicated the formation d4f8 as the major product’H NMR (CD,Cl,, 500
MHz): 5 8.66 (d,2Jun = 7.8 Hz, 2H, ArH), 7.21 (EJuy = 7.8 Hz, 1H, ArH), 7.05 (s, 4H,
ArH), 6.92 (s, 6H, ArH), 6.79 (s, 2H, ArH), 2.70 (t9H, TBA), 2.28 (s, 12H, ArC),
2.18 (s, 12H, ArCh), 1.33 (m, 19H, TBA), 1.17 (s, 19H, TBA), 0.89%t, = 7.3 Hz).

B NMR (CD,Cly): —19.97 (br sAviz~ 700 Hz)'*F{’H} NMR: 5 44.77 (s).

[Zr (NCN-(BF3)2)CI3] TBA; (4.9). A solution 0f4.3 (14.2 mg, 0.011 mmol, 1.0

equiv) in CHCI, (2 mL) was frozen. Immediately upon thawing, ;B0 (2.9 uL,
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0.023 mmol, 2.1 equiv) was added via syringe tostireing solution. The yellow color
of the solution faded to colorless @a. 2 minutes. After 5 minutes of stirring, the
volatiles were removeth vacuo NMR analysis of the resulting residue indicatiedt
[Zr(NCN-(BFs3),)CIs]TBA, (4.8) was the major product, with a variety of othealse
being observed that corresponded to various NCNdayzts ‘*H NMR (CD.Cl,, 400
MHz): & 8.23 (d,3Jun = 7.6 Hz, 2H, ArH), 7.18 (£Juy = 7.6 Hz, 1H, ArH), 7.11 (s, 4H,
CHs), 6.92 (s, 4H,), 6.89 (s, 2H, ArH), 6.83 (s, 2HHA, 2.78 (m, TBA), 2.25 (s, 12H,
ArCHs), 2.19 (s, 12H, ArCh), 1.42 (m, TBA), 1.27 (m, TBA), 0.95 {Jun = 7.3 Hz,
TBA). F NMR (CD,Cl): & —137.16 (q,)Jr_s = 17.3 Hz, 77 % of total’F signal).
F{1B} NMR (CD,Cly): 8 —137.16 (s).'B NMR (CD:Cly): & 0.16 pseudeq, Js_r =

15.9 Hz).

4.9.4 Silylation Reactions

Silylation reactions of 4:3

2 equiv TMSI

Method A: Neat TMSI (3.4uL, 0.024 mmol, 2.2 equiv) was added to a stirring —
35 °C solution 0o#.3 (14.9 mg, 0.011 mmol, 1.0 equiv). After stirriftg 1 h at ambient
temperature’H NMR analysis indicated the formation of Zr(NCNi%®&3),)Cls; (4.10) as
the major product with other impurities observeét NMR (CD,Cl,, 300 MHz):5 7.62
(d, 33u = 7.7 Hz, 2H, ArH), 7.37 (€3un = 7.7 Hz, 1H, ArH), 7.19 (s, 2H, ArH), 7.04 (s,
6H, ArH), 6.91 (s, 6H, ArH), 2.30 (s, 12H, ArGH2.23 (s, 12H, ArCh), 0.40 (s, 18H,

Si(CHg)a).
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Method B: Neat TMSI (29.QuL, 0.204 mmol, 2.0 equiv) was added to a stirring
just-thawed solution 04.3 (0.1334 g, 0.102 mmol, 1.0 equiv) in gk, (10 mL) inside
of a 20 mL glass vial. The solution was stirrecaatbient temperature for 2 minutes,
then moved to a —35 °C freezer. The reactionwas periodically removed and stirred
for ca. 20 seconds, at which point the vial was returmethé¢ freezer. After 1 hour, the
solvent was removeid vacuq then the orange-yellow residue was extracted Bi® (5
x 10 mL) and filtered through a sintered glass. frithe filtrate was concentrated to
dryness and was determined contain several NCNuptednd TBA cation as judged by
'H NMR spectroscopy. The f—insoluble filter cake was dissolved in &H, (3 mL)
to give an orange solution, which was then dilugith Et,O (10 mL) and cooled to —35
°C, resulting in the formation of a white precip#a The mixture was filtered through a
sintered glass frit and the filtrate was concerttab dryness.*H NMR analysis of the
residue revealed the presence of 2-3 unidentifietiycts as judged by the AHg

resonances.

5 equiv TMSI

Method A:Neat TMSI (4.4uL, 0.031 mmol, 5.1 equiv) was addei@d syringe to
a solution of4.3 (8.0 mg, 0.0061 mmol, 1.0 equiv) inside of a J. N@uube. The
solution was mixed well and the reaction progresss wnonitored by'H NMR
spectroscopy. 25 minutes: 13240, 43 %4.11, 43 %4.12, and 1.38 equiv TMSCI
relative to the total Si(C#)s integrations 0#.10-4.12. 3 hours 45 minutes: traeel0,
17 % 4.11, 83 %4.12, and 1.71 equiv TMSCI. 6 hours: no change in remction

composition was observedH NMR (CD:Cl,, 500 MHz,4.11): § 7.63 (d,3Ju = 7.6 Hz,
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2H, ArH), 7.42 (t3Jun = 7.6 Hz, 1H, ArH), 7.25 (s, 2H, ArH), 7.06 (s, 4&FH), 7.03 (s,
2H, ArH) 6.92 (s, 2H, ArH), 2.30 (s, 12H, ArGHK 2.24 (s, 12H, ArCh), 0.39 (s, 18H,

Si(CHg)a).

Method B: Solid 4.3 (8.9 mg, 0.0068 mmol, 1.0 equiv) was measured antb
Young tube and suspended igDg (0.8 mL). Neat TMSI (9.7uL, 0.068 mmol, 10.0
equiv) was added to the suspensimsyringe. The reaction was placed in a 60 °C oill
bath for 15 hours.'H NMR spectroscopy indicated the clean formatiomtd2 and 2
equiv TMSCI. The solution was frozen and the oxed atmosphere was removed
vacuq then the reaction was placed in a 95 °C oil bmth 6 hours. 'H NMR
spectroscopy revealed no change in the product esitgm. ‘H NMR (Cg¢Ds, 500
MHz): § 7.75 (s, 4H, ArH), 7.61 (dJuu = 7.8 Hz, 2H, ArH), 7.32 (EJun = 7.8 Hz,'H,
ArH), 6.84 (s, 4H, ArH), 6.78 (s, 2H, ArH), 6.58, 8H, ArH), 2.20 (s, 12H, ArC}j,

1.99 (s, 12H, ArCh), 0.16 (s, 18H, Si(Cha).

5 equiv TMSOTf

Neat TMSOTf (7.9uL, 0.044 mmol, 5.1 equiv) was addeth syringe to a
solution of4.3 (11.4 mg, 0.0087 mmol, 1.0 equiv) in g, (0.7 mL) inside of a J.
Young tube. The solution was mixed well and tteetien progress was monitored 1y
NMR spectroscopy. 20 minutes: 2 products in aratib, 1.0 equiv TMSCI. Distinctive
features ofH NMR (CD,Cl,, 500 MHz):8 7.65 (d,Ju = 7.8 Hz, 2H, ArH), 7.65 (d,
33un = 7.8 Hz, 2H, ArH), 7.45 (£Juy = 7.8 Hz, 1H, ArH), 7.41 (£Juy = 7.8 Hz, 1H,

ArH), 0.38 (s, 18H, Si(CkJs), 0.37 (s, 18H, Si(CkJs). 3 hours 40 minutes4.13 and 1
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equiv TMSCI. 6 hours: 89 %13, 11 %4.14, 1.3 equiv TMSCI. 2 days: 62 243, 38
% 4.14, 1.5 equiv TMSCIL.*H NMR (CD.Cl,, 500 MHz,4.13): § 7.65 (d 2.4 = 7.8 Hz,
2H, ArH), 7.45 (t2Ju4 = 7.8 Hz, 1H, ArH), 7.20 (s, 4H, ArH), 7.09 (br4$, ArH), 7.01
(s, 2H, ArH), 6.86 (s, 2H, ArH), 2.30 (s, 12H, ArgH2.21 (s, 12H, ArCH), 0.37 (s,
18H, Si(CH)3). *H NMR (CD:Cl,, 500 MHz,4.14): § 7.65 (d,*Juy = 7.8 Hz, 2H, ArH),
7.49 (t,%J4y = 7.8 Hz, 1H, ArH), 7.07 (s, 4H, ArH), 7.06 (br4H, ArH), 7.02 (s, 2H,
ArH), 6.86 (s, 2H, ArH), 2.30 (s, 12H, ArGH 2.20 (s, 12H, ArCh), 0.38 (s, 18H,

Si(CH)a).

5 equiv TMSBr

Neat TMSBr (5.4uL, 0.039mol, 5.0 equiv) was addei syringeto a solution of
4.3 (10.2 mg, 0.0078 mmol, 1.0 equiv) in &I} (0.7 mL) inside of a J. Young tube, and
the reaction progress was monitored by NMR spectroscopy. 30 min: at least 2
products seen with distinctiel NMR resonances at7.3(d,3Jyn = 7.8 Hz, 2.2H, ArH),
2.30 (s, 11.3H, ArCh, 2.29 (s, 6.4H, ArCh), 2.26 (s, 4.9H, ArCk), 2.24 (s, 4.8H,
ArCHs), 2.23 (s, 12.0H, ArCgJ, 2.21 (s, 5.2H, ArCE), 0.58 (s, 24.7H, TMSBr) 0.43 (s,
26.6H, TMSCI), 0.40 (s, 18.2H, Si(GH), 0.37 (s, 7.3H, Si(Chk). 2 h 40 min: a slight

change in the product ratios was observed. 9Mmi80 no change was observed.

Silylation of 4.5

TMSOTf
Neat TMSOTf (6.2uL, 0.034 mmol, 5.1 equiv) was addeth syringe to a

solution 0f4.5 (8.5 mg, 0.0067 mmol, 1.0 equiv) in @Cl, (0.7 mL) inside of a J. Young
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tube, causing an immediate color change from cedsrito bright yellow. After 20
minutes,"H NMR analysis indicated clean conversiordtd4 and 2 equiv TMSF. The
volatiles were removeih vacug then the residue was dissolved inCB (0.7 mL). *H

NMR analysis revealed partial decomposition to wvkm products.

TMSBr

Neat TMSBr (3.41L, 0.026 mmol, 5.0 equiv) was addeid syringe to a solution
of 4.5 (6.6 mg, 0.0052 mmol, 1.0 equiv) in @D, (0.7 mL) inside of a J. Young tube,
causing an immediate color change from colorlesbright yellow. After 30 min}H
NMR spectroscopy indicated a similar spectrum & tbserved fo4.3 + TMSBr, with a

product ratio near 1:1. 4 h: no change was obsderve

Silylation of 4.1:

Method A Neat TMSI (23.3uL, 0.16 mmol, 14.8 equiv) was added to a stirring
solution of4.1 in CH,Cl, (1.0 mL). After stirring overnight, the clear i@ solution
was concentrated to dryness and the residue driedcuo H NMR analysis of the
residue indicated the clean formation of Zr(NCNM&i),)Cl; (4.15) and
[MesSiN(H)Me]l in a 1:1 ratio. '*H NMR (CD:Cl,, 500 MHz,4.15): § 7.62 (d,%Jun =
7.5 Hz, 2H, ArH), 7.45 (€Juy = 7.7 Hz, 1H, ArH), 7.31 (s, 4H, ArH), 7.08 (s, AAH),
7.02 (s, 2H, ArH), 6.90 (s, 2H, ArH), 2.30 (s, 128CHs), 2.25 (s, 12H, ArCh), 0.39
(s, 18H, Si(CH)3). H NMR (CD.Cl,, 500 MHz, [MeSiN(H)Me,]l ): & 9.41 (br s, 1H,

NH), 2.57 (br s, 6H, N(CH.), 0.54 (br s, 9H, Si(Chls).
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Method B:Neat TMSI (0.68 mL, 4.79 mmol, 15.0 equiv) was edldia syringe
to a suspension @1 (0.2572 g, 0.320 mmol, 1.0 equiv) irkg (5 mL). After stirring
for 22 hours, the solution was lyophilized and direvacuo The resulting bright yellow
solid was extracted through sintered glass frithw€H,Cl, and the filtrate was
concentrated to dryness.'H NMR analysis of the residue indicated significant

decomposition.

Silylation of 4.16

Neat TMSI (0.40 mL, 2.81 mmol, 14.9 equiv) was atldea syringe to a stirring
solution 0f4.16 (0.1979 g, (0.189 mmol, 1.0 equiv) in &k, (10 mL). The solution
was stirred overnight, then the volatiles were reeaon vacuo The residue was washed
with excess ED and driedn vacuo H NMR spectroscopy identified the yellow solid
as4.15 containing a large signal for a 15-crown-5 prodaté 3.73 ppm. Analysis of the

filtrate revealed the presence of bdth5 and 15-crown-5.

495 Other Reactions

Reaction o#.12 with TBACI

Method A: Solid TBACI (7.0 mg, 0.025 mmol, 1.9 equiv) waklad to a solution
of 4.12 (15.0 mg, 0.013 mmol, 1.0 equiv) in @), (0.7 mL) with stirring. After 35
minutes,"H NMR analysis indicated the formation 4fl0 in a 2:1 ratio with a second

unidentified product. Only trace amounts of TMS@Ire observed &t0.43 ppm.
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Method B: A solid mixture of4.1 (7.0 mg, 0.0061 mmol, 1.0 equiv) and TBACI
(12.2 mg, 0.044 mmol, 7.2 equiv) was dissolved DpCl, (0.7 mL) with stirring. After
15 minutes, 1H NMR analysis indicated the cleamfrtion of4.3 with TMSCI as the

only observable TMS-containing product.

Reaction between 4.1, TBAI, and [HMEt]l

Solid TBAI (8.2 mg, 0.022 mmol, 2.0 equiv) was adde a stirring solution of
4.1 (8.7 mg, 0.011 mmol, 1.0 equiv) in @El, (1.0 mL). After five minutes the solution
color had changed from near colorless to yellowolidS[HN'PLEt]l (2.8 mg, 0.011
mmol, 1.0 equiv) was added to the solution, causingplor change to orange. After
stirring 4 h 30 m, the volatiles were removadzacuo *H NMR analysis of the residue

indicated 5 broad overlapping peaks in the xylgioa ofd 1.90 — 2.30 ppm.

Attempts at flourine exchange of 4.3.

AgPFs: In the dark, a solid mixture @3 (17.6 mg, 0.014 mmol, 1.0 equiv) and
AgPFs (3.3 mg, 0.013 mmol, 1.0 equiv) was dissolved ipCl, (1.0 mL) with stirring.

After 3 hours!H NMR analysis indicated extensive decompositionrtknown products.

3 equiv AgPE: In the dark, a solid mixture ef3 (16.3 mg, 0.013 mmol, 1.0
equiv) and AgP§(10.0 mg, 0.040 mmol, 3.2 equiv) was dissolve€DCl, (1.0 mL)
with stirring. After 30 minutessH NMR analysis indicated extensive decomposition to

unknown products. Only RF was observed in tHeP{'H} and *F NMR spectra.
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AgBF;: In the dark, a solid mixture @3 (20.5 mg, 0.016 mmol, 1.0 equiv) and
AgBF; (3.4 mg, 0.018 mmol, 1.1 equiv) was dissolved DpCl, (1.0 mL) with stirring.

After 3 hoursH NMR analysis indicated extensive decompositioartknown products.

3 equiv [TBA][ PR]: A solid mixture 0f4.3 (10.9 mg, 0.0083 mmol, 1.0 equiv)
and [TBA][ PK] (9.7 mg, 0.025 mmol, 3.0 equiv) was dissolve€DCl, (0.8 mL) with
stirring. After 30 minutes'H NMR analysis indicated no reaction had occurrddhe
solution was transferred to a J. Young tube andedea a 40 °C oil bath overnightH

NMR analysis again indicated no reaction had oeclrr

3 equiv PBSNnE In CD,Cl,: Solid PRSnF (11.9 mg, 0.032 mmol, 3.2 equiv) was
added to a solution ¢£.3 (13.2 mg, 0.010 mmol, 1.0 equiv) in g0, (0.8 mL) with
stirring. Polymeric P§8&nF was gradually dispersed during the course efréaction.
After 2.5 hoursH and**F NMR analysis indicated the formation of multipieknown

products. No improvement was observed after 6olr CHCI, / THE A solution of

4.3 (9.7 mg, 0.0074 mmol, 1.0 equiv) in &, (1.0 mL) was added to a suspension of
PhsSnF (8.9 mg, 0.024 mmol, 3.2 equiv) in THF (1.0 mDhe mixture was mixed well
by pipet and stirred. After 2.5 hours, no signaswobserved in thEF NMR spectrum.
The mixture was stirred overnight, then the vodatilvere removeih vacuo *H NMR
analysis of the residue displayed a single Bg@td 1.83 ppm, suggesting that the NCN

ligand was no longer coordinated to Zr.
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Attempts to synthesize Zr(NCN-Mé,ClI

Method A Neat Mel (1.6uL, 0.026 mmol, 5.0 equiv) was added to a solutibn o
4.5 (6.5 mg, 0.0051 mmol, 1.0 equiv) in gEl, (0.7 mL). After stirring for 45 minutes,
the volatiles were removed vacuo H and*°F NMR analysis indicated the presence of
4.5 and a monomethylated product in a 1:2.5 ratientifying peaks of new producit
NMR (CD.Cl,,): § 7.63 (d, 1H, ArH), 7.43 (d, 1H ArH), 3.78 (s, 3NCHs). *°F NMR
(CD.Cly): 44.70. Additional Mel (2.QuL, 0.0321 mmol, 6.3 equiv) was added to the

solution. After stirring 3 hoursH NMR analysis indicated extensive decomposition.
Method B Solid CpTiF,; (4.8 mg, 0.025 mmol, 2.7 equiv) was added to a
solution 0f4.6 (7.9 mg, 0.0093 mmol, 1.0 equiv) in gL}, (0.7 mL). After 45 minutes

of stirring, *H and*°F NMR indicated extensive decomposition.

Attempted reactions between 4.3 and;BRIEt;

BCls: A solution of BC} (1.0 M in heptane, 2040L, 0.020 mmol, 2.0 equiv) was
added to a solution @f.3 (13.1 mg, 0.010 mmol, 1.0 equiv) in gL} (1.0 mL). After

15 minutes'H NMR analysis indicated extensive decomposition.

BEt;: A solution of BEt (1.0 M in hexane, 14.[dL, 0.015 mmol, 2.0 equiv) was

added to a solution @£.3 (9.6 mg, 0.0074 mmol, 1.0 equiv) in gL} (0.8 mL). After

30 minutes;H NMR analysis indicated that no reaction had oezlr
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B(OMe)}: Neat B(OMe) (1.4 pL, 0.012 mmol, 2.0 equiv) was added to a
solution of4.3 (7.8 mg, 0.0060 mmol, 1.0 equiv) in gC), (0.8 mL). After 30 minutes,

'H NMR analysis indicated that no reaction had ol

AlEt3: A solution of AIEg (1.0 M in hexane, 15.8L, 0.015 mmol, 2.0 equiv)
was added to a solution df3 (10.0 mg, 0.0077 mmol, 1.0 equiv) in Ik (0.8 mL).

After 30 minutes'H NMR analysis indicated extensive decomposition.

4.9.6 Computational Details

Calculations were carried out at the DFT level, lmyipg the commonly used
B3LYP functionaf*® and the LACV3P*+ basis séfThe Jaguar 7.0 packdgeas used to
implement the calculations. Coordinates for allnaoin the optimized structures are
detailed in the Appendix 7. All geometry optimipais ground state structures were
confirmed by calculation of the vibrational freqoess. All structures were found to be
at a ground state with the sole exceptiod.g8l, which possessed 1 imaginary frequency
at —8.25 cr’. All AG values were corrected for zero-point energies. NB® 5.0
program:* included with Jaguar 7.0, was used for the NPAlyaim and the
determination of the donor-acceptor stabilizatioergies. The listed D-A energies were

tabulated by the summation of all Ip donations itdp* and Ry* orbitals.
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Chapter 5

Conclusions and Futur e Directions

51 Conclusions

This work has focused on the development of nitrlle/ne cross-metathesis
(NACM) as a methodology for the construction of amg molecules. The utility of
NACM was demonstrated in the synthesis of aryletigrglene macrocycles, but the
limited functional group tolerance of the W-basedtatyst limited its practical
application. These limitations led to the synthesf a variety of new Mo nitride
complexes and the discovery of the first Mo—bas@@CM catalyst. A new XXX pincer
ligand was developed in order to lower the actoratbarrier for NACM, but full
activation of the ligand proved challenging. Zmagn complexes containing an XXX
ligand were found to undergo an unusual and raaegellswitching reaction when treated
with Lewis acid synthons. Such charge-switchingldaltimately allow for tuning of
triple-bond metathesis catalyst reactivity. Inedfort to extend XXX pincer ligation to
Mo, a new XXX ligand precursor was developed andnscipated to be more facilely

bound to Mo complexes.
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5.2  Nitrile-Alkyne Cross M etathesis

Previous work detailed investigations of the medranof NACM catalyzed by
N=W(OC(CFR),CHs)3(DME) (5.1) and NeW(OCMeCRy)s (5.2).7' 2 A substrate survey
was undertaken in order to ascertain the toleraficel and5.2 for various functional
groups. Catalyst sensitivity to protic and verylgpogroups was discovered, though
thiophene substrates were surprisingly toleratedhey catalysts. Different modes of
catalyst deactivation were observed for differambstrates, with deactivation of either
the nitride or alkylidyne complex occurring. Stadiy hindered dinitrile substrates
reacted very sluggishly with.1, but the use of unhindered dinitrile substratesttethe
formation of arylene ethynylene macrocycles. Abeaple-derived tetramer could be
synthesized in three fewer steps than the besmnattee route, which employs alkyne
cross—metathesis (ACM).

Molybdenum-based catalysts were proposed as a no¢amganding the range
of functional groups tolerated in NACM. In order overcome the higher activation
barrier to metalacycle formation that is associatéth Mo, thermally robust ancillary
ligands were chosen for investigation. Amido campk of the form HMo(NR'R":
were found to undergo protonolysis with bulky aleish(HOR; R = SiP§ SiPh'Bu, 2,6-
'Pr,C¢H3) to afford a variety of tris-alkoxide complexessMo(OR)(L) (L = NHMe,,
vacant coordination site). Steric constraints wWetad to play a role in the protonolysis
reactions, as subtle changes in size affected wh#tke desired complexes were formed.

Upon investigating the NACM activity of the new nide complexes,
N=Mo(OSiPh); (5.3) was found to mediate NACM at 180 °C. Two obsBove

indicated the importance of catalyst concentratidfirst, the conversions to NACM
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products increased at higher catalyst concentmtiortsecond, NACM activity was
observed to cease prior to complete catalyst deositign. Even when performing
NACM at a catalyst concentration of 40 mg Thlonly slightly more than two catalyst
turnovers were achieved. Most importantly, oth&ide and alkylidyne complexes were
not active for NACM under similar conditions, whigidicates that the triphenylsiloxide
ligand has both a proper electron donor strengthth@ermal stability to allow NACM to

occur.

53 XXX Pincer Ligand Development

A means to drastically lower the operating tempeebf Mo-catalyzed NACM
was desired in order to make NACM more practidalwas anticipated that a trianionic
(XXX) pincer ligand would lower the energy barritar metalacycle formation by
tethering the ancillary ligands into the geometeguired for azametalacyclobutadiene
formation? To this end, an NCN-(5.4) ligand precursor was designed and prepared.
Activation of5.4 by Mo complexes proved challenging and was noieaeld. A variety
of ligand derivatives were prepared, allowing foe in-situ formation of an XXX-Mg
(5.5) species. Unexpectedly, the reactivitysdd with metal substrates was found to be
very low. One hypothesis is that oligomeric (XXXgM), species form which are too
sterically hindered to allow the approach of metdistrates. A second possibility is that
the hard-hard N-Mg coordination 6f5 is relatively favorable, thus limiting the desired
metal substitution.

Zr(NMey), was discovered to successfully activaté. Upon proper ancillary

ligand transformation, [TBAJZr(XXX)ClI 3] (5.6) could be obtained. X-ray diffraction
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analysis confirmed the tridentate coordination & tNCN ligand. An interesting
reactivity of 5.6 was observed, in which the XXX ligand could beedity transformed
into an LXL ligand through interaction of the pdrgral imidazole N-atom with a Lewis
acid. A formal charge-switching transformation lkcbbe effected using synthons of
CHs', BHs;, BFs;, and SiMg®. The trimethylsilyl group was found to be remouedier
mild conditions through the addition of chloridenjaeturning an XXX ligand from an
LXL ligand.

An investigation of the change in pincer ligandcalen donor strength as a
function of LXL identity was undertakert’F NMR spectroscopy was anticipated to be a
useful spectroscopic means of investigation. Tioeed TBA]L[Zr(XXX)CIF ;] (5.7) was
synthesized through halide metathesi5.6f The presence of the fluoride ligands greatly
limited the scope of the charge-switching transtion. However, the complex
[TBA] o[Zr(LXL-(BH 3)2)CIF;] (5.8) was successfully formed through reactiorbGfwith
BHz-SMe. The ®F NMR spectrum of5.8 displayed a fluoride resonance that was
deshielded by (5) 6.6 ppm relative t®.7, which suggests less electron donation from
the LXL-(BHs); ligand as compared to the XXX ligand. This trevak corroborated by
DFT analysis of model complexes, though the exietts of the Lewis acid identity on
the electron donor strength could not be ascedaineherefore, though some degree of
electron donor strength fine-tuning may be posseéti@resent any variations would need
to be examined on an individual basis.

