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Abstract

With its unrivaledversatilityand atom economy, olefin metathesisrguablythe mostpowerful
catalyst methodology now known for the construction of cadabon bonds When compared

to palladium-catalyzed crossoupling methodologies, however, catalyst productivity lags far
behind, even for t he Ar ob uUnéxpecte lmitatioasnto then met a
robustnessf these catalystsere first widely publicized by reportescribinghe implementation

of metathesis in pharmaceutical manufacturiRgcurringdiscussion centered dow catalyst
productivity resulting from decompositiarf the Ru catalystdy impurities including ppralevel
contaminantsn thetechnicalgrade solventOver the pas® years aseries of mechanistic studies
from the Fogg groufnas uncoverethe pathways by whiclcommon contaminast(or indeed
reagents) triggecatalyst decompositiomwo principal pathways were identified: abstraction of
the alkylidene or méylidene ligandy nucleophilesanddeprotonation of the metallacyclobutane
intermediate byBronsted baseEmerging applicationshowevey notably inchemical biology,
highlight newchallengego catalyst productivity.

Thefirst part of this thesiemphasizes the need for informeaechanistiansight as a guide to
catalyst redesigi.he widespread observation of a cyclometallateuebérayclic carbene (NHC)
motif in crystal structures of catalyst decomposition products led to the presumption tlzditactiv
of a GH bond in the NHC ligand initiates catalyst decomposition. ReduldiA§ bulk has
therefore been proposed as critical to catahgdesignln experiments designed to probe the
viability of this solution, the small NHC ligand IMéetramethylmidazol2-ylidene) was added

to the restingstate methylidene complexes formed metathesis bythe first and second
generationGrubbs calysts (RUChK(PCys)2(=CH.) GIm or RuCh(Hz2IMes)(PCy)(=CH,) Glim,
respectively) The intended product, a restiatae methylidene species bearing a truncated NHC,
was not formed, owing to immediate loss of the methylidene ligsiedhylidene loss is1ow
shown toresult fromnucleophilic attacky the NHCi a small, highly potent nucleophileonthe
methylidene. Densityfunctional calculations indicate that IMebstracts the methylidene
generating the Mheterocyclic olefin HC=IMe4. The latteris an even morepotent nucleophile,
which attacks a second methylidenmesulting in liberation ofEtiIMe4]Cl. These findingseport
indirectly on the original question concerning the impact of ligand truncatioreadgewith which

a small, potent nucleophilean abstract the key methylidenkgand from GIm and Glim
underscores the importancein€reasingsteric protection ate [Ru]=CHh site. This chemistry
also suggestmtriguing possibilities foefficient, selective controlledmethylideneabstractiorto
terminate metathesis activity while leavingh e  AHRIM&S)(PCy) 0 ¢ o r. €hisicaultd a c t
prove an enabling stratedyr tandem catalysis applications in which metathesis is the first step.

The secongbart of this thesisinspired by tk potential of olefin metathesis in chemical biology,
focuses on the impact of hydroxide ion and water on the productivity of phodpmaetathesis
catalysts.In reactions with the important secegdneration Hoveyda catalybtll , hydroxide
anion is faind toengage insalt metathesisvith the chloride ligandsrather than nucleophilic

iX



attack The resultingRu-hydroxidecomplexis unreactivetoward any olefins larger than ethylene,
while ethylene itself causes rapid decompositiBroposed as thdecomposition pathway is
bimolecular coujing promoted by thatrongH-bondng character of the hydroxide ligands.

Lastly, the impact of thevater on Recaalyzed olefin metathesis is examindd a survey of
normally facilemetathesiseactionausing sateof-the-art catalystseventrace water (0.1% v/v) is
found to behighly detrimental The impact of water is shown to be greater at roonpé&gature
than previoushestablishe@t6 0 A C. Preliminary evhednedhaniem st r on
by which water induces decomposition igemperaturelependentThus, & high mperature,
decomposition othe metallacyclobutanetermediateappeardo dominate, but this pathway is
ruled out & ambient temperaturse. Instead,water is proposed to promote bimolecular
decompositionPolyphenol resin, which can sequestater by Hbonding is shown to offer an
interim solution to the presence of tracater in organic medid hese findings suggest that major
avenues of investigatioaimed atreducingintrinsic catalyst decomposition may likewise be
relevant to the development of wateterant catalysts.
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Chapter 1. Introduction
1.1 Transition-Metal Catalysis

Catalysis revolutionized the larmfpe of synthetic chemistry over thé"2@ntury, and represents

a core technology for the sustainable production of chemicals and materials irf tenfiry.
Catalysis offers significant, in some cases enabling, teshscin energy and materials usag
relative to traditional stoichiometric transformatidnSatalysts accelerate reactions by opening
lower-energy reaction pathways, without being consumed in the prétasy.can also contribute

to the goal of full recyclability at the industrial level, where sustainable development is predicated
on reducing waste and minimigj energy andnaterials usage

New catalytic methodologies based on molecular transitietal complexes have helped expand

the organic chemistodos tool box. Over the past
been awarded for traformative advances in theeld of molecular catalysis. The first was
awarded to Knowles, Noyori, and Sharpless in 2001 for their work in asymmetric hydrogenation

and oxidatiorf-® The secad, in 2005, recognized Chauvin, Grubbs, and Schrock, for their
contributions to the development of olefin metathesis for organic synfifelsastly, in 2010,

Heck, Negishi, and Suzuki were honoured for the development of palladitatyzed cross

couplings in organic synthesi&!! The ubiquity of these metholbgies highlights their global

i mportance for synthetic Afdi scoveryo operat:i
pharmaceutical and speciakthemicals manufacturing.

This importance notwithstandingfhallenges to translation of metathesis methmgiek into large

scale production are beginning to be more widely acknowledged. The issues have been highlighted

in several leading review$!* Both catalyst productivityig. turnover number, TON) and
consistent, reliable performance are integral to economic viability. In olefin metathesis, even
wher e Arobust o rut heni um c at abilty @are snucla ma@e used,
challenging than is the case in hydrogemraor crosscoupling catalysis. The identification of key
decomposition pathways is a critical step toward developing ldivgel catalysts. Better
understanding of catalyst vulnerabilitiesables (in the short term) process redesign to curb
decomposibn. In the longer term, it provides an essential foundation for rational catalyst redesign.

1.2 Olefin Metathesis
1.2.1General Background

Olefin metathesis is a chemical process that inwotiie rearrangement of carbocarbon double

bonds. Early, empical reports utilized iHdefined catalysts From the 1950s to the 1970s, olefin
metathesis was commigrcarried out with heterogeneous mixtures of metal salts and alkylating
agents® Widely-used catalyst systems were based on group 6 (especially tungsten) salts or oxides
and alkylaluminum reagents. These were highly active inop&ning polymerization (ROMP)

of cyclic olefins, in particulat’'® Supported W and Re oxides were also used in important
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industrial applicatns involving crossnetathesis of unsaturated hydrocarbons, notably the
Phillips Triolefin Process and the Shell Higher Olefins Process (SH&PAIl of these
applications, importantly, are limited taonfunctionalized hydrocarbons. Only with the
development of more robust catalysts was the metathesis of functionalized olefins a possibility.

The search for welllefined catalysts (typically containing a [M]J=CHR actisi¢e) saw intense
research effort following acceptance of the Chauvin mechanism for olefin metattfesishown

in Scheme 1.1, the Chauvin nmanism postulates a series of [2+2] cycloaddition fargeersion
equilibria, initiated by the reaction of a metal alkylidene catalyst with incoming olefin to form a
metallacyclobutane (MCB) intermediate. Metdlkylidene complexes were thus regardedhas t
most direct entry point into the catalytic cycleddrecame a major focus of catalyst design efforts.

Scheme 1.10lefin metathesis reaction and the Chauvin mechanism.

e —»Oﬁ ||
Oﬂfﬁ)ﬂﬁﬂfﬁyﬁ%

Alkylidene metallacyclobutane Methylidene
MCB

The first welldefined metahlkylidene complex as designed and synthesizég Schrock in
197422 This seminal reportlescribed the synthesig the stable, isolabl&a(V) neopentylidene
complexTa-l (Chart 1.1) The high oxidation state of the metalsults ina highly polarized
M=CHR bond, with a partial positive chargetantalum, and a partial negative charge at the
alkylidene carbonThis and other such complexes drence very reéige, and susceptible to
unwanted side reactions with carbonyl functionalities, incluétietgpnes’® or protic groups sut

as alcohols omater. In addition, the complexes readily dimefzeesulting in bimolecular
decomposition, as discussedSection 1.2.3.



Chart 1.1 Selected Schrock cdyats and (extreme rightylo-11) a SchrockHoveyda mone
aryloxide pyrrolide (MAP) catalyst.

iPr/©\iPr iPrQ\iPr iPr iPr
N '

Subsequenthgdeveloped group 6 complexes were designed with steric protection of the alkylidene
carbon in mind. In Schrock catalysts suchvdd and Mo-I, bulky imido and alkoxide (or
aryloxide) ligands impede unwanted dimerization (Chart 1.1 above)ed$e with which the
substituents on these groups could be modified also confers a high level of steric and electronic
tunability, and thus control over activignd stereoselectivity’?® Replacing an alkoxide ligand

with pyrrolide, in turn, generated the importdh&P catalysts, one example of which is shown
above. The latter are now regarded as the state ofttimetae group 6 catalysts.

For the fourcoordinate Satock catalysts, the ligand bulk is removed fromitheediate vicinity

of the metal center. These coordinatively unsaturated complexes therefore react with olefin via an
associative pathway (Scheme 122They can also, however, bind other small moleculdsileV

many of the Mo and Watalysts camxhibit highmetathesis productivity in skilled handkeir
sensitivity to oxygen andavater (and in some cases theinermal serifivity)?’ has limited
widespreaduse.In contrast is the ease of handling of ruthenium catalysts described in the next
section, which led tvidegreadadoption of olefin metathesis organic synthesi€

Scheme 1.2Associative inding of olefin toMo-1 (C-N-O pocket highlighted in red).

iPr ; “iPr Q\lPr iPr ; SiPr

N R iPr R' , N
1 N "\ 7 R |
o

M —_— | + Mo—

Mo —

ROTE e @A ROT g, 2 o "0
OR OR OR
Mo-I R = CCHs(CF3), Mo-I Mo-Im

R' = H, Alkyl, Aryl

1.2.2 RutheniumCatalyzed Olefin Metathesis

Ruthenium metathesis catalysts with the general structurelR{ECHR) are now ubiquitous in
syntheticchemistry. While the first Ralkylidene atalyst was reported by Grubbs in 1$8#he
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popularity of Rucatalyzd olefin metathesis accelerated with tevelopment of the first
generation Grubbs cataly@ (Chart 1.2)in 19952° Despite the lower activity 0Bl relative to

the Mo and W catalysts, its improved stability to air, water, and functional groups put olefin
metathesis, fothe first time, into the hands of the ptiaing organic chemist

Chart 1.2 Widely usedirst- and secondjereration ruthenium metathesis catalysts

HylMes
cl, | cl,, | cl,, | P
CysP—Ru—PCy; HoIMes—Ru—PCy; H,IMes— Ru— OiPr N N
3 \ 3 2 \ 3 2 \ \ /
(o Cl Cl
Gl Gl HIl

The tolerance of the catalysts for less rigorously anaerobic conditions led to the rapid deployment
of Gl in a variety of metathesis transformations (e.g. acyclic diene metathesis polymerization,
ADMET; macrocyclic ringclosing metathesis, mRCM; and crasstathesis, CM, Scheme 13).

A search for higher activity led to rdications to the neutralddonor ligands. Most significantly,
installation of an Nheterocyclic carben (NHC) ligand in place of PGyenerated dramatically
more reactive catalysts Among the first ananost important of these was the secgederation
Grubbs catalysBll 2 in which one PCyligand is replaced by thatirated HIMes ligand (see
Chart 1.2 above). Even 20 years lateH, remains one of the most commonly used catalysts in
academia, despite limitatiomsscussed in the following Sections. Another leading catalyst is the
phosphindree variantHIl , known & the Hoveyda cataly3t.HIl initiates more readif# than

Gll : it is also free fromhe PCy-mediated decomposition pathway that pla@ike and related
catalysts (Section 1.2.3).

Scheme 13 Selected metathesis transformations. (a) Acydlene metathesis polymerization
(ADMET). (b) Macrocyclic ringclosing metathesis (MRCM). (Erossmetathesis (CM).

(a) |

® |
© |
T %

In contrast to the foucoordinate Schrock catalysts, the Ru catalysts are almost invanable
coordinate square pyramidal complexes which the higktranseffect alkylidene ligand occupies
the apical site. This necessitatigmnd loss to generate a fecoordinatetransitionstate species
(seeRu-1, Ru-2; Scheme 1.4). The latter can bind incoming olefin cis to the Ru=CHR bond,
enaliing cycloaddition to form the MCB intermediate.




Scheme 1.4Catalytic cycle for metathesis lilge first and secondjeneration Grubbs catalysts,
Gl andGll (respectively)

R.
sz j%
Ru 5
MCB
R
o Pcy3 LCl/ R f - 'R +PCy3 f I///"'||a| PC
L Ru—PC u u — u—PCyj
Cl Tk i N ks i
Ru-1: L = PCy, Ru-3: L = PCy; GIm/Glim

Gl: L = PCy; Ru-2: L = HyIMes Ru-4: L = HylMes
Gll: L = HylMes cl %
\\\ | o R
L—Ru“\P ﬂ

The need for ligand loss is particularly problematicGdr, given the very lowdbility of the PCy
ligand. This affects both initiation of the precatal@t (ki in Scheme 4)*® and reentry from

the restingstate methylidene compleéxlim 3¢ that is,ks. This was an unanticipated challenge in
the Grubbsclass catalysts. Indeed, Grubbs originally attributed the higher activity of the second
generatio catalysts tdabilization of the PCy ligand by the strong-donor NHC3? This idea was
abandoned whe@ll was shown to undergo P&pss nearly 150 times slower thén (Table
1.1)3" The activating effect of the NHC ligand is nowigsgd to its stronglg-donating character,
which reduces the enerdparrier to cycloadditiod® as well as a property described by Chen as
ihi gher ¢ & Whatist RuBHCE catalysts undergo reaction witkefin faster than re
uptake of PCy(kz > k1 for Gll ; Scheme 1.4 Thus, althougIGll enters the catalytic cycle less
readily thanGl, it remains orcycle Inger.



Table 1.1Relative rates of PGyloss from the firstand secondjeneration Grubbs catalysid
andGll, and their restingtate methylidene complex&m andGlIlim . (Data from refs 36 and
39; Table reproduced from ref 39).

kior ksfor PCys loss (s kel (X Slowervs. Gl)

Gl 9.6 1
Gll 0.13 148
GIlm [ Ta
Glim 4.7 x 10* 41,000

(ca. 275 x slower tha@ll )
aThe rate of PCyloss fromGIm cannot be calculated, due to competing decompaosition.

A powerful differentiation also exists betwette benzylidene precatalyst, and the ressitage
methylidene complex formed by-uptake of PCy Loss of PCyfrom Glim , the PCys-bound
off-cycle resting state (Scheme 3 above), is ca. 275 times slower than from theSpal@iatole

1.1).3% In consequence, the concentration of this deactivated methylidene species increases over
time, reducing the effective @yst charge.

An added concern is the vulnerability of this reservoir complex to loss of the-atigtidlene

bond. It is stericallyrotected, however, from direct attack at the methylidene carbon (except by
small nucleophiles, such ashBu)*° FourcoordinateRu-4 is much more readily aitied, but

the low lability of the PCygroup impedes access to this speéidBiscussed in Section 1.2.4

(undee finduced decomposition pathwayso) is the
PCysloss, which in turn accelees intermolecular nucleophilic attack by RGy the methylidene

ligand#?

Increasing the stability of tHeur-coordinate methylidene speciRa-4 and the MCB intermediate
Ru-5is key to high catalyst productivity. NoteworthytimtRu-4 is the same for all precatalysts
for which L = HbIMes. Differences in precatalyst structure therefore affect primarilyateeof
formation ofRu-4. That is, fastemitiating catalysts such dsll enter the catalytic cycle more
readily, but tle active specieRu-4 is the same (Scheme 13)The faster uptake (at least with
small olefins) of HII is due to its capacitytundergoassociativenitiation.*>4* Faster entry is
reinforced by the absence of a thermodynamically very stable resting state &lich aBorHlI ,

the resing state is thadll precatalyst itself, formed bygptake of the styrenyl ether-@uoduct

13 Thissecal | ed fibo amsedr,anagr ingeicnhal | y p*rhaspbeenehd by
subject of debat®® However medanistic labelling and kinetics studies by the Fogg and Diver
groups demonstrated that it is indeed operdfite.
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MethylideneRu-4 can be studied indirectly via its fiv@ordinate restingtate species. Most
was
development of a highield synthetic routé®*®In comparison, the KB intermediatéseeRu-5)

has been less extensively examined, although computational evidence indicates that this is the on
cycle resting staté?>® For example, Solarklonfort reported in a computational study that
cycloreversion is the highest barrier in the cy€lehile Nelson and cevorkers reported that
substitutedRu-5 @where R = @Hs-0-OiPrad RO =

important of these iS&lim, study of

methylidene specigRu-2 or Ru-4.4

wh i

ch

H)

i s

greatly

malkyldenessar a b | e

For many years, the diflulty in studying the MCB intermediate was due to the-tigerdinate
nature of the Ru precatalysts. The problem lies in the facthdifth ligand that stabilizes the
precatalyst can recapture the famordinate transitioistate species RufLl(=CHy) as a five
coordinate, offcycle resting state (of whic&lim is just one example). Because these species
were much more stable than tMEB, the latteii despite being the most stalole-cyclespecie¥’

T could not be observed. In sharp contrast, the-foordinate nature of the Schrock catalysts
enables diret observation of the MCB intermediates by NMR methods at room temperature.
Indeed, the unsubstituted tungstacyclobutane derivedWeincould even be isolated afG.?°

Pierso d e v e | cugzoonminate ruthéniuma catdlyst was therefore a landmark
accomplishment, which opened the door to direct study dfftBBs for the Ru catalysf3.The

Piers catalysts are fowoordinate phosphonium alkylidene complexes (Bly, Scheme 1.6)
which undergo irreversible loss of the vinyl phosphonium salt on reaction with ethylene. This
enables higlyield access to the ruthenaaysitaneRu-5.2 (In subsequent studies, the substituted
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MCBsRu-5 dvere also generated, by treatii or its analogues with terminal olefj)i$ Romero

and Piers were able to characteiae5 by NMR methods, and reported a strag) Cp agostic
interaction with the Ru centét.They also demnstrated thaRu-5, though stable &@t4 0 A C,
decomposed on warming to room temperature. The mechanistic basis of this pathway is discussed
in the next Section.

Scheme 1.65enerating the unsubstituted MERI-5 via secondgeneration Piers catalyBtl .

®
| PCys = (|3I
Cl, © (2.2 equiv) PCys
H.IM ‘R [B(CgFs5)al HylMes—Ru, + r ©
T of "7 ChyCly, -50 °C ~ | [B(CeFs)d]
PIl 3h Cl

Ru-5

Understanding oRu-catalyzed olefin metathesis now at an advancestage.A series of
mechanistic studies, detailed below, established important guidelines for decanpoisiRu
metathesis catalysts. Such studies are critiddetatifying how andwhy certain functionalities or
conditions limit catalyst performance. They enable rationalization of the large body of empirical
evidence forfunctionalgrouptolerance or ineampatibility in metathesis, and are ultimately the
key to informedcatalyst redagn. Discussed below arthe major decomposition pathways
identified to dateConsidered first are pathways intrinsic to the Ru precatalyst or active species
(Section 1.2.3)Alternative pathways induced by external agents, such as nucleophiles ord@ronste
base, are then considered (Section 1.2.4).

1.2.3 Intrinsic DecompositionPathways for Ru Metathesis Catalysts

Intrinsic decomposition pathways now known to be common tmeththesis catalysts are: (a)
bimolecular coupling (BMC) of foucoordinate alkytene species, such Rsl-2/Ru-4, and (b)
decomposition of the MCB intermedid®ei-5 via b-hydride elimination.

Pathway (a), established during the 1980s for group 6 arahitionmetal catalyst$>®>°>" was

only recently confirmed for the important RIHC catalyst$® Coupling of foufrcoordinate
RuChk(L)(=CHR) intermediates was widely inferred for labile fig&neration Ru catalysts (L =
PCys and other phosphines), based on the observed elimination of RCH=CHR produags du
catalyst synthesis or us¥° It was considered unlikely for secogéneration Ru catalyst§®? an

idea that has only recently been overturtfeGwen Bailey 6 this research group brilliantly
showed BMC of transiently stabilized methylidene compleies6 by observation and
guantitaion of the ethylene liberated via coupling (Scheme 1.7). With Carolyn Higman, she found
that increasing the bulk of the Rilkylidene group can greatly inhibit coupling, consistent with
the behaviour of earimetal catalyst8® Methylidene complexes such Rsi-4 thus couple much
more readily than their benzylidene counterparts. Thes#infys cemented BMC as a major
decomposition pathway for secegdneration Ricatalysts. Very recent work by Daniel do
Nascimento of this researchrogp demonstrated that even the benzylidene precatalysts are

8



vulnerable to decomposition by BMC, if the gtaing ancillary ligand is abstracted to generate
four-coordinateRu-2.53

Scheme 1. Bimolecular coupling of transientigtabilized methylidem complexes.

Ho _H2 Cl s
C|/,,,' | CD,Cly, -20 °c C|,//, Cl:] \\R/‘\\\\H2|Mes
2 HylMes—Ru—NH “Ru" u
2 U\CI 2 _o-dianiline /Ru\/|
Ru-6 NH, HsIMes \Cl \CI
RT =
NH, F =
NH, NH, (1 equiv)
U - CI/”'
NH, | *+2 HolMes ‘Ru—NH,
o-dianiline Ru-7 NH> ¢

A second general decomposition pathwagain well established for the eatfginsitionmetds, is
b-elimination of the MCRing.%* HereH-transferfrom the MCB b-CH. group to the metajives
an allyl hydride intermediatewhich can reductively eliminate propene (HC=CHCHR 3 or
RCH=CHCH: 4, Scheme 1.8% The strongest evidence for this pathway in the Rtegsys was
reported by Piers, who gemag¢edthe *C-labelled MCB at-40 °C in CD:Cl, and observed the
labelled propengalbeit without quantitationpn warming to-10 °C.>*>4 For a monosubstituted
MCB, decomposition instead generates a sulbsttpropene.

The extent ofb-elimination is maximized where the reaction conditions favour formation of
unsubstitutedrku-5. Such conditions include ethenolysis reactionsmimich internal olefins are
converted to terminal olefins by CM with ethylene)reactions in which poor mass transfer
impedes volatilization of ethylene, ranging from highoughput screening in small wellplates to
process chemistry in pharma.

Scheme 18 Decomposition of MCBRu-5 &ia b-hydridetransfer and reductivelimination to
liberate propene®, 3,and4.

R
cl R H cl, H reductive
| o B-elimination ~, | elimination
HolMes—Ru< HoIMes—Ru—) ——— + Ru products
Cl H Cl
(R H) (R C
Ru-5'

A final intrinsic decomposition pathway is specific to the Grubbs precatalysts, which are stabilized
by a PCy ligand. The role of PGyis not limited to recoordination to gnerate the resting state
methylidene speciessahown above. It can also function as a nucleophile, attacking the Ru=CH
moiety (Scheme 1.9). As this indicates, Bie=Cbondis polarized toward Ru. The polarization

of the M=C bond is thus opposite tatlseen in the Schrock catalysts. The high rptigdicity of
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PCys, combined with the steric accessibility of the methylidene ligand, constitute a potent
challenge to longevity for all Grublidass catalysts.

Liberation of [MePCy|CI 5 was first reportecby Hong and Grubb®, in a discovery widely
celebrated for the wrong reasons. The key finding of this study is not the crystallographic
identification of a Ru hydride as a decomposition product (widely, and incorfédigcribedcas
responsible for unwded isomerization during metathesis reactions). Rather, the key finding was
the observation thab is formed, albeit in unquantified amounts, via decompositioGlth .
William McClennan and Justin Lummiss of this research groopfitned quantitative
transformation of the methylidene ligand into the phosphonium salt [M$€IG/(Scheme 1.9%

In a careful labelling study, they reported spectroscopic evidence feralkg| intermediatdRu-

8, and were able to isolate the corresponding pyridine adduct for thgdirstation Grubbs
catalyst®® For the NHC derivatives, the stability of thealkyl intermediate is limited by facile-C

H activation of the mesityl group, which effects rapimtation of the phosphonium salt.

Scheme 1.9Attack of PCy¢ on the methylidene ligand, and decomposition of shalkyl
intermediateRu-8.

H ©
PCy3
CI/,,,. ||‘\ PCys N) Cl"'\'.:f(; act(ii:t'ion I:N) CI/”".R Ru decomposition
Hlees—Ru\ » r\u\ py [MePCy;3]CI + p——Ru—py —>> products
cl N cl 5 N
Ru-4 \ RU-9
Ru-8 Mes

This protonolysis event was also examined. A Kkinetic isotope effect okasrved in
decomposition of the »gtH>IMes derivative Glim* , confirming involvement of the mesityl
protons in liberation of [MePGJCl 5.4 The Ru product contains a cyclometallated NHC of type
Ru-9. Many reports have described tBerendipitous crystallization of cyclometallated Ru
products during decomposition of seceyeheration metathesis cataly$t8’®® The Lummiss
McClennan studies were the first to indicate that cyclometallatimeisly opportunistic. That is,
nucleophilic attack on the methylidene carbothes primary deactivatioevent.cyclometallation

of the NHC merelyrovidesa subsequent convenient proton.

It should be noted that the bimolecular nature of #@gdiated deomposition means that this
pathway will decrease in relevance as catalyst loadings are reduced. Mor@ove
macrocyclization (which is necessarily carried out at high dilutions: e.g. 5 mM diene), the
concentration of free PGys greatly reduced, and teignificance of this pathway diminish&s?
Importantly, however, it igreatly acceleratedy the presence of external donor spetieEhe

role of such contaminants in promotingstpathway is discussed in the next section.
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1.2.4 Induced Decomposition of Ru Catalysts

Catalyst decomposition can be induced by contaminants, functional groups, additives, or even
solvent, all of which may react with the precatalyst or the metathe$i® Ru intermediates. Loss

of either the alkylidene ligand or the metallacyclobutane ring terminates metathesis activity. This
section examines the contributions to decomposition of $ éanors, nucleophiles, and Bronsted
bases. Not considered are reawsiavith directlyfunctionalized olefins (for example vinyl ether

6, which generate unreactive Fischer carbenes: Scheme®1.1IbBg metathesis of directly
functionalized olefins remains a frontier area, and is discussed in detail in a recent’teview.

Scheme 1.10Reaction oHIl with ethyl vinyl ethei6 to form the Fischer carberfu-10.

(Qfe |f

Hll Ru-10
Fischer carbene
complex

H2IMe

———>, Decomposition

[ OiPr

Several functional groups remain problematicRo metathesis catalysts. Groups that bind to Ru,
such as alcohol€,amines (discussed later), thiGlsnd other¥’ may retard metathesis. Protic
functionalities are generally thought to be tolerated by the Ru catalysts, but several reports indicate
otherwise, particularly where base is also present that can generate alkoxide épe@es.
Reaction of the fst and secondjeneration Grubbs catalyst with methanol or methoxidergerse
hydrido-carbonyl Ru complexes (Scheme 1.11). Nicholas Beach of this research group
demonstrated that decomposition by methanol alone is “4iGlus, G| Iwas convertedo
RuHCI(CO)(IMes)(PCy) only after heating at 66C for 4 h in CHCIl>-MeOH. Gl was even
slower to reac(8 h). In both cases, the alkylidene was liberated as the corresponding’alkane.
Computational studies are consistent with this general pi€tukethanolysis is greatly
accelerated by added base, owing to facile formation la@timination of Rualkoxide
species?’4"® Additional decomposition pathways enabled by Bronsted baseuwigficohol, are
considered later.

Scheme 1.11Methanolysis of theirst- and secondieneration Grubbs catalysts to generate
hydridocarbonyl complexeéRu-11 andRu-12.

CH3
Cl//,' | OC’/, l?
L—Ru—PCy; L—Ru—PCy; +
¢ 4:1 CH,Cl,-MeOH, e
NEts, 60 °C
Gl: L = PCy3 Ru-11: L = PCy3 (58%)
GII'; L = IMes Ru-12: L = IMes (83%)
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Most broadly deleterious to the RBtabilized Grubbs catalysts are Lewis donors, waadelerate
methylidene abstraction by phosphfd&Villiam McClennan of this research group demonstrated

the relevance of this pathway with a wide range of phosgtatalized atalysts (including PGy
andPPh derivatives) and shveed that it is promoted even by weak oxygen donors. Thus, as shown

in Scheme 1.12a, up to 50% decomposition of the methylidene co@flaxis induced by 100

equiv THF after only 2 h at 5IC. Abstractbn of the methylidene ligand as the [MeR[CY 5 salt

was established. Moreover, this pathway was shown to be associative in donor, meaning that it
will accelerate as the donor concentration increases. This accounts for the poor performance of

(R)ICM reactons usingGll i n  THF and @ gr ete bkewise problematicaid thes ol v e

metathesis of terminal olefins in water, a subject considered in more detail in Chapter 4.

Scheme 1.1%a) Donoraccelerated decomposition of the seecgederation Grubbs metldene
complexGlim . (b) Robustness of the etldene ligand to this decomposition manifold.

(0]
(a) \ / ®
:PC
THF "k PCYs o
Cl,, - cl, , activation
PCys 1) . lo of NHC N
HolMes—Ru—PCy; === H,lMes—Ru—0__] —= H,IMes—Ru—O0O - [ )—Ru
Cl (|) Cl | \CI N Ru-g\CI
Gllm Ru'4THF Ru'gTHF (0) \
{ ] q ] Mes
(b) + [MePCy;]CI 5 (30%)
Cl. | (1 atm) Cl., | Cl,, H/ Ru decompostion
HzIMes—Ru—PCyj; HolMes—Ru—PCy; === H,IMes—Ru—py —> products
. Cl 50 °C Ru13 Cl by C! + [MePCys;]CI 5 (56%)

not [EtPCy5]CI
+ 10 pyridine Ru-14

Of note, steric bulk at the alkylidene moiety can protect against nucleophilic attack HyrR€y
ethylidene analogue @lim (Scheme 1.11b above)as shown by McClennan to dergo zero
decomposition (hence zero release of [E®Cg1 ) after 1 h at 50 AC i
Under the same conditions, liberatiorbdfom Glim was complete within minutes at RT This
experiment offered the firglear insight into the superior metathesis performance attainable with
Gll wh e rolefid substratesrae r e p | -meathgl dlefibsiP® Importantly, however, this is

an incomplete solution to the problem of catalyst decomposition if isomerization can occur (as is
the case with -butene), as the methylidene complex forms over tftne.

While PCy is a patrticularly sbng nucleophileprimary aliphatic amines can likewise attack.
Specifically, Justin Lummiss of this research group demonstratechimatyl amine rapidly
abstracts not only the methylidene, but even the benzylidene functionalityGroeind Glim
respetively.*%81 By utilizing 1*C-labelledGlim* , Lummiss was abl® demonstrate that NFBu

can compete with PGyfor attack (Scheme 1.13a). NMR analysis indicated 30% liberation of
NH"Bu(**CHs) (formed via 1,2H transfer) and 70%JCHsPCys]Cl 5*.4°

12



Benjamin Ireland found similar behaviour wikil (Scheme 1.13% Both n-butylamine and
benzylamine quantitatively abstracted the benzylidene ligand Fnwithin minutes at room
temperaturgScheme 1.112).82 When tte bulk of the primary amine or substitution number is
increased, nucleophilic attack is shut down, and amine adducts are formed. Decomposition during
metathesis ensues with these adducts, but via attack on the MCB intermediate, agdliscus
below?8?

Scheme 1.18a) Abstractionof the methylidene ligand frofiC-labelledGlim* by n-butylamine.
(b) Abstractionof the benzylidene ligand froill by primary amines.

(a) /\ '/\: PCy3
'3CH, '3CH,
CI/,, || '/\
—PC

N Cl/,,

. 10 NH,"Bu 13 n ., 13 *
H,IMes—Ru T2 P PCHNHTBU 1 IMes—Ru—NH,"Bu ——=, | CH3PCys]CI5
o (30%) N, (70%)

Glim* Ru-15

(b) (iPr)O
RH,N : .
QiPr
D ™

] 10 NH,R ] NH,R

HolMes—RU—OPr —=——~  H,IMes——Ru—NH,R ——=

N
Cl (¢] + RUCI,(NHC)(NH,R
Hil R = "Bu, CH,Ph Ru-16 2(NHC)(NH2R),

Molecular oxygen in air can also be problem&®2 although (as discussed in Chapter 4) it is
less aggressive than waférin a mechaistic analysis, Stephanie Ton of this research group
reported evidence for release of benzaldehyde via [2+2] addition efr@ss the benzylidene
bond® A key additional pathwg at the 20 mMcatalyst concentratis compatible with NMR
analysis, was bimolecular decomposition following consumption of thgs Rgand as the
phosphine oxide

One of the most important decomposition pathways, however, is induced by Bronsted base
(Screme 1.14)Deprotonation of the MCB at thesite transforms the ring into a Rallyl species,
which undergoes loss pfopene following activation of a mesity+H& bond® (cf. the intrirsic b-
elimination pathway described in the preceding Sectids)shown by Bailey and computational
collaborators Fost¢a and Jensen, the relatively high acidity of the MIGBH; unit®® enables
deprotonation of the MCB by Bronsted bases ranging in strength from DBU down cBgEt
were shown to be démental toHIl even at room temperatufe After only 1 h, complete
decomposition was observed on exposure to 10 equiv styrene and 1 eqgiwikHE80%
formation of b-methylstyrene4 and 1,3-diphenylpropenée’. Density functional theory (DFT)
studes indicated that deprotonation of the MCB is therymadainically preferred to deprotonation
of the methylidene ligan®.
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Scheme 1.1d4-deprotonation pathway fatll by added base duringetathesis of styrene.

cl, 10 || | W NEt | (80%)
H,IMes —Ru—OjPr ——=» HalMes—Ru ' HzlMes—Ru—y) ~—= 4:R=H
Cl 7:R=
HiI cl R +HNE, O R R 7:R=Ph
Ru-5' + [HNEt]CI

+ Ru products

1.3 Scope of Thesis

Elucidaing the mechanism by which catalyst decomposition occurs is the first step in determining
how it can be prevented. Until recently, the majority of reports describing decomposition of Ru
metathesis catalysts focused almost solely on the identiBuoprodwts identified by Xray
analysis of crystals that serendipitously deposited from reactions, typically in unknown yields.
From these structures, hypotheses about decomposition pathways and solutions were widely
formulated, but rarely examined.

Chagper 2 ofthis thesis set out to examine the impact of a specific ligand redesign strategy.
ASI i mmingo of the NHC has been proposed based
HzIMes ligand in secondeneration catalyst®rior work from the Foggrgup soght to tackle

the question of whether NHC truncation is beneficial, or detrimental, by undertaking synthesis of

a methylidene analogue Gflim, in which the HiIMes ligand was truncated to anMe NHC.