At this point, research efforts were returned ® phimary goal of using an XXX-
pincer ligand to facilitate the NACM reaction. Abke challenges encountered in

activation of5.4 often related to the necessary CH activation, as expected that an
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XXX-H 3 precursor with three acidic protons would faciétaXXX ligation with a variety
of metals. Two separate synthetic routes to anbidazole-pyrrole ligand were devised,
but problems with reactivity and stability of keynshetic intermediates prevented the
formation of the desired ligand precursor. An NMNB-(5.9) ligand precursor was
successfully obtained, with the backbone consistingn imidazole-carbazole-imidazole
linkage. Time constraints precluded investigatimns the ligation 06.9, which remains

for future work.

54  FutureDirections

With the XXX-precursor5.9 in-hand, immediate future studies should focus on
the installation of5.9 onto metal complexes. Both protonolysis and shthination
pathways can be investigated. For a protonolyatbvpay,5.9 could be treated with
N=Mo(NMe,)s, N=Mo(N['Pr]JAr)s, or N=Mo(N['Bu]Ans (Ar = 3,5-MeCgsHa).
Difficulties that may be encountered through thigtmod include dimethylamine
coordination or steric inhibition of the protonatjoboth of which were observed in
Chapter 2 for monodentate ligands.

Salt elimination is perhaps a better method feritistallation 0/5.9 as an XXX
ligand. Because of the three acidic N-H bondd\NBN-TI; complex should be readily
formed from reaction 06.9 with 3 equiv of TIOEt (Scheme 5.1). Metalatioactons of
NNN-TI3 are expected to proceed readily due to the unédokehard-soft combination of
N-TI and to the precipitation of insoluble TIX pnacts. Both EtEMoCl3(DME) and
[N=MoCl3], generatedn situ are good candidates for ligation of a NNN-FBbecies.

Additionally, this route could be extended to Rikydtlyne species of the form
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RuECAr)(PCy)X3 (X = ClI, Br, 1) to afford new Ru alkylidyne comples for ACM

investigations.

O Z “NH HN
N= H

A:MOC|3
N —N 3 equi
ToLt A =N, CEt
------------ R [ Y2 S
5.9 : V
¢ '
: A
Ly, Il N SO L, Il N
S > Mo )
N N Ru(CAr)(PCys)Xs NY YN
N N

Scheme 5.1. Use of NNN-T} as a pincer ligand transfer reagent.

Utilization of an XXX ligand in triple-bond metagkis may lead to an isolable
metalacycle with a high energy barrier for cycl@aesion. This situation would be
unfavorable as it could lead to slower rates of WAGr no NACM at all. A potential
remedy would be to increase the size of the pifigand, which would destabilize the
metalacycle through steric pressure and make abosion more favorable (Scheme
5.2). Given the route of synthesis B (Chapter 3), it would be relatively simple to

employ a larger benzil derivative to make a largasion of NNN-H.
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Appendix 1

Crystallographic Data for N=M o(OCPh,Me)3;(NHM &,)

Figure A.1. 50 % thermal ellipsoid plot ofsMo(OCPhMe)s(NHMey).
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Structure Deter mination.

Colorless plates oéw1352 were grown from a toluene/pentane solution at —35
°C. A crystal of dimensions 0.26 x 0.14 x 0.12 wwas mounted on a Bruker SMART
APEX CCD-based X-ray diffractometer equipped witlowa temperature device and fine
focus Mo-target X-ray tube\(= 0.71073 A) operated at 1500 W power (50 kV, 38).m
The X-ray intensities were measured at 85(1) K;dbtector was placed at a distance
5.055 cm from the crystal. A total of 3690 franvesre collected with a scan width of
0.5° in w and 0.48 in phi with an exposure time of 30 s/frame. Thegration of the
data yielded a total of 40336 reflections to a mmaxn B value of 53.08 of which 8251
were independent and 6223 were greater tlf).2 The final cell constants (Table 1)
were based on the xyz centroids of 9312 reflectaimsve 16(l). Analysis of the data
showed negligible decay during data collection; daéa were processed with SADABS
and corrected for absorption. The structure wdsedoand refined with the Bruker
SHELXTL (version 2008/3) software package, using $ipace group Plbar with Z = 2
for the formula G4H4sN20O3Mo*(CgHg)os.  All non-hydrogen atoms were refined
anisotropically with the hydrogen atoms placed idealized positions. The
dimethylamine group is rotationally disordered otveo equally occupied positions. The
toluene solvate is located at an inversion cemdris also disordered. Full matrix least-
squares refinement based chdénverged at R1 = 0.0673 and wR2 = 0.1519 [basdd o
> 2sigma(l)], R1 = 0.0948 and wR2 = 0.1651 fordaita.

Sheldrick, G.M. SHELXTL, v. 2008/3; Bruker AnalydcX-ray, Madison, WI, 2008.
Sheldrick, G.M. SADABS, v. 2008/1. Program for Bngal Absorption Correction of

Area Detector Data, University of Gottingen: Gagem, Germany, 2008.
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Saint Plus, v. 7.53a, Bruker Analytical X-ray, Msain, WI, 2008.

Table 1. Crystal data and structure refinemenefot352.

Identification code ewl1352

Empirical formula C47.50 H50 Mo

Formula weight 792.84

Temperature 85(2) K

Wavelength 0.71073 A

Crystal system, space group Triclinic, P-1

Unit cell dimensions a =10.9987(A&@lpha = 87.778(2) deg.

b =1228718) A beta = 85.186(2) deg.
c = 14512) A gamma = 78.835(2) deg.

Volume 2004.5(5) A"3

Z, Calculated density 2, 1.314 MgBdm*

Absorption coefficient 0.371 mm~-1

F(000) 830

Crystal size 0.26 x 0.14.XDmm

Theta range for data collection 2.12 to 26.54. de

Limiting indices -13<=h<=13, 45k<=15, -18<=I<=18
Reflections collected / unique 40336 / 82518 E 0.0863]
Completeness to theta =26.54 99.1%
Absorption correction Semi-empiricalrh equivalents
Max. and min. transmission 0.9569 and 0.9098
Refinement method Full-matrix lesguares on F2
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Data / restraints / parameters 8251 /167 /547

Goodness-of-fit on F"2 1.057

Final R indices [I>2sigma(l)] R1 =0.0673, wR®.1519
R indices (all data) R1 =0.0948, wR@.1651
Largest diff. peak and hole 1.082 and -1.819*-3

Table 2. Atomic coordinates ( x 10”4) and equintlsotropic displacement parameters
(A2 x 1073) for ew1352. U(eq) is defined as omied of the trace of the orthogonalized

Uij tensor.

X y z U(eq)

Mo(1) 6190(1) 3143(1) 7226(1)  27(1)
N(1A) 6351(7) 3207(6) 8980(4)  52(2)
C(1A) 5628(10)  4151(8) 9501(7)  61(2)
C(2A) 7608(7) 2062(9) 9321(7)  57(2)
N(1B) 6329(9) 3352(6) 8953(4)  52(2)
C(1B) 7096(9) 4053(7) 9323(7)  54(2)
C(2B) 6314(12)  2385(7) 9543(7)  61(2)

0(1) 4594(3)  3082(2) 7773(2)  32(1)
0(2) 6635(3)  4497(2) 7304(2)  31(1)
0(3) 7482(3) 1973(2) 7445(2)  28(1)
N(2) 6000(3)  3039(3) 6101(3)  30(1)
c@) 3443(4)  3011(3) 7385(3)  29(1)
c@) 3077(4)  4018(3) 6777(3)  37(1)
C() 2459(4)  3041(3) 8183(3)  32(1)
C(5) 2425(4)  3757(4) 8881(3)  44(1)
C(6) 1525(5)  3822(4) 9605(4)  52(1)
c(?) 663(5)  3153(4) 9641(4)  50(1)
C(8) 684(4)  2453(4) 8955(3)  45(1)
C(9) 1581(4)  2391(3) 8236(3)  37(1)

C(10)  3625(4) 1962(3) 6870(3)  32(1)
C(11)  4155(4) 1007(3) 7312(4)  38(1)

C(12)  4289(4) 31(4) 6877(4)  45(1)
C(13) 3917(5) -9(4) 6022(4)  52(2)
C(14) 3396(5) 930(4) 5575(4)  54(2)

C(15) 3252(4) 1916(4) 6001(4)  41(1)
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C(16)
C(17)
C(18)
C(19)
C(20)
C(21)
C(22)
C(23)
C(24)
C(25)
C(26)
C(27)
C(28)
C(29)
C(30)
C(31)
C(32)
C(33)
C(34)
C(35)
C(36)
C(37)
C(38)
C(39)
C(40)
C(41)
C(42)
C(43)
C(44)
C(45)
C(46)
C(47)
C(48)
C(49)
C(50)

6647(4)
7147(4)
5303(4)
4673(4)
3427(4)
2823(4)
3453(4)
4686(4)
7545(4)
7348(4)
8214(5)
9301(4)
9519(4)
8645(4)
8279(4)
7447(4)
8961(4)
9471(4)
10093(4)
10247(4)
9765(4)
9124(4)
9170(4)
8692(4)
9473(4)
10718(4)
11200(4)
10423(4)
4265(7)
3758(8)
4454(8)
5666(8)
6147(8)
5476(8)
6134(14)

5452(3) 6733(3)
5157(3) 5765(3)
6082(3) 6792(3)
6436(3) 6037(3)
6950(3) 6118(4)
7106(4) 6973(4)
6781(4) 7740(4)
6270(4) 7651(4)
6034(3) 7149(3)
7153(3) 7189(3)
7653(4) 7530(3)
7063(4) 7834(3)
5951(4) 7792(3)
5455(3) 7461(4)
1171(3) 6873(3)
466(3) 6509(3)
1734(3) 6116(3)
2606(3) 6338(3)
3140(3) 5662(4)
2815(4) 4766(4)
1926(4) 4558(3)
1398(3) 5223(3)
503(3) 7519(3)
196(3) 8372(3)
-417(3) 8974(3)
-708(3) 8739(3)
-416(3) 7892(4)
185(3) 7280(3)
246(6) 9705(5)
1218(6)10116(5)
1703(7)10661(6)
1207(7)10785(7)
240(7)10402(7)
-242(7) 9849(7)

-1275(11) 9419(11)

28(1)
33(1)
30(1)
33(1)
38(1)
41(1)
45(1)
40(1)
28(1)
32(1)
42(1)
36(1)
39(1)
37(1)
27(1)
29(1)
28(1)
30(1)
35(1)
37(1)
36(1)
32(1)
27(1)
30(1)
33(1)
36(1)
36(1)
29(1)
55(2)
58(2)
59(2)
59(2)
62(2)
59(2)
82(4)

Table 3. Bond lengths [A] and angles [deg] for 84

Mo(1)-N(2)
Mo(1)-O(1)
Mo(1)-O(3)

1.700(4)
1.883(3)
1.883(3
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Mo(1)-O(2)
Mo(1)-N(1B)
Mo(1)-N(1A)
N(1A)-C(2A)
N(1A)-C(1A)
N(1B)-C(2B)
N(1B)-C(1B)
0(1)-C(2)
0(2)-C(16)
0(3)-C(30)
C(2)-C(4)
C(2)-C(10)
C(2)-C(3)
C(4)-C(9)
C(4)-C(5)
C(5)-C(6)
C(6)-C(7)
C(7)-C(8)
C(8)-C(9)
C(10)-C(15)
C(10)-C(11)
C(11)-C(12)
C(12)-C(13)
C(13)-C(14)
C(14)-C(15)
C(16)-C(17)
C(16)-C(24)
C(16)-C(18)
C(18)-C(19)
C(18)-C(23)
C(19)-C(20)
C(20)-C(21)
C(21)-C(22)
C(22)-C(23)
C(24)-C(29)
C(24)-C(25)
C(25)-C(26)
C(26)-C(27)
C(27)-C(28)
C(28)-C(29)
C(30)-C(32)
C(30)-C(38)
C(30)-C(31)
C(32)-C(37)
C(32)-C(33)
C(33)-C(34)

1.88)(3
2.584(6)
2.606(6)
1.482(7)
1.501(7)
1.475(7)
1.485(7)
1.45)1
1.48B(
1.45)(
1.%85
1.58)5(
1.%6B
1.36p
1.36p
1.38p
1.385
1.36p
1.368
1.388(7
1.398(6
1.390(6
1.362(8
1.38%(8
1.395(7
1.517(6
1.520(6
1.535(6
1.378(6
1.38p(7
1.395(6
1.375(7
1.380(7
1.388(7
1.391(6
1.395(5
1.378(7
1.380(7
1.385(6
1.375(6
1.52P(6
1.53%(6
1.536(5
1.380(6
1.390(6
1.389(6)
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C(34)-C(35)
C(35)-C(36)
C(36)-C(37)
C(38)-C(43)
C(38)-C(39)
C(39)-C(40)
C(40)-C(41)
C(41)-C(42)
C(42)-C(43)
C(44)-C(49)
C(44)-C(45)
C(45)-C(46)
C(46)-C(47)
C(47)-C(48)
C(48)-C(49)
C(49)-C(50)

N(2)-Mo(1)-O(1)
N(2)-Mo(1)-O(3)
O(1)-Mo(1)-0(3)
N(2)-Mo(1)-0(2)
O(1)-Mo(1)-0(2)
0(3)-Mo(1)-0(2)
N(2)-Mo(1)-N(1B)
O(1)-Mo(1)-N(1B)
0(3)-Mo(1)-N(1B)
0(2)-Mo(1)-N(1B)
N(2)-Mo(1)-N(1A)
O(1)-Mo(1)-N(1A)
0(3)-Mo(1)-N(1A)
0(2)-Mo(1)-N(1A)
N(1B)-Mo(1)-N(1A)
C(2A)-N(1A)-C(1A)
C(2A)-N(1A)-Mo(1)
C(1A)-N(1A)-Mo(1)
C(2B)-N(1B)-C(1B)
C(2B)-N(1B)-Mo(1)
C(1B)-N(1B)-Mo(1)
C(2)-O(1)-Mo(1)
C(16)-0O(2)-Mo(1)
C(30)-O(3)-Mo(1)
0(1)-C(2)-C(4)
O(1)-C(2)-C(10)
C(4)-C(2)-C(10)
0(1)-C(2)-C(3)
C(4)-C(2)-C(3)

1.383(7)
1.389(7)
1.385(6)
1.378(6)
1.392(6)
1.394(6)
1.366(6)
1.377(7)
1.395(6)
1.385(8)
1.389(8)
1.390(9)
1.383(8)
1.360(8)
1.377(8)
1.502(15

102.18§15
103.01§15
117.53f12
104.09§15
113.6412
113.91)12
176.3(2)

7425(
802)(
76(0D)
175.5(2)
742)(
770B)
79.9(2
43)
106.9(7)
117.8(6)
119.5(6)
110.5(7)
117.1(5)
123.2(6)
131.7(3
137.9(3)
134.3(3)
10@tp
10SB)(
11B5(
106D
108.3(3
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C(10)-C(2)-C(3)
C(9)-C(4)-C(5)
C(9)-C(4)-C(2)
C(5)-C(4)-C(2)
C(6)-C(5)-C(4)
C(7)-C(6)-C(5)
C(8)-C(7)-C(6)
C(7)-C(8)-C(9)
C(8)-C(9)-C(4)
C(15)-C(10)-C(11)
C(15)-C(10)-C(2)
C(11)-C(10)-C(2)
C(12)-C(11)-C(10)
C(13)-C(12)-C(11)
C(12)-C(13)-C(14)
C(13)-C(14)-C(15)
C(10)-C(15)-C(14)
0(2)-C(16)-C(17)
0(2)-C(16)-C(24)
C(17)-C(16)-C(24)
0(2)-C(16)-C(18)
C(17)-C(16)-C(18)
C(24)-C(16)-C(18)
C(19)-C(18)-C(23)

C(19)-C(18)-C(16)
C(23)-C(18)-C(16)
C(18)-C(19)-C(20)
C(21)-C(20)-C(19)
C(20)-C(21)-C(22)
C(21)-C(22)-C(23)
C(22)-C(23)-C(18)
C(29)-C(24)-C(25)
C(29)-C(24)-C(16)
C(25)-C(24)-C(16)
C(26)-C(25)-C(24)
C(25)-C(26)-C(27)
C(26)-C(27)-C(28)
C(29)-C(28)-C(27)
C(28)-C(29)-C(24)
0(3)-C(30)-C(32)
0(3)-C(30)-C(38)
C(32)-C(30)-C(38)
0(3)-C(30)-C(31)
C(32)-C(30)-C(31)

113.3(4)
118.B(4
122 ) (4
119.B(4
120.y(4
119.5(4
120.1(5
120.)1(4
121.p(4
119.0(4)
122.7(4)
118.3(4)
119.9(5)
120.8(5)
119.9(5)
120.0(5)
120.3(5)
110.9(3)
104.8(3)
108.6(3)
105.9(3)
112.9(4)
113.3(3)
118.7(4)

123.1(4)
118.2(4)
121.4(5)
119.1(5)
120.2(4)
120.1(5)
120.5(5)
117.3(4)
120.1(3)
122.4(4)
120.7(4)
121.0(4)
119.2(4)
119.6(4)
122.1(4)
109.3(3)
104.9(3)
112.2(3)
107.3(3)
112.9(4)
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C(38)-C(30)-C(31) 109.9(3)

C(37)-C(32)-C(33) 118.7(4)
C(37)-C(32)-C(30) 122.8(4)
C(33)-C(32)-C(30) 118.5(4)
C(34)-C(33)-C(32) 119.9(4)
C(35)-C(34)-C(33) 121.6(4)
C(34)-C(35)-C(36) 118.0(4)
C(37)-C(36)-C(35) 120.9(5)
C(32)-C(37)-C(36) 120.8(4)
C(43)-C(38)-C(39) 118.8(4)
C(43)-C(38)-C(30) 122.5(4)
C(39)-C(38)-C(30) 118.7(4)
C(38)-C(39)-C(40) 120.2(4)
C(41)-C(40)-C(39) 120.4(4)
C(40)-C(41)-C(42) 119.8(4)
C(41)-C(42)-C(43) 120.2(4)
C(38)-C(43)-C(42) 120.4(4)
C(49)-C(44)-C(45) 119.2(7)
C(44)-C(45)-C(46) 120.7(7)
C(47)-C(46)-C(45) 119.0(7)
C(48)-C(47)-C(46) 120.1(7)
C(47)-C(48)-C(49) 121.5(7)
C(48)-C(49)-C(44) 119.4(7)
C(48)-C(49)-C(50) 116.6(9)
C(44)-C(49)-C(50) 123.9(9)

Symmetry transformations used to gemresgtiivalent atoms:

Table 4. Anisotropic displacement parameters (A1D"3) for ew1352.
The anisotropic displacement factor exponent takedorm:
2pif2[h"2a*2Ull + ... +2hka*b*U12]

ull u22 U33 U23 ui3 Uiz

Mo(l) 28(1) 10(1) 46(1) -BM1 -4(1)  -6(1)
N(1A) 63(3) 38(3) 60(3) -16(2) 1(3) -23(2)
C(1A) 72(4) 50(4) 59(4) -14(4) 1(4) -3(3)
C(2A) 63(3) 41(4) 67(4) -B@4 0@4) -12(3)
N(1B) 62(3) 37(3) 62(3) -15(2) 4(3) -25(2)
C(1B) 62(4) 38(3) 66(4) B3 -1(4) -24(3)
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C(2B)
0(1)

0(2)

0(3)

N(2)

C@)

c@)

C(4)

C(5)

C(6)

c(?)

C(8)

C(9)

C(10)
C(11)
C(12)
C(13)
C(14)
C(15)
C(16)
C(17)
C(18)
C(19)
C(20)
C(21)
C(22)
C(23)
C(24)
C(25)
C(26)
C(27)
C(28)
C(29)
C(30)
C(31)
C(32)
C(33)
C(34)
C(35)
C(36)
C(37)
C(38)
C(39)
C(40)
C(41)
C(42)

81(5)
34(2)
31(2)
28(1)
31(2)
28(2)
38(2)
33(2)
47(3)
65(3)
53(3)
45(3)
41(2)
27(2)
34(2)
34(2)
45(3)
54(3)
40(3)
29(2)
29(2)
29(2)
32(2)
32(2)
30(2)
33(2)
33(2)
30(2)
36(2)
61(3)
41(2)
37(2)
31(2)
26(2)
24(2)
21(2)
26(2)
27(2)
26(2)
29(2)
29(2)
27(2)
30(2)
41(2)
40(2)
31(2)

39(4)
13(1)
10(1)
13(1)
20(2)
14(2)
22(2)
20(2)
33(2)
40(3)
45(3)
30(2)
22(2)
20(2)
20(2)
20(2)
34(3)
47(3)
32(2)

6(2)
20(2)
15(2)
18(2)
22(2)
24(2)
53(3)
39(3)
13(2)
14(2)
22(2)
31(2)
30(2)
18(2)
14(2)
18(2)
16(2)
18(2)
20(2)
28(2)
37(2)
21(2)
11(2)
20(2)
22(2)
21(2)
13(2)

68(5)
49(2)
52(2)
43(2)
44(2)
48(3)
51(3)
43(3)
55(3)
51(3)
52(3)
61(3)
51(3)
50(3)
60(3)
82(4)
82(4)
64(4)
54(3)
48(3)
50(3)
46(3)
49(3)
57(3)
67(3)
49(3)
48(3)
42(3)
48(3)
46(3)
43(3)
52(3)
63(3)
40(2)
48(3)
49(3)
46(3)
60(3)
55(3)
39(3)
46(3)
45(3)
44(3)
40(3)
51(3)
64(3)

-10(3) 14(5)

B -4(1)
(- -8(1)
B -4(1)
2B( -17(2)
2P( -5(2)
2L( -4(2)
2p(  -1(2)

-2 1(2)
-15(2 3(3)

2B( 11(3)
2p( 11(3)
2y( 2(2)
-B(2 42
B2 3(2)
-P(2 11(3)

-33(3)17(3)
-26(3) 5(3)
11(2) 1(2)

2p(  -2(2)
Y2 -1(2)
B2 -3(2)
B2 -2(2)
V(2 -8(2)

-12(2) -2(2)
-12(2) 8(2)

B2 0(2)
P(2 0(2)
P(2 0(2)
Y2 3(2)
B2 3(2)
P2 -3(2)

-11(2) -5(2)

b2 -4(2)
B2 -4(2)
22 -5(2)
P2 -4(2)
B(2 0(2)
B2 2(2)
B2 -1(2)
P2 -6(2)
Y(2 -5(2)
B2 -2(2)
P2 -4(2)
H(2-13(2)
P2 -4(2)
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-30(4)

-8(1)
-6(1)
-3(1)
-8(1)
-7(2)
-8(2)
-6(2)

-18(2)
-12(3)
-14(3)
-12(2)
-12(2)

-7(2)

-10(2)
-10(2)
-20(2)
-20(3)
-11(2)

-4(2)
-4(2)
-8(2)

1(2)

1(2)
-1(2)
-6(2)
-7(2)
-3(2)
-7(2)

-15(2)
-22(2)
-11(2)

-5(2)
-3(2)
-8(2)
-3(2)
-3(2)
-7(2)
-3(2)
-2(2)
-4(2)
-8(2)

-10(2)
-14(2)

-8(2)
-6(2)



C@43) 29(2) 12(2) 48(3) A2 -2(2) -7(2)
C(44) 53(4) 46(4) 70(4) 104 -7(4) -21(3)
C(5) 52(4) 49(4) 70(5) 13(4) -8(4) -7(4)
C(46) 57(4) 504) 71(5) B4 -3(4) -10(4)
C(47) 56(4) 55@4) 69(5) -B(4-10(4) -14(4)
C(48) 59(4) 534) 75(5) -P(4-10(4) -12(4)
C(49) 55(4) 444) 78(5) L4 3(4) -15(3)
C(50) 83(7) 54(6) 110(9) -25(6)36(7) -32(5)
Table 5. Hydrogen coordinates ( x 10"4) and igntro
displacement parameters (A"2 x 10"3) for ew1352.
X y z U(eq)
H(1A) 5990 2637 9210 62
H(1A1) 5682 4004 10157 92
H(1A2) 4756 4273 9361 92
H(1A3) 5974 4794 9327 92
H(2A1) 8180 3300 8913 85
H(2A2) 7904 2181 9339 85
H(2A3) 7571 3242 9936 85
H(1B) 5537 3742 9110 62
H(1B1) 7137 3913 9980 80
H(1B2) 6721 4809 9213 80
H(1B3) 7938 3901 9020 80
H(2B1) 6728 2454 10096 92
H(2B2) 6752 1747 9214 92
H(2B3) 5452 2314 9710 92
H(3A) 3704 4016 6262 55
H(3B) 3026 4664 7134 55
H(3C) 2267 4017 6546 55
H(5A) 3025 4208 8861 53
H(6A) 1500 4321 10075 62
H(7A) 57 3182 10143 60
H(8A) 80 2007 8973 55
H(9A) 1595 1892 7768 44
H(11A) 4424 1025 7907 45
H(12A) 4645 -616 7182 54
H(13A) 4015 -681 5732 63
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H(14A)
H(15A)
H(17A)
H(17B)
H(17C)
H(19A)
H(20A)
H(21A)
H(22A)
H(23A)
H(25A)
H(26A)
H(27A)
H(28A)
H(29A)
H(31A)
H(31B)
H(31C)
H(33A)
H(34A)
H(35A)
H(36A)
H(37A)
H(39A)
H(40A)
H(41A)
H(42A)
H(43A)
H(44)

H(45)

H(46)

H(47)

H(48)

H(50A)
H(50B)
H(50C)

3136
2895
8006
7126
6633
5093
3002
1970
3038
5115
6609
8061
9892
10267
8797
6881
6963
7966
9393
10421
10669
9876
8792
7829
9138
11251
12064
10760
3788
2926
4103
6163
6965
7022
5787
6020

903 4978
2559 5692
4761 5768
5814 5388
4705 5515
6328 5448
7189 5590
7439 7037
6908 8329
6047 8180
7574 6980
8415 7556
7414 8068
5534 7991
4692 7444

897 6096

187 7021
-137 6178
2835 6951
3744 5819
3188 4308
1677 3950

798 5064

404 8545
-634 9552

-1110 9157
-625 7725

376 6695

-80 9329
1554 10024
2366 10944
1541 11138
-111 10520

-1263 9309
-1353 8838
-1882 9829

65
50
50
50
50
40
45
49
55
48
39
51
44
a7
45
44
44
44
36
42
44
43
38
36
40
44
43
35
66
69
71
71
74
122
122
122
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Appendix 2

Crystallographic Data for N=Mo(OAr)s(NHMe) (Ar = 2,6-Pr,CeH3)

N3a

C12

FigureA.2. 50 % thermal ellipsoid plot of &Mo(OAr)s(NHMe,) (Ar = 2,6'Pr,CeHs).
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Structure Deter mination.