While the answer to the initial question apmehclearcut and negative, the mechanistic details

were unresolved. Chapter 2 adds critical, unexpected details that expand on these insights, and
reveal new possibilities in tandem catalysis.

Examined in the next two Chapters is the impact of two spemiintanmants on Rtcatalyzed

olefin metathesis. Recent decomposition studies are distinguished by the mechanistic value placed
on identification and quantitation of the organic products expelled from the catalyst. Such data
were invaluable in elucidatinthe mapr pathways outlined above. This approach is adopted to
determine the impact of hydroxide ion (Chapter 3) and water (Chapter 4). Both of these questions
are relevant in multiple applications contexts. Arguably most exciting of these is chenlmgy bio

but the literature clearly shows that metathesis in biologically relevant media has far to go in terms
of catalyst performance. The negative impact of hydroxide anion is examined in Chapter 3, and a
mechanism of deactivation is proposed. The morem¢mustion of the impact of D on
catalyst productivity is examined in Chapter 4. Finally, Chapter 5 highlights and reviews key
findings, and suggests avenues for future work.
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Chapter 2. Catalyst Decompaition via a Truncated N-Heterocyclic Carbene

2.1 Context, Objetives, and Overview of Content

The 1999 discovery of the greatyhancednetathesis activity of ruthenium catalysts bearing an
N-heterocyclic carbene (NHC) led to a st@mnge in the synthetic relevance of olefin
metathesi$*As a r esul tg,e nsewcah ifosnedc ccrodnp | exes wer e Wwi
and are now beginning to be used in industrial proc@d3espite this popularity, catalysts such
asGll (NHC = HlMes) deliver low turover numbers in challenging transformations such as,
e.g., acrylate crosmetathesis (CM)and macrocyclic ringlosing metathesis (MRCM§¥ Efforts

to improve performance generally focus on developing more active, more robust, metathesis
catalysts. The RINHC scaffold offers a weléstablished catalygtiatform, and the relative ease

with which NHC stereoelectronic properties can be tuned has led to the synthesis of hundreds of
different NHC ligand$. However, attempts taesign more efficien more robust metathesis
catalysts by modifying the NHC ligands have met with varying degrees of success. The challenge
lies in the difficulty of redesign in the absenceationaldesign criteria. Limited understanding

of the pathwgs by which the secod-generation Ru catalysts decompose means that
decomposition continues to plague their performance.

One phenomenon widely accepted as problematic for sepemefation metathesis catalysts is
NHC cyclometallatior?° Activation of GH bonds to form chelate complexes is seen for N
mesityl and otheN-aryl NHCs11213 as well as their Nsopropyt counterparts. Cyclometallated
NHCs are a common structural feature in ruthenium decomposition products formed by the
secondgeneration catalysts. A suggested means of preventing such psatisvilncation of the
N-substituent$,with the idea that cyclometallation should be precluded by reduced steric bulk.

The validity of this concept was originally investigated by Stephanié Bf the Fogg research
group, who sought to erane the impact of replacing a P{Iiand of the firstgeneration Grubbs
catalystGl with a truncated NHC. Given difficulties in the synthesis of the benzylidene cofiplex,
she pursued this ligdrexchange reaction with methylidene compl8im, the restinestate
species formed bgl. The chosen NHC was 1,3,4&ramethylimidazeR-ylidene (IMa), which

bears Nmethyl groups in place of tié-mesityl substituents present inIMes, as well as megth

groups on the backbone of the heterocyclic ring. Following the discovery that subfglctintg

excess IMe caused immediate loss of the methylidene functionality, she proposed in her MSc
thesis hat the small NHC facilitates bimolecular coupling (deposition) of the methylidene
intermediates. In subsequent work that forms the subject of this Chapter, a very different
mechanistic pathway emerged. Described below is the mechanism by @imchs in fact
transformed by IMg a pathway that centers on thecessibility and nucleophilicity of this small
carbene. These findings point toward new potential opportunities enabled by truncated NHCs in
tandem catalysis.
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2.2 Published Contributions

Rapid Deomposition of Olefin Metathesis Catalysts by a Truncétdteterocyclic Carbene:
Efficient Catalyst Quenching and-MNeterocyclic Carbene VinylationS. A. Rufh® A. Y.
Goudreaultt M. Foscatd} V. R. Jensen, an®. E. Fogg* ACS Catal. 2018 11822 11826.
(Communlcatlon)AEquaI ContributionsCopyright 2018 Amecan Chemical Society. Reprinted
with permission

j[>”\/“ i

L RU PCy3
Cl
L= PCy3, H-sIMes

Abstract:The Grubbs methylidene RWPCys)2(=CHz) GIm is immediately decomposed by the

small NHC tetramethylimidaze?-ylidene (IMe), even ati8 0 A C. Labelling exp
RUuCkL(PCys)2(=*3CH,) reveal capture of the methylidene ligand as ethylimidazolium chloride
[13CHs3CHzi IMe4Cl, 8*. Density functimal calculations indicate that IMéirst abstracts
methylidene from fivecoordinateGIm (a pathway unavailable to bulkier NHCs), generating the
N-heterocyclic olefin (NHO) bC=IMes4. The latter attacks a seco@dim ; protonolysis of highly

basic [Ruj CH.CH:IMes then liberates8. Identical, slightly slower, reactivity is seen for
RuChk(Hz2IMes)(PCy)(=CHzy), Glim . The high efficiency of this process ogeaup opportunities

for tandem metathesis enabled by sterically accessible NHCs and NHOs.

Author Contributions The reaction oGIm and its labelled isotopom&Im* with IMes was first

conducted by SAR angasrepeated by AYG. SAR was responsible for theahobservation of
ethylimidazolium chloride8, which was characterized and rigorously quantified by AYGuyL
temperature experiments, and experiments @ltm were performed by AYG. All computational

work was carried out by MF and VRJ. The initial di@ffthe manuscriptvas written by SAR and

DEF. In light of new experimental and particularly computationatlence, uncovered in
responding to a refereebs comment, the manuscHt
revised version of the paperpsars below
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2.3 Introduction

Olefin metathesis offers exceptionally versatile methodologies forcaétalytic assembly of
carboncarbon bond$® At the expanding frontiers of pharmaceutical manufactdfitfgand
tandem catalysi€ catalyst transformation is a core issue. Critical in process chemistry is
maximum catalgt lifetime, with complete termination of catalytic activity once metathesis is
complete. In tandem catalysigopical current examples being metathetis/droxylatiort! and
metathesigransfer hydrogenatiéf?® i a complementary challenge is the efficient, controlled
transformation of the metathesistive species into the required oxidation or hydrogenation
catalyst. The presémvork, originaly aimed at exploring the common hypothesis that catalyst
decomposition can be inhibited by truncation of the NHC ligand present in leading catalysts (Chart
2.1a)>%*?% instead revealed an unprecedentedly efficient means of terminating metathisis, wi
implications for both catalyst quemiag and tandem catalysis.

Cha?2t(la) méepntdaed aail 3y sctitsisvaec@eds (b)) Ecwyempmetwnl | at
decompomiodiuacn .li geadi EBEHIG s e d.

@) Ph
o™ e

NHC—Ru—PCy; NHC—Ru—OPr NHC—Ru

Gl ¢ HINYG, Ru4 ci
(G", HIl, Ru-4: NHC = HQIMES) —(c) NHC Ligands —
(b) Mes-.N/\N.Mes
Mes
Ph | H,IMes
..— = N -
- N
I ,,..\cl.,l.,éu..n( Mes~\~ - Mes
>/Ru_ o N \—/
EN | 0 IMes
L N
Mes H
IMey4

Within the initial context otatalyst decomposition, we queried the relevarid¢HC bulk as a
causal factor. Notwithstanding early analyses emphasizing the potentially protective role of bulky
NHC? or anioni¢” ligands (buttressed by the observed susceptibility 4T ¢ derivatives to
accelerated decompositiofff> the widespread observation of cyclometallated NHCs in the
ruthenium products of decomposition (Charlb)*® has led to the presumption that NHC
truncation may improve catalyst lifetim&€:2> Countering this view is the finding that NHC
cyclometalation need not trigger catalyst deactivattband mechanistic evidence that in nlki

* More equivocakvidence is provided by the performance eff catalysts. These are reported to show imptove
performance in some conte3&¥ but which were shown to be less productive in otfers.
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scenarios, cyclometallation occstsbsequertb the key deactivating eveft®® We suspected that
smaller NHCsubstituents might in facicceleratecatalyst decomposition, by increasing the
accessibility of the Ru=CHR futionality to nucleophiles present on a substrate or in the reaction
medium (Scheme.1)3>3" Here we sought to assess whether ligand truncation accelerates
methylidene abstraction, by generating a methylidene intermediate in whichmaathil NHC

(see IMae; Chart2.1c) replaces the usuél-mesityl ligands. We eort thatattenuated NHC bulk
indeed results in rapid decomposition, but via an unanticipated pathway that precedes ligand
exchange.

Scheme2.1 Abstraction of the [Ru]=CHRgand

ClL, || CL, ||
NHC—Ru—PCy; —==. NHC—Ru + PCy;
N N
Glim CI Ru-4 CI
NHC = IMes, HyIMes [MePCys;]Cl + Ru products

(Gllm, Ru-4: NHC = H,IMes)

2.4 Results and Discussion

Known RU IMe, complexed®*®42 i nc| ude-NHiQWwi xeddenyl i dene and
catalyst<'® However, access to RufIMes)(PCys)(=CHPh)Ru-17 (the IMe&: analogue ofsll) is

hampered by facile formation of an unreactive difiethe netathesis inactivity of which
precludes access to the active species RiM4)(=CHz) Ru-18. As an alternative approach, we

sought to effect ligand exchange of the resstage Grubbs methylide@®@m with free IMe. This

reaction led to the unexpecteaarinstantaneous loss of both P@ynd methylidene ligands, as

outlined below.

Addition of 1 equiv IMato a pink solution o&6Im in CsDe resulted in an immediate colour change

to orange, and deposition of a grey precipitate. fFFhBIMR spectrum revealddss ofGIm (i.e.

a decrease in the intensity of the methylidene singlet at 19.41 ppm). Identical behavior was seen
at higher ratios of IMs, with full consumption of5Im on use of 4 equiv (Scheme2p Reaction

was then complete within minutes, everi& A C. No new methylidene s
even at the shortest reaction time that could be probed (5 min), the sole observableiddu spe
were the knowf? tetrakisNHC camplex RuCh(IMes)s (Ru-19), and traces of startinGim.
Importantly, Ru-19 was present in 50% vyield when reaction veasnplete, as indicated by
integration against an internal standard. The degraded resolution of the spectrum as compared to
the initial spetrum of GIm (Appendix A, FiguresAla, Alb) is consistent with formation of a
paramagnetic Ru coproduct. Free R@gsalso present, in ca. 85% yield &m, as judged from
quantitative®*P{*H} NMR analysis; the balance is presumably bound to Ru(lll) allgtabsent

was [MePCy]CI 5, ruling out nucleophilic abstraction of the methylidene ligand bysPge
dominant pattvay for decomposition oGllm (Scheme2.1).
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Scheme 2.Reaction ofGIm with IMea.

C| || ]T C|, |ME4
2 CysP—Ru—PCys + 8IMe; —> IMes—Ru—IMey
CeDs
Om T immediate |Me£‘\I
Ru-19 S
Lo
+ paramagnetic ___A® __
Ru product N N
+PC H
Y3 8

Further insight was afforded B NMR analysis of the precipitated byproducts in CH@hich
revealed an unexpected ethyl pattern (a quartet and triplet at 3.328mpfn, respectivelyy-

H = 7.5 Hz). Assignment to ethylimidazolium s8lvas supported by mass spectrometry, and
confirmed by independent synthesis &fQuantitation of8 in the decomposition reaction is
hampered by its low mass (just 8% @&m, assming 100% yield), and ovep of its'H NMR
signals with those due to P€yVe were able to establish a lower limit of 68%based on starting
GIm, by extracting8 into DO containing a known concentration of NSQCH)sSiMes as
integration standard. Repeng the reaction of Sche@.2 with GiIm* , in which the methylidene
carbon ist*C-labelled, indicated that the ethyl groupSfriginatesin the methylidene ligand of
GIm. 1¥3C{!H} NMR analysis of the precipitate revealed a pair of doublets for the ddaitdyied
ethyl carbons (Fjure2.1), arising from the rarely observéticoupling of adjacent®C nuclei.

n C|@
®

Ysp_RU_PC)’a > 05 H
Gim* Yl g
+2PCy;
+ Ru products

e tm ot adoma
15 1T4 1T3 1T2 111
Figure 2.113C{1H} NMR spectrum (CDCd, 151 MHz; ethyl region), showing the diagnostci
13C doublet splitting pattern fok* (fJcc = 33Hz).
Formation of doublylabeled8* suggests a mechanism involving bimolecular coupling of two Ru

methylidene complexe$2#* This possibility was explored by density functional theory (DFT)
calculations: seAppendix E Such copling requires prior formation of methylidene complexes

4 |M94 /‘Q\

5:_

‘LM-\-

" The correponding reaction of IMewith 1:1 GIm and GIm* afforded the labelled ethylimidazolium salts
(¥*CH2CHs, CH'®CHs, and®*CH,'3CHs) in equal proportions, asdged by NMR analysis. (The unlabeled salt was
also formed, but is masked by the labelled isotopomers
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with lower coordination numbers and less steric bulk t@&m. Initial dissociation ofPCys,
however, is incompatible with the known, very low lability of the Pf@yand inGIm," and the
nearinstananeous reaction observedi&t0 A C. D F T coaofiam achigh bartier forrbath
dissociative and associative exchamngehe PCy/IMes ligands (21.6 and22.9 kcal/mol from
GIm, respectively, at8 0 .A€lther is consistent with the observed rapidity of reaction at this
temperature.

Instead, the calculations indicate a low barrier (16.4 kcal/mi@ & A @ucledphilicattack of
IMes on the methylidene ligand to form intermedidd3 (Scheme2.3a) We had originally
dismissed this possibility on the basis of the presence of solely ethylimidazoliugisétie
products: that is, the absence of the corresponding [Mg\Vesalt. Overboked in this
consideration, however, is the dative nature of [Be]i CH2IMes linkage (see below), which
favours elimination othe N-heterocyclic olefin (NHO) HC=IMe4 over protonolysis and loss of
[MelMe4]ClI. (It should be noted th&li13 may undergo PCyiMes exchange prior to eliminating
NHO and forming tetraki$Mes productRu-19).

Scheme 2.Decomposition viaucleophilicattack onfive-coordinatemethylidenecomplexes. (a)
By NHC. (b) By NHO?

@) Jy

N
H*-.)— 41Me; 2PCys

cl, || IMes  Cl_{ _
Cng—Ru:PCy;; -~ CysP— Ru—PCy3 ——— RuCly(IMey),
Cl K\ M29 = Ru-19
M1 = GIm M13 [-78.4]
[0.0] [-14.8] A
N r=
(= ( 1 Nl
®N
Cl, ” | Cl, (\r
CysP— R";F’Ch - CYsF’ "Ru—PCy; ——. Cy;P—Ru—IMeg
Cl @\CI TN @\C|
MF.'(-s(il]m M69 IMes  PCyj M71
: [-75.2) [-86.5]

%Free energies (kcal/mol at RT) relativeMd =Glm.Lab el s st M0t d a § i-aptamizé&lRtdrmediates
and transitiorstates (see Appendix E).

NHOs such as ¥C=IMe4 are potent nucleophiles, and indeed much current interest centers on
their deployment in catalysis and polymer chemi$t®y.In the present work, the computational

" Sanford and Grubbs describ&tm as an extremely poor initiator at ambient temperdfuPdosphine dissociation

was identified as the slostep in its reamns, with a rate constant for initiation at 40 °C in toluei8eof 8.5x1¢ s
1
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evidence supports nucleophilic attack afd#IMes on the methylidene ligand of a seco@tm
molecule (Schem&.3b), generating theRu]i CH.CHz2IMes complexM69. The latter is a true
alkyl ligand, which is highly basic relative to the ylidic 8Me4 ligand inM13. Accordingly, it
readily undergoes protonis to liberate8. As with the NHO elimination step/69 is likely to
undergo PCyIMes exchange before protonolysis. Protonolysis necessitatésa@ivation of a
PCys or IMe4 ligand, with a higher barrier than ligand exchange.

Given the multitude of Mv-energy species, and the ambiguity of the additional Rdugt¢s), the
protonolysis step \as not examined in detail. Howevehetquantitative® NMR data point
towarddeprotonation of a PGyigand as one significant contributor, with concomitant fdroma
of a paramagnetic Rphosphine product. Hydrogen loss from a cyclohexyl ohdRu-PCyR
complexes (with, in some cases, formation of Ru(lll) products) is well precedéried.
Notwithstanding the ambiguity in the nature of the pararegiRu species, the identity and yield
of 8 confirm that NHC and NHO attack on the methylidene ligan&Gloh represent the major
vector for decomposition.

To test the generality of NHC/NH@ediatel methylidene abstraction, the corresponding reaction
of GIIm with 4 equiv IMe was carried out. Identical behaviour was observed, albeit at a slightly
slower rate (e.g., 40% consumptionG@itm after 5 min at RT). Of note, the Ru product observed
by *H NMR analysis was not RugH-IMes)(IMes)n, as initially expeted: rather, the IMgigand
displaced the larger NHC, again affording the tetréiies complexRu-19.

NHC truncation thus indeed greatly accelerates catalyst decomposition, but not via they pathw
we had originally set out to examine. B@im andGlim are shown to be highly unstable with
respect to loss of methylidene on treatment with a small NHC. Exceptionally rapid abstraction of
the methylidene ligand essential to propagate metathesis ednhy the small, highly
nucleophilic NHC and NHQigands

The remarkable facility with which IMettacks the methylidene ligand is in striking contrast with
the behavior of the classic, larger NHCs. The DFT calculations show that, whereastédie m
methylidene to fornM13 is downhill by nearly 15 kcal/mpthe corresponding attack bylMes
introduces considerable geometric strain that costs almost 9 kcalesAfpendix B. This
difference explains why the secegdneration Grubbs methylidenengplex Glim and its IMes
analogue are accessible in ngamtitative yields via ligand exchange &im with the free
carbene at elevated temperatui?®¥ These large NHCs function as Lewis bases for two reasons:
because the bulk of ti-substituents flanking the daene carbon suppresses their nucleophilicity,
and because a coordination site is available at the metal. GithéMes system, the combination
of NHC truncation and blocked coordination (a function of the low bond labiitthese
methylidene complexe8y’ switches the rction mode, enabling the NHC to function selectively
as a nucleophile.
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2.5 Conclusions

In transitionrmetal catalysis, the nucleophilicity of free NHCs is commonly masked by their strong
Lewis basicity. In consequence, NHCs have been regarded almossiexgiuas ligands.
Emerging attention highlightshe capacity of these electroich ligands to participate as
nucleophiles that promote NHC coupling pathw2f$.The foregoing illustrates the heightened
impact of unquenched carbene nucleophilicity when combined witimal NHC bulk,
showcased by the unprecedented attack of a small, accessible NHEmathlylidene ligand of
sterically protectedfive-coordinate complexes. Elimination of anrhdterocyclic olefin as the
organic product of this reaction generatesrthar potent nucleophile, of a class that has recently
attained fresh prominence for ifsotential in organocatalysis, in particut&f® The facile
olefination of an NHC by a restirgtate metathesis catalyst is hence relevant not only to catalyst
degadation, but to enaiplg alternative catalytic pathways.

Most obvious in the context of degradation are cases where small NHCs are released during
metathesis, as in Herrmawtass bisSNHC metathesis catalyst4369¢1 Of perhaps keenest
interest, however, are new opportugsti arising fromthe potential of NHOs as selective
methylideneabstracting agents. Such reagents could offer new possibilities in tandem catalysis,
via (e.g.) an NH@riggered "flip" from metathesis to organor transitioametal catalysis, the

latter enaked by the intact Ru@HzIMes) core. The potent Lasvbasicity and nucleophilicity of

small NHCs, in contrast, offer complete, efficient quenching otbBsed reactivity, by
transforming the metathesis catalysis into a highly stable, coordinativelytedtéta complex.
Studies aimed at exploring these ngpportunities are now in progress in our laboratories.

2.6 Experimental Details

2.6.1 General Procedures

Reactions were carried out in aa-flled glovebox at room temperature (RT, 22 °C). HPLC-
grade solvents were purified using a Glass Contouerbjurification system, then stored under
N2 in the glovebox over & molecular sieves for at least 24 h prior to use. NMR solvents were
freeze/pump/thaw degassed (5x) and likewise stored oeeessi except for iD. Pyrene,
anthracene, and-tBimethylsilyl-1-propanesulfonic acid sodium salt (all 98% or 99%, Sigma
Aldrich), and TMSCI (Alfa Aeser, 98%) were used as received. Methylidene co@piex® its
13C-labelled analogu&lm* > and IM&®? were prepared by literature methods.

NMR spectra were recorded on Avance 11 300 or 600 NMR spectrometers 2t°Z3 Chemical

shifts are given in ppmand referenced to the residual proton or carbon sigrfahe solvent!,
13C), or (*'P) to 85% HPQy, the latter via use of a capillary containing 72 mM RRICsDs (i

" Trace water may improve the performance of such catalysts, by preferential reaction with the free NHC. For evidence
that catalysts of typEll andGll are degraded by wateseerefs 29 and61, and Chapter 4.
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5.06 ppm relative to 85%4RCy at 0 ppm) Anaerobic MALDFTOF mass spectra were lsated

on a Bruker UltrafleXtrem®ALDI -TOF/TOF mass spectrometer interfaced to a glovebox, using
the reported instrumental paramet&rSamples were prepared by the drizdplet protocol, from
solutions contaimg the chargéransfer matrix pynee in benzeng

2.6.2 Reaction of GIm with IMey

(a) A solution of pinkGIm (6.6 mg, 0.0088 mmol) and dimethyl terephthalat™{Dca. 1 mg;
internal standaidn 1 mL GDs was analyzed to establish the initiel NMR integration ratio of
GIm vs DMT. Addition of IMes (4.5 mg, 0.036 mmol, 4 equiv) caused an immediate colour
change from pink to bright orange, and deposition of aipitate. NMR analysis of the
supernatant at 10 min revealed solely free fylRu-19. No further change was apparent after
1 h (Figs.A1, A2 see Appendix A The chemical shifts foRu-19 agree with reportéd values.
31p{IH} NMR (121 MHz, GDe): d 10.5 (free PCy). *H NMR (300 MHz, CsDs): d 8.00 (br s,
DMT), 4.00 (br s, 1H, unassigned), 3.71 (s, 12HHGf Ru-19 50% based on startin@lm),
3.43 (br s, DMT)3.26 (br s,1H, unassigned), 2.62.07 (m, Cy of PCy+ Ru-19), 1.79 (s, CEi3

of Ru-19; overlaps with PCysignals) MALDI -TOF MS (pyrene matrixn/z598.388 ([M 2 CIJ;
calcd 598.300)The signal for GaHasCloNsRuU; [RUCh(IMes)4] ([M]* ¥ 668.24) is nobbserved.
For spectrum and assignment of other signals due to fragmenigsg séé.

This reaction was repeated on 56 mg scale to isolate the precipitate. The latter was filtered off and
washed (benzene, hexanes) to remove free, RDydried under vaaum prior to'H NMR and

MALDI -TOF analysis (FigsA4, C2, respectively). Yield 23 mg (88% based on complete
conversion tdB and an Ru species of the folRu-19 8; minor amounts oRu-19 may also be
present). The identity of [EElMe4]Cl 8 wasconfirmed on tk basis of its independent synthesis:

see below. MALDITOF MS (pyrene matrix)n/z153.113 (calcd for [e@H17N2] ", [M]": 153.139).

Other signals are indistinguishable from those durRu:d 9.

(b) Quantification of 2-Ethyl-1,3,4,5Tetramethylimidazolution Chlorde, 8

A suspension o&Im (17.1 mg, 0.0228 mmol) and IM€11.5mg, 0.0926 mmol, 4 equiv) in 3
mL CsHe was stirred for 90 min to ensure complete reaction. As quantitation ins@@mpered
by signal overlap, a solution of 0.800 mk@containing NaG5(CH)3SiMes (internal standard,
l.S.; 3.00 mg, 0.0137 mmol, 1.2 equs 100% theoretical yield d8) was added to the reaction
flask, and the biphasic solution was stirred vigorously for 1 h to eX@rageld of 8: 65%8 vs
|.S. For spectrum, sefppendix A, Figure A4

[Eti IMe4]CI 8: *H NMR (300 MHz, DO): d 3.69 (s, 6H, NEls), 2.96 (q, 3Jun = 7.71 Hz, 2H,
CH2CHs), 2.20 (s, 6H, CEl), 1.20 (t,3Jun = 7.68 Hz, 2H, CHCHas). Note small variations can
arise from the concentratiatependence of these chemical shifts; see below.

NaO;S(CH)sSiMes, 1.S.: 'H NMR (300 MHz, D20): d: 2.89 (m, 3H, S€), 1.73 (m, 2H,
CH>CH2CHy), 0.62 (m, 2H, Si€l>2CHy), 1 0.01 (s, 9H, Si(E3)3; used for integration).
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Additional, unassigned peak$i NMR (300MHz, D20): d 4.20-3.86 (br m), 2.42.00 (br m).

2.6.3 Decomposition of°C-Labelled GIm*: Identification of Doubly -Labelled 8*

In the glovebox, pinksIm* (10.1 mg, 0.0135 mmol) was dissolved igD&(1 mL) in a J. Young

NMR tube. Addition of IMe (6.9 mg, 0.056 mmol, 4.1 equiv) caused a colour change to orange.
The reaction miture wasallowed to stir at room temperature for 30 min to ensure complete
consumption ofGIm*. The solvent was removed under vacuum, and the solid residue was
redissolved in CDGI(1 mL). ¥*C{*H} NMR (151 MHz, CDC}); d 127.9 (GHs), 31.6 (d,}Jcc =
15.5Hz, PCy), 31.2 (dXcc = 12.1 Hz, PCy), 27.7 (dXJcc = 9.3 Hz, PCy), 26.6 (s, PCy), 18.6

(d, e = 32.8 Hz,CH2CHg, 8*), 11.5 (d,XJcc = 32.8 Hz, CHCHs, 8%). For additional unassigned
signalsseeAppendix A,FigureA5. No signals for thé*C-labelled methylimidazoliufif anabgue

of 8* were evident.

2.6.4Decomposition of GIm*:GIm (1:1) by IMe4: Identification of Labelled 8 salts

In the glovebox, solutions @&Im (11 mg, 0.014 mmol) an@Iim* (10.9 mg, 0.014 mmol) in 1

mL CsDs were prepared in two separate vials. Hakach slution was added to a J. Young NMR
tube (total 0.0135 mmol Ru). IM€6.8 mg, 0.055 mmol, 4.1 equiv) was added. The reaction
mixture was allowed to stir for 30 min at RT, after which the solvent was removed under vacuum
for NMR analysis *C{*H} NMR (75 MHz, CDCk); d 127.9 (GHe), 31.6 (d,%Jcc = 15.5 Hz,

PCy), 31.2 (dcc = 12.1 Hz, PCy), 27.7 (d}Jcc = 9.3 Hz, PCy), 26.6 (s, PCy), 18.6 (d,}Jcc

= 32.8 Hz,®CH'CHs), 18.6 (s,"*CH.'*CHs), 11.5 (d,"Jcc = 32.8 Hz,*CH.CH3), 11.5 (s,
12CH,'CH3). For additbnal unassigned signals, s&gpendix A,FigureA6.

2.6.5Reaction of Glim with IMe 4

In the glovebox, orang&Ilim (7.4 mg, 0.0095 mmol) and anthracene (ca. 2.8 mg; internal
standard, 1.S.) were dissolved in 0.8 méDe A *H NMR spectrum was recorded tdaslish the

initial ratio of Gllm to I.S. (see Appendix A, FigurA7a). Solid IMe&s (4.7 mg, 0.038 mmol, 4
equiv)was added, causing an immediate colour change from orange to dark brown and deposition
of a precipitateAnothertH NMR spectrum was collecteafter 5 min (FiguréA7b). The reaction
mixture was stirred for 24 h at Rand reanalyzed (FigureA7c, A8). Theprecipitate was filtered

off and washed with cold hexanes (2 x 2 mL). The combined filtrate was stripped of solvent and
the precipitate wadissolvedn CDCk for *H NMR analysis (Figuré\9).

(a) Filtrate. *H NMR (300 MHz, GDg): d3.71 (s, N®3), 1.79 (s CCH3), 2.501.00 (m, free
PCys). 3%P{1H} NMR (121 MHz, G:D¢): 10.5 (s, free PGy

(b) Precipitate *H NMR (300 MHz, CECls): 3.82 (s, 6H, NEl3), 3.37 (q3Jun = 7.8 Hz, 2H, Elo),
2.26 (s, 6H, CEl3), 1.29 (t,%Jun = 7.7 Hz, 3H, CHCHa).
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2.6.6 Independent Synthesis dEtiMe 4]CI

A pale orange solution of IMg50.0 mg, 0.402 mmol) in 1 mL THF was added to ethereal 1
chloroethane (4.0 mL of a 2.0 M solution i@t 8.0 mmol, 20 equiv). The mixture was stirred
for 18 h, after which tb off-white precipitate was filtered off and dried under vacuum. Yield: 52
mg, 70%. Chemical shifts differ slightly from repoitedalues for the iodide salt, probably owing
to differences in concentratio'H NMR (300 MHz, CDCJ): d 3.82 (s, 6H, N&l3), 3.37 (9,3Jun
=7.8 Hz, 2H, €l»), 2.26 (s, 6H, CB3), 1.29 (t3Jun = 7.7 Hz, 3H, CHCH3). 13C{*H} NMR (151
MHz, CDCBh): d 146.9 (NCN; correlates with €2CHsz and NGHz by HMBC), 125.9 CCHzs), 32.6
(NCH3s), 18.1 CH2CHg), 11.4 (CHCHs3), 9.1 (QCH3). SeeAppendix A, Figure AQ.

2.6.7Low-Temperature Decomposition of GIm by IMe

In the glovebox, pinksIm (5.8 mg, 0.0077 mmol) was dissolved in 0.7 miDg; and the solution

was transferred to a scressp NMR tube with a PTREned septum seal. Separately, IMé.0

mg, 0.031 mmol, 4 equiv) was dissolved in 2Q0C7Dg, and withdravn into a 250nL gastight
syringe which was then plugged with a rubber septum to exclude air. The NMR tube was inserted
into a prechilled NMR probei(80°C) and allowed to equilibrate for 10 min, after which the initial

H NMR spectrum was recorded. Téenple was then ejected, and the Wgelution was dribbled

down the cold internal surface of the NMR tubd &7 °C (acetondry ice) over ca. 1 min to
enable cooling. The pierced PTFE septum was then quickly covered with Parafilm; the NMR tube
was inveréd to mix (causing a colour change from oramgd to light orange/yellow), and
immediately reinserted into the NMR probe. NMR (300 MHz, GDs, 180 °C); d 3.77 (s, 24H,
NCHzof Ru-19), 1.71 (s, 24H, CBzof Ru-19, overlaps with PGy}, 2.07 1.00 (m, Cy ofPCy; +

Ru-19). 3P{*H} NMR (121 MHz, GDs, i 80 °C); d 10.5(free PCy). For spectra, e Appendix

A, Figure Al1l.

Repeating the procedure above in Fa#B{6.0 mgGlm, 0.008 mmol; 4.0 mg IMg 0.032 mmol,
4 equiv) gave similar resultd4d NMR (300 MHz, THFd8,i80°C); d 3.24 (s, 24H, NG of Ru-
2), 2.10 (s, 24H, CBsof Ru-19, overlaps with PCy, 2.281.03 (m, Cy of PCy+ Ru-19).
31p{IH} NMR (121 MHz, GDs, 180 °C); d 9.9 (free PCy). For spectra, se Appendix A, Figure
Al2.

2.6.8Quantification of free PCys from Decomposition of GIm by IMes

Note: All glassware used in this experiment was silanized by soaking overnight in neat TMSCI,
then rinsed with qoious CHCI., and allowed to dry in the glovebox prior to uSelid Gim (11

mg, 0.015 mmol was dissolved in 0.7 mkDg and transferred to a J. Young NMR tube. A flame
sealed capillary containing pis(diphenylphosphino)butane (dppb) was added to the NM&

A quantitative **P{*H} NMR spectrum (delay time 60 s) was recorded to establish the starting
ratio of GIm to dppb. The tube was returned to the glovebox, and (K& mg, 0.06 mmol, 4
equiv) was added in an additional 0.5 mDe. The reaction wasitermittenty shaken gently
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over the next 30 min, taking care not to damage the capillary inside. A quan@tafird} NMR
spectrum was recorded to quantify the proportion of freesR€ipg an inversgated 3 p ul s e
sequence: in this case a 20 s rateon delaywas used (>3X1 for free PCy). Yield of free PCy:.

87% based on startiglm . For spectra,eeAppendix A, Figure A3.
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Chapter 3. Hydroxide-Induced Catalyst Deactivation in Olefin Metathesis
3.1 Published Contributions

Hydroxidelnduced Catalyst Deactivation in Olefin MetathegisY. GoudreaultD. M. Walden,
A. G. Bati, S. Steinmann, C. Michgland D. E. Fogg Manuscriptsubmittedto ACS Catalysis

ClL, | 2.1 N"Bu,OH | 0
HalMes—Ru—OiPr HgIMes—RuTDPr
Hil 10 min 0

H—" HI-OH

Abstract:Hydroxide ion is shown to be a poteahsruptor of Ri-catalyzed olefin metathesis), a

study of themportantsecondgeneration Hoveyda catalyidtl . Ring-closing metathesis (RCM)
reactivitywas found to terminate immediately upon addition dgt][OH], and was completely
suppressed if thieydroxide ion was present from the outset of reaction. Termination is due to the
formation of bis(hydroxide) complell -OH, whichwas synthesized for direct study by reacting
HIl with [N"Bus][OH] in THF-water. On exposure to ethyled] -OH initiates vey slowly (as
expected from the inductive effect of the oxygen ligands), and decomposes in the first cycle of
metathes. Importantly, the decomposed Rproduct(s) are shown to promote further
decomposition of the precatalyidtl -OH. A bimolecular couplingpathway enabled by the-H
bonding capacity of the hydroxide ligand is proposed, on the basis of experimental ahd densi
functional theory (DFT) studies.

Author ContributionsThis manuscript was conceived and written by AYG and DEF. The original
synthesisof HIl -OH was conductedoy AB. All other experiments were performed by AYG.
Computatioal analysis was undertaken BIW under the direction of S&d CM.
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3.2 Introduction

Rutheniumcatalyzed olefin metathesis offers exceptionally pdwemethodologies for the
assenbly of carborcarbon bond$ Emerging applications include pharmaceutical manufacttiring
and chemical biology.In both contexts, metathesis is typically carried out on densely
functionalized, polar substrates, in the qmece of vaeble amounts of water (ranging from
technicalgrade, partiallydried organic solvents, to orgaraqueous mixturesiinderstanding the
unintended, nometathetical reactions of the Ru=CHR bond under such conditions is hence of
both fundamentadnd practical importance. The present work was aimed at assessing the impact
of hydroxide on the productivity and fate of the mstgeneration Hoveyda catalydil , as an
exemplary, widely used metathesis catalyst.