Purple blocks oew1743 were grown from an acetonitrile solution at —35 °&.
crystal of dimensions 0.38 x 0.32 x 0.23 mm was mied on a Bruker SMART APEX
CCD-based X-ray diffractometer equipped with a lwmperature device and fine focus
Mo-target X-ray tubeX = 0.71073 A) operated at 1500 W power (50 kV, 3®.mThe
X-ray intensities were measured at 85(1) K; theecter was placed at a distance 5.055
cm from the crystal. A total of 5190 frames weodlexted with a scan width of 0.t w
and 0.48 in phi with an exposure time of 15 s/frame. Tihtegration of the data yielded
a total of 190801 reflections to a maximur® Zalue of 60.22 of which 11005 were
independent and 10231 were greater thafl)2 The final cell constants (Table 1) were
based on the xyz centroids of 9793 reflections eldd¥s (). Analysis of the data showed
negligible decay during data collection; the datarevprocessed with SADABS and
corrected for absorption. The structure was soleed refined with the Bruker
SHELXTL (version 2008/4) software package, using $pace group P2(1)/n with Z = 4
for the formula GgHsgN2OsMo-CH;CN.  All non-hydrogen atoms were refined
anisotropically with the hydrogen atoms placed dealized positions except for the
dimethylamino hydrogen which was allowed to refisetropically. Full matrix least-
squares refinement based chdénverged at R1 = 0.0261 and wR2 = 0.0721 [basdd o
> 2sigma(l)], R1 = 0.0286 and wR2 = 0.0747 fordaita.

Sheldrick, G.M. SHELXTL, v. 2008/4; Bruker AnalydcX-ray, Madison, WI, 2008.
Sheldrick, G.M. SADABS, v. 2008/4. Program for Erigal Absorption Correction of
Area Detector Data, University of Gottingen: Gogein, Germany, 2008.

Saint Plus, v. 7.53a, Bruker Analytical X-ray, Msai, WI, 2008.
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Table 1. Crystal data and structure refinemenefol 743.

Identification code ewl743

Empirical formula C40 H61 Mo N3O

Formula weight 727.86

Temperature 85(2) K

Wavelength 0.71073 A

Crystal system, space group Monoclinic, 1HB(

Unit cell dimensions a=17.02839)alpha = 90 deg.

b =132267) A beta=114.780(1) deg.
C = 194@8810) A gamma = 90 deg.

Volume 3913.2(4) A"3

Z, Calculated density 4, 1.235 Mgdn”

Absorption coefficient 0.374 mm~-1

F(000) 1552

Crystal size 0.38 x 0.32.23mm

Theta range for data collection 1.351t0 29.64. de

Limiting indices -23<=h<=23, 4&<=18, -26<=I<=26
Reflections collected / unique 190801 / 110R6rt) = 0.0538]
Completeness to theta = 29.61 100.0 %

Absorption correction Semi-empiricalrh equivalents
Max. and min. transmission 0.9190 and 01871
Refinement method Full-matrix lesguares on F2
Data / restraints / parameters 11005/0/ 461
Goodness-of-fit on F"2 1.072
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Final R indices [I>2sigma(l)] R1 =0.0261, wR®.0721
R indices (all data) R1 = 0.0286,2vR0.0747

Largest diff. peak and hole 0.794 and -0.660'-3

Table 2. Atomic coordinates ( x 104) and equintisotropic displacement parameters
(A2 x 1073) for ewl743. U(eq) is defined as ohiect of the trace of the orthogonalized
Uij tensor.

X y 2 U(eq)

Mo(1) 7187(1)  1179(1) 4185(1)  16(1)

N(1) 7020(1)  1582(1) 3315(1)  23(1)
N(2) 8525(1)  1907(1) 4742(1)  23(1)
N(3) 5680(1)  -1089(1) 572(1)  36(1)
N(3A)  4150(3) 964(4) -116(4)  41(1)
o(1) 6898(1)  2325(1) 4653(1)  21(1)
0(2) 7874(1) 27(1) 4420(1)  20(1)
0(3) 6133(1)  447(1) 3989(1)  19(1)
C(1) 6792(1)  2746(1) 5256(1)  19(1)
C() 6867(1)  2175(1) 5905(1)  20(1)
c@) 6745(1)  2669(1) 6498(1)  25(1)
C(4) 6556(1)  3692(1) 6455(1)  29(1)
C(5) 6480(1)  4239(1) 5812(1)  27(1)
C(6) 6589(1)  3784(1) 5199(1)  22(1)
C(?) 7015(1)  1045(1) 5946(1)  21(1)
C(8) 6149(1)  490(1) 5689(1)  28(1)
C(9) 7654(1) 680(1) 6743(1)  29(1)
C(10) 6500(1)  4383(1) 4494(1)  27(1)
C(11) 7292(1)  5036(2) 4666(1)  56(1)
C(12)  5671(1) 5017(1) 4168(1)  45(1)
C(13)  8121(1)  -969(1) 4318(1)  18(1)
C(14)  8207(1) -1229(1) 3639(1)  21(1)
C(15)  8403(1) -2234(1) 3548(1)  25(1)
C(16)  8533(1) -2943(1) 4119(1)  28(1)
C(17)  8482(1) -2662(1) 4800(1)  24(1)
C(18)  8277(1) -1677(1) 4914(1)  20(1)
C(19)  8056(1)  -460(1) 3009(1)  25(1)
C(20) 7164(1)  -562(2) 2367(1)  48(1)
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C(21)
C(22)
C(23)
C(24)
C(25)
C(26)
C(27)
C(28)
C(29)
C(30)
C(31)
C(32)
C(33)
C(34)
C(35)
C(36)
C(37)
C(38)
C(39)
C(40)
C(39A)
C(40A)

8743(1)
8260(1)
7942(1)
9167(1)
5368(1)
4713(1)
3925(1)
3780(1)
4429(1)
5230(1)
4833(1)
4851(1)
4121(1)
5920(1)
5914(1)
5836(1)
8894(1)
9174(1)
5365(1)
4988(1)
4545(3)
4988(1)

-495(1)

-1351(1)
-2166(1)
-1002(1)

203(1)
930(1)
622(1)
-369(1)

-1080(1)

-814(1)
2020(1)
2700(1)
2358(1)

-1599(1)
-2476(1)
-2003(1)

1914(1)
1517(1)
-544(2)
178(2)
652(4)
178(2)

2694(1)
5672(1)
6058(1)
6224(1)
3391(1)
3062(1)
2475(1)
2225(1)
2562(1)
3144(1)
3331(1)
2693(1)
3574(1)
3534(1)
3009(1)
4251(1)
5596(1)
4481(1)

837(1)
1197(1)

489(4)
1197(1)

36(1)
22(1)
31(1)
31(1)
19(1)
21(1)
25(1)
25(1)
23(1)
20(1)
24(1)
33(1)
37(1)
24(1)
31(1)
33(1)
31(1)
36(1)
29(1)
45(1)
36(1)
45(1)

Table 3. Bond lengths [A] and angles [deg] for @44.

Mo(1)-N(1)
Mo(1)-0(2)
Mo(1)-O(1)
Mo(1)-O(3)
Mo(1)-N(2)
N(2)-C(37)
N(2)-C(38)
N(3)-C(39)
N(3A)-C(39A)

O(1)-C(1)

0(2)-C(13)
0(3)-C(25)

C(1)-C(2)
C(1)-C(6)
C(2)-C(3)
C(2)-C(7)
C(3)-C(4)

1.65001
1.920B(8
1.9299(8
1.933B(8
2.285Q]1
1.4808)
1.4819)
1.13y(3
1.142(8)
1.3%73)
1.3573)
1.3633)
1.4126)
1.4123)
1.3966)
1.5186)
1.3892)
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C(4)-C(5)
C(5)-C(6)
C(6)-C(10)
C(7)-C(9)
C(7)-C(8)
C(10)-C(11)
C(10)-C(12)
C(13)-C(14)
C(13)-C(18)
C(14)-C(15)
C(14)-C(19)
C(15)-C(16)
C(16)-C(17)
C(17)-C(18)
C(18)-C(22)
C(19)-C(20)
C(19)-C(21)
C(22)-C(23)
C(22)-C(24)
C(25)-C(26)
C(25)-C(30)
C(26)-C(27)
C(26)-C(31)
C(27)-C(28)
C(28)-C(29)
C(29)-C(30)
C(30)-C(34)
C(31)-C(32)
C(31)-C(33)
C(34)-C(36)
C(34)-C(35)
C(39)-C(40)

N(1)-Mo(1)-0(2)
N(1)-Mo(1)-O(1)
0(2)-Mo(1)-0(1)
N(1)-Mo(1)-O(3)
0(2)-Mo(1)-0(3)
O(1)-Mo(1)-0(3)
N(1)-Mo(1)-N(2)
0(2)-Mo(1)-N(2)
O(1)-Mo(1)-N(2)
0(3)-Mo(1)-N(2)
C(37)-N(2)-C(38)
C(37)-N(2)-Mo(1)
C(38)-N(2)-Mo(1)

1.38)(
1.3971)
1.5128)
1.5818)
1.5329)
1.519(2)
1.533(2)
1.4066)1
1.4126(1
1.4026)1
1.5142(1

1.3853)1
1.3898)1

1.3928)1
1.5198)1

1.506(2)
1.5238)1
1.5288)(1
1.5328)1
1.4078)1
1.4156)1
1.4008(1
1.518B)(1
1.3858)1
1.3883)(1

1.3956)1
1.5117)1

1.5258)1
1.5348)(1
1.5299)(1
1.5321)1
1.474(3)

109.65(4)
103.93(4)
142.79(4)
102.35(5)
92.8](
95.2(

92.8)(
81.49(

81.3(
164.85(4)

109.89(11)
113.31(8)
115.75(8)

205



C(1)-O(1)-Mo(1)
C(13)-0(2)-Mo(1)
C(25)-0(3)-Mo(1)
0(1)-C(1)-C(2)
O(1)-C(1)-C(6)
C(2)-C(1)-C(6)
C(3)-C(2)-C(1)
C(3)-C(2)-C(7)
C(1)-C(2)-C(7)
C(4)-C(3)-C(2)
C(5)-C(4)-C(3)
C(4)-C(5)-C(6)
C(5)-C(6)-C(1)
C(5)-C(6)-C(10)
C(1)-C(6)-C(10)
C(2)-C(7)-C(9)
C(2)-C(7)-C(8)
C(9)-C(7)-C(8)
C(6)-C(10)-C(11)
C(6)-C(10)-C(12)
C(11)-C(10)-C(12)
0(2)-C(13)-C(14)
0(2)-C(13)-C(18)
C(14)-C(13)-C(18)
C(15)-C(14)-C(13)
C(15)-C(14)-C(19)
C(13)-C(14)-C(19)
C(16)-C(15)-C(14)
C(15)-C(16)-C(17)
C(16)-C(17)-C(18)
C(17)-C(18)-C(13)
C(17)-C(18)-C(22)
C(13)-C(18)-C(22)
C(20)-C(19)-C(14)
C(20)-C(19)-C(21)
C(14)-C(19)-C(21)
C(18)-C(22)-C(23)
C(18)-C(22)-C(24)
C(23)-C(22)-C(24)
0(3)-C(25)-C(26)
0(3)-C(25)-C(30)
C(26)-C(25)-C(30)
C(27)-C(26)-C(25)
C(27)-C(26)-C(31)
C(25)-C(26)-C(31)
C(28)-C(27)-C(26)

150.14(8)

158.04(8)

139.91(7)

121.89(10)
116.79(11)
121.32(11)
118.02(11)
120.06(11)
121.79(10)
121.38(12)
119.82(12)
121.40(12)
118.06(12)
121.29(11)
120.65(11)
113.34(10)
109.92(10)
110.71(10)
110.99(12)
112.41(11)
110.97(14)
121.10(10)
117.44(10)
121.46(10)
118.01(11)
120.76(11)
121.19(10)
121.03(12)
120.09(11)
121.12(12)
118.19(11)
121.46(11)
120.30(10)
111.25(12)
110.84(12)
112.99(11)
114.12(11)
109.00(10)
109.91(11)
120.76(10)
118.16(10)
120.96(11)
118.15(11)
119.67(11)
122.17(11)
121.61(12)
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C(27)-C(28)-C(29) 119.54(11)
C(28)-C(29)-C(30) 121.29(12)
C(29)-C(30)-C(25) 118.44(11)
C(29)-C(30)-C(34) 121.09(11)
C(25)-C(30)-C(34) 120.39(10)
C(26)-C(31)-C(32) 109.82(11)
C(26)-C(31)-C(33) 111.62(11)
C(32)-C(31)-C(33) 110.53(11)
C(30)-C(34)-C(36) 109.73(10)
C(30)-C(34)-C(35) 114.15(11)
C(36)-C(34)-C(35) 110.00(11)
N(3)-C(39)-C(40) 177.9(2)

Symmetry transformations used to geeezgtiivalent atoms:

Table 4. Anisotropic displacement parameters (A1®"3) for ewl743. The
anisotropic displacement factor exponent takeddima: -2 pi*2 [ h"2 a**2 U1l + ... + 2
h ka* b*U12 ]

Ull  U22  U33U23 U13  U12
Mo(l) 21(1) 12(1) 16(1) 1(1) 91)  1(1)
N(1)  29(1) 22(1) 23(1) 1B( 14(1)  5(1)
N2) 26(1) 19(1) 28(1) 1( 14(1) -2(1)
N(3)  38(1) 32(1) 30(1) 2( 5(1)  3(1)
N(3A) 35(2) 33(2) 48(3) 0(2) 9(2) 10(2)
O(1) 27(1) 15(1) 24(1) BL( 14(1)  1(1)
0(2) 24(1) 15(1) 21(1) 1 11(1)  4(1)
0@3) 22(1) 16(1) 17(1) 1p( 7(1)  -1(Q0)
C(1) 20(1) 15(1) 25(1) M 12(1) -2(1)
C(2) 21(1) 18(1) =24(1) M 12(1) -4Q1)
C@3) 29(1) 26(1) 26(1) B( 15(1) -3(1)
C@) 32(1) 27(1) 31(1) -1L(1 18(1)  -1(1)
C(5) 30(1) 18(1) 36(1) 1y( 16(1)  1(1)
C(6) 23(1) 15(1) 29(1) 1B( 13(1) -1(1)
C(7) 28(1) 18(1) 23(1) i( 15(1) -2(1)
C(8) 37(1) 23(1) 28(1) 1h( 18(1) -10(1)
C(9) 34(1) 28(1) =27(1) 1B( 15(1)  3(1)
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C(10)
C(11)
C(12)
C(13)
C(14)
C(15)
C(16)
C(17)
C(18)
C(19)
C(20)
C(21)
C(22)
C(23)
C(24)
C(25)
C(26)
C(27)
C(28)
C(29)
C(30)
C(31)
C(32)
C(33)
C(34)
C(35)
C(36)
C(37)
C(38)
C(39)
C(40)

32(1)
57(1)
57(1)
17(1)
20(1)
24(1)
26(1)
23(1)
18(1)
28(1)
31(1)
36(1)
22(1)
33(1)
28(1)
20(1)
24(1)
22(1)
21(1)
23(1)
21(1)
27(1)
42(1)
50(1)
22(1)
37(1)
41(1)
25(1)
32(1)
27(1)
43(1)

C(39A) 28(2)
C(40A) 43(1)

16(1)
63(1)
35(1)
16(1)
22(1)
24(1)
18(1)
17(1)
18(1)
28(1)
67(1)
39(1)
22(1)
33(1)
37(1)
21(1)
22(1)
30(1)
33(1)
26(1)
20(1)
20(1)
25(1)
26(1)
18(1)
21(1)
28(1)
37(1)
37(1)
31(1)
61(1)
30(3)
61(1)

35(1)
46(1)
52(1)
20(1)
20(1)
28(1)
37(1)
31(1)
22(1)
22(1)
35(1)
41(1)
20(1)
25(1)
25(1)
16(1)
19(1)
22(1)
21(1)
22(1)
19(1)
26(1)
40(1)
50(1)
28(1)
35(1)
23(1)
28(1)
49(1)
26(1)
43(1)
56(4)
43(1)

D(1 17(1)
B(1 19(1)
16(1)31(1)
L 7(1)
L1 8(1)
Y(110(1)
H(112(1)
B(110(1)
L1 7(1)
(1 14(1)
20(1) 3(1)
B(124(1)
AL 8(1)
P(110(1)
-5(110(1)
L(1 8(1)
A(110(1)
B(1 9(1)
L1 7(1)
B 9(1)
P(L 9(1)
H(112(1)
B(124(1)
P(135(1)
L 7(1)
-B(114(1)
B(L 6(1)
L1 9(1)
-12(127(1)
B(1 6(1)
19(18(1)
5(2)23(2)
19(1)28(1)

0(1)
-32(1)
23(1)
2(1)
2(1)
2(1)
2(1)
3(1)
1(1)
5(1)
-5(1)
1(1)
3(1)
-2(1)
-5(1)
-1(1)
2(1)
3(1)
-3(1)
-4(1)
-1(1)
5(1)
1(1)
3(1)
-1(1)
1()
6(1)
0(1)
-10(1)
-2(1)
16(1)
5(2)
16(1)
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Table 5. Hydrogen coordinates ( x 10"4) and igotrdisplacement parameters (A2 x
1073) for ew1743.

X y z U(eq)

H(2A) 8416(11) 2537(14) 4600) 31(4)

H(3A) 6793 2298 6940 31
H(4A) 6479 4015 6866 35
HGA) 6351 4938 5788 33
H(7A) 7264 872 5570 26
H(8A) 5900 623 6059 41
H(8B) 6243 236 5668 41
H(8C) 5752 729 5177 41
H9A) 8209 1027 6889 43
HOB) 7740 48 6727 43
HOC) 7423 829 7123 43
H(10A) 6465 3889 4086 32
H(11A) 7344 5532 5064 85
H(11B) 7233 5388 4195 85
H(11C) 7810 4611 4850 85
H(12A) 5171 4584 4077 68
H(12B) 5606 5326 3680 68
H(12C) 5706 5547 4537 68
H(15A) 8446  -2432 3087 30
H(16A) 8659  -3623 4045 33
H(17A) 8587  -3150 5193 29
H(19A) 8090 222 3244 30
H(20A) 7116  -1209 2104 72
H(20B) 7061 10 1997 72
H(20C) 6733 533 2582 72
H(21A) 8690  -1128 2412 54
H(21B) 9318 456 3122 54
H(21C) 8662 76 2344 54
H(22A) 7862 760 5562 26

H(23A) 7355  -2371 5707 46
H(23B) 7939  -1898 6535 46
H(23C) 8329  -2750 6178 46
H(24A) 9566  -1575 6358 46

H(24B) 9149 727 6694 46
H(24C) 9366 479 5974 46
H(27A) 3479 1106 2242 30
H(28A) 3240 562 1827 31

H(29A) 4326  -1761 392 28
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H(31A) 5403 2079 788 29
H(32A) 5327 2495 563 50
H(32B) 4938 3401 872 50
H(32C) 4302 2642 233 50
H(33A) 3558 2318 129 56
H(33B) 4230 3055 763 56
H(33C) 4122 1917 988 56
H(34A) 6494  -1257 137 28
H(35A) 5405 -2900 029 47
H(35B) 6440 -2879 682 47
H(35C) 5893  -2209 235 47
H(36A) 5892  -1445 086 50
H(36B) 6293 -2500 085 50
H(36C) 5269 -2323 920 50
H(37A) 8953 1220 837 46
H(37B) 8511 2291  6B7 46
H(37C) 9465 2236 088 46
H(38A) 9715 1893 377 54
H(38B) 8956 1601 289 54
H(38C) 9278 801 612 54

H(40A) 5397 206 738 68
H(40B) 4449 97 1185 68
H(40C) 4868 817 913 68
H(40D) 4573 73 38B 68
H(40E) 5380 662 568 68
H(40F) 5324 -387 135 68

Table 6. Hydrogen bonds for ew1743 [A and deg.].

D-H..A d(D-H) d(H..A) d(D..A) <(DHA)

N(2)-H(2A)...N(3A)#1 0.875(18) 2.289(193.990(5) 137.1(15)
N(2)-H(2A)...N(3)#2 0.875(18) 2.498f1 3.153(2) 132.6(15)

Symmetry transformations used to generate equivatems:
#1 x+1/2,-y+1/2,z+1/2  #2 -x+3/2,y+1/2,-z+1/2
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Appendix 3

Crystallographic Data for [TBA,][Zr (XXX)Cl4]

Figure A.3. 50 % thermal ellipsoid plot of [TBAJZr(XXX)ClI 3].
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Structure Deter mination

Orange block-like crystals a@w1061 were crystallized from a dichloromethane
solution at —35 °C. A crystal of dimensions 0.10.£1 x 0.10 mm was mounted on a
standard Bruker SMART APEX CCD-based X-ray diffaaneter equipped with a low-
temperature device and fine- focus Mo-target Xatye A = 0.71073 A) operated at
2000 W power (50 kV, 30 mA). The X-ray intensit\ere measured at 85(2) K; the
detector was placed at a distance 5.055 cm frororifsal. A total of 2610 frames were
collected with a scan width of 0.5n w and 0.48in @with an exposure time of 30
s/frame. Indexing was performed by use of the CENOW program which indicated
that the crystal was a three-component, non-merahesvin. The frames were
integrated with the Bruker SAINT software packagtva narrow frame algorithm. The
integration of the data yielded a total of 129486@ections to a maximumvalue of
46.74& of which 5790 were independent and 4507 were gréhan #(l). The final cell
constants (Table 1) were based on the xyz centafidi877 reflections above ().
Analysis of the data showed negligible decay durilaga collection; the data were
processed with TWINABS and corrected for absorptiofrhe second twin domain is
related by a rotation of 179.4 degrees about trectdand reciprocal [0 1 0] axis while a
third domain is related by a rotation of 176.3 @éegr about the same axis. For this
refinement, single reflections from component omsewsll as composite reflections
containing a contribution from this component weiseed. Merging of the data was
performed in TWINABS and an HKLF 4 format file usgd refinement. The structure
was solved and refined with the Bruker SHELXTL @ien 2008/3) software package,

using the space group C2/c with Z = 4 for the fdeamu2(CgHseN),
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Ca4H39N4Cl3Zre2(CHyClp). The Zr-complex lies on a two-fold rotation ax$ the
crystal lattice. All non-hydrogen atoms were retinanisotropically with the hydrogen
atoms placed in idealized positions. Full-mateadt-squares refinement based én F
converged at R1 = 0.0673 and wR2 = 0.1299 [basdd>obsigma(l)], R1 = 0.0943 and
wWR2 = 0.1393 for all data.

Sheldrick, G.M. SHELXTL, v. 2008/3; Bruker AnalydcX-ray, Madison, WI, 2008.
Saint Plus, v. 7.34, Bruker Analytical X-ray, Maaoins WI, 2006.

Sheldrick, G.M. CELL_NOW, v. 2008/2, Program fardéxing Twins and Other
Problem Crystals, University of Gottingen: Gotting&ermany, 2008.

Sheldrick, G.M. TWINABS, v. 2008/1. Program for gimcal Absorption Correction of

Area Detector Data, University of Gottingen: Gaggm, Germany, 2008.

Table 1. Crystal data and structure refinemenefot061.

Identification code ewl061

Empirical formula C78 H115 CI7 M6

Formula weight 1476.13

Temperature 85(2) K

Wavelength 0.71073 A

Crystal system, space group Monoclinic, cC2/

Unit cell dimensions a=17.758(2) &pha = 90 deg.

=14.530(2) A beta = 98.206(2) deg.
=@1.237(4) A gamma = 90 deg.