Nucleophiles and Bronsted base disrajgfin metathesis via distinct pathways (Sche3uh.
Nitrogen, phosphiné“, and carbohnucleophilesare all known tattack thgRu]=CHR carbon in
Ru-4, while base can deprotonate metallacyclobutane (M&B%.52 The potential engagement
of hydroxide ion in either manifold was anticipated.

Unexpectedly, however, an alternative, hydroxaemoted decomposiin pathway was
identified. Here we describe transformationHif into bishydroxide complexHll -OH, and
bimolecular decomposition ¢fll -OH during metathesis.

Scheme3.1 Decomposition ofmetathesisactive species by arexemplary (a)Nucleophile; (b)

Base.
Nu™
\\ //\ Cl R Base
Y

cl,

H,IMes RHu H2|Mes—R|u"“‘\‘“\>
Ru-4 e & Rub
<a>i U l(b)

H,NR NR; R
HNR(CH,) + NRg*HCI + />

Ru products

" Abstraction of the alkylidene ligand Imucleophilic amineés® is shown in Scheme 3.1.

ANucleophilic phosphines can likése attack the [R]l=CHR carbon. A mechanistic study demonstrated this pathway
for a broad range of RRtabilized benzylidene and indenylidene metathesis catdlgstd, the [RU]JCHPCy
intermediate was isolated in the figgneration Grubbs systefii.oss of [MePCy|Cl was first reported by Hong and
Grubbs, although elimination of the corresponding ylid has also been ecther examples ointra- or
intermolecular attack on the benzylidene carbon have also heemed®!*

¥ Nucleophilic attak of a free carbene at a methylidene catbmndiscussed in Chapter 2.

ANucleophilic attack of hydroxide ion on Rigated groups is invoked in contexts ranging from the wgéer shift
reaction (WGSR) in aqueouagkaline media, to catalyst syresis and water oxidation cataly&t3®
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3.3 Results and Discussion

Our attention was initially drawn to the potential capacity of hydroxide ion to decompose Ru
metathesis catalysts by studiesaminingthe negative impact oddventitiousenolae ion on
metathesid®!’ Metathesis yields were significantly degraded by enolates, but were considerably
worse when water was added as a sacrificial proton séoiiguench the enolate aniomcbntrast,
addition of phenols restored tathesis activity’

Likewise suggestive was a survey of the impact of common contaminants on metathesis
productivity. These experiments employed the readislized diene diethyl diallyimalonate
(DDM, 9; Figure 3.1), with the rationale that additives capable of disrupting this exceptionally
facile ringclosing metathesis (RCM) reaction merit attention. As shown in Figdee TONs

were approximately halved by either water or morpholine (a basic contarpreaent in technical

grade toluene}®®but dropped a further 50% whbathwater and morpholine were preséexact

yields presented in Table 3.1, in Experimental Details Section 3.5)

EtO,C_ CO,Et

Et0,C_ CO,Et

ﬁ HIl, RT
7 N\

9
{a) 0.005 mot’ Hil, C;H,, 4 h.

10
() 0.1 mot% HEl, CeHg, 1h.

20,000 100
/ \ cortrol
HMN 0]
e =
5 1 o
:/, = l+[()lﬂ—(at5mil)
JRL G (] o o
M, i, .
ﬁeg ﬁ;\“ ox'* 0 Time {min)
g of ¥
Qr

Figure 3.1 Impact of additives on RCM. (a) Water, morpholitie or both. (b)) B u] [ OH]
e guwisv)Ru

The premise that hydroxide ion might be responsible was tested knockdown experiment
(Figure 3.1b), in which [N'Bus][OH], a soluble source of hydroxideyas added during RCM.
Metathesis activity immediately ceased (red line), even at catalyst loadings 20x higher than those
used in the original screen. To assesstivbr this drop reflects attack on the active spdried

(2

" The [N'Bus][OH] reagent was employed as a solution in degassed water, rather than as its alternative formulation
as a solution in methanol, to circumvent formation of methoxide derivatives that rapidly decompdse via
elimination2%2?
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or Ru-5, as opposed to the predgt HIl , a second experiment was carried out, in which
hydroxide was added prior to substrate. RCM activity was completely suppressed (blue line). We
infer that he ruthenium produdbrmed on reaction dflll with hydroxide ion is either completely
inactive, or that it decomposes in the first cycle of metathesis.

Synthesis of the presumed hydroxide complex was undertaken for closer analysis. Accordingly,
aqueous [RBuy][OH] was added to a solution &fll in THF (Scheme3.2). As use of 1 equiv
hydroxide reslted in only 50% consumption oHIl , a 2:1 stoichiometry was employed. An
immediate color change from green to red occurred, and NMR analysis revealed a naviosing|

the benzylidene proton at 14.04 ppm (cf. 16.72 ppnidfb). Even on 200 mg scale, theaction

was complete in <10 min, and the-bigdroxide producHIl -OH was isolated in ca. 85% yield.
Complete selectivity for salt metathesis was evident, itrashwith reactions of hydroxide with
Ru-CO complexes?*® but consistent with reactions of related Ruhtlenes with aryloxidé®2°

The chemical shifts and signal fiplicities for all but the Ru=ElAr protons inHIl -OH accord

closely with those oflll . Also resent is a singlet for the RbH protons at 1.1 ppm (assignment
confirmed byexchange with degassed.®).?® The distorted trigonal bipyramidal geometry

depicted in Schem8.2 (HOiRGIOH = 139. 6A) I sunchoaa thabry (ORT) den s i
analysis(seeAppendix E) In comparison, a GRu-Cl angle of 156.5 is reported fefll .22 This

geometric difference hasplications for reativity, which are considered below.

Scheme 3.5ynthesis oHIl -OH.

Cl., | 2.1 N"Bu,OH | e
HolMes Ru—OiPr HolMes—Ru IOiPr
ol THF, RT, |
HII 10 min 0
H—O HI-OH
(83%)

Consistent with the knockdowrehaviour of Figur&.1b, HIl -OH was unreactive toward DDM

9. Evenonuse of 10 mol#Ill-OHat 60 AC, essentially no RCM w
within 15 min at RT on use of 1 mol#4ll as catalyst). Slow initiation dflll -OH is expected

from the themductive withdrawal of electron density from the Ru center by the oxygen ligands

the departte from transanionic geometry of the compleray also be relevant, as -@gionic

structures havéong beenassociated witlslow initiation of Ru metathesis cagats?® Both of

these features, however, are present ht&acholate metathesis catalysts, which are nevertheless

" Tau parameter analysis revealdistorted trigonal bipyramidal geometry fu-1, as compared to distorted square
pyramidal forHIl (t = 0.61 or 0.39, respéetly; cf. values of O for a perfect square pyramid, and 1 for a perfect
trigonal bipyramid}’
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highly active in metathesi a t 226°@ deAdBvating effect is thus operative in both systems,
but forHII -OH, deactivation appears to be exacerbatedhpyd decomposition.

Of the two decomposition pathways discussed in the introduction, we exclude nucleophilic attack
by hydroxide on the benzylidene carbon (cf. Sch8rha). Such attack is expected to liberthie
aldehyde HC(O)Ar (Ar =0-CsHs-O'Pr) (Appendix A, Figure A1y, which is not detected even

after 24 h in solution. We therefore turned to examining whether the hydroxide ligand deprotonates
the metallacyclobutane (MCBu-5; cf. Schemeé.1b). In these eperiments, we treatedll -OH

with ethyleneand examined the disappearance of the benzylidene signdlll f&dH, as well as

the emergence of organic products: styrenyl ethetichreports on the extent to whi¢Hl -OH
participates in metathesiScheme3.3a), and propene8/4, the yield of whichreports on
decomposition of the MCRu-20 (Scheme3.3b).

Loss of the [Ru]=ElAr signal was quantitative by 24(kee Figure 3.5 of Experimental Details
for rate plots) Unexpectedly, however, uptakeldfl -OH into metathesis was only ca. 40% (as
judged fom the yield of1),%%*! and <10% propened/4 were detected, indicating limited MCB
deprotonation. Ts, puzzlingly, ca. 50%f the Ar tagis unaccounted for once disappearance of
HII -OH is complete We suspected that the key might lie in the -nogtathetical reactivity of
four-coordinateRu-21, as described below. (ThreeordinateRu-22, the ceproductof MCB
decomposition, may also contribute, but the low propene yield indicates that the praopidtien
species is small).

Scheme3.3Reaction oHIl -OH with C2Ha. (a) Viametathesis. (b) Via MCBlecompositiort.

OH
| ‘\\\O / ?/yAr
L—Ru I' QiPr L—Ru\) L= H2|Mesl
‘ H RT l
H/O HII-OH OH Ru-20
(a) metathesis — (b) MCB decomposition —
(40%) A (8%)
|| ~OH RS WOH
L_Ru“\ 4 L—Ru
| L / Ar + [ Ru22
o'Pr + Ru-21 \/\ HO u-
1 HO 3

2 The contribution of Path (a) is irddited by the yield of, that of Path (b) by the yield 8#+4
(4% each).

In a recent study ofastinitiating metathesis catalysté,we reported that rapid bimolecular
coupling of fourcoordinate intermediatBu-4 causes elimination of the methylidene ligands as
ethylene. FoHII -OH, slow initiation disfavours this pathway. However, it opens the door to
heterecoupling of Ru-21 with HIl -OH (Figure 3.28). The plausibility of this reacn was
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established by computational analysis: see below. Also revealed was an unanticipated resistance
to bimolecular elimination of styreng from the proposed dinuclear intermedialu-23, in

contrast with facile elimination of ethylene via homocouplofgRu-4. This is important in
indicating that alll observed originates in metathesis.

To probe experimentally whether lesoordinate Ru species can decompdde OH, we treated
the precatalyst with ethylene (FiguBe2b), degassed the solution once degosition was
complete, then added frestil -OH (see arrows). Loss d¢ill -OH in the asuing, ethylendree
reactionis faster than in the control reactiontdii -OH under No. As expected, it is slower than
the initial decomposition aflll -OH under ethylenelNeverthelessthis experiment implies that
HII -OH does indeed couple with leaoordinate Ru specidermed via catalyst decomposition
presumably via hydrogeilnondng of the hydroxide ligands.

In striking contrast, the corresponding experiment With causes negligible decomposition of
freshHIl (Figure 33). We infer that the Fbonding capacity of the hydroxide ligands is critical.
The exceptional facility with wish such ligands form hydroxyridged Ru species, and their
capacity to engage in extenddebonding, is well established3

a
@ Ar
Ko Z !W 1 || OH
H,IMes—Ru’ /'OiPr H,IMes—RuU
H
HO Ru-21
H—O HII-OH
l Ru-21
A HII-OH
HO,,,,\( O, // Ru-21, etc. po1y-Ry
HoIMes—Ru’. ‘Ru—H,IMes products
0™ o
Ru-23 H
(b) degas — —add fresh HI-OH
100 g—o—
e HII-OH
HI-OH HI-OH - (no C.H.)
+C5Hy (control:
& no CoH.) \
b
& styrenyl ether 1
/
0 . : : :
24 48

Figure 3.2 Acceleratingeffect of decomposedatalyst on thelecommsitiono H1-O H

Time (h)
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degas + fresh HIl

24 48
Tme (h)

Figure 3.3 NMR experimen demonstrating thatdecomposedHIl does not accelerate
decomposition opristineHIl catalyst.

An important aspect of thdll -OH ethenolysis experiment is the absence of new olefinic species

or (as noted aboyeany increase in the proportion &f The Ru decomposition products thus
consumeHIl -OH 1 presumably via hydroxidpromoted coupling without eliminating the
benzylidene andr methylidene ligands. Moreover, no new alkylidene signals are observed,
suggesng that the ultimate Ru products are paramagnetic (as indeed surmised from the decrease
in signatto-noise ratios over the 24 h timescale of decomposifppendix A Figure A20). To

test the validity of this picture, and to gain further insight, a agatpnal study was undertaken.

Computational Analysis. We commenced computational analysis by considering initiation with
ethylene as the olefit?. Most favorable is the dissociatipathway Appendix D;Scheme D10).
The basis for the low reactivity dflll -OH becomes evident at the stage of MCB formation.
22.5 kcal/molenergy barrier must be surmountedaccesshe MCBfor HIl -OH, as compared
with ca. 11 kcal/mol fronidll . Slow initiation ofHII -OH is thus unsurprising

Computational analysis of the decompositionHdf-OH focused on methylidene intermediate
Ru-21, the dominant product of the initial metathesis e&csheme 3.3a As discussed above,
very slow initiation oHIl -OH limits the concentration of this fowoordinate species, precluding
homonuclear coupling. Favouradtead is coupling dRu-21with the parenHIl -OH, generating
the hydroxebridgedRu-23. The latter compleis ca. 20 kcal/mol more stable faitl -OH than
HIl , a significantly greater thermgdamicdriving force forHII -OH, and effectively precluded
for HII .
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Figure 34 Formation ofhydroxcbridgeddinuclear intermediatRu-23.
3.4 Conclusons

The foregoing demonstrates that hydroxide ion is an unexpectedly potent disruptaradfigred

olefin metathesis. Termination is traced to the slow initiation and rapid decomposition of the
bis(hydroxide) compleidll -OH. A notable feature is the gacity of the decomposed Ru species

to sequester and decompose the precatlystOH, behaviour that @&es from the Fbonding
capacity of the hydroxide ligand.

These results highlight previously unrecognized challenges to metathesis in aqueous smtations
particularly in alkaline waterThey also point toward the potential involvement in catalyst
deconposition of lowcoordinate Ru species that may themselves attack at otherwise catalytically
competent Ribenzylidene ormethylidene sites.

3.5 Experimental Details
3.5.1 General Procedures

All reactions were carried out in ap-filled glovebox or usin@ Schlenk line at room temperature
(RT, 25+ 2 °C). HPLGgrade solvents (§Es, CrHs, and THF) were purified using a Glass Contour
solventpurification system, then stored underitlthe glovebox over A molecular sieves for at
least16 h prior to usePentane (HPLC grade) was distilled over MgS@en BOs, and stored as
above. GDs (Cambridge Isotopes) was freeze/pump/that degassedaed ss above. Diethyl
diallylmalonate (Aldrich, 98%) and dodecane (internal standard for GC analysis, Aldrich,
anhydous 99%) were degassed by 5 freeze/pump/thaw cycles prior to use. Tetrabutylammonium
hydroxide (NBusOH, 40% w/w in HO, Aldrich) was lilewise degassed prior to use. Potassium
tris(1-pyrazoloyl)borohydrate (KTp; TCI), was used as received to quench estathy the
reported metho@ Anthracene (Aldrich, 99%) and ethylene (BOC Gases; Linde group, 99.9%
purity) were used as received. The secgederation Hoveyda catalystll was prepared
according to a recent literature procedtire.
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NMR spectra were recorded on Bruker Avance 300 MHz, Avance Il 300 MHz, or Bruker Avance
[l 500 MHz spectrometers at 232 °C. Chemical shifts are given in ppm and referenced to the
residual preon or carbon signals of the solvetiti(1°C). Air-sensitive NMR experiments were
carried out using either screvapped NMR tubes equipped with PTFE septa (Rotoflo, Norrell #S
5-300-SC), or valved J. Young NMR tubes (Norrell -BS00-VT). Controlled mixng of solutions
within the NMR tubes was achieved by attaching the tubes to a rotary motor with electriéal tape.
Infrared (IR) analyses were performed with a Nicolet 670dRE§pectometer equipped with a
attenuated total reflectance (ATR) accessory in the-4000cm! range.

Metathesis experiments with diethyl diallyl malonate were analyzed by gas chroapip(GC)

using an Agilent 7890A gas chromatograph equipped with an ayitesara flame ionization
detector (FID), and an Agilent HP polysiloxane column (30 m length, 328n diameter).
Calibration curves of peak areas versus concentration were dstdliis the starting diene in the
relevant concentration regimes, with ca. 1.1 (w/w) sample versus dodecane as internal standard.
Yields were determined from the integratedlpareas vs. internal standard. The inlet temperature
was maintained at 25, with a split ratio of 10:1, and He (UHP grade) as the carrier gas. The
FID was heated to 27%.