Volume 7977.3(18) A*3

213



Z, Calculated density 4, 1.229 Mg3n”

Absorption coefficient 0.416 mm~-1

F(000) 3136

Crystal size 0.17 x 0.11.xMmm

Theta range for data collection 1.82 to 23.33. de

Limiting indices -19<=h<=19, L6k<=16, -34<=I<=34
Reflections collected / unique 129400 / 57908 = 0.0742]
Completeness to theta = 23.37 99.6 %

Absorption correction Semi-empiricalrh equivalents
Max. and min. transmission 0.9596 and 06932
Refinement method Full-matrix lesguares on F2
Data / restraints / parameters 5790/0/ 425
Goodness-of-fit on F*2 1.109

Final R indices [I>2sigma(l)] R1 =0.0673, wR®.1299

R indices (all data) R1 = 0.0943,2vR0.1393
Largest diff. peak and hole 0.629 and -062-3

Table 2. Atomic coordinates ( x 10"4) and equinglsotropic displacement parameters
(A2 x 1073) for ew1061. U(eq) is defined as omied of the trace of the orthogonalized
Uij tensor.

X y z U(eq)
Zr(1) 0 3764(1) 7500 14(1)
Cl(1) 1355(1)  3816(1) 7422(1)  22(1)
cl(2) 0 5494(1) 7500 31(1)
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Cl(3)
Cl(4)

N(1)

N(2)

N(3)

c@)

C@)

c@)

C(4)

C(5)

C(6)

c(?)

C(8)

C(9)

C(10)
C(11)
C(12)
C(13)
C(14)
C(15)
C(16)
C(17)
C(18)
C(19)
C(20)
C(21)
C(22)
C(23)
C(24)
C(25)
C(26)
C(27)
C(28)
C(29)
C(30)
C(31)
C(32)
C(33)
C(34)
C(35)
C(36)
C(37)
C(38)
C(39)
C(40)

9335(1)

10352(1)

306(2)
594(2)
7280(2)
0
168(2)
160(2)
0
356(2)
547(2)
708(2)
595(2)
33(3)
70(3)
689(3)
1263(3)
1225(3)
952(2)
725(3)
956(3)
1390(3)
1617(3)
1406(2)
-549(3)
1898(3)
735(3)
2089(3)
6978(2)
7460(3)
7182(3)
7625(3)
8075(2)
8162(3)
8964(3)
9095(3)
6718(3)
6910(3)
6284(3)
6453(3)
7359(2)
6645(3)
6755(3)
7375(3)
10255(3)

537(1) 9487(1)
-698(1) 9101(1)
3263(2) 8195(1)
2073(2) 8664(1)
6280(3) 7015(1)
2229(4) 7500
1732(3) 7886(1)
773(3) 7890(1)
301(4) 7500
2329(3) 8259(1)
3625(3) 8609(1)
2889(3) 8887(1)
4613(3) 8706(1)
5220(3) 8546(1)
6151(3) 8656(1)
6455(3) 8946(1)
5859(3) 9122(1)
4951(3) 8984(1)
2852(3) 9360(1)
3501(3) 9642(1)
3441(4Y.0088(1)
2689(4) 0245(2)
2018(4) 9975(1)
2129(3) 9533(1)
6807(3) 8473(2)
6179(4) 9463(2)
4189(4)L0382(2)
1204(4) 0156(2)
6186(3) 7450(1)
5619(4) 7787(1)
5699(3) 8221(1)
5115(4) 8570(2)
6689(3) 7074(1)
7597(4) 7306(2)
7975(4) 7303(2)
8358(3) 6871(2)
6898(3) 6741(1)
7155(3) 6297(1)
7765(3) 6064(2)
8083(4) 5624(2)
5349(3) 6804(1)
4774(3) 6708(2)
4033(3) 6373(2)
3350(3) 6513(2)
386(4) 9343(2)

55(1)
74(1)
16(1)
17(1)
21(1)
13(1)
16(1)
19(1)
18(2)
15(1)
16(1)
18(1)
16(1)
21(1)
26(1)
26(1)
23(1)
21(1)
19(1)
23(1)
31(1)
31(1)
28(1)
21(1)
35(1)
33(1)
40(1)
36(1)
23(1)
31(1)
28(1)
34(1)
24(1)
41(1)
36(1)
33(1)
24(1)
26(1)
29(1)
45(2)
22(1)
32(1)
35(1)
32(1)
45(2)
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Table 3. Bond lengths [A] and angles [deg] for 66/1L

Zr(1)-C(1) 2.289(
Zr(1)-N(1)#1 2.280(3)
Zr(1)-N(1) 2.28)(
Zr(1)-ClI(1) 2.4530)
Zr(1)-Cl(1)#1 2.4530j1
Zr(1)-Cl(2) 2.5138)
CI(3)-C(40) 1.77D(6
Cl(4)-C(40) 1.765(6
N(1)-C(5) 1.38)(
N(1)-C(6) 1.48Y(
N(2)-C(5) 1.38(
N(2)-C(7) 1.385(
N(3)-C(32) 1.510(5
N(3)-C(28) 1.51B(6
N(3)-C(36) 1.519(6
N(3)-C(24) 1.53B(5
C(1)-C(2)#1 1.401(5)
C(1)-C(2) 1.46)L(
C(2)-C(3) 1.30)(
C(2)-C(5) 1.46)(
C(3)-C(4) 1.392(
C(4)-C(3)#1 1.392(5)
C(6)-C(7) 1.36))(
C(6)-C(8) 1.465(
C(7)-C(14) 1.48D(6
C(8)-C(9) 1.382(
C(8)-C(13) 1.405(6
C(9)-C(10) 1.395(7
C(10)-C(11) 1.392(6)
C(10)-C(20) 1.505(7)
C(11)-C(12) 1.389(7)
C(12)-C(13) 1.386(6)
C(12)-C(21) 1.511(6)
C(14)-C(19) 1.387(6)
C(14)-C(15) 1.388(6)
C(15)-C(16) 1.398(6)
C(16)-C(17) 1.386(7)
C(16)-C(22) 1.512(7)
C(17)-C(18) 1.387(7)
C(18)-C(19) 1.387(6)
C(18)-C(23) 1.511(7)
C(24)-C(25) 1.504(6)
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C(25)-C(26)
C(26)-C(27)
C(28)-C(29)
C(29)-C(30)
C(30)-C(31)
C(32)-C(33)
C(33)-C(34)
C(34)-C(35)
C(36)-C(37)
C(37)-C(38)
C(38)-C(39)

C(1)-Zr(1)-N(1)#1
C(1)-Zr(1)-N(1)
N(1)#1-Zr(1)-N(1)
C(1)-Zr(1)-CI(1)
N(1)#1-Zr(1)-Cl(1)
N(1)-Zr(1)-CI(1)
C(1)-Zr(1)-CI(1)#1
N(1)#1-Zr(1)-Cl(1)#1
N(1)-Zr(1)-CI(1)#1
CI(1)-Zr(1)-Cl(1)#1
C(1)-Zr(1)-CI(2)
N(1)#1-Zr(1)-Cl(2)
N(1)-Zr(1)-CI(2)
CI(1)-zr(1)-CI(2)
CI(1)#1-2Zr(1)-CI(2)
C(5)-N(1)-C(6)
C(5)-N(1)-Zr(1)
C(6)-N(1)-Zr(1)
C(5)-N(2)-C(7)
C(32)-N(3)-C(28)
C(32)-N(3)-C(36)
C(28)-N(3)-C(36)
C(32)-N(3)-C(24)
C(28)-N(3)-C(24)
C(36)-N(3)-C(24)
C(2)#1-C(1)-C(2)
C(2)#1-C(1)-Zr(1)
C(2)-C(1)-Zr(1)
C(3)-C(2)-C(1)
C(3)-C(2)-C(5)
C(1)-C(2)-C(5)
C(4)-C(3)-C(2)
C(3)-C(4)-C(3)#1
N(2)-C(5)-N(1)

1.514(6)
1.510(6)
1.502(7)
1.528(7)
1.508(7)
1.520(6)
1.522(6)
1.519(6)
1.513(6)
1.531(7)
1.500(7)

28(9)
71.38(9)
142(18)
91.78(3)
an(9)
90.00(9)
9I8(3)
90(0)
an(9)
176 (&5
1800(1)
108(82
162(9)
88.22(3)
22(3)
168@&3)
1272)
12%3)

10(8)
118

113p(
108P(
10B5(
1182(
1185(
11B5(
1213)(

12(3)
18M)
12@1)
12¢4)
19@1)
12B)(

19¢4)
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N(2)-C(5)-C(2)
N(1)-C(5)-C(2)
C(7)-C(6)-N(1)
C(7)-C(6)-C(8)
N(1)-C(6)-C(8)
N(2)-C(7)-C(6)
N(2)-C(7)-C(14)
C(6)-C(7)-C(14)
C(9)-C(8)-C(13)
C(9)-C(8)-C(6)
C(13)-C(8)-C(6)
C(8)-C(9)-C(10)
C(11)-C(10)-C(9)
C(11)-C(10)-C(20)
C(9)-C(10)-C(20)
C(12)-C(11)-C(10)
C(13)-C(12)-C(11)
C(13)-C(12)-C(21)
C(11)-C(12)-C(21)
C(12)-C(13)-C(8)
C(19)-C(14)-C(15)
C(19)-C(14)-C(7)
C(15)-C(14)-C(7)
C(14)-C(15)-C(16)
C(17)-C(16)-C(15)
C(17)-C(16)-C(22)
C(15)-C(16)-C(22)
C(16)-C(17)-C(18)
C(17)-C(18)-C(19)
C(17)-C(18)-C(23)
C(19)-C(18)-C(23)
C(14)-C(19)-C(18)
C(25)-C(24)-N(3)
C(24)-C(25)-C(26)
C(27)-C(26)-C(25)
C(29)-C(28)-N(3)
C(28)-C(29)-C(30)
C(31)-C(30)-C(29)
N(3)-C(32)-C(33)
C(32)-C(33)-C(34)
C(35)-C(34)-C(33)
C(37)-C(36)-N(3)
C(36)-C(37)-C(38)
C(39)-C(38)-C(37)
Cl(4)-C(40)-CI(3)

107)
1083)
167)
1961)
1884)
13(8)
11614
13UB
11@8
13&)
11Q1L
128
1181p(
120.0(4
12019(
121.8(4
118)0(4
120.)6(4
121.8(4
1245(
1188(4
1101 (
12215(
121.p(4
118.p(4
122.0(4
1198(5
122 B(4
117.)6(4
121)1(4
121.8(4
122 B(4
113Y(
111)1(4
113.)6(4
115.5(4
110)1(4
113)p(4
116
109.6(4
112)(4
1161(
109.8(4
115p(4

1157
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Symmetry transformations used to generate eqgnvatoms:
#1 -X,y,-z+3/2

Table 4. Anisotropic displacement parametaf® (x 10"3) for ew1061.
The anisotropic displacement factor expondggdhe form:
22 pif2[h"2a*2 Ull + ... + 2 hka*b*UJ2

Ull u22 U33 U23 Ul3 Uiz

Zr(l) 14(1) 15(1) 12(1) 0 2(1) O

Cl(1) 15(1) 25(1) 25(1) 2( 3(1) -2(1)
Cl2) 42(1) 16(1) 40(1) 0 21(1) O

CI(3) 46(1) 70(1) 49(1) 1p@ 7(1) -6(1)
Cl4) 79(1) 54(1) 89(1) -11(1 4(1) 6(1)
N(1) 12(2) 202) 16(2) 2M 4(1) -1(2)
NQ2) 16(2) 18(2) 15(2) 2% 1(1)  1(2)
N@E) 16(2) 24(2) 23(2) 23 4(2) -12)
Cl) 5(3) 143) 213) 0 52 0

C2) 11(2) 17(3) 20(2) 22( 312 0(2)
C@3) 14(2) 273) 15(2) 2 -1(2) 22
C@) 17(3) 133) 243) O 03) 0

C(5) 14(2) 193) 13(2) 21 3(2) 202
C®6) 13(2) 193) 16(2) 2B( 1(2) 12
C(7) 15(22) 22(3) 15(2) 2L( 2(2) 0(2)
C@) 16(2) 233) 11(2) 2L 6(2) -2(2)
CO) 223) 273) 14(2) 22 1(2) 202
C(10) 29(3) 23(3) 26(2) N2 7(2) 4@
C(11) 37(3) 14(3) 28(3) B2 6(2) -8(2)
C(12) 26(3) 29(3) 14(2) (2 4(2) -11(2)
C(13) 22(3) 28(3) 13(2) BER 4(2) -3(2)
C(14) 17(2) 25(3) 16(2) P2 2(2) -6(2)
C(15) 20(3) 32(3) 17(2) B2 -12) -5(2)
C(16) 27(3) 43(3) 22(3) (2 4(2) -8(2)
C(17) 31(3) 43(3) 16(2) P2 -3(2) -11(3)
C(18) 21(3) 39(3) 21(3) B2 -4(2) -10(2)
C(19) 21(3) 18(3) 23(2) P2 1) -7(2)
C(20) 35(3) 25(3) 44(3) B2 12) 2(2)
C(21) 38(3) 33(3) 30(3) W2 8(2) -11(3)
C(22) 50(3) 54(4) 18(3) B2 8(22) -5(3)
C(23) 32(3) 48(3) 26(3) 14(2)-6(2) -7(3)
C(24) 21(2) 31(3) 192) P2 82) -1(2)
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C(25)
C(26)
C(27)
C(28)
C(29)
C(30)
C(31)
C(32)
C(33)
C(34)
C(35)
C(36)
C(37)
C(38)
C(39)
C(40)

27(3)
30(3)
29(3)
16(2)
30(3)
28(3)
28(3)
20(3)
21(3)
26(3)
39(3)
25(3)
27(3)
27(3)
42(3)
40(3)

44(3)
26(3)
42(3)
32(3)
45(3)
41(3)
22(3)
23(3)
28(3)
29(3)
61(4)
23(3)
29(3)
30(3)
27(3)
48(4)

21(2)
29(3)
29(3)
24(2)
53(3)
42(3)
49(3)
30(3)
30(3)
33(3)
36(3)
21(2)
42(3)
47(3)
29(3)
44(3)

L2 2(2)
2(2 9(2)
L2 1(2)
¥(2 8(2)
-27(3122(2)
-19(2)15(2)
B2 2(2)
A2 4(2)
L2 7(2)
Y2 7(2)
23(3)12(2)
A2 5(2)
¥(210(2)
B2 1(2)
R(212(2)
23 0(3)

9(2)
-1(2)
-4(3)
-1(2)

-19(3)
-14(3)

-2(2)
4(2)
-1(2)
7(2)
18(3)
3(2)
-5(2)
-7(2)
-4(3)

-15(3)

Table 5. Hydrogen coordinates ( x 10/ sotropic
displacement parameters (A*2 x 10"3) foi@61.

X y z U(eq)
H(3A) 263 446 8156 23
H(4) 0 -353 7500 22
H(9A) -393 5001 8354 26
H(11A) 720 7086 9025 32
H(13A) 1635 4548 9081 25
H(15A) 405 3995 9529 28
H(17A) 1538 2631 518 37
H(19A) 1579 1694 9342 25
H(20A) -454 7413 8607 53
H(20B) -1042 6575 8531 53
H(20C) -555 6861 8160 53
H(21A) 1762 6056 9751 50
H(21B) 1978 6842 9430 50
H(21C) 2367 5848 9429 50
H(22A) 187 4156 0394 60
H(22B) 860 4791 0271 60
H(22C) 1014 4103 610 60
H(23A) 2282 876 9920 54
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H(23B)
H(23C)
H(24A)
H(24B)
H(25A)
H(25B)
H(26A)
H(26B)
H(27A)
H(27B)
H(27C)
H(28A)
H(28B)
H(29A)
H(29B)
H(30A)
H(30B)
H(31A)
H(31B)
H(31C)
H(32A)
H(32B)
H(33A)
H(33B)
H(34A)
H(34B)
H(35A)
H(35B)
H(35C)
H(36A)
H(36B)
H(37A)
H(37B)
H(38A)
H(38B)
H(39A)
H(39B)
H(39C)
H(40A)
H(40B)

1773
2518
6924
6464
7995
7443
7216
6640
7560
7436
8165
8428
8235
8067
7784
9060
9336
9009
9619
8741
6665
6216
6959
7402
5799
6221
6933
6040
6496
7563
7742
6210
6531
6270
6866
7863
7398
7268
10354
10639

788
1421
6810
5909
5830
4966
6351
5516
4463
5225
5277
6242
6767
7516
8040
8467
7476
7874
8582
8868
7472
6588
6591
7487
7420
8310
8428
8481
7547
5451
4987
5172
4479
3695
4341
3672
2901
3032

877

442

0301

369
7569
7396
7813
7695
8314
8188
8492
8845
8599
7237
6785
7608
7162
7523
7386
6651
6890
6790
6904
6701
6126
6329
6026
6245
5660
5490
5439
6529
6995
6595
6977
6300
6107
6574
6281
6774
9139
9605

54
54
28
28
37
37
33
33
51
51
51
29
29
49
49
43
43
50
50
50
29
29
31
31
35
35
67
67
67
27
27
39
39
42
42
48
48
48
54
54
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Appendix 4

Crystallographic Data for [TBA][Zr (XXX)Br 3]

casg) O O

Figure A.4. 50% thermal ellipsoid plot of [TBAJZr(XXX)Br 3].
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Structure Deter mination.

Orange plates @w1170 were grown from a dichloromethane solution at -G5 °
A crystal of dimensions 0.20 x 0.16 x 0.13 mm waminted on a Bruker SMART APEX
CCD-based X-ray diffractometer equipped with a lwmperature device and fine focus
Mo-target X-ray tubeX = 0.71073 A) operated at 1500 W power (50 kV, 3®.mThe
X-ray intensities were measured at 85(1) K; theecter was placed at a distance 5.055
cm from the crystal. A total of 3855 frames weodlexted with a scan width of 0.t w
and 0.48 in phi with an exposure time of 25 s/frame. Tihtegration of the data yielded
a total of 137132 reflections to a maximur® Zalue of 56.76 of which 10356 were
independent and 8599 were greater thafl)2 The final cell constants (Table 1) were
based on the xyz centroids of 9278 reflections eldds (). Analysis of the data showed
negligible decay during data collection; the datarevprocessed with SADABS and
corrected for absorption. The structure was soleed refined with the Bruker
SHELXTL (version 2008/3) software package, usirgspace group C2/c with Z = 4 for
the formula 2(GgH3N)(CaqH39N4Br3Zr)e(CH>Cl»)1 5. The Zr-complex lies on a two-
fold axis in the crystal lattice. The tetrabutylaomium cations are disordered as well as
the dichloromethane solvates. All non-hydrogemetevere refined anisotropically with
the hydrogen atoms placed in idealized positioRall matrix least-squares refinement
based on Fconverged at R1 = 0.0588 and wR2 = 0.1595 [basdd>02sigma(l)], R1 =
0.0712 and wR2 = 0.1692 for all data.
Sheldrick, G.M. SHELXTL, v. 2008/3; Bruker AnalydcX-ray, Madison, WI, 2008.
Sheldrick, G.M. SADABS, v. 2008/1. Program for Brngal Absorption Correction of

Area Detector Data, University of Gottingen: Gagein, Germany, 2008.
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Saint Plus, v. 7.53a, Bruker Analytical X-ray, Msain, WI, 2008.

Table 1. Crystal data and structure refinemenefot170.

Identification code ewl1l170

Empirical formula C86.50 H113 Br3 B N6 Zr
Formula weight 1691.85

Temperature 85(2) K

Wavelength 0.71073 A

Crystal system, space group Monoclinic, cC2/

Unit cell dimensions a=17.6952(A8plpha = 90 deg.

b = 1572715) A beta = 99.520(2) deg.
c =31803) A gamma = 90 deg.

Volume 8277.7(14) A"3

Z, Calculated density 4, 1.358 Mgdn”

Absorption coefficient 1.741 mm"-1

F(000) 3514

Crystal size 0.20 x 0.16.X3mm

Theta range for data collection 1.77 to 28.38 de

Limiting indices -23<=h<=23, 2&k<=20, -41<=I<=41
Reflections collected / unique 137172 / 1038@rit) = 0.0455]
Completeness to theta = 28.38 99.7 %

Absorption correction Semi-empiricalrh equivalents
Max. and min. transmission 0.8053 and 2722
Refinement method Full-matrix lesguares on F2
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Data / restraints / parameters 10356 / 53 / 543

Goodness-of-fit on F"2 1.052

Final R indices [I>2sigma(l)] R1 = 0.0588, wR®.1595
R indices (all data) R1 =0.0712,2vR0.1692
Largest diff. peak and hole 1.014 and -1.822*-3

Table 2. Atomic coordinates ( x 10°4) auglivalent isotropic
displacement parameters (A"2 x 10"3) fot £70.
U(eq) is defined as one third of the tratthe orthogonalized

Uij tensor.
X y z U(eq)

Zr(1) 0 3789(1) 7500 22(1)
Br(1) 1452(1) 3888(1) 7456(1) 42(1)
Br(2) 0 5542(1) 7500 39(2)
N(1) 304(2) 3318(2) 8203(1) 30(2)
N(2) 545(2) 2178(2) 8679(1) 42(1)
N(3) 7335(2) 6498(3) 6994(1) 54(1)
C@@) 0 2323(3) 7500 33(2)
C(©2) 155(2) 1862(2) 7890(1) 41(1)
C@3) 155(3) 946(3) 7895(2) 58(1)
C@4) 0 50B8(4 7500 71(2)
C(5) 326(2) 2418(2) 8271(1) 36(1)
C(6) 544(2) 3653(2) 8620(1) 33(1)
C() 682(2) 2951(3) 8907(1) 41(1)
C(8) 645(2) 4591(2) 8724(1) 33(1)
C(9) 89(2) 5205(2) 8571(1) 32(2)
C(10) 189(2) 6081(2) 8688(1) 38(1)
C@11) 846(2) 6321(3) 8978(1) 45(1)

C(12) 1396(2)  5722(3) 9144(1)  45(1)
C(13) 1307(2)  4862(3) 9005(1)  41(1)

C(14) 915(2)  2924(3) 9387(1)  48(1)
C(15) 711(2)  3570(3) 9657(1)  49(1)
C(16) 944(2)  3547(4)10111(1)  59(1)
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C(17)
C(18)
C(19)
C(20)
C(21)
C(22)
C(23)
C(24)
C(25)
C(26)
C(27)
C(27A)
C(28)
C(29)
C(30)
C(31)
C(32)
C(33)
C(34)
C(35)
C(35A)
C(36)
C(37)
C(38)
C(39)
C(37A)
C(38A)
C(39A)
Cl(1)
Cl(2)
C(40)
CI(1A)
Cl(2A)
C(40A)
Cl(4)
Cl(3)
C(41)
Cl(6)
Cl(5)
C(42)

1365(2)
1570(2)
1349(2)
-408(3)
2077(3)
739(3)
2021(3)
7039(3)
7533(4)
7231(4)
7591(5)
7321(6)
8125(2)
8201(3)
9001(3)
9138(3)
6755(2)
6934(2)
6312(2)
6486(5)
6523(15)
7419(4)
6691(7)
6977(7)
6349(8)
6776(13)
6525(9)
7127(8)
4332(3)
5799(2)
4849(5)
4332(3)
5799(2)
5158(10)
6235(2)
5593(2)
5376(4)
2970(4)
4374(5)
3334(4)

2830(4)10286(2)
2164(4)10027(2)
2219(3) 9578(2)
6744(3) 8512(1)
5068(4) 9487(1)
4274(4)10392(1)
1363(4)10221(2)
6431(3) 7431(1)
5895(4) 7782(2)
5935(4) 8207(2)
5387(5) 8564(2)
6810(9) 8430(3)
6916(4) 7050(2)
7804(6) 7259(2)
8215(6) 7252(2)
8518(4) 6824(2)
7062(3) 6701(1)
7285(4) 6257(1)
7859(4) 6010(1)
8201(7) 5569(2)
8690(12) 86(7)
5619(3) 6793(2)
5099(5) 6740(3)
4298(5) 6471(3)
3654(6) 6439(3)
4937(11) 4677)
4248(11) 376(5)
3526(7) 6523(4)
4885(3) 5840(1)
5459(2) 5626(1)
5712(7) 5643(4)
4885(3) 5840(1)
5459(2) 5626(1)
5524(17) 7%68)
6951(3) 4820(1)
5706(2) 5356(1)
6561(5) 4990(3)
4895(5) 5738(3)
4091(11)5693(6)
3851(5) 5571(2)

72(2)
73(2)
59(1)
47(1)
60(1)
74(2)
90(2)
52(1)
95(2)
67(1)
56(2)
55(3)
73(2)

107(3)
94(2)
76(2)
39(1)
64(1)
55(1)
92(3)
85(7)
76(2)
99(3)
80(3)

143(5)
91(6)
60(4)
42(3)

116(1)
71(1)
58(3)

116(1)
71(1)
28(7)

115(1)
60(1)
48(2)

115(2)

190(6)
46(2)
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Table 3. Bond lengths [A] and anglesgjdfor ew1170.

Zr(1)-C(1) 2.239(4)
Zr(1)-N(1)#1 2.278(3)
Zr(1)-N(1) 2.278(3)
Zr(1)-Br(1) 2.6007(4
Zr(1)-Br(1)#1 2.600Y (4
Zr(1)-Br(2) 2.6789(6
N(1)-C(5) 1.389(4)
N(1)-C(6) 1.392(4)
N(2)-C(5) 1.316(5)
N(2)-C(7) 1.378(5)
N(3)-C(36) 1.498(6)
N(3)-C(28) 1.521(7)
N(3)-C(32) 1.522(5)
N(3)-C(24) 1.536(5)
C(1)-C(2)#1 1.389(4)
C(1)-C(2) 1.389(4)
C(2)-C(3) 1.400(5)
C(2)-C(5) 1.446(6)
C(3)-C(4) 1.384(6)
C(4)-C(3)#1 1.384(6)
C(6)-C(7) 1.389(5)
C(6)-C(8) 1.472(5)
C(7)-C(14) 1.480(5)
C(8)-C(9) 1.385(5)
C(8)-C(13) 1.404(4)
C(9)-C(10) 1.390(5)
C(10)-C(11) 1.397(5)
C(10)-C(20) 1.499(6)
C(11)-C(12) 1.373(6)
C(12)-C(13) 1.384(6)
C(12)-C(21) 1.517(5)
C(14)-C(15) 1.382(7)
C(14)-C(19) 1.396(6)
C(15)-C(16) 1.401(5)
C(16)-C(17) 1.383(7)
C(16)-C(22) 1.494(8)
C(17)-C(18) 1.381(9)
C(18)-C(19) 1.388(7)
C(18)-C(23) 1.530(7)
C(24)-C(25) 1.520(6)
C(25)-C(26) 1.504(8)
C(26)-C(27) 1.449(8)
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C(26)-C(27A)
C(28)-C(29)
C(29)-C(30)
C(30)-C(31)
C(32)-C(33)
C(33)-C(34)
C(34)-C(35A)
C(34)-C(35)
C(36)-C(37)
C(36)-C(37A)
C(37)-C(38)
C(38)-C(39)
C(37A)-C(38A)
C(38A)-C(39A)
CI(1)-C(40)
CI(2)-C(40)
Cl(4)-C(41)
CI(3)-C(41)
CI(6)-C(42)
CI(5)-C(42)

C(1)-Zr(1)-N(1)#1
C(1)-Zr(1)-N(2)
N(1)#1-Zr(1)-N(1)
C(1)-Zr(2)-Br(2)
N(1)#1-Zr(1)-Br(1)
N(1)-Zr(1)-Br(1)
C(1)-Zr(1)-Br(1)#1
N(1)#1-Zr(1)-Br(1)#1
N(1)-Zr(1)-Br(1)#1
Br(1)-Zr(1)-Br(1)#1
C(1)-Zr(2)-Br(2)
N(1)#1-Zr(1)-Br(2)
N(1)-Zr(1)-Br(2)
Br(1)-Zr(1)-Br(2)
Br(1)#1-Zr(1)-Br(2)
C(5)-N(1)-C(6)
C(5)-N(1)-Zr(2)
C(6)-N(1)-Zr(2)
C(5)-N(2)-C(7)
C(36)-N(3)-C(28)
C(36)-N(3)-C(32)
C(28)-N(3)-C(32)
C(36)-N(3)-C(24)
C(28)-N(3)-C(24)
C(32)-N(3)-C(24)

1.501)14
1.501(9)
1.552(8)
1.466(8)
1.503(6)
1.515(6)
1.41(2)
1.543(8)
1.499(11
1.531)17
1.609(11
1.475(12
1.567]17
1.551]16
1.729(11
1.734(9)
1.791(9)
1.733(8)
1.827(10
1.853(11

71.59(7
71.59(7
143.18(14)
93.347
92.65(7)
89.46(7
93.342)
89.46(7
92.6%(7
132(2)
a®00(1)
1@3(7)
8@1(7)
86.659(12)
859(12)
12®)
1962)
13%)
10@3)
106ty
11@BY
11(48
11438
11@Yy
108y
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C(2)#1-C(1)-C(2)
C(2)#1-C(1)-Zr(1)
C(2)-C(1)-Zr(1)
C(1)-C(2)-C(3)
C(1)-C(2)-C(5)
C(3)-C(2)-C(5)
C(4)-C(3)-C(2)
C(3)-C(4)-C(3)#1
N(2)-C(5)-N(1)
N(2)-C(5)-C(2)
N(1)-C(5)-C(2)
C(7)-C(6)-N(1)
C(7)-C(6)-C(8)
N(1)-C(6)-C(8)
N(2)-C(7)-C(6)
N(2)-C(7)-C(14)
C(6)-C(7)-C(14)
C(9)-C(8)-C(13)
C(9)-C(8)-C(6)
C(13)-C(8)-C(6)
C(8)-C(9)-C(10)
C(9)-C(10)-C(11)
C(9)-C(10)-C(20)
C(11)-C(10)-C(20)
C(12)-C(11)-C(10)
C(11)-C(12)-C(13)
C(11)-C(12)-C(21)
C(13)-C(12)-C(21)
C(12)-C(13)-C(8)
C(15)-C(14)-C(19)
C(15)-C(14)-C(7)
C(19)-C(14)-C(7)
C(14)-C(15)-C(16)
C(17)-C(16)-C(15)
C(17)-C(16)-C(22)
C(15)-C(16)-C(22)
C(18)-C(17)-C(16)
C(17)-C(18)-C(19)

C(17)-C(18)-C(23)
C(19)-C(18)-C(23)
C(18)-C(19)-C(14)
C(25)-C(24)-N(3)
C(26)-C(25)-C(24)

C(27)-C(26)-C(27A)

119.1(4)
12(2)
20.5(2)
2110(4)
1315(3)
2514(4)
18.3(5)
12(5)
47(3)
27.7(3)
175(3)
07L9(3)
2715(3)
124.6(3)
109.6(3)
119.3(3)
131.1(4)
119.0(3)
122.1(3)
118.8(3)
120.8(3)
118.5(4)
120.3(3)
121.2(3)
122.0(4)
118.6(3)
122.0(4)
119.4(4)
120.9(4)
118.4(4)
122.3(4)
119.3(4)
121.9(4)
117.7(5)
121.8(4)
120.5(5)
122.0(4)
118.9(4)

122.1(5)
119.0(6)
121.1(5)
115.5(4)
111.2(4)

99.3(6)
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C(27)-C(26)-C(25) 118.1(6)

C(27A)-C(26)-C(25) 114.4(7)
C(29)-C(28)-N(3) 116.3(4)
C(28)-C(29)-C(30) 112.1(5)
C(31)-C(30)-C(29) 115.3(5)
C(33)-C(32)-N(3) 116.9(3)
C(32)-C(33)-C(34) 110.5(3)
C(35A)-C(34)-C(33) 101.7(9)
C(35A)-C(34)-C(35) 87.6{10
C(33)-C(34)-C(35) 114.3(4)
N(3)-C(36)-C(37) 112.2(5)
N(3)-C(36)-C(37A) 121.8(10)
C(37)-C(36)-C(37A) 10.9)10
C(36)-C(37)-C(38) 97.0(7)
C(39)-C(38)-C(37) 104.2(8)
C(36)-C(37A)-C(38A) 130.1(18)
C(39A)-C(38A)-C(37A) 99.4(13)
CI(1)-C(40)-CI(2) 114.9(6)
CI(3)-C(41)-CI(4) 109.7(4)
CI(6)-C(42)-CI(5) 98.9(7)

Symmetry transformations used to gemresgtiivalent atoms:
#1 -X,y,-2+3/2

Table 4. Anisotropic displacement parametaf® (x 10"3) for ew1170.
The anisotropic displacement factor exponekggdhe form:
22 pif2[h"2a*2 Ull + ...+ 2 hka*b*UJ2

ull u22 U33 U223 ui3 Uiz

Zr(1) 20(1)  16(1) 32(1) O 10(1) 0
Br(1) 26(1)  41(1)  63(1)-12(1) 19(1) -4(1)
Br(2) 63(1) 18(1) 41(1) O 28(1) 0

N(L) 26(1)  26(1) 37(1) 5(1) 6(1)  -4(1)
N(2) 29(1)  40(2)  55(2) 20(1)  2(1)  -4(1)
N(3) 55(2)  74(2) 30(2-11(2) -2(1)  38(2)
C(1) 29(2) 19(2) 51(3) O 112) 0

C(2) 37(2)  22(2) 64(2) 72 8(2)  -3(1)
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C@)
C(4)
C(5)
C(6)
c(?)
C(8)
C(9)
C(10)
C(11)
C(12)
C(13)
C(14)
C(15)
C(16)
C(17)
C(18)
C(19)
C(20)
C(21)
C(22)
C(23)
C(24)
C(25)
C(26)
C(27)
C(27A)
C(28)
C(29)
C(30)
C(31)
C(32)
C(33)
C(34)
C(35)
C(35A)
C(36)
C(37)
C(38)
C(39)
C(37A)
C(38A)
C(39A)
cl(1)
cl2)
C(40)
CI(1A)

63(3)
80(5)
28(2)
24(1)
25(2)
31(2)
35(2)
49(2)
62(2)
44(2)
35(2)
29(2)
34(2)
40(2)
38(2)
29(2)
32(2)
64(3)
59(2)
72(3)
39(2)
67(3)
147(5)
83(4)
55(4)
42(5)
33(2)
32(2)
25(2)
77(3)
30(2)
44(2)
42(2)
84(5)
123(18)
123(4)
222(9)
145(8)
288(14)
177(14)
46(8)
66(8)
137(3)
52(1)
58(5)
137(3)

22(2)
18(2)
28(2)
40(2)
51(2)
44(2)
38(2)
39(2)
49(2)
69(2)
59(2)
65(2)
74(3)
98(3)

121(4)

100(4)
73(3)
36(2)
92(3)

124(5)

114(4)
57(2)
99(4)
61(3)
59(4)
89(9)

143(5)

211(7)

200(8)
75(3)
50(2)

114(4)
81(3)

146(8)
50(9)
67(3)
21(3)
48(4)
74(5)
27(7)
94(11)
32(5)

115(3)
86(2)
61(6)

115(3)

87(3) 14(2)
110(6) O

52(2) 12(1)
34(2) 9(1)
44(2) 20(2)
24(1) 5(1)
24(1) -1(1)
26(2) -3(1)
25(2) -8(1)
20(1) 0(2)
26(2) 8(2)
44(2) 28(2)
35(2) 26(2)
37(2) 32(2)
50(2) 58(3)
82(3) 67(3)
63(3) 39(2)
44(2) -8(2)
27(2) -1(2)
24(2) 19(2)
109(4) 83(4)
30(2) -8(2)
34(2) -8(2)
53(3) 15(2)
47(4) 11(3)
33(5) 2(5)
40(2)-12(3)
81(3)-88(4)
58(3)-43(4)
71(3)-18(3)
36(2) -4(2)
33(2) -2(2)
42(2) 4(2)
50(4) 38(4)
80(13) 6(9)
36(2)-10(2)
76(5)-14(3)
57(4)-12(3)
90(6)-54(4)
70(11) 1(®)
43(8) 8(7)
28(5) -8(4)
110(3)-46(2)
71(2)-16(1)
55(6)-23(5)

110(3) 6¢2)
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5(2)
4(4)
7(1)
1(1)
-1(1)
2(1)
3(1)
10(1)
12(2)
4(1)
2(1)
-6(2)
-5(1)
-1(2)
-8(2)

-10(2)

-6(2)
12(2)
0(2)
42)

-13(2)

2(2)
-5(3)
42)
-11(3)
2(4)
-2(2)
16(2)
8(2)
-1(3)
3(1)
2(2)
3(2)
21(3)
16(12)
42)
86(6)
46(5)
96(8)
22(13)
18(6)
10(5)
62(2)
3(1)
12(5)
62(2)

-5(2)
0
-4(1)
-6(1)
-6(1)

-12(1)
-12(1)
-15(2)
-29(2)
-30(2)
-19(2)
-11(2)
-15(2)
-21(2)
-22(2)
-14(2)
-10(2)

-8(2)

-46(2)
-17(3)
-11(3)

30(2)
86(4)
7(3)
3(3)
19(5)
41(3)

-10(3)

-6(3)
30(3)
16(2)
43(2)
25(2)
73(5)
34(11)
57(3)
7(4)
-11(4)

-101(7)

45(7)
-2(6)
-31(5)
-41(3)
16(1)
21(5)
-41(3)



Cl(2A)
C(40A)
Cl(4)
CI(3)
C(41)
Cl(6)
CI(5)
C(42)

52(1)
28(9)
89(2)
59(1)
39(4)
98(4)
74(4)
33(3)

86(2)  71(2)-16(1)
18(9)  32(9) -9(6)
136(3) 109(3)57(2)
57(1)  64(1) 7(1)
33(4)  69(5) -8(3)

118(4) 147(6)-70(4)

205(12) 303(18)-8(13)

69(4)

34(3) 26(3)

3(1)
-11(6)
-18(2)
10(1)
2(3)
73(4)
64(7)

2(3)

16(1)
4(6)
-31(2)
-4(1)
14(3)
-54(3)
-30(5)
-1(3)

Table 5. Hydrogen coordinates ( x 1014 sotropic

displacement parameters (A*2 x 10"3) ot £70.

X y z U(eq)
H(3A) 259 633 8163 70
H(4) 0 -114 7500 85
H(9A) -365 5026 8385 39
H(11A) 915 6918 9062 54
H(13A) 1700 4449 102 49
H(15A) 403 4045 9532 59
H(17A) 1519 2795 265 86
H(19A) 1495 1770 399 71
H(20A) -301 7296 672 71
H(20B) -914 6528 8550 71
H(20C) -397 6842 8202 71
H(21A) 1995 5753 773 90
H(21B) 2132 6607 499 90
H(21C) 2543 5704 419 90
H(22A) 203 4213 480 111
H(22B) 809 4837 252 111
H(22C) 1071 4250 186 111
H(23A) 2288 1101 000 135
H(23B) 1667 933 31a 135
H(23C) 2395 1541 104 135
H(24A) 6991 7030 544 62
H(24B) 6520 6171 373 62
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H(25A)
H(25B)
H(26A)
H(26B)
H(26C)
H(26D)
H(27A)
H(27B)
H(27C)
H(27D)
H(27E)
H(27F)
H(28A)
H(28B)
H(29A)
H(29B)
H(30A)
H(30B)
H(31A)
H(31B)
H(31C)
H(32A)
H(32B)
H(33A)
H(33B)
H(34A)
H(34B)
H(34C)
H(34D)
H(35A)
H(35B)
H(35C)
H(35D)
H(35E)
H(35F)
H(36A)
H(36B)
H(36C)
H(36D)
H(37A)
H(37B)
H(38A)
H(38B)
H(39A)
H(39B)
H(39C)

7543
8065
7267
6679
6681
7502
7426
7443
8149
7192
6978
7853
8493
8279
8115
7801
9067
9397
9034
9672
8798
6255
6693
6977
7432
6232
5827
6320
5799
6970
6071
6528
6259
6378
7078
7830
7574
7486
7901
6254
6559
7058
7461
6225
6510
5896

5278
6121
6550
5783
5776
5491
4780
5590
5423
6758
7235
7008
6517
6962
7755
8196
8718
7776
8040
8705
9012
6756
7616
6740
7594
8367
7522
7839
7676
8526
8588
7705
8805
9138
8708
5288
5699
5717
5356
5417
4911
4491
4049
3544
3106
3884

68b
827
308
148
158
408
508
838
588
728
268
458
272
587
685
021
564
633
1@6
468
287
666
568
960
862
961
569
936
680
136
354
783
384
958
288
869
085
864
469
665
230
781
266
367
183
482
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115
115
80
80
80
80
83
83
83
83
83
83
88
88
128
128
113
113
114
114
114
47
47
77
77
66
66
66
66
138
138
138
127
127
127
91
91
91
91
119
119
96
96
215
215
215



H(37C)
H(37D)
H(38C)
H(38D)
H(39D)
H(39E)
H(39F)
H(40A)
H(40B)
H(40C)
H(40D)
H(41A)
H(41B)
H(42A)
H(42B)

6306
6879
5995
6569
7643
7046
7073
4833
4593
5000
5419
5131
5012
3160
3191

5277
4589
4038
4482
3765
3034
3322
6236
5865
6144
5354
7042
6359
3731
3357

687
180
763
880
365
183
168
882
534
%98
626
813
373
325
874

109
109
72
72
62
62
62
69
69
34
34
57
57
55
55
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Appendix 5

Crystallographic Datafor Zr(LXL-Me&,)Cl3

ci2 C48

Figure A.5. 50% thermal ellipsoid plot of Zr(LXL-M#gCl;3
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Structure Deter mination

Yellow blocks ofew1194 were grown from a dichloromethane solution at -G5 °
A crystal of dimensions 0.29 x 0.23 x 0.17 mm waminted on a Bruker SMART APEX
CCD-based X-ray diffractometer equipped with a lwmperature device and fine focus
Mo-target X-ray tubeX = 0.71073 A) operated at 1500 W power (50 kV, 3®.mThe
X-ray intensities were measured at 85(1) K; theecter was placed at a distance 5.055
cm from the crystal. A total of 3830 frames weodlexted with a scan width of 0.t w
and 0.48 in phi with an exposure time of 20 s/frame. Tihtegration of the data yielded
a total of 93521 reflections to a maximurfl 2alue of 56.72 of which 14215 were
independent and 12308 were greater thafl)2 The final cell constants (Table 1) were
based on the xyz centroids of 9643 reflections eldd¥s (). Analysis of the data showed
negligible decay during data collection; the dataravprocessed with SADABS and
corrected for absorption. The structure was soleed refined with the Bruker
SHELXTL (version 2008/3) software package, using $ipace group Plbar with Z = 2
for the formula GgH45N4Cl3Zre(CHCI)s.  All non-hydrogen atoms were refined
anisotropically with the hydrogen atoms placeddeallized positions. Full matrix least-
squares refinement based chdénverged at R1 = 0.0366 and wR2 = 0.0915 [basdd o
> 2sigma(l)], R1 = 0.0450 and wR2 = 0.0993 fordaita.
Sheldrick, G.M. SHELXTL, v. 2008/3; Bruker AnalydcX-ray, Madison, WI, 2008.
Sheldrick, G.M. SADABS, v. 2008/1. Program for Brngal Absorption Correction
ofArea Detector Data, University of Gottingen: Gagen, Germany, 2008.

Saint Plus, v. 7.53a, Bruker Analytical X-ray, Msai, WI, 2008.
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Identification code ewll1l94

Empirical formula C51 H55 CI13 4

Formula weight 1276.06

Temperature 85(2) K

Wavelength 0.71073 A

Crystal system, space group Triclinic, P-1

Unit cell dimensions a=13.7969(A2pnlpha = 69.925(1) deg.

b =1308§12) A beta = 89.886(1) deg.
c = 1548014) A gamma = 85.1320(1) deg.

Volume 2847.0(4) A"3

Z, Calculated density 2, 1.489 MgBm”*

Absorption coefficient 0.842 mm~-1

F(000) 1300

Crystal size 0.29 x 0.23.X0Omm

Theta range for data collection 1.69 to 28.3%. de

Limiting indices -18<=h<=18, 4&<=18, -21<=I<=21
Reflections collected / unique 93521/ 1421618 = 0.0276]
Completeness to theta = 28.36 99.8 %

Absorption correction Semi-empiricalrh equivalents
Max. and min. transmission 0.8701 and (B792
Refinement method Full-matrix lesguares on F2
Data / restraints / parameters 14215/0/632
Goodness-of-fit on F*2 1.049

Final R indices [I>2sigma(l)] R1 = 0.0366, wR®.0915
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R indices (all data) R1 = 0.0450,2+R0.0993

Largest diff. peak and hole 1.572 and -1.862"-3

Table 2. Atomic coordinates ( x 10°4) auglivalent isotropic
displacement parameters (A"2 x 10"3) foi £94.

U(eq) is defined as one third of the tratthe orthogonalized
Uij tensor.

X y Z U(eq)

Zr(l)  2592(1)  4164(1) 3830(1)  15(1)
Cl(1)  3550(1)  2575(1) 3909(1)  21(1)
Cl(2)  4038(1)  4707(1) 4381(1)  21(1)
CI(3)  1211(1)  3863(1) 3024(1)  22(1)
Cl(4) 528(1)  7153(1) 729(1)  36(1)
CI(5) -546(1)  5375(1) 943(1)  43(1)
Cl(6)  7240(1)  4618(1) 2889(1)  62(1)
CI(7)  6388(1)  6582(1) 2950(1)  58(1)
CI(8)  3062(1)  1059(1) 2102(1)  48(1)
Cl(9)  1727(1)  2855(1) 1123(1)  38(1)
CI(10) 8336(1) 3046(1) 54B(1)  42(1)
Cl(11) 8764(1)  1915(1) 433(1)  60(1)
Cl(12) 5769(1) 1725(1) 79(1)  84(1)
CI(13) 6431(1) 2772(1) 980(1)  62(1)
N(1) 1881(1)  3490(1) 5172(1)  17(1)
N(2) 1114(1)  3605(1) 6358(1)  16(1)
N(3) 2639(1)  5678(1) 2678(1)  17(1)
N(4) 2434(1)  7367(1) 2072(1)  19(1)
C(1) 1766(1)  5448(1) 4202(1)  16(1)
C() 1740(1)  6468(1) 3614(1)  16(1)
olk) 1270(1)  7274(1) 3842(1)  18(1)
C(4) 836(1)  7045(2) 4671(1)  20(1)
C(5) 855(1)  6043(2) 5270(1)  18(1)
C(6) 1324(1)  5247(1) 5026(1)  16(1)
C(7) 1422(1)  4140(1) 5541(1)  16(1)
C(8) 1365(1)  2563(1) 6522(1)  17(1)
C(9) 1832(1)  2499(1) 5784(1)  17(1)
C(10) 548(1)  4027(2) 6951(1)  20(1)
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C(11)
C(12)
C(13)
C(14)
C(15)
C(16)
C(17)
C(18)
C(19)
C(20)
C(21)
C(22)
C(23)
C(24)
C(25)
C(26)
C(27)
C(28)
C(29)
C(30)
C(31)
C(32)
C(33)
C(34)
C(35)
C(36)
C(37)
C(38)
C(39)
C(40)
C(41)
C(42)
C(43)
C(44)
C(45)
C(46)
C(47)
C(48)
C(49)
C(50)
C(51)

1136(1)
1435(1)
1222(1)

698(1)

391(1)

625(1)
1587(2)
-187(2)
2235(1)
3140(2)
3552(2)
3021(2)
2108(2)
1719(2)
4567(2)
1555(2)
3093(1)
2977(1)
2246(1)
2107(2)
3600(1)
4302(1)
4772(2)
4524(2)
3828(2)
3372(2)
5535(2)
3555(2)
3451(1)
2976(2)
3471(2)
4435(2)
4923(2)
4422(2)
2973(2)
5975(2)

611(2)
6477(2)
2531(2)
9098(2)
5469(2)

1739(2) 350(1)
1743(2) 198(1)
960(2) 8967(1)
176(2) 8899(1)
150(2) 8076(1)
935(2) 7301(1)
935(2) 9869(1)
-701(2) 8018(2)
1560(1) 623(1)
1082(2) 993(1)
230(2) 5799(1)
-150(2) 5265(2)
299(2) 4900(1)
1168(2) 079(1)
-231(2) 6140(2)
-125(2) 4305(2)
5065(2) 862(1)
7015(2) 478(1)
6546(1) 782(1)
8447(2) 90B(1)
5208(2) 517%(1)
4469(2) 048(1)
3731(2) 731(2)
3751(2) 884(2)
4475(2) 340(1)
5209(2) 662(1)
2938(2) 309(2)
4462(2) -572(2)
7700(2) 691(1)
8177(2) -139(1)
8800(2) -864(1)
8938(2) -732(2)
8472(2) 92(2)
7849(2) 803(1)
9309(2) 771(2)
8624(2) 212(2)
5843(2) 823(2)
5235(2) 4753(2)
2280(2) 059(2)
2008(2) 480(2)
2671(2) 736(2)

18(1)
20(1)
21(1)
21(1)
20(1)
19(1)
29(1)
27(1)
19(1)
21(1)
26(1)
29(1)
27(1)
23(1)
33(1)
38(1)
18(1)
18(1)
17(1)
26(1)
19(1)
20(1)
24(1)
26(1)
25(1)
22(1)
32(1)
33(1)
20(1)
23(1)
26(1)
28(1)
28(1)
24(1)
34(1)
39(1)
34(1)
41(1)
34(1)
39(1)
47(1)
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Table 3. Bond lengths [A] and anglesgjdfor ew1194.