3.5.2 Synthesis of HHOH from Hill

To a solution of greehlll (200 mg, 0.32 mnol) in ca. 15 mL THF ¢
was added NBusOH (40% w/w 435, 0.67 mmol, 2.10 equiv).
An immediate color change to dark orafrgd occurred. The | o
reaction mixture was stirred at RT for dn, after which the solvent Hlees—Ru“\\,' OiPr
was removed under reduced pressure. The orange powder|was [ H
suspended in cold pentane (5 mL), fi#enoff using a fine frit, H—C Hi-oH
resuspended in degassegOH?2 mL) and crushed with a spatula to
maximize extraction of the salts. The product was filtered off, and the process was repeated twice,
after which the bright orange product was washed with cold pe(@ax2 mL) and allowed to

dry. Yield of HII -OH: 155 mg, 83%'H NMR (300 MHz, GDs): d 14.04 (s, 1H, Ru=8), 7.14

(dd, 3Jun = 7.7 Hz.*Jun = 1.6 Hz, 1H, AH), 6.94 (td,3Jun = 7.7 Hz,*Jun = 1.6 Hz, 1H, AH),

6.93 (s, 4H, Mesn-CH) 6.83 (t,3Jun = 7.4 Hz, 1H, AH), 6.37 (d3Jun = 8.0 Hz, 1H AH), 4.37
(sept,3Jun = 6.3 Hz, 1H, EIMey), 3.42(s, 4H, NHC NGH,CHy), 2.52 (s, 12H, Mes-CHj3), 2.23

(s, 6H, Meg-CHs), 1.25 (d3Jun = 6.0 Hz, 6H, GlsCHCH3), 1.12 (s, 2H, RDH; exchanges with

D20). ¥C{*H} NMR (125.5 MHz, GDe): d 235.3 (Ru€H), 218.3 Cnrc), 151.5 (Mesi-C), 144.8

(ArH), 138.7 (Mes,0-C), 138.3 ArH), 137.8 (Mesp-C), 129.5 (Mesm-C), 123.6 ArH), 122.9

(ArH), 121.3 ArH), 112.4 ArH), 73.9 (CHCHCHa), 51.4 (NHC, NCH>), 21.2 (Mesp-CHa), 21.0
(CH3CHCHy>), 18.9 (Mesp-CHy). IR (cnth): 3604 (s), 2970 (S), 2916 (m), 1473 (s), 1{)41394

(s), 1383 (s), 1240 (w), 1203 (s), 1115 (s), 1036 (s), 939 (s), 916 (s), 856 (S), 768 (S), 739 (S), 569
(s). EStMS (MeOH;m/z591.17, [M+HTJ; calcd 591.21.
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3.5.3 Representative Procedure for RCM of Diethyl Diallylmalonate at RT

(a) RCM of DDM with HI I. A mixture of DDM @42ni, 1.0 mmol) and dodecane (28, 1.0
mmol, 1.0 equiv; internal standard for GC analysis) was dilutédSh mL GHs to give a final
concentration of 200 mM DDM. An aliquot was removed for-BO analysis to establish the
starting ratio of substrate to dodecadt. (19l of a stock solution of 10 migll in 6 mL CGHs;
0.050mmol, 0.005 mol%) was then addedliquots were removed periodically, quenched with
KTp in THF (10.0 mg/mL; 10 equiv vs starting Ru) and analyzed byF@&EC

(b) RCM of DDM with HIl with Added H 20. As above, with the following modification: 2@
(4.5n, 0.25 mmol, 0.25 mol%) was addedoprto adding the catalyst.

(c) RCM of DDM with HIl with Added Morpholine. As above, with the following modification:
morpholine was addedt8 ni. of a 12 mM stock solution).050 mmol, 0.005 mol%) prior to
addition of the catalyst. The 12 mM stock solution of morpholine was prepared by first diluting 10
nmL morpholine in 10 mL toluene. Then, a 10 aliquot was removed drdiluted 10x.

(d) RCM of DDM with HIl with H 20 and Morpholine. As above, with the following
modification: O and morpholine stock solution both added prior to adding the catalyst.

3.5.4 RCM of DDM with HIl and [N "Bus4]OH: Present from Outset

A mixture of DDM (48.4m, 0.20 mmol) and dodecane (4k, 0.20 mmol) was ituted in 1.85

mL CeHs. An aliquot was removed for GEID analysis to establish the starting ratio of substrate
to dodecane. [NBusJOH (40 wt% in BHO, 43ni., 0.92nmM, 0.40mmol) was then added, théfil
(18nL of a stock solution of 10.2 mg in 1.5 mlsks; 0.20nmM, 0.1 mol%). Aliquots were removed
periodically for GGFID analysis as above.

3.5.5 RCM of DDM with HIl and [N "Bu4]OH Additive : Added after 5 Min

As above, with the following modification: [[BusJOH was added from a stock solution 5 min
after addingHlII .
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Table 3.1Tabulated data for RCM experiments of Figure 3.1 (for entriés dee Figure 3.1a; for

entries 57, see Figure 3.1b).

Entry cat. (mol%) T°C  Additive (equiv vs Ru) Final Yield (%)
1 HIl (0.005) RT none 90
2 HIl (0.005) RT H20 (5,000) 41
3 HIl (0.005) RT Morpholine (1) 38
4 HIl (0.005) RT H20 (5,000) 22
morpholine (1)

5 HIl (0.1) RT none 100
6 HIl (0.1) RT [N"Bus]OH (2, added 5 min) 23
7 HIl (0.1) RT [N"Bus]OH (2, addedutse} 0

3.5.6 NMR-Scale Experiment for the Stability of HII-OH

In a 4 mL vial, orangélll -OH (15.3 mg, 0.0260 mmol) and anthracene (I.S., 2.8 mg, 0.015 mmol,
0.57 equiv) was dissolved in 1.3 mls@s (20 mM in Ru). The resulting solution was filtered
througha pipette filter stuffed with a Kimwipe to remove any undissolved anthracenel60&s
removed and transferred to-¥dung NMR tube. AAH NMR spectrum was recorded to establish

a starting ratidoetweerHll -OH and anthracene, and then the timer started. The red solution was
mixed in the NMR tube at RT, antH NMR spectra were recordgueriodically to track the
decomposition oHII -OH over time.

The corresponding study bfil was omitted, in lighof a literature study demonstrating th#t
shows no decomposition after 1tolueneat 80°C.28
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Figure 3.5Background decomposition 6fil -OH in CsDe at RT. (a) Decay curve fatll -OH,

monitored by*H NMR analysis relative to internal standard. Finjst-order plot.
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3.5.7 Attempted RCM of DDM with HIl -OH at RT: Monitoring Catalyst Decomposition

In a4 mL vial, orangeélll -OH (15.4 mg, 0.0260 mmol) and anthracene (I.S., 2.7 mg, 0.015 mmol,
0.57 equiv) were dissolved in 1.3 mls@ to give a Ru conggration of 20 mM. The solution
was filtered (pipette) to remove undissolved anthracene, andi6@@stransferred to a-¥young
NMR tube. AH NMR spectrum was recorded to establish the initial ratiddbf-OH to
anthracene. The sample was returned to the glovebox, wheredZirL_, 0.12 mmol, 10 equiv)
was added and a timer started. The resukigtion was mixed in the NMR tube at RT, atidl
NMR spectra were recorded every hour to track decompositiétil GOH over time. No RCM

was observed. For finAH NMR spectrum showingH NMR quantitation of Ru=CHR signal, see
Appendix A, FigureAl9.

3.58 Attempted RCM of DDM with HIl -OH at 60°C

A mixture of DDM (24niL, 0.10 mmol) and dodecane (8, 0.10 mmol, 1.0 equiv) was diluted
in 1.26 mL GHs in a 2neck rounebottom flask to give a final concentration of 50 mM DDM. An
aliquot was removed fd6C-FID analysis to establish the starting ratio of substrate tocanee
The flask was removed to the Schlenk line and heated 1@ @0th stirring in a thermostatted oil

bath.After 10 min forthermal equilibrationHIl -OH (6951 of a stock solutionf08.5 mgHIlI -
OH in 1 mL GsHe; 0.010 mmol, 10 mol%) was added via -gight syringe against a flow of N
Aliquots were removed periodically for GEID analysis as abovdlo RCM was observed.

3.5.9 Decomposition of HFOH by Ethylene

In a 4 mL vial, orangélll -OH (15.4 mg, 0.026 mmol) and anthracene (1.S., 2.7 mg, 0.015,mmol
0.57 equiv) were dissolved in 1.3 mls[@s (20 mM Ru). The solution was filtered to remove
undissolved anthracene, and @@0was transferred to a¥loung NMR tube. AH NMR spectrum

was recorded to establish a starting ratiblibfOH to anthracene. The NMR sample was removed

to the Schlenk linand degassed (4 freepampthaw cycles), then allowed to thaw undeHa

The tdal thaw time was ca. 3 minutes, after which the tube was sealed, shaken, and the timer
started. A'H NMR spectrum was immediately recorded to confirm the presence of ethylene
(d5.25 ppm). Additional spectra were recorded every hour to track the dectorposHll -OH

over time. For final spectrum showitgl NMR quantitation of Ru=CHR proton and organic
products, see Appendix A, Figukd7.

Decompositionof HIl by ethylene. As above, but using a mixture dfl (8.9 mg, 0.014 mmol)
and anthracene (2.4 m@,019 mmol, 1.4 equiv) in 0.71 mLeDBs (20 mM in HIl' ). For final
spectrum showingH NMR quantitation of Ru=CHR proton and organic products, see Appendix
A, FigureAl8.
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Figure 3.6 Rate plots for catalyst decomposition under ethylenedifalOH; (b) HII .

3.5.10AcceleratedDecomposition of HII-OH in the Presence of AlreadyDecomposed HIt
OH

After complete decomposition &fll -OH over 22 h as described above, the NMR damyas
returned to the glovebox and bubbleglthrough the solution to remove ethyée(confirmed by

'H NMR analysi3. FreshHIl -OH (600 i of a stock solution of 8.7 mgll -OH in 0.74 mL
CsDs; 0.012 mmol, 1 equiv) was then added!rANMR spectrum was recded immediately to
establish the starting ratio of freshil -OH to anthracene, and further spectra were recorded to
track the decompasdn of HIl -OH over time. For spectra showidlg NMR quantitation based

on integration of the Ru=idAr proton vs. ISseeAppendix A,FigureA20.

3.5.11Stability of HIl in the Presence of Decomposed Hll

After complete decomposition ¢fll as described abey and degassing, fre$tll was added
(600nL of a stock solution of 8.9 migll in 0.71 mL GDs; 0.012 mmol, 1 equiv) and the reaction
was monitored as above. For rate plot, see Figure 3.3 above.
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Chapter 4. Examining the Impact of Water on Ruthenium-Catalyzed Olefin
Metathesis

4.1 Statement of Contributiors

This Chapterexpands on preliminary findings described in the M.Sc. thesis of Adrian Botti, a
former member of the Fogg group. AB exagedrthe impact of water on the secegeheration

Grubbs and Hoveyda precatalys&|( andHII , respectively) anRCBIO AC,
and styrene metathesis at the same temperature. Decompositi@ih wfas attributed to a
mechanism reported by Waim McClennan and Stephanie Rufh of this research dgréG
reexamined thélll study:he confirmed that the MCB decomposeskwealimination at elevated
temperatures, and proposed a mechanistic explanation that takes into account recent findings by
Gwen Bailey of this research grotipln collaboration with Daniel do Nascimento of this research
group, AYG conducted a broad survey of the impact of additives (including water) on metathesis
by various catalysts at RT, from which temperatiependent decomposition pathwaye a
propaed.
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4.2 Introduction

The use of water as a reaction medium for olefin metathesis nzesleeen pursued for two major

reasons. A historical motivation was the use of water as the highest k e d figr'eaeno so
function of its nortoxicity, non-flammability, and life cycle scoré.In addition, metathesis in

water enables access to protiuthatare unattainable in organic solvehrominent in the latter

context are applications in chemical bioldgy.

However, metathesis in water is much more challenging than metaithésaslitional organic

media. Recognized as a core problem is poor mass transfer arising from the limited solubility of
ruthenium catalysts in watéTwo general strategies have been pursued to addressritaitin.

The first focuses on protocols to improve mass transfer for standard catalystsin€Chusieuse

of surfactanté, emulsion€® and ultrasonidzon.’® The second approach involves catalyst
functi onal i z atoimpant sofubility infaquaogsgriediag @ he many watdulde
metathesis catalysts now knownmany employ polethylene glycd?'® or quaternary
ammonium tags? typically on the NHC ligand (e.cRu-25 Figure 4.1):*'° More puzzlimgly,

tagged alkylidene ligands (e.GRu-24)'® have also been used, despite lof§sthefis ol ubl e 0
alkylidene group in the first cycle of metathesis.

Despite such efforts, turnoveumbers (TONS) in water remain low relative to those attainable in
organic media. For example, TONs of only 9 or 18, respectively, are achieved in RiéMladre

12 using watersolubleRu-24 andRu-25in H0/D,0,***® as compared with 11,600 for the neutral
diene14 using Ru-26 in toluene'’ While Thorpelngold effects exerted by the tosyl prdtag
group could conceivably contribute to the ease ofizgtibn of14,'81° the difference in TONs
remains very stark. The poor metathesis performance achieved even witsolabde catalysts
suggests that mass transfer is not the primary challenge to catalyst activity in water.

“Such Afgreendo benefits are | i mitenminatedoageous waste drgamst he pr
which are cosyl to purify and impossile to combust.
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Figure 4.1 (a) RCM of 12in water using &enzylidenetaggeccatalystRu-24reported by Grela®

(b) RCM of12in deuteratedvater using NH@aggedcatalystRu-25, reported by Robinsol? (c)

RCM of neutraldiallylamine 14 in toluene usingatalystRu-26, reported by Kadyrov’

Only ahandful of reports to dateonsiderthe possibility that water itself may exertreegative
effecton Ru-catalyzed olefin metathesi€®?® In 2015 the Cazin grouplescribed thdirst direct

study of the impact of water dACM (Figure 4.2.2* Water was identified as the most detrimental

of thevarious components of air, in a study of a challenging RCM reaction (cyclization to give the
tetrasubstituted olefihi7). TONs were reported to drop by-30% in refluxing tolueneontaining

6% v/v B0, relative to the anhydrous control reactiontaast decomposition was inferred,
although not explored. Unlike most examples of metathesis in water, which are typically carried
out usinghigh catalyst loadings (e.g. 5 mol% Ruf),the Cazin experiments utilized 0.1 mol% Ru.
This is important as excessive catalyst loadings can mask decomposition.

| Ph
Rul (01 mol%) TS | O
AS Ay
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HE 70 35 ! Cl
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Figure 4.2 Cazinstudy showing theimpact of HO on RCM ofgeminally-disubstitutedsubstrate
1621
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Of the catalysts in the Cazin study, RGyabilizedind -1 was more affected than péphinefree

HII . The mechanistic basis for this sensitivity can be rationalized from the insights developed by

Mr. William McClennan of this research group,ut | i ned i n Ch-aqedemted 1. Hi
decompositiono mechani sapforicavenientpefecedca. tHeredbinding Sc h
of water is shown to promote abstraction of the methylidene ligand by,'R€yding to 50%
decomposition oGlim within 2 h at 50°C, as compared to a base level of 10% in the absence of

water. This is striking givethe weak binding to the catalyst expected for watke McClennan

study wa only the second report of theveeely deleterious impact of water on-Ratalyzedlefin

metathesis, anthe first to advance a mechanistic basis for this behavior. \Ividiié not rule at

additional avenues for catalyst degradatias will become clear belowit clearlydemonstrate

that water significantly accelerates the methylidahstraction pathway

Scheme 4.1a) Acceleratedlecomposition oG lim in thepresence of kD as dewisdonor? (b)
Decomposition of511 in the self-metathais ofstyrene in thepresence of kD. 2

(a) 100 H,0 . ®
:PC N
50 °C ’/‘ ¥ PCy3 actic\;/al_:ion
Cl,,, -PCy; cl, ||y L, (o of NHC N Cl,,
HoIMes—Ru—PCy3 =——= H,IMes—Ru—OH, —> HoIMes—Ru—OH, ——— E >>—-RU
Cl cl | e N Rus CI
Glim Ru-4y0 OHz Ru-8;0 OH; \
Mes
) + [MePCys]Cl 5 (50%)
Cl, Ph 20H,0 Ph
HalMes— Ru—PCys + 10 ||  —————= [MePCysCl + J
¢ CeDs, 60 °C 5
Gl 100% 4 0%

20nly [MePeys]Cl 5 is observedindicating thatlonoracceleratedlecomposition is thdominantpathway.

Indeed, unpublished results described in the M.Sc. thesis of Adrian Bottied that doner
accelerated decomposition is theajor pathway operative for phosphiséabilizedGll in the
presence of water (Scheme 4.1bhus, 100% [MePQGJCl 5 was observed on carrying out
metathesis of styrene witBll in the presence of 20 equivater. The absence of any propéne
rules out any contribution of MCB-elimination to catalyst decomposition.

Botti also examined the impadtwater onphosphingreeHIl , anddemonstratethat even facile
metathesis reactions are affected. THREM of the benchmark, readigyclized diene using

low loadings (0.005 mol%) dflll was examined in the presence and absence of water (Figure
4.3a). Yields decreased by 50% when 0.1% v4@ Wvas present. Decomposition of the MCB
intermediate was inferred fronm additional experiment (Figure 4.3b) in which styrene metathesis
was carriedut at 60°C. Adding 20 equiv water quadrupled the proportion of propenes liberated,
from 21 to 84% (These experiments were repeated to evaluate the impact of temperature, as
described in Section 4.3.2: the results were similar, although the propeneggesiightly lower).
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Figure 4.3 (a) Impact ofH20 on RCM of9 usingHIl (0.005 mol%). (b) Impact dfi-O on the
decompositiorof HIl in styrenemetathesis. (Note identificatiasf ca. 85% propenes from MCB
decomposition). Data from M.Sc. thesis of Adriwtti.

As noted above and in Chapter 1, propenes are a marker for decomposition of the MCB ring. The
only prior experiments in which they were observed in such high amourgstyezne metathesis
reactions in the presence of Bronsted B&ét the Bronsted base experiments, however, labelling
and computational studied firmly identified propene elimination as due to deprotonation of the
MCB at theb-hydrogen. The negligible basicity 8O precludes such a pathway. Thus, while
the profoundly negative impact of water is clear, the mechanism of decomposition remained
puzzling. While Botti speculated thatater could increasehie hydridic character of he D
hydrogenthis is ruled out by tnunexpected acidity subsequentijoalatedfor these protondA

more plausible hypothesis may be watediated proton shiitig (Scheme 4.2), culminating in
redudive elimination of the MCB hydrocarbons as propene.

Scheme 4.Potentialrole ofwater as grotonshuttle in thedecomposition of the MCRu-5.