Zr(1)-N(3) 2B98(16)
Zr(1)-N(1) 2732(15)
Zr(1)-C(1) 2776(18)
Zr(1)-CI(1) 4371(5)
Zr(1)-CI(3) 42.15(5)
Zr(1)-CI(2) 4%50(5)
CI(4)-C(47) 65(3)
CI(5)-C(47) N E))
CI(6)-C(48) 6O(3)
CI(7)-C(48) BH3)
CI(8)-C(49) 67(3)
CI(9)-C(49) 6S(3)
CI(10)-C(50) 18(8)
CI(11)-C(50) 12(8)
Cl(12)-C(51) 19(8)
CI(13)-C(51) 14{8)
N(1)-C(7) 351(2)
N(1)-C(9) 382(2)
N(2)-C(7) 345(2)
N(2)-C(8) 389(2)
N(2)-C(10) 3(2)
N(3)-C(29) a?2)
N(3)-C(27) 3632)
N(4)-C(29) 1R2)
N(4)-C(28) aR2)
N(4)-C(30) 642)
C(1)-C(6) 394(2)
C(1)-C(2) 400(3)
C(2)-C(3) 329(3)
C(2)-C(29) a642)
C(3)-C(4) 393(3)
C(4)-C(5) 387(3)
C(5)-C(6) 400(3)
C(6)-C(7) 465(3)
C(8)-C(9) 364(2)
C(8)-C(11) 143)
C(9)-C(19) 1743)
C(11)-C(16) 1389)
C(11)-C(12) 1148)
C(12)-C(13) 18¢8)
C(13)-C(14) 1983)
C(13)-C(17) 1063)
C(14)-C(15) 11%9)
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C(15)-C(16) 1583)

C(15)-C(18) 17%8)
C(19)-C(24) 1289)
C(19)-C(20) 1289)
C(20)-C(21) 1589)
C(21)-C(22) 1388)
C(21)-C(25) 19%8)
C(22)-C(23) 1189)
C(23)-C(24) 1689)
C(23)-C(26) 11%3)
C(27)-C(28) 17%8)
C(27)-C(31) 1043)
C(28)-C(39) 1843)
C(31)-C(32) 1389)
C(31)-C(36) 1789)
C(32)-C(33) 1589)
C(33)-C(34) 1983)
C(33)-C(37) 15¢8)
C(34)-C(35) 15%8)
C(35)-C(36) 1429)
C(35)-C(38) 17%8)
C(39)-C(40) 1389)
C(39)-C(44) 1388)
C(40)-C(41) 1989)
C(41)-C(42) 1688)
C(41)-C(45) 17%9)
C(42)-C(43) 1189)
C(43)-C(44) 109)
C(43)-C(46) 15¢8)
N(3)-Zr(1)-N(1) 140.63(6)
N(3)-Zr(1)-C(1) 70.83(
N(1)-Zr(1)-C(1) 70.8)(
N(3)-Zr(1)-CI(1) 123.78(4)
N(1)-Zr(1)-CI(1) 95.37(
C(1)-Zr(1)-CI(1) 163.10(5)
N(3)-Zr(1)-CI(3) 86.39(4
N(1)-Zr(1)-CI(3) 91.99(4
C(1)-Zr(1)-CI(3) 94.6)(5
CI(1)-Zr(1)-CI(3) 94.81)
N(3)-Zr(1)-CI(2) 83.63(4
N(1)-Zr(1)-CI(2) 97.5%(4
C(1)-Zr(1)-CI(2) 84.8(5
CI(1)-Zr(1)-CI(2) 88.39R)
CI(3)-Zr(1)-CI(2) 169.607(18)
C(7)-N(1)-C(9) 106.50(15)
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C(7)-N(1)-Zr(1)
C(9)-N(1)-Zr(1)
C(7)-N(2)-C(8)
C(7)-N(2)-C(10)
C(8)-N(2)-C(10)
C(29)-N(3)-C(27)
C(29)-N(3)-Zr(1)
C(27)-N(3)-Zr(1)
C(29)-N(4)-C(28)
C(29)-N(4)-C(30)
C(28)-N(4)-C(30)
C(6)-C(1)-C(2)
C(6)-C(1)-Zr(1)
C(2)-C(1)-Zr(1)
C(3)-C(2)-C(1)
C(3)-C(2)-C(29)
C(1)-C(2)-C(29)
C(4)-C(3)-C(2)
C(5)-C(4)-C(3)
C(4)-C(5)-C(6)
C(1)-C(6)-C(5)
C(1)-C(6)-C(7)
C(5)-C(6)-C(7)
N(2)-C(7)-N(1)
N(2)-C(7)-C(6)
N(1)-C(7)-C(6)
C(9)-C(8)-N(2)
C(9)-C(8)-C(11)
N(2)-C(8)-C(11)
C(8)-C(9)-N(1)
C(8)-C(9)-C(19)
N(1)-C(9)-C(19)
C(16)-C(11)-C(12)
C(16)-C(11)-C(8)
C(12)-C(11)-C(8)
C(13)-C(12)-C(11)
C(12)-C(13)-C(14)
C(12)-C(13)-C(17)
C(14)-C(13)-C(17)
C(13)-C(14)-C(15)
C(14)-C(15)-C(16)
C(14)-C(15)-C(18)
C(16)-C(15)-C(18)
C(11)-C(16)-C(15)
C(24)-C(19)-C(20)
C(24)-C(19)-C(9)

118.66(12)
134.74(12)
108.24(15)
126.42(16)
125.19(15)
107.07(15)
118.62(12)
133.91(12)
108.32(16)
127.32(16)
124.31(16)
118.88)1
121.23f1
119.78}1
120.83)1
127.19(17
111.99(16
118.69)1
121.82)1
118.58)1
121.23)1
110.88)1
127.9%)1
109.98j1
131.26§1
118.78)1
106.46§1
129.78(17
123.73|16
108.86]1
127.77(17
123.41)16
119.29(17)
119.75(17)
120.95(17)
120.58(18)
118.90(18)
120.62(19)
120.44(18)
121.91(18)
118.40(18)
121.05(18)
120.55(18)
120.89(18)
120.09(18)
119.76(18)
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C(20)-C(19)-C(9)
C(19)-C(20)-C(21)
C(22)-C(21)-C(20)
C(22)-C(21)-C(25)
C(20)-C(21)-C(25)
C(21)-C(22)-C(23)
C(22)-C(23)-C(24)
C(22)-C(23)-C(26)
C(24)-C(23)-C(26)
C(19)-C(24)-C(23)
C(28)-C(27)-N(3)
C(28)-C(27)-C(31)
N(3)-C(27)-C(31)
C(27)-C(28)-N(4)
C(27)-C(28)-C(39)
N(4)-C(28)-C(39)
N(3)-C(29)-N(4)
N(3)-C(29)-C(2)
N(4)-C(29)-C(2)
C(32)-C(31)-C(36)
C(32)-C(31)-C(27)
C(36)-C(31)-C(27)
C(31)-C(32)-C(33)
C(34)-C(33)-C(32)
C(34)-C(33)-C(37)
C(32)-C(33)-C(37)
C(35)-C(34)-C(33)
C(34)-C(35)-C(36)
C(34)-C(35)-C(38)
C(36)-C(35)-C(38)
C(35)-C(36)-C(31)
C(40)-C(39)-C(44)
C(40)-C(39)-C(28)
C(44)-C(39)-C(28)
C(39)-C(40)-C(41)
C(42)-C(41)-C(40)
C(42)-C(41)-C(45)
C(40)-C(41)-C(45)
C(41)-C(42)-C(43)
C(44)-C(43)-C(42)
C(44)-C(43)-C(46)
C(42)-C(43)-C(46)
C(43)-C(44)-C(39)
CI(5)-C(47)-Cl(4)
CI(7)-C(48)-CI(6)
CI(8)-C(49)-CI(9)

120.13(18)
120.5(2)
118.3(2)
121.4(2)
120.3(2)
122.4(2)
118.5(2)
121.1(2)
120.4(2)
120.2(2)
108.81(16)
128.87(17)
122.33(16)
106.01(16)
129.45(17)
123.67(17)
109.79{16
118.58]16
131.60(17
119.32(18)
120.29(17)
120.38(18)
120.80(19)
118.5(2)
120.82(19)
120.7(2)
122.12(19)
118.50(19)
121.0(2)
120.5(2)
120.80(19)
120.01(18)
123.00(18)
116.99(18)
120.3(2)
118.4(2)
120.58(19)
121.0(2)
122.25(19)
118.5(2)
120.5(2)
121.0(2)
120.5(2)
111.02}14
111.36§15
112.06{13
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Cl(11)-C(50)-CI(10) 111.02(15)
Cl(13)-C(51)-Cl(12) 112.00(16)

Symmetry transformations used to geeezgtiivalent atoms:

Table 4. Anisotropic displacement parameters (A1D"3) for ew1194.
The anisotropic displacement factor expondiggdhe form:
-2 pit2 [h"2 a2 ULl + ...+ 2 hka* b* U]2

ull u22 U33 U223 uil3 Uiz

zZrl) 16(1) 15(1) 13(1) (B 3(1) 01
Cl(1) 24(1) 17(1) 22(1) (B 6(1) 2(1)
Cl2) 19(1) 24(1) 22(1) -11( 0(1) -1(1)
Cl(3) 21(1) 25(1) 22(1) -12( 0(1) -1(1)
Cl4) 33(1) 39(1) 35(1) -12( 9(1) -6(1)
CI(5) 46(1) 60(1) 31(1) -21( 11(1) -24(1)
Cl(6) 37(1) 121(1) 56(1) -6(1 15(1) -15(1)
Cl(7) 57(1) 69(1) 43(1) (I -1(1) -22(1)
CI(8) 43(1) 53(1) 58(1) -3B( 12(1)  1(1)
Cl(9) 47(1) 42(1) 32(1) -1y( 4(1) -16(1)
CI(10) 36(1) 57(1) 34(1) -1#(1 0o(1) -7(1)
Cl(11) 97(1) 53(1) 28(1) -1L(1 15(1)  4(1)
Cl(12) 107(1) 40(1) 87(1)  JL(1-65(1) -1(1)
CI(13) 40(1) 44(1) 116(1) -49(1) -7(1)  7(1)
N(1) 20(1) 16(1) 15(1) (B  4(1)  -1(1)
N2) 18(1) 17(1) 14(1) (B  4Q) -2(1)
N(3) 17(1) 18(1) 15(1) (¥ 4(1)  O(1)
N(4) 21(1) 18(1) 16(1) (¥  5(1)  1(1)
C(l) 15(1) 18(1) 15(1) (¥ 2(1) -1(1)
C(2) 15(1) 18(1) 16(1) (B 3(1) -1(1)
C(3) 20(1) 16(1) 19(1) (¥ 3(1)  0(1)
C(4) 21(1) 18(1) 21(1) (¥ 4(1)  0(1)
C(5) 20(1) 21(1) 16(1) (B 5(1) -2(1)
Cc(6) 16(1) 18(1) 15(1) (B 201) -2(1)
C(7) 16(1) 18(1) 16(1) (¥ 3(1) -1(1)
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C(8)

C(9)

C(10)
C(11)
C(12)
C(13)
C(14)
C(15)
C(16)
C(17)
C(18)
C(19)
C(20)
C(21)
C(22)
C(23)
C(24)
C(25)
C(26)
C(27)
C(28)
C(29)
C(30)
C(31)
C(32)
C(33)
C(34)
C(35)
C(36)
C(37)
C(38)
C(39)
C(40)
C(41)
C(42)
C(43)
C(44)
C(45)
C(46)
C(47)
C(48)
C(49)
C(50)
C(51)

19(1)
19(1)
22(1)
18(1)
20(1)
20(1)
21(1)
20(1)
20(1)
29(1)
33(1)
26(1)
27(1)
32(1)
41(1)
38(1)
28(1)
36(1)
52(2)
18(1)
18(1)
17(1)
35(1)
20(1)
20(1)
23(1)
30(1)
31(1)
24(1)
31(1)
45(1)
24(1)
22(1)
30(1)
34(1)
27(1)
25(1)
35(1)
32(1)
31(1)
31(1)
35(1)
47(2)
48(2)

17(1)
17(1)
20(1)
18(1)
22(1)
26(1)
22(1)
19(1)
19(1)
40(1)
23(1)
15(1)
18(1)
19(1)
18(1)
23(1)
21(1)
28(1)
35(1)
19(1)
20(1)
18(1)
16(1)
18(1)
20(1)
19(1)
22(1)
26(1)
22(1)
24(1)
36(1)
17(1)
23(1)
22(1)
21(1)
29(1)
25(1)
36(1)
50(2)
38(1)
67(2)
42(1)
38(1)
30(1)

16(1)
15(1)
19(1)
16(1)
18(1)
16(1)
18(1)
21(1)
16(1)
16(1)
27(1)
16(1)
17(1)
21(1)
28(1)
24(1)
21(1)
29(1)
38(1)
14(1)
16(1)
16(1)
22(1)
18(1)
20(1)
29(1)
30(1)
23(1)
18(1)
39(1)
24(1)
18(1)
19(1)
20(1)
26(1)
30(1)
22(1)
20(1)
39(1)
31(1)
36(1)
34(1)
35(1)
60(2)

By 31
(31
B 7(1)
B 4(1)
B( 4(1)
B( 4(1)
(61
B( 7(1)
B( 3(1)
B( 3(1)
(91
B 8(1)
B 6(1)
(. 11(1)
EP( 16(1)
-11(1 12(1)
(. 7(1)
B( 10(1)
-24(1 10(1)
(. 4(1)
BB( 3(1)
}p( 2(1)
BL( 10(1)
BB 7(1)
By (  6(1)
B ( 9)
-18(1 15(1)
-1P(1 12(1)
(. 6(1)
B 7(1)
-17(1 10(1)
(. 8(1)
P( 6(1)
EP( 10(1)
Ep( 16(1)
-18(1 11(1)
B( 6(1)
1B(  10(1)
-18(1 12(1)
-Ip(1 - 4(1)
-2P(1 12(1)
-2P(1 6(1)
-16(1 -1(1)
-11(1-23(2)

-2(1)
-2(1)
-1(1)
1(1)
-2(1)
0(1)
-1(1)
0(1)
1(1)
-9(1)
-8(1)
-2(1)
-1(1)
2(1)
-2(1)

-10(1)

-5(1)
9(1)

-14(1)

-1(1)
2(1)
-1(1)
3(1)
-3(1)
-3(1)
-2(1)
-6(1)

-10(1)

-4(1)
5(1)

-10(1)

0(1)
3(1)
6(1)
-4(1)
-7(1)
-4(1)
11(1)

-19(1)

-3(1)

-15(1)

-9(1)
-6(1)
6(1)
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Table 5. Hydrogen coordinates ( x 10/ sotropic
displacement parameters (A"2 x 10"3) foi £94.

X y z U(eq)
H(3A) 1248 7965 3439 22
H(4A) 517 7589 4831 24
H(5A) 557 5900 5834 22

H(10A) 959 4422 7188 30
H(10B) 314 3461 7448 30

H(10C) 9 4479 6614 30
H(12A) 1788 2287 8228 24

H(14A) 546 357 9431 26

H(16A) 433 922 6732 22
H(17A) 2205 503 10030 43
H(17B) 1107 649 10322 43
H(17C) 1685 1637 9842 43
H(18A) 2 -1335 8521 40
H(18B) .55 818 7453 40
H(18C)  -883 504 8041 40
H(20A) 3479 1338 6378 25
H(22A) 3290 740 5143 35
H(24A) 1100 1493 4830 28
H(25A) 4689 -898 6057 49
H(25B) 4630 327 6778 49
H(25C) 5041 235 5807 49
H(26A) 1798 132 3696 57
H(26B) 861 99 4296 57
H(26C) 1648 -879 4538 57
H(30A) 1395 8543 1847 39
H(30B) 2387 8880 1353 39
H(30C) 2319 8644 2408 39
H(32A) 4463 4468 2629 24
H(34A) 4842 3252 667 32
H(36A) 2900 5717 295 26
H(37A) 5405 2254 2311 49
H(37B) 5519 2046 2922 49
H(37C) 6179 3098 2066 49
H(38A) 4132 4244 844 49

H(38B) 3294 5154  -953 49

H(38C) 3059 3978 -513 49

H(40A) 2313 8079  -213 28
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H(42A)
H(44A)
H(45A)
H(45B)
H(45C)
H(46A)
H(46B)
H(46C)
H(47A)
H(47B)
H(48A)
H(48B)
H(49A)
H(49B)
H(50A)
H(50B)
H(51A)
H(51B)

4774
4743
2963
2304
3328
6130
6089
6390

912
1032
5821
6739
3052
2171
9782
9052
4885
5310

9365
7523
10060
9115
9084
8457
9344
8171
5765
5432
4988
5052
2738
2205
2754
3563
2494
3347

1220
1371
941
1745
2215
850
-115
-22
282
1348
3507
4094
2031
2614
2344
2603
5475
5804

33
28
51
51
51
59
59
59
41
41
50
50
41
41
a7
47
57
57
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Appendix 6

Crystallographic Data for Zr (L XL-(SiMe3),)ClI»

C20 ci1e C19 G38 ¢35

&)
R_&

Figure A.6. 50 % thermal ellipsoid plot of Zr(LXL-(SiMgg)ClI,.
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Structure Deter mination.

Orange plates @w1705 were crystallized from a toluene solution with act of
benzene at —35 °C. A crystal of dimensions 0.4232 x 0.22 mm was mounted on a
standard Bruker SMART APEX CCD-based X-ray diffaaneter equipped with a low-
temperature device and fine- focus Mo-target Xatye A = 0.71073 A) operated at
1500 W power (50 kV, 30 mA). The X-ray intensitisre measured at 225(2) K; the
detector was placed at a distance 6.055 cm frororifsal. A total of 5190 frames were
collected with a scan width of 0.5n w and 0.48in @with an exposure time of 10
s/frame. Indexing was performed by use of the CENOW program which indicated
that the crystal was a two-component, non-merolédia. The frames were integrated
with the Bruker SAINT software package with a narrdrame algorithm. The
integration of the data yielded a total of 4372&8ections to a maximum@value of
57.06 of which 18123 were independent and 15077 weratgrehan &(l). The final
cell constants (Table 1) were based on the xyzaeistof 9322 reflections above GQ).
Analysis of the data showed negligible decay durilaga collection; the data were
processed with TWINABS and corrected for absorptidme domains are related by a
rotation of 171.6 degrees about the reciprocal [@]laxis. For this refinement,
reflections from the dominant component as wellcasposite reflections were used.
Merging of the data was performed in TWINABS andHKLF 4 format file used for
refinement. The structure was solved and refingtl the Bruker SHELXTL (version
2008/3) software package, using the space group)®e2gith Z = 4 for the formula
Cs0Hs57N4Si2ZrClg 432.5722.25(GHg)*0.25(GHe). All non-hydrogen atoms were

refined anisotropically with the hydrogen atomscplthin idealized positions. The halide
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sites are site substitution disordered with contrdns of both chloride and iodide. Full-

matrix least-squares refinement based dodhverged at R1 = 0.0614 and wR2 = 0.1709

[based on | > 2sigma(l)], R1 = 0.0738 and wR2 0@%or all data.

Sheldrick, G.M. SHELXTL, v. 2008/3; Bruker AnalydcX-ray, Madison, WI, 2008.

Saint Plus, v. 7.34, Bruker Analytical X-ray, Maoins WI, 2006.

Sheldrick, G.M. CELL_NOW, v. 2008/2, Program fardéxing Twins and Other

Problem Crystals, University of Gottingen: Gotting&ermany, 2008.

Sheldrick, G.M. TWINABS, v. 2008/1. Program for gimcal Absorption Correction of

Area Detector Data, University of Gottingen: Gagein, Germany, 2008.

Table 1. Crystal data and structure refinemenéefol 705.

Identification code

Empirical formula

Formula weight
Temperature

Wavelength

Crystal system, space group

Unit cell dimensions

Volume
Z, Calculated density
Absorption coefficient

F(000)

ewl705
C67.25 H76.5@3 12.57 N4 Si2 Zr
1429.60

225(2) K

0.71073 A

Monoclinic, 1p2(
a=29.112(6) &pha = 90.00(3) deg.
b=11488) A beta = 99.39(3) deg.
c=21183) A gamma = 90.00(3) deg.
7263(3) A"3

4, 1.307 MgBm*
1.330 mm~-1

2878
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Crystal size 0.42 x 0.32.220mm

Theta range for data collection 2.20 to 28.53 de

Limiting indices -38<=h<=39, 45k<=15, -28<=|<=28
Reflections collected / unique 437278 / 181R@rt) = 0.0905]
Completeness to theta = 28.53 98.2 %

Absorption correction Semi-empiricalrh equivalents
Max. and min. transmission 0.7585 and 01605
Refinement method Full-matrix lesguares on F2
Data / restraints / parameters 18123/ 292/ 80
Goodness-of-fit on F*2 1.145

Final R indices [I>2sigma(l)] R1 =0.0614, wR®.1709

R indices (all data) R1 = 0.0738,2¢+R0.1779
Largest diff. peak and hole 1.031 and -0.&2¢*-3

Table 2. Atomic coordinates ( x 10"4) and equinileotropic displacement parameters
(A2 x 1073) for ewl705. U(eq) is defined as ohiect of the trace of the orthogonalized
Uij tensor.

X y z U(eq)
Zr(1) 7627(1)  7054(1) 2970(1) 35(1)
I(1) 8248(1)  5502(1) 2583(1) 54(1)
1(2) 6830(1)  8350(1) 3139(1) 56(1)
1(3) 7636(1)  6039(1) 4174(1) 54(1)
Cl(1) 8248(1)  5502(1) 2583(1) 54(1)
cl(2) 6830(1)  8350(1) 3139(1) 56(1)
Cl(3) 7636(1)  6039(1) 4174(1) 54(1)
Si(1) 6347(1)  7842(1) 596(1) 45(1)
Si(2) 8440(1)  11645(1) 2997(1) 76(1)
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c@)
c@)

c@3)

C()

C(5)

C(6)

c(?)

C(8)

C(9)

C(10)
C(11)
C(12)
C(13)
C(14)
C(15)
C(16)
C(17)
C(18)
C(19)
C(20)
C(21)
C(22)
C(23)
C(24)
C(25)
C(26)
C(27)
C(28)
C(29)
C(30)
C(31)
C(32)
C(33)
C(34)
C(35)
C(36)
C(37)
C(38)
C(39)
C(40)
C(41)
C(42)
C(43)
C(44)
C(45)
C(46)

6804(2)
6555(2)
7085(2)
7424(2)
7532(2)
7876(2)
8101(2)
7990(2)
7666(2)
8211(2)
8607(2)
8460(1)
6749(2)
6699(2)
6628(3)
6604(2)
6647(2)
6724(2)
6546(4)
6602(3)
6201(2)
5812(2)
5467(2)
5526(2)
5912(2)
6255(2)
5039(3)
5973(3)
5740(2)
6439(3)
6463(3)
8608(2)
8812(2)
8962(2)
8906(2)
8709(2)
8559(2)
9170(3)
8663(3)
8926(2)
8770(2)
9072(3)
9514(3)
9678(2)
9374(2)
8894(4)

5616(4) 1909(2)
5847(4) 1325(2)
7166(3) 1574(2)
8076(4) 1577(2)
8639(4) 1049(2)
9455(4) 1134(2)
9740(4) 1740(2)
9176(4) 2267(2)
8293(4) 2189(2)
9283(4) 2932(2)
9768(4) 3862(2)
8681(4) 3896(2)
4650(4) 2325(2)
4799(5) 2951(3)
3875(5) 3332(3)
2802(5) 3064(3)
2636(4) 2439(3)
3560(4) 2065(3)
4074(8) 4003(4)
1470(5) 2127(4)
5161(4) 922(2)
4779(5) 1151(2)
4169(5) 764(3)
3958(5) 141(3)
4315(5) -95(3)
4915(4) 302(2)
3776(8) 1015(4)
4074(7) -769(3)
7507(6) 663(4)
7714(6) -227(3)
9282(5) 924(4)
7883(4) 4425(2)
6867(4) 4313(2)
6116(4) 4811(2)
6425(5) 5419(2)
7456(4) 5548(2)
8167(4) 5041(2)
5001(5) 4689(4)
7814(6) 6208(3)
10448(4) 4330(2)
10902(5) 4863(3)
11593(6) 5275(3)
11787(6) 5159(3)
11330(5) 4636(3)
10652(5) 4220(3)
12111(9) 5846(4)
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38(1)
39(1)
36(1)
37(1)
46(1)
47(1)
46(1)
38(1)
36(1)
36(1)
39(1)
36(1)
42(1)
51(1)
66(2)
69(2)
62(2)
50(1)
103(3)
92(3)
41(1)
49(1)
59(1)
65(2)
56(1)
45(1)
91(2)
82(2)
70(2)
75(2)
80(2)
38(1)
44(1)
49(1)
52(1)
47(1)
43(1)
86(2)
72(2)
47(1)
60(1)
79(2)
81(2)
67(2)
56(1)
133(4)



C(47)
C(48)
C(49)
C(50)
C(51)
C(52)
C(53)
C(54)
C(55)
C(56)
C(57)
C(58)
C(59)
C(60)
C(61)
C(62)
C(63)
C(64)
C(65)
C(66)
C(67)
C(65A)
C(66A)
C(67A)
N(1)
N(2)
N(3)
N(4)
C(68)
C(69)
C(70)
C(71)
C(72)
C(73)
C(74)

10166(3)
8499(5)
8940(4)
7863(4)
7435(7)
7476(4)
7415(4)
7425(4)
7494(3)
7568(3)
7562(4)
9447(4)
9761(4)
9765(5)

10088(5)

10381(7)

10411(5)

10145(4)
4678(11)
4974(16)
5325(13)
4607(12)

793(14)
5168(14)
7129(1)
6725(1)
8198(1)
8442(1)
5478(14)
5314(10)
4802(10)
4616(10)
4757(10)
5262(10)
5471(10)

11537(8) 4521(4)
12580(5) 3689(4)
11842(10)2571(5)
11943(6) 2524(4)
2922(12)5578(7)
1742(8) 5340(5)
501(10)4672(5)
474(10)4469(6)
-402(9) 4864(7)
-219(9) 5535(6)
828(10)5743(6)
8043(11)2972(6)
8632(10)2668(6)
8512(14)2063(6)
9222(18)1726(7)
9808(17)2046(8)
9828(13)2678(7)
9232(10)3029(7)
9510(30) 250(20)
10270(30) 600(13)
10840(20) 370(20)
9220(30) -20(30)
9830(40) 513(17)
10540(30) 495(17)
6464(3) 2067(2)
6863(3) 1113(2)
8380(3) 3315(2)
10166(3) 3242(2)
7220(30) 2498(17)
8400(30) 2350(16)
8400(30) 2217(16)
9380(30) 2205(14)
10420(30) 2312(12)
10480(30) 2449(12)
9480(30) 2388(15)

95(3)
133(5)
143(5)
109(3)
217(9)
115(3)
126(4)
119(3)
120(3)
113(3)
114(3)
140(4)
121(3)
161(5)
194(7)
205(7)
152(5)
125(3)

68(6)

69(6)

77(7)

77(7)

70(7)

71(6)

37(1)

38(1)

35(1)

42(1)
128(10)
118(7)
119(8)
103(7)
100(6)
100(6)
109(7)

Table 3. Bond lengths [A] and anglegy]der ew1705.

Zr(1)-C(9)
Zr(1)-N(3)
Zr(1)-N(1)

Zr(1)-I(1)

2.238(4)
2.319(3)
2.320(3)
2.79@4(
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Zr(1)-1(3)
Zr(1)-1(2)
Si(1)-C(30)
Si(1)-N(2)
Si(1)-C(29)
Si(1)-C(31)
Si(2)-N(4)
Si(2)-C(48)
Si(2)-C(50)
Si(2)-C(49)
C(1)-C(2)
C(1)-N(1)
C(1)-C(13)
C(2)-N(2)
C(2)-C(21)
C(3)-N(1)
C(3)-N(2)
C(3)-C(4)
C(4)-C(5)
C(4)-C(9)
C(5)-C(6)
C(6)-C(7)
C(7)-C(8)
C(8)-C(9)
C(8)-C(10)
C(10)-N(3)
C(10)-N(4)
C(11)-C(12)
C(11)-N(4)
C(11)-C(40)
C(12)-N(3)
C(12)-C(32)
C(13)-C(14)
C(13)-C(18)
C(14)-C(15)
C(15)-C(16)
C(15)-C(19)
C(16)-C(17)
C(17)-C(18)
C(17)-C(20)
C(21)-C(22)
C(21)-C(26)
C(22)-C(23)
C(23)-C(24)
C(23)-C(27)
C(24)-C(25)

2.833D)
2.8540
1.824(7)
1.838(4)
1.839(7)
1.855(6)
1.830(4)
1.831(8)
1.845(8)
1.855(11)
1.365(6)
1.384(5)
1.473(6)
1.405(6)
1.473(6)
1.332(5)
1.364(5)
1.460(6)
1.389(6)
1.403(6)
1.384(7)
1.392(7)
1.392(6)
1.401(6)
1.464(6)
1.350(5)
1.357(5)
1.363(6)
1.411(6)
1.486(6)
1.392(5)
1.482(6)
1.379(7)
1.403(7)
1.399(8)
1.392(9)
1.508(10
1.372(9)
1.395(8)
1.531(8)
1.380(7)
1.388(7)
1.392(7)
1.390(9)
1.510(9)
1.372(9)

254



C(25)-C(26)
C(25)-C(28)
C(32)-C(33)
C(32)-C(37)
C(33)-C(34)
C(34)-C(35)
C(34)-C(38)
C(35)-C(36)
C(36)-C(37)
C(36)-C(39)
C(40)-C(45)
C(40)-C(41)
C(41)-C(42)
C(42)-C(43)
C(42)-C(46)
C(43)-C(44)
C(44)-C(45)
C(44)-C(47)
C(51)-C(52)
C(52)-C(57)
C(52)-C(53)
C(53)-C(54)
C(54)-C(55)
C(55)-C(56)
C(56)-C(57)
C(58)-C(59)
C(59)-C(60)
C(59)-C(64)
C(60)-C(61)
C(61)-C(62)
C(62)-C(63)
C(63)-C(64)
C(65)-C(66)

C(65)-C(67)#1

C(66)-C(67)

C(67)-C(65)#1
C(65A)-C(67A)#1
C(65A)-C(66A)
C(66A)-C(67A)
C(67A)-C(65A)#1

C(68)-C(69)
C(69)-C(74)
C(69)-C(70)
C(70)-C(71)
C(71)-C(72)
C(72)-C(73)

1.395(7)
1.504(8)
1.380(7)
1.386(6)
1.400(7)
1.385(8)
1.493(8)
1.396(8)
1.385(7)
1.498(7)
1.383(8)
1.397(8)
1.402(8)
1.369(11
1.529(12
1.392(11
1.401(7)
1.501(10
1.500(15
1.379(14
1.437(15
1.294(14
1.333(15
1.429(15
1.319(14)
1.392(15
1.299(15
1.438(14
1.526(19
1.220(18
1.34(2)
1.359(18
1.380(9)
1.387(7)
1.381(9)
1.387(7)
1.33(4)
1.377(9)
1.384(9)
1.33(4)
1.49(2)
1.36(2)
1.47(2)
1.28(2)
1.31(2)
1.45(2)
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C(73)-C(74)

C(9)-Zr(1)-N(3)
C(9)-Zr(1)-N(1)
N(3)-Zr(1)-N(1)
C(9)-Zr(1)-1(1)
N(3)-Zr(1)-I(1)
N(L)-Zr(1)-I(1)
C(9)-Zr(1)-1(3)
N(3)-Zr(1)-1(3)
N(1)-Zr(1)-1(3)
I(1)-Zr(1)-1(3)
C(9)-Zr(1)-1(2)
N(3)-Zr(1)-1(2)
N(1)-Zr(1)-1(2)
I(1)-Zr(1)-1(2)
1(3)-Zr(1)-1(2)
C(30)-Si(1)-N(2)
C(30)-Si(1)-C(29)
N(2)-Si(1)-C(29)
C(30)-Si(1)-C(31)
N(2)-Si(1)-C(31)
C(29)-Si(1)-C(31)
N(4)-Si(2)-C(48)
N(4)-Si(2)-C(50)
C(48)-Si(2)-C(50)
N(4)-Si(2)-C(49)
C(48)-Si(2)-C(49)
C(50)-Si(2)-C(49)
C(2)-C(1)-N(1)
C(2)-C(1)-C(13)
N(1)-C(1)-C(13)
C(1)-C(2)-N(2)
C(1)-C(2)-C(21)
N(2)-C(2)-C(21)
N(1)-C(3)-N(2)
N(1)-C(3)-C(4)
N(2)-C(3)-C(4)
C(5)-C(4)-C(9)
C(5)-C(4)-C(3)
C(9)-C(4)-C(3)
C(6)-C(5)-C(4)
C(5)-C(6)-C(7)
C(8)-C(7)-C(6)
C(7)-C(8)-C(9)
C(7)-C(8)-C(10)

1.34(2)

70.73(14
7142101
141.80(13)

95.62(1
94.3D)

84.42(L
163.65(11)

95.69(9
122.50(9)
94.43(3

83.2201
98.59L

81.81)L
65.82(3)

90.11(4
110.9(3)
110.6(3)
107.8(2)
113.2(4)
107.4(2)
106.7(3)
110.7(3)
107.5(3)
106.4(5)
107.1(4)
109.9(6)
115.2(5)
108.5(4)
127.8(4)
123.7(4)
107.7(4)
129.7(4)
122.4(4)
111.6(4)
118.7(4)
129.6(4)
121.4(4)
126.4(4)
112.1(4)
119.0(4)
120.8(4)
119.9(4)
120.2(4)
128.2(4)
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C(9)-C(8)-C(10)
C(8)-C(9)-C(4)
C(8)-C(9)-Zr(1)
C(4)-C(9)-Zr(1)
N(3)-C(10)-N(4)
N(3)-C(10)-C(8)
N(4)-C(10)-C(8)
C(12)-C(11)-N(4)
C(12)-C(11)-C(40)
N(4)-C(11)-C(40)
C(11)-C(12)-N(3)
C(11)-C(12)-C(32)
N(3)-C(12)-C(32)
C(14)-C(13)-C(18)
C(14)-C(13)-C(1)
C(18)-C(13)-C(1)
C(13)-C(14)-C(15)
C(16)-C(15)-C(14)
C(16)-C(15)-C(19)
C(14)-C(15)-C(19)
C(17)-C(16)-C(15)
C(16)-C(17)-C(18)
C(16)-C(17)-C(20)
C(18)-C(17)-C(20)
C(17)-C(18)-C(13)
C(22)-C(21)-C(26)
C(22)-C(21)-C(2)
C(26)-C(21)-C(2)
C(21)-C(22)-C(23)
C(24)-C(23)-C(22)
C(24)-C(23)-C(27)
C(22)-C(23)-C(27)
C(25)-C(24)-C(23)
C(24)-C(25)-C(26)
C(24)-C(25)-C(28)
C(26)-C(25)-C(28)
C(21)-C(26)-C(25)
C(33)-C(32)-C(37)
C(33)-C(32)-C(12)
C(37)-C(32)-C(12)
C(32)-C(33)-C(34)
C(35)-C(34)-C(33)
C(35)-C(34)-C(38)
C(33)-C(34)-C(38)
C(34)-C(35)-C(36)
C(37)-C(36)-C(35)

111.1(4)
118.3(4)
121.2(3)
119.5(3)
112.2(4)
117.8(4)
130.0(4)
107.8(4)
130.0(4)
121.9(4)
109.0(4)
126.2(4)
124.3(4)
119.6(5)
121.5(4)
118.8(4)
120.8(5)
118.6(6)
121.9(6)
119.3(6)
121.6(5)
119.5(5)
122.4(6)
118.1(6)
119.9(5)
119.7(4)
120.7(4)
119.5(4)
121.0(5)
118.0(5)
121.4(5)
120.5(6)
122.2(5)
118.8(5)
121.7(5)
119.5(6)
120.3(5)
119.4(4)
120.3(4)
120.3(4)
120.9(5)
118.2(5)
120.7(5)
121.1(5)
122.1(5)
117.8(4)
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C(37)-C(36)-C(39)
C(35)-C(36)-C(39)
C(36)-C(37)-C(32)
C(45)-C(40)-C(41)
C(45)-C(40)-C(11)
C(41)-C(40)-C(11)
C(40)-C(41)-C(42)
C(43)-C(42)-C(41)
C(43)-C(42)-C(46)
C(41)-C(42)-C(46)
C(42)-C(43)-C(44)
C(43)-C(44)-C(45)
C(43)-C(44)-C(47)
C(45)-C(44)-C(47)
C(40)-C(45)-C(44)
C(57)-C(52)-C(53)
C(57)-C(52)-C(51)
C(53)-C(52)-C(51)
C(54)-C(53)-C(52)
C(53)-C(54)-C(55)
C(54)-C(55)-C(56)
C(57)-C(56)-C(55)
C(56)-C(57)-C(52)
C(60)-C(59)-C(58)
C(60)-C(59)-C(64)
C(58)-C(59)-C(64)
C(59)-C(60)-C(61)
C(62)-C(61)-C(60)
C(61)-C(62)-C(63)
C(62)-C(63)-C(64)
C(63)-C(64)-C(59)

C(66)-C(65)-C(67)#1

C(65)-C(66)-C(67)

C(66)-C(67)-C(65)#1
C(67A)#1-C(65A)-C(66A)
C(65A)-C(66A)-C(67A)
C(65A)#1-C(67A)-C(66A)

C(3)-N(1)-C(1)
C(3)-N(1)-Zr(1)
C(1)-N(1)-Zr(1)
C(3)-N(2)-C(2)
C(3)-N(2)-Si(1)
C(2)-N(2)-Si(1)
C(10)-N(3)-C(12)
C(10)-N(3)-zr(1)
C(12)-N(3)-zr(1)

119.8(5)
122.4(5)
121.6(5)
120.7(5)
118.9(5)
120.4(5)
118.7(6)
119.8(7)
121.8(7)
118.3(8)
122.3(5)
117.8(6)
121.7(6)
120.6(7)
120.7(6)
116.3(10)
122.6(11)
121.1(11)
120.8(12)
122.0(12)
119.9(10)
118.0(11)
122.8(11)
121.3(12)
117.1(12)
120.6(12)
120.8(12)
118.7(15)
119.8(17)
126.7(13)
115.1(13)
129(3)
124(3)
107(3)
110(3)
120(3)
130(3)
106.7(3)
115.7(3)
136.9(3)
105.3(3)
125.6(3)
121.8(3)
105.7(3)
115.8(3)
135.8(3)
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C(10)-N(4)-C(11) 105.3(4)

C(10)-N(4)-Si(2) 128.4(3)
C(11)-N(4)-Si(2) 125.0(3)
C(74)-C(69)-C(70) 110(2)
C(74)-C(69)-C(68) 141(3)
C(70)-C(69)-C(68) 108(2)
C(71)-C(70)-C(69) 114(2)
C(70)-C(71)-C(72) 137(3)
C(71)-C(72)-C(73) 111(2)
C(74)-C(73)-C(72) 114(2)
C(73)-C(74)-C(69) 133(2)

Symmetry transformations used to geeezgtiivalent atoms:
#1 -x+1,-y+2,-z

Table 4. Anisotropic displacement parameters (A210"3) for ewl705. The
anisotropic displacement factor exponent takesdtm: -2 pi*2 [ h"2 a**2 U1l + ... + 2
h ka* b*U12 ]

ull uz22 U33 Uuz23 ul3 uil2

Zrl)  43(1)  32(1) 28(1) 3(1) -1()  -7(1)
I(1) 65(1)  45(1)  49(1) O0(1)  4(1)  12(1)
1(2) 68(1)  50(1)  53(1) O(1) 16(1)  10(1)
1(3) 51(1)  74(1)  36(1) 19(1)  0(1)  -16(1)
Cl(1)  65(1)  45(1)  49(1) 0(1)  4(1)  12(1)
Cl2)  68(1) 50(1) 53(1) O0(1) 16(1)  10(1)
Cl(3)  51(1)  74(1)  36(1) 19(1)  0(1)  -16(1)
Si(1)  50(1)  40(1)  40(1) -1(1)  -9(1) 3(1)
Si(2)  120(2)  37(1)  57(1) 11(1) -31(1) -24(1)
C@)  37(2)  33(2) 402) -42) -32)  -3(2)
C2)  43(2)  34(2) 3812 -22) 12  -5(2)
C@B)  44(2) 3220 312 -32) -12)  -1(2)

C@)  442)  36(2) 29(2) 1(2) 02 -4(2)
C(5)  63(3)  43(2) 29(2) 4(2) -4(2) 5(2)
C®6)  63(3)  45(3) 34(2) 82 7(2) 7(2)

C(7)  56(3)  39(2) 40(2) 6(2) 3(2)  -12(2)
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C(8) 47(2) 34(2) 31(2) 0(2) 0(2) -6(2)

CO)  432) 352) 282 202 02 -8(2)
C(10)  40(2)  33(2) 34(2) 2(2) -2(2) -9(2)
C(11) 40(2)  38(2) 35(2) 0(2) -4(2) -3(2)
C(12) 34(2) 39(2) 332) 202) -2(2) -5(2)
C(13) 40(2)  39(2) 43(2) 2(2) -2(2) -8(2)

C(14) 61(3)  43(3) 50(3) -22) 72  -11(2)
C(15) 89(4)  56(3) 54(3) 7(3) 14(3) -15(3)
C(16) 86(4)  46(3)  76(4) 17(3) 18(3)  -16(3)
C(17) 71(4)  34(2) 78(4) 6(2)  5(3)  -7(2)
Cc(18) 55(3)  38(2) 53(3) 22 02  -3(2)
C(19) 162(9)  87(5)  67(5) 11(4) 39(5) -24(6)
C(20) 131(7)  36(3) 107(6) -1(3) 11(5) -12(4)
C21) 40(2)  37(2)  422) -22)  -4(2) 1(2)
C(22) 47(3)  53(3)  45(3) -32) -2(2)  -4(2)
C(23) 50(3)  60(3) 61(3) -2(3)  -4(2) -13(2)
C(24) 52(3)  66(4)  69(4)-253) -11(3) -13(3)
C(5) 55(3)  59(3) 50(3)-18(2)  -6(2) 1(2)
C(26) 42(2)  43(2)  49(3)-12(2)  2(2) 0(2)
C7) 64(4) 115(7) 92(5) 7(5)  4(4)  -33(4)
C(28) 80(4) 103(6)  62(4)-41(4)  2(3)  -5(4)
C(29) 56(3)  66(4)  85(4) 9(3) -13)  15@3)
C(30) 96(5)  79(4)  46(3) 10(3)  -6(3) 4(4)
C(31) 79(4)  46(3) 103(5}15(3) -25(4)  15(3)
C(32) 3512)  40(2)  35(2) 32) -42)  -9(2)
C(33) 52(3)  40(2) 3812 202 -22)  -8(2)
C(34) 57(3)  38(2)  48(3) 3(2) -5(2)  -6(2)
C(35) 583  52(3)  42(2)14(2) -8(2) -11(2)
C(36) 53(3) 51(3)  35(2) 0(2)  3(2) -12(2)
C@37) 4512) 47(2)  35(2) 0(2) 0(2)  -8(2)
C(38) 122(6) 45(3)  83(5) 2(3)  -7(4)  24(4)
C(39) 96(5) 81(4)  35(3)-3(3) 23) -10(4)
C(0) 57(3) 37(2)  41(2) 3(2) -102) -14(2)
C(41)  75(4) 54(3)  48(3)11(2)  0(3)  -15(3)
C(42) 111(6) 69(4)  52(3)14(3) -7(3)  -27(4)
C@43) 98(55) 76(4)  57(4) -3(3) -20(3)  -49(4)
C(44)  67(4) 64(3)  60(3) 16(3) -20(3)  -31(3)
C@45) 59(3) 58(3)  43(3) 9(2) -11(2) -22(2)
C(46) 196(12) 123(8)  77(6)-56(6)  7(6)  -45(8)
Cc@7)  77(5) 111(6)  88(5) 18(5) -16(4)  -54(5)
C(48) 252(13) 32(3)  84(5) -4(3) -66(7)  -5(5)
C(49) 161(10) 155(9)  99(7) 60(7) -17(6) -110(8)
C(50) 155(8)  55(4)  92(6) -7(4) -53(6)  31(5)
C(51) 360(20) 111(7) 163(13p5(8) -24(15)  5(13)
C(52) 135(8)  89(5)  108(6)-22(4) -25(6) 7(6)
C(53) 138(8) 106(6) 114(6)-21(5) -33(6)  -5(6)
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C(54)
C(55)
C(56)
C(57)
C(58)
C(59)
C(60)
C(61)
C(62)
C(63)
C(64)
C(65)
C(66)
C(67)
C(65A)
C(66A)
C(67A)
N(1)
N(2)
N(3)
N(4)
C(68)
C(69)
C(70)
C(71)
C(72)
C(73)
C(74)

97(6)
64(5)
63(4)
95(6)
141(9)
136(8)
153(10)
157(11)
211(15)
155(10)
106(7)
72(13)
68(15)
69(15)
79(13)
71(14)
68(16)
42(2)
43(2)
39(2)
48(2)
146(19)
127(12)
127(12)
98(12)
109(12)
107(12)
98(13)

124(7)
93(5)
97(5)

120(6)

139(10)

125(8)

227(14)

312(18)

247(16)

152(10)

106(7)
62(14)
59(13)
68(14)
72(14)
67(14)
63(14)
33(2)
35(2)
34(2)
37(2)

168(14)

169(12)

162(14)

164(14)

154(13)

156(13)

174(13)

132(7)-52(5)
202(9)-44(6)
180(8) 22(6)
119(7) -5(5)
153(1032(8)
105(6)-28(6)
96(6)-12(8)
107(7) -1(10)
152(9) 30(12)
144(8) 50(9)
155(8)-38(6)
70(16) 8(12)
81(12p4(10)
96(15/7(12)
77(1713(12)
74(13)18(10)
86(13)33(11)
32(2) -1(1)
33(2) -3(1)
30(2) -1(1)
36(2) -1(2)
76(17)9(X7)
64(13)5(14)
61(13)0(45)
47(111(14)
41(11)9(113)
41(10)8(2)
59(13)0(15)

8(6)
20(6)
24(6)

-5(5)
59(8)
24(6)

2(7)

0(7)
16(11)

8(8)

-1(6)
10(13)
17(11)
18(12)

1(13)
15(11)
27(11)

-4(1)

-4(1)

-2(1)

-5(2)
33(16)
31(13)
-3(14)
11(11)
21(11)
23(11)
25(12)

-3(6)
-12(4)
1(4)
2(6)
-29(7)
-30(6)
-77(9)

-102(11)
-114(12)

-54(8)
-11(5)
48(10)
37(11)
45(11)
60(11)
40(11)
47(11)
-4(1)
-1(2)
-7(1)
-12(2)
-2(15)
2(12)
-23(11)
-19(10)
-12(12)
-21(11)
-13(10)
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Table 5. Hydrogen coordinates ( x 1074) and igptraisplacement parameters (A2 x
1073) for ew1705.

X y z U(eq)
H(5A) 7374 8467 640 56
H(6A) 7959 9822 778 57
H(7A) 8328 10311 1793 55
H(14A) 6712 5530 3124 62
H(16A) 6557 2176 3316 83
H(18A) 6760 3452 1639 60
H(19A) 6414 3400 4161 155
H(19B) 6331 4699 4009 155
H(19C) 6839 4252 4271 155
H(20A) 6592 898 2450 138
H(20B) 6867 1334 1915 138
H(20C) 6318 1438 1819 138
H(22A) 5779 4933 1574 59
H(24A) 5294 3558 -127 78
H(26A) 6524 5155 150 54
H(27A) 4802 3554 662 137
H(27B) 4921 4386 1247 137
H(27C) 5117 3137 1296 137
H(28A) 5704 3665 -984 124
H(28B) 6251 3623 -769 124
H(28C) 6004 4779 -989 124
H(29A) 5535 8073 439 106
H(29B) 5705 7499 1107 106
H(29C) 5660 6771 478 106
H(30A) 6341 6971 -387 113
H(30B) 6767 7817 -248 113
H(30C) 6258 8285 -484 113
H(31A) 6724 9607 758 121
H(31B) 6536 9242 1384 121
H(31C) 6190 9749 803 121
H(33A) 8849 6676 3897 53
H(35A) 9003 5924 5757 63
H(37A) 8420 8859 5116 52
H(38A) 9491 4975 4901 129
H(38B) 9159 4902 4235 129
H(38C) 8994 4403 4850 129
H(39A) 8801 8555 6293 107
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H(39B)
H(39C)
H(41A)
H(43A)
H(45A)
H(46A)
H(46B)
H(46C)
H(47A)
H(47B)
H(47C)
H(48A)
H(48B)
H(48C)
H(49A)
H(49B)
H(49C)
H(50A)
H(50B)
H(50C)
H(51A)
H(51B)
H(51C)
H(53A)
H(54A)
H(55A)
H(56A)
H(57A)
H(58A)
H(58B)
H(58C)
H(60A)
H(61A)
H(62A)
H(63A)
H(64A)
H(65)

H(66)

H(67)

H(65A)
H(66A)
H(67A)
H(68A)
H(68B)
H(68C)
H(70)

8822
8336
8468
9714
9474
8667
8750
9153
10185
10250
10379
8298
8411
8820
8830
9094
9158
7641
7884
7762
7583
7587
7109
7366
7382
7495
7620
7618
9142
9550
9431
9566
10061
10587
10639
10208
4447
4933
5529
4358
4665
5282
5374
5816
5352
4626

7276
7844
10746
12244
10333
11610
12834
12217
12280
10971
11494
12318
13341
12576
12133
11124
12373
11386
11908
12689
3441
2970
3117
2097
342
-1139
-828
957
8387
8068
7265
7982
9208
10244
10304
9213
9195
10406
11374
8703
9761
10900
6974
7204
6732
7733

6511
6249
4943
5442
3863
5984
5727
6190
336
234
922
3979
3552
3903
2148
2539
2802
2621
2076
2628
5322
6017
5550
4378
4028
4702
5821
6183
2871
3428
2830
1830
1281
848
903
3475
456
1022
596
-39
888
880
2885
2557
2150
2147
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107
107
72
97
67
200
200
200
143
143
143
200
200
200
215
215
215
163
163
163
326
326
326
151
143
144
136
137
210
210
210
193
233
246
183
150
82
82
93
93
84
85
192
192
192
142



H(71)
H(72)
H(73)
H(74)

4291
4558
5427
5790

9342
11048
11144

9550

2087
2302
2569
2368

123
120
120
131
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Atomic Coordinates for Geometry Optimized Computational Structures

Coordinates fo#.18

atom
Zrl
Cc2
C3
C4
C5
C6
Cc7
H8
H9
H10
C11
C12
N13
N14
N15
N16
C17
H18
C19
H20
cz21
H22
C23
H24
Cl25
Cl26
Cl27

Appendix 7

angstroms
X y z
0.0000000000  0.000000000.8823561943
0.0000000000  0.000000000@.4099289479
0.0000000000  0.000000000@.1968827216
0.0000000000  1.2123378404£.1102336309
0.0000000000 -1.2123378404£.1102336309
0.0000000000 -1.219885479(3.5119964268
0.0000000000  1.2198854793.5119964268

0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
2.5143418143
0.0000000000

-2.5143418143

-2.162220323'A4.0539582761
2.1622203234.0539582761
0.0000000006.2861555206
2.3869596231.2358106649

-2.3869596231.2358106649
2.140497851®.1175405091
3.6820599531.5433578761

-2.1404978514).1175405091

-3.6820599531.5433578761
3.3848401988.6967721886
3.513714980A4.7700268459
4.31587404410.3219434154
5.3972459118.2467058445