H
H +
H<~" \
AR -
Cl ‘\H ) CLH reductive
| o 3+  p-elimination - elimination
Hlees—Ru"'\>< HZIMes—Ru—,) H— | + Ru product
H \ ¢ 9
Cl Cl
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This Chapter describes additional studies of the impact of watgohosphinefree olefin
metathesis catgsts. Mechanistic studies that offer initial insights into decomposition are
described, and a strategy for scavenging water in standard organic media is presented.
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4.3 Results and Discussion
4.3.1 Impact of Water onPCys-Free Catalysts at RT

A potentially important consideration in the studies described in the preceding Section is the
impact of temperature. Use of higher temperatures is expected to increase productive metathesis
events'82° put could also supply the emgrto access decompositioathways. Establishing the

impact of water at ambient temperatures was therefore a priority (and one that has particular
prominence within the context of chemical biolo§¥s the mapr decomposition pathway for the
Grubbsclass catalysts is now understood (see above), phosippbieatalysts were chosen for

study. These include theedianiline catalysDA, HIl , nG, andnGC, the structures of which are

shown in Figures 4.4 and 4.5.
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Figure 4.4Impact of HO on themacrocyclization oprolactonel8 using 1 mol%DA catalyst at
RT. Inset indicates Hhonding interaction betwed»A and HO.

The negative impact of # on macrocyclic ringlosing metathesis (mR) was first observed

in studies usindpA (work carried out in collaboration with Daniel do Nascimento). Quantitative
mRCM of dienel8 to form the 16membered lactontd (a precursor to a leading synthetic mdk)

was observed in dry toluene (Figure 4.4; RT, 1 mol% Ru). However, when even a relatively small
amount of water was present (0.01% v/v), in situ mRCM yields dropped tolB8&féasing the
proportion of water tenfoldto 0.1% v/v) caused a much more dramatic drop, to ca. 10%. Further
increases had a minor impact, unsurprisingly given that the solubilitg®@fitdtoluene is only
0.03% v/v??

Clearly, added kD has a sigificant detrimental impact on the performanceééf even for this
very easily cyclized substrate. The deleterious impact of water is consistent witkbtivedidg
capacity of the dianiline ligand, which greatlgcelerates mRCM of dienes that bear palaugs
(a discovery by Daniel do Nascimentd)H-Bonding between water and tbalianilineNH: sites
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is expected to promote coordination o$(H (inset in Figure 4.4 above), and hence catalyst
decomposition.

However, a broader catalyst scre@mcludingHIl , nG, andnGC; Figure 45) revealed significant
negativeimpacts for all catalysts &0.1% v/iv waterH-Bondi ng via extended
interactiong®?°is presumedinset Figure 45). Comparison of these results with those atGM

Figure 4.3a suggests that the impact of water is lessened at elevated temperatures, presumably
because metathasis faster. Subsequent mechanistic experiments were conducted at RT, where

the impact is greatest, and the lowesergy decomposition gatay can be examined.
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Figure 4.5Impact of HO on the RCM 08 usingadditional phosphinefree catalysts:HIl , nG
and nGC. Experimentsperformedvia high-throughputscreeningat the Certre for Catalysis
Research and Innovation (CCRI)set shows propesl Hbonding interactions with #D.

4.3.2 Reevaluating MCB Decomposition in the Presence ot®l

The impact of tempature was examed more closely by carrying out styrene metathesis with
HIl atboth60°C (i.e. the Botti conditions of Figure 4.3b) aAd3 A Crackiagrthe fate of the
Ru=CHR alkylidene signalThe decay plots are shownkigure 4.6 At 60 °C, c&cconposition of

HII in the presence of 20 equivwBlwas completén 5 h(vs. 18 h under anhydus conditions).
Propenesvereobserved, as expected, although in lower proportions than reported bycB%iti

vs. 84%), perhaps reflectingifferences in the heapace volume, which would affect propene
volatilization

At RT, disappearance aill is slower. More unexpectedlyjo propenes were observed in the
presence of water, despite liberation of 22% propenes in the-fretecontrol reaction (Figure
4.6).That s, not only is there no evidence foelimination from the MCB at RT in the presence
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of water, but water in fact appears to suppress this pathway. The latter is attributed to acceleration
of an alternative decomposition pathway, rather than a proteéfiact. & he disparity between the

RT results and those at 68C points toward a temperaedependent mechanism of
decomposition. That is, MCB-elimination appears to dominate at 8@, whereas at RT, an
unknown pathway that precludes formation of propesegerative.
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Figure 4.6 NMR-scale MCBdecompositiorexperiments usingdll (10 moPs). (a) at 6CG°C. (b)
at RT. Proportion o2 and4 determined following complete decompositiortif .

Corroboration for the operation of an alternative decompositiohwagt was provided by
experiments with the statd-the-art catalysnGC (Figure 4.7).Present imGC is a stronglys-
donating® cyclic alkyl amino carbene (CAAC) ligand. CAAC catalysts such@€ have been
shown to exhibit breakthrough TONSs in chatiing mRCM andethenolysisreactions’>3 The
sensitivity ofnGC towards contaminants such agCHs therefore of significant interest.

In a preliminary screemGC wastreatedwith styrene a60 °C with and without added wate
(Figure 4.7). Decomposition was again faster in the presence@f!H NMR analysis after
complete decomposition again reveals virtually zero propenes, awithithout water. This
indicaes that MCB decomposition is not involved in either case, whereas Figure 4.6a above
showed thaat high temperatures, water did increttseproportion of propenes félll . The fact

that water accelerates decomposition@fC, without yielding propenes, am suggests that water
promotes a different decomposition pathway
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Figure 4.7 NMR-scale MCBdecompositionexperiments usingiGC (10 mol%). No propenes
were observed following complete decompositiomGftC.

Of other establishedecomposition pathways disssed in Chapter 1, nucleophilic attack at the
methylidene carbonScheme 4.3ais ruled out given the poor nucleophilicity ob® and the
absence of methanol, the presumed fatth@fmethylidenasligand. Loss of the benzgene as
benzaldehyde, perpa by nucleophilic attack, was reported in a mass spectrometric study by Lee
and ceworkers?® Thus, decomposition of cationic Ru benzylidene comptex26 by water in

the presence of acetonitrile was described (Scheme 4.3b). While themséichdetails were not
probed, the cationic nature of the complex may activate the benzylidene ligand toward attack. (Of
note, however, electredeficient derivatives oHIl more typically undergo Buchner expansion
via insertion of the benzylidene carbamto a mesityl ring of theNHC).3* In any case, no
benzaldehyde wadeerved in the present work. A further, potehtiatore plausible pathway is
presented next.
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Scheme 4.3a) Potential nucleophilic attack at methylidene byOHgenerating methanol (b)
Decomposition of cationic Ru compl®u-26 by water, observed by L&é
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4.33 Potential Role for H20 in Bimolecular Coupling

Considered in this Section is the possibility that water could promote bimolecular coupling (BMC).
The importance of BMC in decomposition of RiHC catalysts was recently demonstrated by
Gwen Bailey of thigesearch group (Chapter 1)BMC was proposed to account for the balance

of catalyst that does not decompose lwialimination, and indeed up to ca. 65% ethylene was
observed incareful giantitation experimentsFor the water experiments above, bimolecular
reactions are favoured by the high catalyst concentrations (20 mM Ru) required to monitor
decomposition byH NMR aralysis. As water is shown acelerateglecomposition, regardless of
temperature, for all catalysts, one intriguing possibility is that it plaggan promotingBMC.

The reduced proportion of propenes observed in the water RT experimehtlivéhggets that
decomposition occutgeforeMCB formation. As the preatalyst itself is stable to water (as shown

in the M.Sc. thesis of Adrian Botti), the feaoordinate benzylidenRu-2 or methylideneRu-4
intermediates are most likely the vulnerabpeciesBimolecular coupling could be enabled by
RuOH: adducts ofRu-2 or Ru-4. Binding of HO to these catalysts can clearly occur, as
demonstrated in the donaccelerated decomposition of the methylidene restiate species
Glim .t Similarly, addition of HO to the fourcoordinate Piers catalyBll (Scheme 4.4) caused a
shift in the location of the alkyliden#! NMR signal, which was attributed to reversible binding

of H.0 at Ru® (As specific chemical shifts were not reported, however, these experiments should
be revisited).
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Scheme 4.4Coordination of HO to thesecondgeneratiorpierscatalystPIl .
e
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Formation of HO adducts oRu-2 or Ru-4 could potentially enable homocoupling with the parent
alkylidene complexes, or -Honding to another Raqua speciefRu-28 (Scheme 4.5). The
potentid for wat er Ru@8 nioleaulesdhgsepbecedeni® in-Batalyzed water
oxidation chemistry, in which dimeric RDH, intermediates have recently been identifiet.
Water could thusnemote BMC by bringing two equiv ¢&tu-2 and/orRu-4 in close proximity.

Scheme 4.5 Potential roles for Ruagua species Ru-28 in watermediated bimolecular
decomposition. (a) Hbonding ofRu-28 with Ru-2/Ru-4. (b) Dimerization oRu-28.
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A related pogbility involves aquation to generate catioa-29 (Scheme 4.6). Such complexes
may then participate in Hbonding to other aqua complexes, setting the stage for BMC as above.
Substitution of chloride ligands by-8 is commonplace in ruthenium chemisttyowever, it is
unclear how readily this can occur with-&kectronRu-2 or Ru-4 intermediates (which might be
expected to prefer lone pair donation fropOl To test thisrgument, bimolecular coupling was
conducted with and without20.

Scheme 4.@otentialrole foraguacomplexRu-29 in watermediatedbimolecularcoupling.
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To assess the impact 0$®l on bimolecular coupling, a catalyst system is required for which BMC
istheonly( or maj or) decomposition pathway. Few cat
BMC study, transienthstabilized phosphinéree methylidene compleiRu-6 was used (Scheme

4.7a)? However, while the major decomposition fu-6 was indeed BMC, the instability of this
methylidene species led to rapid decomposition on warming ai®A€C. Low temperatures are
problematic for experiments with water, as freezing 0 khayimpede mass transfer (already a
problem for water in orgaaisolvents such as GDlo), or even inhibit reaction.

Scheme 4. BMC reactionsstudied usingsecondgenerationcatalysts. (a) OmethylideneRu-6,
releasingethylene? (b) With GlII , releasingstilbene 20.2 (c) With Gl and CuCl (but without
internal standard: stilbene was reportedly a major product, but wasiaatified)33
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However, BMC has recently been shown to be unexpectedly facile even for benzylidene
complexes. While Bailey and Higman reported that coupling ofatle pre-catalyst liberated
stilbene (74% yield) only over 5 days at 60 °C (Schdriib)? this is now known to be an dect
of low PCy lability. In a 2019 report, do Nascimento showed that abstraction of thelig&yd
from GII occurs within minutesnstirring with CuClat 40 °C Rapid BMCensues, witliberation
of stilbene (Scheme 4.78).

While BMC of GlI in the presence of CuCl is more rapid than in the thermolysillbf, the
potential for reaction of CuCl with water complicates the reaction. For this reason, thé afnpac
water on BMC was undertaken via a thernsgdyexperiment, but using the more labile pyridine
functionalized catalys&lll in place ofGll . Such an experiment was previously carried out by
Bailey2 Noted in her report, however, wa@onsiderable variation in the reaction rate§bf ,

which is generated as a mixture of meaad bispy species (quantitation of which is severely
hampered by the fact that the mixture gives a singleidiyt peak in th&H NMR spectrum). To
ensure dectly comparable conditions in the present work, the thermolysis experiment was
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repeated using a common catalyst stock solution, which was divided into two portions, to one of
which water was added.

As shownin Figure 4.8, heatinglll at 60°C with 100equiv BO caused complete loss of the
Ru=CHPh signal within 24 h. The yield of the stilbene coupling product reached ca. 70%, as
judged by'H NMR integration relative to internal standard. In the wétee control experiment,

only 55% stilbene was releabécf. 74% in theBailey repor}.2 The observation of 15% more
stilbene20in the presence of water suggests that water does indeed promote BMC. However, the
mass balancé that is, 30% bthe starting catalyst charge is unaccednfori indicates an
additional pathway. One possibility, as demonstrated in Chapter 3 of this thesis, is that
dimerization may be induced by decomposed Ru species without releasing a coupled olefinic
product. Ths could account for reduced stilbene ygldarticularly at elevated temperatures.

Thus, while these preliminary results suggest th& khay indeed promote dimerization of Ru
intermediates, additional experiments at room temperature are required.ifgsessmpact of

added water on the ratasd yields of stilbene release from catalysts that decompose via BMC at
ambient temperatures would provide more information. This strategy is discussed under Future
Work in Chapter 5.
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Figure 4.8 Impact of HO on bimolecularelimination of stilbene from thebenzylidenecatalyst
Glll .

4.3.3 Strategies for Scavenging 1D

While the primary goal in this work was to advance understanding of how water mediates
decomposition of Ru metathesis catalysts, and therehyilmate design parameters faater
resistant catalysts, there is shtmtm value to watescavenging protocols. These are clearly
relevant only where water is a contaminant, rather than a solvent medium. Sequestering water
during metathesis could improvke reliability of current dalysts. This approach could be
particularly advantageous for the highrforming catalysts such &3%A, which excels in the
macrocyclization of polar dienes (see Figure 4’4\t is highly sensitive to water.

Rigorous drying to remove water is tirsensuming and can be cgstf Drying agents can offer
greater convenience, amae commonly recyclable. Polyphenol resins were examined as water

69



scavengers in light of findings by Gwen Bailey (in collaboration with Prof. Eduardo dos Santos,
Brazil) that established the utility of pg#rvinylphenotco-methyl methacrylate) (PVARIMA) in
acrylate metathesfé.As shown in Figure 4.9, P¥RIMA proved effective as a sacrificial proton
source to quench highly basic phosphonium enolates geddrptattack of PGyon the acrylate
olefin.22 Use of water in place of the resin caused yield23ab drop further, probably because of
hydroxide formation (see Chapter 3). However, use of the resimg alaihh water restored
metathesis yields. The phdicaesin may thus function not only as a sacrificial proton source, but
also as a means of binding polar impurities (including water) present in the reaction medium.
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Figure 4.9 (a) Impact of PVPMMA resin in the CM of21 and 22 with added water. (b)
Mechanism forenolatequenching by PVAMMA resin.

The capacity of the resin to sequester water was therefore tested by addivjMA® MRCM
reactions in the presence or absence of w&igure 4.10). The catalysts used wBrk andnG.
Addition of 200 eqiv vs Ru of RO (that is, only 0.02% v/v water) caused a significant drop in
MRCM vyield, as expected. TH®A catalyst was more affectdy H.O thannG, consistent with
H-bonding to thalianiline NH groups as described in Section 4.&ove. Addition 060 equiv
resin vs Ru (i.e. 50 repeat units) improvbeé yield for bothDA and nG. Most notably, the
performance oDA was almost completely restored (vs. only 10% increase®)y suggesting
that the phenolic resin outcompetes the dianiline ligand{ooiktling to water. (It should be noted,
however, that the loading of tH2A catalyst should be reduced, given that the control reaction
reaches 100%, and some catalyst decompositiortimagfore be masked).

Also of note, increasing the proportion of tlesin to 200 equiv per Ru improved the performance
of nG, but was detrimental to the performanc®éf (Figure 4.10). FonG, it presumably reflects
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uptake of all the ED by the resin. FADA, however, Hbonding of the precatalyst to the resin may
cause calyst deactivation.
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Figure 4.10Protectiveeffect of PVRMMA resin on mRCM ofl8 whenwater ispresent.

Given the inhibiting effect of excess PANPMA resin on metaiesis withDA, sequestration of
water by molecular phenols was also investigated. Phesugh ag-cresol have been shown to
improve catalyst performance of phosphgtabilized catalyst&l andGll .?° The positive impact
of phenol has been attributed to stabilizatdrthe fourcoordinateactive specie®u-2 or Ru-4
by phenoF® Alternatively, a phen®PCys reaction could compete with-igptake of PCyby Ru-

4, thus inhibiting formation of thdeactivated restingtate methylidene speci€dm andGlim .
The impact of phenol on P@jree complexes, such &8A andnG is unknown.

Addition of p-cresol during mRCM did indeed increase yieldd®in all cases (Figure 4.11), but

the improvement is &s drastic than with the phenolic resin. Of note, use of 200 equiv phenol (i.e.
1:1 vs. added D) offered no impreement beyond that achieved using 50 equiv. This contrasts
with the results seen above with the PMRIA resin, and suggests that the multeat effect is

critical to efficient HO sequestration.
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Figure 4.11Impact ofp-Cresol on mRCMields forreactions in th@resence of kD.
4.4 Conclusion

The foregoing demonstrates the deleterious impact of traCeitdrutheniuracatalyzed olefin
metahesis. It was found that the negative effects @D Hare more profound at ambient
temperatures. Wile water has been previously shown to promote MCB decomposition at high
temperature, a mechanistically different pathway appears operative at RT. Thusyatkile
accelerated decomposition &fll at RT, the propene markers for metallacyclobutére
elimination are completely absent. Wateediated bimolecular coupling is proposed as an
alternative. Preliminary evidence supports the hypothesis that water psonivIC
decomposition, but this should be corroborated by further experiments under RT conditions.
Finally, water can be sequestered viadhding to the phenol resin PMMA, which was shown

to restore catalyst activity in macrocyclization reactions.

Thes findings indicate that the mechanism @OHnduced decomposition is more complex than
previousy suspected. Nevertheless, these findings suggest that major avenues of investigation that
are tackling the problem of intrinsic catalyst decomposition miegwiise be relevant to the
development of wateolerant catalysts.