-3.3848401988.6967721886

-3.5137149802.7700268459

-4.3158740441D.3219434154

-5.3972459112.2467058445
0.00000000041..0200041157
0.00000000048B.5052382059
0.00000000041.0200041157
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Coordinates fo#.18.S

atom
Zrl
Cc2
C3
C4
C5
C6
Cc7
H8
H9
H10
C11
C12
N13
N14
N15
N16
C17
H18
C19
H20
cz21
H22
C23
H24
Cl25
Cl26
Cl27

angstroms

X
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
2.5143418143
0.0000000000

-2.5143418143

Coordinates fo#.19

atom
Zrl
C2
C3
C4
C5
Cé6
Cc7

y z
0.000000000.8823561943
0.0000000000.4099289479
0.000000000@.1968827216
1.2123378404£2.1102336309

-1.2123378404£.1102336309

-1.2198854793.5119964268
1.2198854793.5119964268

-2.16222032374.0539582761
2.1622203237A.0539582761
0.0000000006.2861555206
2.3869596231.2358106649

-2.3869596231.2358106649
2.140497851®.1175405091
3.68205995371.5433578761

-2.140497851®.1175405091

-3.6820599537.5433578761
3.3848401988.6967721886
3.513714980A.7700268459
4.31587404410.3219434154
5.3972459112.2467058445

-3.3848401988.6967721886

-3.513714980A4.7700268459

-4.3158740441.3219434154

-5.3972459112.2467058445
0.00000000041.0200041157
0.000000000€8.5052382059
0.00000000041..0200041157

angstroms

X
-0.0028929943
-0.0027393522
-0.0018420441

0.0023992750
-0.0073590622
-0.0064038900

0.0023149560

y z
0.0004120172.2675708844
-0.000537348D.0274096637
-0.0004060682.8134312532
-1.2134881049.7321312720
1.2127086626.7319466940
1.2198472302.1339364381
-1.2207628892.1341225920
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H8
H9
H10
Cl1
C12
N13
N14
N15
N16
C17
H18
C19
H20
C21
H22
C23
H24
B25
H26
H27
H28
B29
H30
H31
H32
CI33
Cl34
CI35

-0.0092200215
0.0056063208
-0.0014811148
0.0083062205
-0.0142999210
0.0194819147
-0.0003577481
-0.0318520416
-0.0004102438
0.0164361157
0.0221302872
0.0046657164
-0.0003821396
-0.0280636912
-0.0375727346
-0.0092072511
-0.0009579621
-0.0150458786
0.9880210248
-0.0229798016
-1.0201954903
0.0256570623
1.0316959292
-0.9764418352
0.0397431976
-2.5004636433
0.0210771296
2.4953110418

Coordinates fo#.19.S

atom
Zrl
C2
C3
C4
C5
Cé6
Cc7
H8
H9
H10

2.1544621332.6801433019
-2.1553345262.6803790976
-0.0002734938.9009940424
-2.380285031:9.1553062478
2.380047855D.1549207846
-2.1383505174.4945231098
-3.704358925%.0960437403
2.13924571841.4938461980
3.704206167D.0971664013
-3.365835281:2.1098219840
-3.4647956148.1845364385
-4.3267921374.1365037026
-5.4023031916..2040489760
3.366620092-2.1085648940
3.466736970-8.1832009224
4.3271974532.1348985769
5.4026943358..2021381935
-4.5075409632.4730139865
-4.230507323@.1117683221
-5.6936324476..1775438963
-4.2135506094.1003500709
4.50700133571.4741424182
4.2065525042.0968247658
4.2364499692.1174380948
5.6930708431.1786412519
-0.04960285242.3742480314
-0.0289325374.8627996391
0.078968330@.3437926551

angstroms

X
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000

y z
0.000000000€1..0795634613
0.0000000000.2151538541
0.000000000@.0011779344
1.2131927453.9197764562

-1.2131927453.9197764562

-1.2202867693.3217913326
1.2202867693.3217913326

-2.15476570048.8681460815
2.15476570048.8681460815
0.0000000006.0887411162
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Cl1
C12
N13
N14
N15
N16
C17
H18
C19
H20
C21
H22
C23
H24
B25
H26
H27
H28
B29
H30
H31
H32

CI33
Cl34
CI35

0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
-1.0034166783
0.0000000000
1.0034166783
0.0000000000
-1.0034166783
1.0034166783
0.0000000000
2.5002091320
0.0000000000
-2.5002091320

Coordinates fo#.20

atom

Zrl
C2
C3
C4
C5
Cé6
Cc7
H8
H9
H10
Cl1
C12
N13
N14
N15
N16

2.3807987361.0331599163
-2.38079873671.0331599163
2.141505302:D.3064905253
3.704864275@.2866693769
-2.1415053020.3064905253
-3.70486427568..2866693769
3.3696782598.9195670341
3.47095783441.9941121982
4.3292101864.0552953882
5.404827602-0.0106765960
-3.3696782598.9195670341
-3.47095783441.9941121982
-4.3292101864.0552953882
-5.404827602-0.0106765960
4.5061579192.6639471214
4.218528592%8.2975038761
5.6930215502.3718783124
4.2185285923.2975038761
-4.5061579192.6639471214
-4.218528592%8.2975038761
-4.218528592%8.2975038761
-5.6930215502.3718783124
0.00000000041.1518325776
0.0000000004B.6574993737
0.00000000041.1518325776

angstroms
X y z
-0.0037425528 -0.0095120414.1464446799
0.0026111835 -0.010677857®.1575893184
-0.0080894809 -0.0033957722.9326882170

-1.2318423516
1.2265603658
1.2167509993

-1.2269741454
2.1326700477

-2.1464715106

-0.0128662988

-2.4091479432
2.3973740596

-2.1230151183

-3.7902853352
2.0952678475
3.7746352110

-0.0405811624.8456856721
0.021694111P.8563015497
0.0248585602.2579594443

-0.0356107402.2476406242
0.053051808@.8403530313

-0.058656664€.8241715502
0.000310027#.0179673130

-0.089194044@.0695585964
0.0683959318.0661485754

-0.13104032221.3757180503

-0.111445312%.0814766228
0.11115287249.3738249312
0.0965865699.0714605387
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c17
H18
C19
H20
c21
H22
c23
H24
Si25
Si26
Cl27
Cl28
Cl29
C30
H31
H32
H33
C34
H35
H36
H37
C38
H39
H40
H41
C42
H43
Ha4
H45
C46
H47
H48
H49
C50
H51
H52
H53

-3.2817950763
-3.2984034725
-4.3128541151
-5.3676983540
3.2531201395
3.2446183749
4.2877733376
5.3413584696
-5.0476732532
5.0463083885
-0.3975489650
0.8472742946
-0.1164737349
6.7217506780
6.8374365382
7.4917366974
6.9559096348
4.8127602208
4.8748182000
3.8582412262
5.6064396661
4.9682746582
4.0290495832
5.0964271593
5.7780646054
-4.9317417604
-5.0470497677
-5.7368311478
-3.9884175495
-4.8366364099
-3.8780449534
-5.6253197966
-4.9202043141
-6.7341214181
-6.9492757455
-6.8834108382
-7.4965115528

Coordinates fo#.20.S

atom
C1
C2
C3

angstroms

X
0.0000000000
0.0000000000
0.0000000000

-0.1908406002.0912451933
-0.235986383%8.1689672545
-0.1814893053.2161630210
-0.2175247516..4087307404
0.1803194732.1001721670
0.2249278983.1757897064
0.1745979874.2323744897
0.2166303131.4310540953
-0.0082888754.4144694401
-0.0168782344.3908940043
2.42927221832.0128815255
0.0502279784.4856894025
-2.4757239538.0269739873
-0.066732111D.5269859600
-0.920961980%.1462545660
-0.1680795722.2995788193
0.846226422:0.0278780153
-1.623445800@.3256283346
-2.4771881669.6440652906
-1.6964072442.8526047649
-1.7407907516.0695936609
1.5277398102.4487922668
1.6411945652.9957933657
2.423276937@.8318303716
1.5209617073.1857978951
-1.532716059£.4962171711
-2.4405674989.8966287656
-1.5279982638.2379724264
-1.6194898858.0374055857
1.613874334£.3249311409
1.7120562512.8400368526
1.727240260B3.0757064514
2.4562616083.6333854677
-0.0052052034.5714881631
-0.923698387%.0200517485
0.8440598528).0990420493
0.0750446693.3541261985

y z
0.0000000000.6068359567
0.0000000003.3844022636
1.2254002599.3023206378
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C4
C5
C6
H7
H8
H9
C10
Cl1
N12
N13
Cl4
H15
C16
H17
N18
C19
H20
C21
H22
N23
Zr24
CI25
Cl26
Cl27
Si28
C29
H30
H31
H32
C33
H34
H35
H36
C37
H38
H39
H40
Si4l
C42
H43
H44
H45
C46
H47
H48
H49

0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
2.4665492786
-2.4665492786
0.0000000000
0.0000000000
1.5786256522
1.6239185477
2.4528974156
1.6845991634
-1.5786256522
-1.6239185477
-1.6845991634
-2.4528974156
0.0000000000
0.0000000000
-0.8864064497
0.8864064497
0.0000000000
0.0000000000
-0.8864064497
0.0000000000
0.8864064497
-1.5786256522
-2.4528974156
-1.6845991634
-1.6239185477

-1.2254002599.3023206378
-1.2206926192.7035053611
1.2206926192.7035053611
-2.1371974361.2836940784
2.1371974368B.2836940784
0.000000000@.4695369965
2.3939027559.3815801665
-2.3939027559.3815801665
2.108824340M.9295637969
-2.108824340.9295637969
3.2776714948.6398460474
3.294611728&.7182826265
-3.2776714948.6398460474
-3.2946117288.7182826265
-3.767165031%.5376604375
4.3029636608.7571505221
5.3613481569.9382186851
-4.3029636608.7571505221
-5.3613481569.9382186851
3.7671650319.5376604375
0.00000000041.7072211783
0.00000000041.5148858347
0.00000000041.5148858347
0.000000000€t.1947350828
4.9724586528.9187545425
4.7679895172.9054868321
5.5193401878.7007924601
4.917596816@.2653895800
3.7875084928.3744492646
4.7679895172.9054868321
5.5193401878.7007924601
3.7875084928B.3744492646
4.917596816@.2653895800
6.6844270730.1353410604
7.4233316839.9439187623
6.883569143®.5278952201
6.8835691436.5278952201
-4.9724586528.9187545425
-6.6844270730.1353410604
-6.883569143®.5278952201
-7.4233316839.9439187623
-6.883569143®.5278952201
-4.7679895174£.9054868321
-4.917596816@.2653895800
-3.787508492B.3744492646
-5.5193401871.7007924601
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C50
H51
H52
H53

1.5786256522
2.4528974156
1.6239185477
1.6845991634

Coordinates fo#.21

atom
Zrl
Cc2
C3
C4
C5
C6
C7
H8
H9
H10
C11
C12
N13
N14
N15
N16
C17
H18
C19
H20
c21
H22
C23
H24
B25
F26
F27
F28
B29
F30
F31
F32
CI33
Cl34
CI35

-4.7679895172.9054868321
-4.917596816@.2653895800
-5.51934018718.7007924601
-3.787508492'8.3744492646

angstroms

X
-0.0250000000
-0.0070000000

0.0270000000
-0.0040000000
0.0100000000
0.0260000000
0.0120000000
0.0400000000
0.0150000000
0.0400000000
-0.0180000000
0.0090000000
-0.0300000000
-0.0200000000
-0.0060000000
0.0210000000
-0.0400000000
-0.0500000000
-0.0340000000
-0.0380000000
-0.0040000000
-0.0150000000
0.0130000000
0.0220000000
-0.0110000000
0.9840000000
-0.0190000000
-0.9900000000
0.0400000000
1.0310000000
-0.9430000000
0.0490000000
-2.4460000000
-0.0350000000
2.3930000000

y z
-0.003000000€r.1550000000
0.000000000@.1700000000
0.001000000@.8950000000
-1.227000000®.8220000000
1.2280000000.8210000000
1.227000000@.2060000000
-1.225000000@.2080000000
2.160000000@.7690000000
-2.157000000@.7720000000
0.002000000@.9850000000
-2.3640000004.1010000000
2.3630000000.1050000000
-2.12500000041..4170000000
-3.692000000®.0240000000
2.1210000004.4200000000
3.6910000000.0190000000
-3.278000000€2.1480000000
-3.24200000068.2210000000
-4.2910000004..2240000000
-5.36400000041.2650000000
3.2730000002.1520000000
3.236000000€8.2260000000
4.2870000004.2300000000
5.3610000004..2720000000
-4.373000000@..1940000000
-4.096000000Q..8070000000
-5.595000000Q..0040000000
-4.086000000Q..8280000000
4.3740000000.1870000000
4.08400000002.8010000000
4.1010000000.8220000000
5.5940000000.9970000000
0.026000000€2.3870000000
0.002000000€1.5880000000
-0.011000000€2.4160000000
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Coordinates fod.21.S

atom
Zrl
Cc2
C3
C4
C5
C6
Cc7
H8
H9
H10
C11
C12
N13
N14
N15
N16
C17
H18
C19
H20
cz21
H22
C23
H24
B25
B26
Cl27
Cl28
Cl29
F30
F31
F32
F33
F34
F35

angstroms

X y z
0.0000000000  0.00000000041.6593602078
0.0000000000  0.0000000000.6360227852
0.0000000000  0.0000000003.4171489624
0.0000000000  1.2164638171.3387690018
0.0000000000 -1.2164638177.3387690018
0.0000000000 -1.221670736%2.7395047888
0.0000000000  1.2216707362.7395047888
0.0000000000 -2.15062283063.2955372190
0.0000000000  2.1506228306.2955372190
0.0000000000  0.000000000@.5039200366

0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
2.4953409219
0.0000000000
-2.4953409219
-1.1509325298
1.1509325298
0.0000000000
-1.1509325298
1.1509325298
0.0000000000

2.3851407550.4412741023
-2.385140755D.4412741023
2.1293561438.8883815375
3.724392255D.6556049021
-2.1293561438).8883815375
-3.724392255D.6556049021
3.3412818824.5353863398
3.4119794242.6120178055
4.3245480068.5927517525
5.3962297114.6845177535
-3.3412818824.5353863398
-3.411979424%.6120178055
-4.3245480068.5927517525
-5.3962297114.6845177535
4.6023815811.9810014456
-4.60238158111.9810014456
0.00000000041..6832452344
0.0000000004t.2302627253
0.00000000041.6832452344
-4.3272338122.7318065112
-4.3272338122.7318065112
-5.9523657360.5676426569
4.3272338122.7318065112
4.3272338122.7318065112
5.9523657360.5676426569

272



Coordinates fo#.22

angstroms

atom X

Zrl -0.0002875215
Cc2 0.0003211737
C3 0.0002350603
C4 1.2095651755
C5 -1.2090798118
C6 -1.2144014846
C7 1.2149299499
H8 -2.1306787064
H9 2.1311637927
H10 0.0001743873
Cl1 2.3645272102
C12 -2.3643178561
N13 2.1648805169
N14 3.7021608498
N15 -2.1651915431
N16 -3.7019464791
C17 3.3955064080
H18 3.5024027265
C19 4.3586810224
H20 5.4342268521
C21 -3.3958244237
H22 -3.5031433282
C23 -4.3587454645
H24 -5.4342674365
C25 4.3778105021
H26 4.1289673583
H27 5.4519265077
H28 4.1097193917
C29 -4.3772811597
H30 -4.1032735049
H31 -4.1342202458
H32 -5.4513012907
CI33 0.0267235239
Cl34 0.0132351940
CI35 -0.0398907256

y z
-0.001233584€r.2843189387
-0.0032979501D.0399995832
-0.0008542992.8351366060
0.0020876690.7477727763
-0.0065393728.7476546686
-0.006426449@.1507025473
0.00402139872.1508182222
-0.0113915244.7281737858
0.0098801022.7283616704
-0.00012640948.9199702439
0.0066682484.1533091414
-0.010167586®.1531299899
0.0146615263.4827093085
0.0016053118.0930020892
-0.0208773473..4824632645
-0.000337681%.0934693036
0.01510542742.0910478663
0.02076161438.1638529548
0.0068888164.1284578621
0.0042187614.1910678267
-0.01905900812.0905254734
-0.02650339913.1632968142
-0.0060451484.1277670692
-0.00020516141.1902685149
-0.0105727409.3842079837
0.88156625771.9601491033
-0.0214911732.2088995565
-0.9018943211..9524671830
0.0186334958.3846884134
0.90933403201.9510348575
-0.873928926@..9624535976
0.0362626799.2094189095
-2.4606655445.1489816556
0.0108423514.7675792292
2.4574927362.1352348787
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Coordinates fo#.22.S

atom
Zrl
Cc2
C3
C4
C5
C6
Cc7
H8
H9
H10
C11
C12
N13
N14
N15
N16
C17
H18
C19
H20
cz21
H22
C23
H24
C25
H26
H27
H28
C29
H30
H31
H32
CI33
Cl34
CI35

angstroms

X
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000

-0.8917185537
0.0000000000
0.8917185537
0.0000000000

-0.8917185537
0.8917185537
0.0000000000
2.4607622045
0.0000000000

-2.4607622045

y z
0.000000000€1..1420938878
0.0000000000.1828753089
0.000000000@.9784332868
1.2092614701.8908090723

-1.2092614701.8908090723

-1.2146142188.2939009593
1.2146142183.2939009593

-2.13081301218.8715176199
2.130813012B.8715176199
0.0000000006.0632789270
2.3645127089.9900643216
-2.3645127089.9900643216
2.1646919418.3397217950
3.7018955848.2365063496

-2.1646919413).3397217950

-3.7018955848.2365063496
3.3960811288.9477238362
3.5032078292.0206075852
4.3586973668.0154862818
5.4342294048.0468793307

-3.396081128®.9477238362

-3.5032078292.0206075852

-4.3586973668.0154862818

-5.4342294048.0468793307
4.3773801482.5277958544
4.1190278833.1000685192
5.4515757592.3527778949
4.1190278833.1000685192

-4.3773801482.5277958544
-4.1190278833.1000685192

-4.1190278833.1000685192

-5.4515757592.3527778949
0.00000000041.0016946927
0.0000000006B.6255751756
0.00000000041.0016946927
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Coordinates fo#.23

atom

Zrl
Cc2
C3
C4
C5
C6
Cc7
H8
H9
H10
C11
C12
N13
N14
N15
N16
C17
H18
C19
H20
cz21
H22
C23
H24
C25
C26
Cl27
Cl28
Cl29
F30
F31
F32
F33
F34
F35

angstroms

X
-0.0265728637
-0.0112556621
-0.0120062864

1.1979735555
-1.2279185850
-1.2263233810

1.2041965796
-2.1394393635

2.1187590748
-0.0142894522

2.3520574476
-2.4003415210

2.1301823910

3.7199444429
-2.2142102315
-3.7710305096

3.3412505638

3.3909479798

4.3406285029

5.4099491046
-3.4359772067
-3.5285349552
-4.4175415247
-5.4888045039

4.4608561131
-4.4897217035
-0.4916241396

1.0033065191

-0.3206246908
-4.2605472545
-4.1536968220
-5.8031085187

4.1742290322

4.2030503940

5.7693496702

y z
0.0007622982.2540706883
0.0160440009.0620349353
0.0108613462.8569375364
0.0056672728.7761056835
0.0234234620.7713262249
0.0244038292.1737142561
0.0005648762.1773983748
0.037404432@.7521773577

-0.0105377102.7539770708
0.008595432(3.9411515357
0.002474325D.1339673583
0.0381847894.1193849678

-0.0041326159.4511424064
0.011838057D.0597133470
0.0725375911.4344708526
0.024409999%.1087451377
0.003062907-2.1085920948
0.00081519048.1849607803
0.012440477Q.1988030100
0.018375291-1.3039050678
0.0881450622.0627187204
0.1201273303.1360238210
0.0584589194.1321515095
0.0563788224.2138245163
0.0187354938.2845222055

-0.0456211194.3437648061

-2.4081742518.1708958826

-0.1321714886&1.5018978347

2.4326431802.3024153878

1.0264954232.1165555778
-1.1355626762.0480968705
-0.1008025280.0927512291
1.094385227@.0314629070

-1.069813752@.0238412879
0.0397164799.0115632292
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Coordinates fo#.23.S

angstroms

atom X

Zrl 0.0000000000
Cc2 0.0000000000
C3 0.0000000000
C4 0.0000000000
C5 0.0000000000
C6 0.0000000000
C7 0.0000000000
H8 0.0000000000
H9 0.0000000000
H10 0.0000000000
Cl1 0.0000000000
C12 0.0000000000
N13 0.0000000000
N14 0.0000000000
N15 0.0000000000
N16 0.0000000000
C17 0.0000000000
H18 0.0000000000
C19 0.0000000000
H20 0.0000000000
C21 0.0000000000
H22 0.0000000000
C23 0.0000000000
H24 0.0000000000
C25 0.0000000000
C26 0.0000000000
Cl27 2.4510830465
Cl28 0.0000000000
CI29 -2.4510830465
F30 -1.0825526008
F31 1.0825526008
F32 0.0000000000
F33 -1.0825526008
F34 1.0825526008
F35 0.0000000000

y z
0.000000000€1..6564473246
0.0000000000.6603482122
0.000000000@.4441318717
1.21903429171.3631041702

-1.2190342917.3631041702

-1.2204002722.7653296922
1.2204002722.7653296922

-2.135977709%8B.3443842363
2.1359777099.3443842363
0.000000000@.5284596077
2.3752059018.4422306370

-2.3752059014.4422306370
2.137358389D.8706013214
3.7555212180.6007306608

-2.137358389D.8706013214

-3.7555212180@.6007306608
3.3278469994.5575672763
3.3641176532.6348874118
4.3460497569.6712846654
5.412337496®.8008051906

-3.327846999A.5575672763

-3.364117653@2.6348874118

-4.3460497569.6712846654

-5.412337496®.8008051906
4.5528599332.7914988777

-4.5528599334.7914988777
0.00000000041.4380350632
0.00000000041.1288037946
0.00000000041..4380350632
-4.3197816602.5452522187

-4.3197816602.5452522187

-5.8486877511.4521444510
4.3197816602.5452522187
4.3197816602.5452522187
5.8486877511.4521444510
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Coordinates fo#.24

atom
Zrl
Cc2
C3
C4
C5
C6
Cc7
H8
H9
H10
C11
C12
N13
N14
N15
N16
C17
H18
C19
H20
cz21
H22
C23
H24
Cl25
Cl26
Cl27
H28
H29

angstroms

X
-0.0024653149
0.0001231212
0.0002617404
1.2020212696
-1.2021326738
-1.2143021121
1.2149193216
-2.1416540943
2.1424030310
0.0002712090
2.3536148570
-2.3555297559
2.1851021884
3.6790994824
-2.1910587975
-3.6804191230
3.4367626209
3.5694429240
4.3801871532
5.4564192591
-3.4442091559
-3.5809844894
-4.3847129838
-5.4609255707
-0.0175611689
0.0699757108
-0.0168386467
-4.0862208215
4.0872606265

y z
-0.02339139542.2274004216
-0.0225509700@.0938390331
-0.025001052£.8942792252
-0.0259633540.8054174219
-0.020995226M.8053262355
-0.0215375162.2056073068
-0.0275766392.2056238423
-0.0195184402.7737170116
-0.0309768322.7735980097
-0.0258348918.9788465886
-0.0272380554.0884966178
-0.020425147D.0864279338
-0.0250960504..4183622202
-0.0279800892.1846322309
-0.0199683674..4165440963
-0.0254495748.1902863744
-0.02283131741.9940020473
-0.0194821958.0638468774
-0.0249976934.0101839815
-0.0255684059..0448839165
-0.02664134711.9886145202
-0.02877471313.0579165447
-0.0294703504..0022821820
-0.03271270041..0343332000
-2.4780393758.0752238386
-0.0233977364.7054405916
2.4315910794.0784233643
-0.0273471103.1118030420
-0.0289601210.1053864328
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Coordinates fo#.24.S

atom
Zrl
Cc2
C3
C4
C5
C6
Cc7
H8
H9
H10
C11
C12
N13
N14
N15
N16
C17
H18
C19
H20
cz21
H22
C23
H24
Cl25
Cl26
Cl27
H28
H29

angstroms

X
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
2.4543468665
0.0000000000

-2.4543468665

0.0000000000
0.0000000000

y z
0.000000000.9729966652
0.0000000000.3478387209
0.000000000@.1477357766
1.2020284132.0586416224

-1.202028413%2.0586416224

-1.2146922258B.4589508747
1.2146922258.4589508747

-2.142084126@1.0272490794
2.142084126@.0272490794
0.0000000006.2323888513
2.3540827618.1655479268
-2.3540827613.1655479268
2.187915115%.1646133343
3.6794143067.4409991078

-2.187915115%).1646133343

-3.6794143067.4409991078
3.4402822944.7382164645
3.5756759348.8077752722
4.3826722666.2471007217
5.4592415108.2139246676
-3.4402822944.7382164645

-3.5756759349..8077752722
-4.38267226660.2471007217

-5.4592415108.2139246676
0.000000000.8157162078
0.0000000004B.4521083645
0.00000000040.8157162078

-4.0864002344£.3626214984
4.086400234£2.3626214984
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