4.5 Experimental Procedures
4.5.1General Procedures

General procedures conformed to those outlined in Section 3.5.1, with the following exceptions:
reagents poly#inylphenolco-methylnethacrylate) resin (PVRIMA, SigmaAldrich), p-
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Cresol (99%, Sigmaldrich), and standards 1,3tBEmethoxybenzene (TMB, Sigmaldrich),
dimethyl terephthalate (DMT, >99%) were used as received. Styrene (99%, Sigma Aldrich) and
deionized water were degasdmdfive consecutive freezgumpthaw cycles and stored undes N

in the glovebox. CatalystsG andnGC were graciously donated by Apeiron.

The following materials were prepared according to literature procedures: prolagtbnene
secondgeneration Grubbs catalyGil ,*? the secondjeneration Hoveyda catalyi§tl ,*3 and the
o-dianiline catalysDA.?’

High-throughput experiments were run in a-8&Il aluminum plate vth stainless steel cover,
sealed with a PFA sheet and two rubber sheets. Individual reactions were run in 8x40 mm glass
shell vials (1 mL total volume), fitted with parylegeated stir bars. Catalyst, substrate, and
additive stock solutions were dispedsssing an Unchained Lab$43 sample processor. Injection

of the catalysts (start points) and quenching agent (end points) were tracked through a software
protocol designed to inject the quenching agent at the stipulatedpdimie Yields were
determinedising the CCRI G&ID chromatograph (Agilent 6850, HR column).

4.5.2 Representative Procedure for the RCM of DDMvith GII (High-Throughput Studies)

(a) A stock solution was prepared of DDIM.2 mL, 4.9 mmol), dodecanel(.13mL, 4.9mmol) as
internal standarin C/Hg (19.85mL totd volume 250 mM in both DDM and dodecgné 0.16
mM stock solution of quenching agent K{p.4 mL of a 10 mg/mL solutiodiluted to 10 ml)
was made up in THRA 0.078 mM s$ock solution of Gll (1 mL of al0 mg/15 mL solution, diluted
to 10 mL GHg) was peparedReaction components were addetheplate in the following order:
substrate/internal standard stock, additive, then catalyst. Before addition of c#talysate was
sealed(see above) to prewmt evaporation of solvenReactions were startethd quenchedia
automagedinjection of catalysandKTp after exactly 2 hours.

Amount dispensed froneach stockior a given well 0.20 mL of substrate/internal standard
solution,0.27 mL GHs, and32 O Lof catalyst stock.

Final conditions: 100 mM DDM,d0 mM dodecane, 0.005 mol% catalyst, &0@eaction volume
in C7Hs.

(b) With added H20: As above, with the following modificatiord,0 (4.80 L , 0.26 mmol

100,000 equiv) was addeg hand (via micropipettgyrior tosealing the plate, and adding catalyst.

4.53 Representative Procedure for the Macrocyclization of Prolactone

(a) A mixture of prolactone (11.8 L. 0.05 mmol) and dodecat(i#1.40 L. 0.05 mmol, 1 equiv;
internal standard for GC analysis) was diluted in 9.95 nHis@ give a final concentratids mM
prolactone. An aliquot was removed for &G@D analysis to establish the starting ratio of
prolactone to dodecanBA (35.80 Lof a stock solution of 10.5 mg in 1.0 mlzi; 0.50mol, 1

1 mol%) was added to the stirred solution. Aliquots were rempeeddically, quenched with
KTp in THF (10.0 mg/mL; 10 equiv vs. starting Ru), and analyzed byF®EC
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(b) With added H20: As abovewith the following modification: HO (9.90 L. 0.55 mmol, 1100
equiv) was added prior to adding the catalyst.

(c) With added PVP-MMA resin : As above, with the following modification: PMRMA resin
(22 mg, 0.10 mmol, 200 equiv of phenol repeating unit)

4.54 Representative Procedure for the Quantification of Propenes Formed During Styrene
Metathesis

(&) In a 4 mL vial, greeHIl (15.1 mg, 0.024 mmol) and anthracene (2.4 mg, 0.013 mmol, 0.5
equiv; internal standard) were dissolved in 1.2 mD&3o give a20 mM solution irHIl . 5500 L

was transferred to aYloung NMR tube, and tH NMR spectrum recorded to establish a starting
ratio of HIl to anthracene. The tube was returned to the glovebox, and styren®{ D31
mmol, 10 equiv) was added. The resgtsolution was mixed in the NMR tube at RT, &kt
NMR spectra were recorded periodically to track the decompositibitl cdind yield of propenes
over time.

(b) With added H20: As above, with the following modification: 28 (4 O L. 0.22 mmol, 20
equiv) was added prior to addition of styrene.

Key 'H NMR data for propeny! products:

Propene2: H NMR (CsDs, 300 MHz):1i 5.72 (m, 1H, =@ICHz), 5.01 (dm3Jun = 17 Hz, 1H,
=CHaHp; overlaps with =ElaHp), 4.95 (dm2Jun = 10 Hz, 1H, =ElaHp; overlaps with =ClHp),
1.55 (dt,2Jun = 6.4 Hz,%Jun = 1.5 Hz, 3H, =CHEl3).

b-Methylstyrene4: *H NMR (CsDs, 300 MHz):U 6.29 dq,3Jun = 15.8 Hz,*Jun = 2.0 Hz, 1H,
PHHC=), 6.03 (dq3Jun = 15.8 Hz,2Jun = 6.7 Hz, 1H, =GICH:Ph), 1.65 (dd3Jun= 7 Hz,*Jun =
2.0 Hz, 3H=CHCHs). The observed shifts are in good agreement with reported values.

4.55 Representative Procedure fothe Thermolysis of Gll|

(@) In a 4 mL vial, greerslll (17.5 mg, 0.024 mmol) and anthracene (2.4 mg, 0.013 mmol, 0.5
equiv: internal standard) wedéssolved in 1.2 mL gDs to give a 20 mM solution i1l . 5500 L

was transferred to aYloung NMR tube, and #H NMR spectrum recorded to establish a starting
ratio of Glll to anthracene. The sample was then placed in-bgated 60C oil bath, and armer
started. The solution was mixed every 5 minutes for 2 h, and then once everjHdIMR
spectra were recorded pedically to track the decomposition Gilll and yield of stilbene over
time.

(b) With added water: As above, with the following modifation: HO (200 L. 1.1 mmol, 100
equiv) was added prior to placing in oil bath.
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Chapter 5. Conclusions and Future Work

Understanding the pathways by which MeC or Mi C bonds are lost from the active species in
olefin metathesiss critical for the development of highgrerforming catajsts. Within the last
decadea series ofmportantmechanisticstudies hahelped establish thatrinsic decomposition
pathways operate forthe importanRu catalystsand advances have been made toward inhibiting
these pathways$\everthelesscatalyst productivity ischallenged bysensitivity to contaminants.

In the critical context of chemical manufacturing, even ppm levels of imipsrimay be
detrimental to batcho-batch reproducibilitywhile chemical biology that is, metathesis in water,

in the presence of surfactants, buffers, and denfelgtionalized biomolecule$ remains a
frontier.

Mechanistic studies, however, are fanée than reports in which a series of decomposition events

is inferred from the crystal structure of a decompositi@mdpct. The common occurrence of a
cyclometallated NHC ligand in such structures has drawn much attention, and led to the
widespread inf@amce that attack on (e.g.) the mesityinethyl groups in the commonlysed

H2lMes metathesis catalysts is key to cggatlecomposition. Reducing the bulk of the NHC ligand

has thus been recommended in leading reviews as an obvious target for cataighréchis

forms a partial context for the present thesis work. The research question that set the backdrop for
Chapte 2 was whether NHC truncation is beneficial, or detrimental. As described in a previous
M.Sc. thesis from the Fogg group, Ms. Stephdrigh observed rapid, complete loss of the
methylidene ligand when the very small NHC ligand iM&s added to the preor complex
RuChk(PCy;)(=CH.) GIm in an attempt to synthesize a restsigte methylidene species bearing

a truncated NHC. Described in Chapter 2 of this thesis is the unexpected discovery@hatithe

IMe4 reaction occurs even at cryogenic temperatiir@s)( A C) , and t boptilic i t i n
attack of the small NHC at the methylidene ligand, rather than ligand exchange. The liberated N
heterocyclic olefin is itself a potent nucleophile, which itself attacks at the [Ru]=@idon,
resulting in liberabn of the ethylimidazolium salEftIMes]Cl. The same pathway was observed

on adding IMe to the secondgeneration Grubbs methylidene RuEkIMes)(PCy)(=CH>)

Gllm, albeit at a slower rate.

These findings report indirectly on the original question comogrthe impact of ligand

truncaton. The sensitivity of botieIm andGlim to abstraction of the methylidene by a small,

potent nucleophile underscores the importance of steric protection at the key [RjteCIAN

intriguing further implication is drawfrom the selectivity of this reion, which points toward

IMe4 as a potentially very efficient catalyst quenching agent. Moreover, the capacity of this NHC

to effectcontrolleda bst racti on of the met hyMHlMdsgRCg) ol i gan
coreintact, could be invaluable foahdem catalysis applications in which metathesis is the first

step.
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The following two Chapters turn to the question of decomposition of leading metathesis catalysts
within contexts that have gone largely ignored, but Whie critical to the expandingg@jzations

in chemical biology noted above. While many reviews have been written on aqueous metathesis,
problems of decomposition by water are just beginning to be acknowledged. A single mechanistic
study exists in the Erature, a study from the Fogg gpofocusing on the mechanism by which
water promotes decomposition of phosphstebilized Grubbglass catalysts. Chapters 3 and 4
consider the impact of water on phosphiree catalysts. Examined in Chapter 3, in lightlata
showing that the negativepact of water on the performancetil is greatly magnified when
Bronsted base is also present, is the impact of hydroxide ion. Deliberately adding a soluble source
of the hydroxide anion at any point during RCM wasedifound to immediately halt m#tasis.

Rather than attacking on an active species, however, salt metathesis to formydrdsle
complexHIl -OH was observed. The latter complex, thougheactivaowards bulkier substrates,
decomposed in the preserafeethylene at room temperatuRroposed as the deactivating event

is bimolecular coupling of the forgoordinate methylidene species with the precatalyst, a pathway
promoted by the strong-Bonding capacity of the hydroxide ligand. DFT studies revehakdhe
geometry of the resultindinuclear intermediattampers methylidene/benzylidene coupling to
liberate olefin. Strong Hbonding of the hydroxide ligands also appears to promote further
agglomeration.

Chapter 4 considers the impact of water iteglfolefin metathesis promoted by phospHiee

catalysts. As noted above, despite extensive reports of agueous metathesis, water is now emerging
as unexpectedly del eteri oubsusttad tRue cpartoad wcsttisv. i
metathesis ylds are shown to decrease by 50% or more on addition of just 0.1% v/v water to the
reaction medium. This drop is observedraom-temperatureeactions for leading metathesis
catalysts of the Hoveyda and Gaetlasses, including recent and highly procctCAAC
derivatives. The mechanism of decomposition was examined. An initial hypothesis, based on prior
unpublished work, centered on the capacity of water to promatémination of the MCB
intermediate by @ing as a proton shuttle. While this may be tase for reactions at elevated
temperatures, based on the release of propenes, no propene products were observed at room
temperature. Instead, a role for water in bimolecular coupling is suggested. Ofvatde,
scavenging resins can be used to restoegathesis yields in organic media. Macrocyclization
reactions using a dianiline catalyst, which avidly takes up water, were shown to afford yields
comparable to anhydrous controls in the presence of 0.02%setér and resin.

From the perspective of aques metathesis, important questions have just begun to be posed.
Most obviously, the mechanism by which water decomposes the catalyst requires further
examination: insight into the nature of the problem may tlead to the identification of design
criteria to protect against it. Deuterium labelling studies usin@ Dnay prove useful in
determining the validity of the proposed, highe mper at ur e Aproton shutt]|l
experiments should be undertakto determine the order of the decompositieaction with
respect to ruthenium and water. The hypothesis that bimolecular coupling is operative at room
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temperature should be probed by examining labile catalysts that readily undergo this
decomposition gaway, but which resist nucleophilic attack.

As discussed in the preceding chapters, ethylidene complexes are resistant to nucleophilic attack.
Addition of water to such catalysts could therefore offer a probe of this pathway unobscured by
nucleophilic atiack. The pyridinestabilized compleXRu-14 useal in the Bailey work is a good
candidateRelevant clues aroth the proportion of butene evolved from BM&@nhdthe rate of
decomposition. As shown in Chapter 3, bimolecular coupling does not necessardieliae

olefin. The proportion of butesdibeated may thus undeeport BMC. Ambienttemperature
conditions, or perhaps metathesis in donor solvents that can inhibit Ru coupling, are therefore
important avenues for study.

Repeating the added water meéais experiments of Chapter 4 at higher dilutioay also give
insights. Of interest is the possibility that reducing the concentration of catalyst and substrate could
give higher TONs (even if turnover frequencies suffer), owing to reduced rates of BMC. T
pseudohalide catalysts first developed by Ganrad of the Fogg group may offer additional,
intriguing opportunities to inhibit bimolecular coupling of metathesis catalysts in eithernchter

or waterfree media.

A final suggestion for future work ogers on structuractivity relationships for ifferent
metathesis catalysts in the presence of water. This would be valuable in revealing which catalysts
are more tolerant, and which are more vulnerable to water. As shown in Chapter 4, the CAAC
catalysinGC performs better than bothples containingcomplexeddll andnG in the presence

of water. Such catalyst also resist MGRelimination (a topic that is currently being studied in
more detail by Daniel do Nascimento of this research group). E-thendaing character of the

CAAC ligand is responsible, ligand modifications to enhance this character may result in even
more rolust and watetolerant catalysts.
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Figure A9. 'H NMR spectrum (CDG| 300 MHz) of precipitate from the experiment of (g
A7, showing signals for [EtIM4CI 8.
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(a) Metathesis reaction, generating 1:

HZIMeszu"\T'OiPr + = AT + Ru decomposition
H (1 atm) CeDe, RT, 24 h 1 (40%)
H/O anthracene
HII-OH (S

(b) Observed MCB decomposition, generating 3/4 (cf. Scheme 3.3b in main text):

Ar
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By P : H 2. Red. elimination | Ar” X" 4 (4%)
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H H AN 3 (a%)
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+ Ru decomposition
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(c) Potential intramolecular nucleophilic attack (cf Scheme 3.1a in main text):
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Figure A17.1H NMR spectrum (6D6, 300 MHz) of reaction of HHOH with 1 atm C2H4 at RT.
Spectrum shown is following complete decomposition of®IH (24 h). Inset shows importa
organic decomposition products, with the corresponding integrated protons higghligicolor.
Integrations of only the internal standard and organic products provided for simplicity. All
integration values are relative to starting-IH charge (100%)
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Figure A18.H NMR (CGsDs, 300 MHz) for the reaction ¢dll with 1 atm GH4 atRT. Spectrum
shown is following complete decomposition Bil (24 h). Inset shows important organic
decomposition products, with the corresponding integrated protonsighigdad in color.
Integrations of only the internal standard and organic productsdecbvor simplicity. All
integration values are relative to startidly charge (100%).
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Figure A19.H NMR spectrum (6D, 300 MHz) for the reaction dfll -OH with 10 equiv9 at

RT. Spectrum shown is following complete decompositiofibFOH in solution (48 h). Inset
shows signal used for integration of RCM products. Only important integrations shown for
simplicity. All integrations indicated are relative to startiid -OH charge (100%). The symbol

(A Yenotesesidual GDsH.
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Figure A20.'H NMR spectra (6Ds, 300 MHz) for the autocatalytic decompositionHif -OH

at RT.(a) Initial spectrum, before addingtd: gas. (b) Spectrum following decompositiorttf -

OH by C:H4 (22 hours, after degassing to remove excest @ 5.25 ppm). (c) Spectrum after
24 h following addition of fresidll -OH (48 h total reaction time). Only important integrations

shown for simplidy.
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Figure A21. 1H NMR spectra (C6D6, 300 MHz) ftre robustness of pristinéll in the presence
of decomposedHll . (a) Initial spectrum, before addingk: gas. (b) Spectrum following
decompositiorHIl by GHs (22 hours, after degassing to remove sgc&Has (5.25 ppm). (c)
Spectrum after 24 h followingddition of pristineHIl (48 h total reaction time), no decomposition
of Hll is observed. Only important integrations shown for simplicity.
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Figure A22.H NMR spectra (€Ds, 300 MHz) for theeaction betweeHI and styrene &0°C
without water (a) Initial spectrum, before adding styrene (b) Spectrum after 24 h reaction. Insets
showsignals used for integration of organic markers derived from MCB decomposition.
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Figure A23.'H NMR spectra (€Ds, 300 MHz) for thereaction betweeHlIl and styrene &0 °C
with 20 equivalents KD added (a) Initial spectrum, before adding styrene (b) Spectrum after 24

h reaction. Insets showignals used for integration of organic markdesived from MCB
decomposition.
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Figure A24.H NMR spectra (6Ds, 300 MHz) fo' thereaction betweehlll and styrene aRT
without water (a) Initial spectrum, before adding styrene (b) Spectrum &ibrreaction. Insets
showsignals used for integration of organic markers derived from MCB decomposition.
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reaction Left inset shows location whebemethylstyrene would appear. Right inset shows signals
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Figure A26.H NMR spectra (€Ds, 300 MHz) for thereaction betweenGC and styrene &80
°C without water (a) Initial spectrumbefore adding styrene (b) Spectrum aférreactionBoth
insets show locations whelpemethylstyrene ath propene markers would appear.
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Figure A27.H NMR spectra (€Ds, 300 MHz) for thereaction betweenGC and styrene &0
°C with 20 equivalentsf water (a) Initial spectrum, before adding styrene (b) Spectrum after
reaction.Both insets show locations whdyanethylstyrene and propene markers would appear.
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