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Abstract

B Chapter 1. Development of Ru-Based Catechothiolate Complexes for Z-selective
Ring-Opening/Cross-Metathesis and Cross-Metathesis

We have developed a broadly applicable Ru-catalyzed protocol for Z-selective ring-
opening/cross-metathesis (ROCM). Transformations are promoted by 2.0-5.0 mol % of a
Ru-based catechothiolate complex, furnishing products in up to 97 % yield and >98:2 Z:F
ratio. The Z-selective ROCM processes are found to be compatible with terminal alkenes
of different sizes that include the first examples involving heteroaryl olefins, 1,3-dienes,
and O- and S-substituted alkenes as well as allylic and homoallylic alcohols. Reactions
with an enantioenriched a-substituted allylic alcohol are shown to afford congested Z-
olefins with high diastereoselectivity. The insights gained from these investigations
provided the impetus to develop electronically modified Ru catechothiolate catalysts that
are readily accessible from a commercially available dichloro-Ru carbene and an easily
generated air-stable zinc catechothiolate. The new complex is effective in catalyzing Z-
selective cross-metathesis (CM) of terminal alkenes and inexpensive Z-2-butene-1,4-diol

to directly generate linear Z-allylic alcohols, including those that bear a hindered



neighboring substituent or reactive functionalities such as a phenol, an aldehyde or a
carboxylic acid. Transformations typically proceed with 5.0 mol % of the catalyst within
4-8 hours under ambient conditions, and products are obtained in up to 80% yield and
98:2 Z:E selectivity. Utility is highlighted through synthesis of a molecular fragment en
route to anti-tumor agent neopeltolide and in a single-step stereoselective gram-scale

conversion of renewable feedstock to synthetically valuable Z-allylic alcohols.

B Chapter 2. Kinetically Controlled Z- and E-Selective Cross-Metathesis to Access 1,2-
Disubstituted Alkenyl Halides

We have discovered that previously unknown halo-substituted molybdenum alkylidenes
are capable of participating in highly efficient olefin metathesis reactions that afford
linear 1,2-disubstituted Z-alkenyl halides. Transformations are promoted by 1.0-10.0
mol % of a Mo-based pentafluorophenylimido monoaryloxide pyrrolide (MAP) complex
that is generated in sifu and used with unpurified, commercially available and easy-to-
handle liquid 1,2-dihaloethene reagents, delivering a myriad of alkenyl chlorides,
bromides and fluorides in up to 91% yield and >98:2 Z:E ratio. Through mechanism-
based modification of the aryloxide ligand, a newly synthesized Mo-based MAP complex
was shown to be effective in promoting kinetically controlled E-selective CM to access
the corresponding thermodynamically less favored E-isomers of alkenyl chlorides and
fluorides. Reactions typically proceed within 4 hours at ambient temperature with 1.0-5.0
mol % of the catalyst, which may be utilized in the form of air- and moisture-stable

paraffin pellets. Utility of the aforementioned protocols is demonstrated through



preparation of biologically active compounds and related analogues as well as late-stage

site- and stereoselective fluorination of complex organic molecules.

B Chapter 3. Molybdenum-Based Chloride Catalysts for Z-Selective Olefin Metathesis

A new class of Mo-based monoaryloxide chloride (MAC) complexes for Z-selective
olefin metathesis has been developed. The MAC catalysts are capable of promoting CM
with commercially available, inexpensive and typically inert Z-1,1,1,4,4,4-hexafluoro-2-
butene to furnish the higher-energy Z-isomers of trifluoromethyl-substituted alkenes in up
to 95% yield and >98:2 Z:E selectivity. Furthermore, otherwise inefficient and non-
stereoselective transformations with Z-1,2-dichloroethene and 1,2-dibromoethene can be
accomplished with appreciably improved efficiency and Z-selectivity. The method
enables synthesis of biologically active compounds and CF;-analogues of medicinally
relevant molecules. Density functional theory (DFT) calculations shed light on the origins

of the activity and selectivity levels observed in these transformations.

B Chapter 4. Stereoselective Synthesis of Z- and E-Trisubstituted Alkenes by Merging
Cross-Coupling with Cross-Metathesis

We have discovered that challenging acyclic E- and Z-trisubstituted alkenes, particularly
alkenyl chlorides and bromides, can be accessed efficiently and in high stereoisomeric
purity (up to >98% E and 95% Z) through a sequence involving catalytic cross-coupling
followed by stereoretentive CM promoted by Mo-based catalysts. Initial exploratory
studies with 1,1-disubstiuted alkenes revealed crucial mechanistic features of the

transformations that led us to utilize readily accessible trisubstituted olefins as substrates,



in combination with commercially available 1,2-dihaloethenes as cross-partners for CM.
Applications to synthesis of biologically active compounds and synthetic precursors
underscore utility. The stereoretentive transformations may be extended to trisubstituted

non-halogenated alkenes such as aliphatic olefins.
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Chapter One

Development of Ru-Based Catechothiolate Complexes for Z-

selective Ring-Opening/Cross-Metathesis and Cross-Metathesis

1.1. Introduction

Development of efficient and reliable protocols to construct stereochemically
defined C=C double bonds has important implications in chemical synthesis, since such
functionalities are prevalent in biologically active compounds and serve as versatile
precursors for myriad of chemical transformations.' In this context, methods that
preferentially furnish Z-alkenes” selectively are highly desirable but less established than
those for the E-alkenes due to complicating issues of thermodynamics that tend to favor
the lower-energy E-isomers in many instances. Nonetheless, the ingenuity of chemists
has led to the introduction of several notable strategies that reliably afford cis-olefins
over the years (Scheme 1.1).% 3 Despite these advances, a number of significant
shortcomings still remains. For example, stoichiometric waste generation and poor atom
economy are issues that plague Z-selective Wittig&l and Still-Gennari®® transformations.
Partial hydrogenation of alkynes™ sometimes suffers from over-reduction whereas

(5

terminal alkene isomerization strategies’™® are limited in scope and often result in

(1) Negishi, E.-i.; Huang, Z.; Wang, G.; Mohan, S.; Wang, C.; Hattori, H. Acc. Chem. Res. 2008, 41, 1474—
1485.

(2) For a review on synthesis of Z-alkenes, see: Siau, W.-Y.; Zhang, Y.; Zhao, Y. Top. Curr. Chem. 2012,
327,33-58.

(3) (a) For a representative report, see: Bergelson, L. D.; Shemyakin, M. M. Tetrahedron 1963, 19, 149—
159. (b) For a representative report, see: Still, W. C.; Gennari, C. Tetrahedron Lett. 1983, 24, 4405-4408.
(c) For a representative report, see: Lindlar, H.; Dubuis, R. Org. Synth. 1966, 46, 89. For representative
reports on olefin isomerization to obtain Z-alkenes, see: (d) Chen, C.; Dugan, T. R.; Brennessel, W. W_;
Weix, D. J.; Holland, P. L. J. Am. Chem. Soc. 2014, 136, 945-955. (e) Zhuo, L.-G.; Yao, Z.-K.; Yu, Z.-X.
Org. Lett. 2013, 15, 4634-4637. (f) Hegedus, L. S.; Soderberg, B. C. G. Transition Metals in the Synthesis
of Complex Organic Molecules, 3rd ed.; University Science Books: Sausalito, CA, 2009.
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difficult-to-separate olefin mixtures. Catalytic cross-coupling to obtain Z-olefins entails
the use of Z-alkenyl halides or Z-alkenyl organometallic reagents as precursors that can

be challenging to prepare.”’

Scheme 1.1. Common Strategies to Access Z-Alkenes.

R—=Me g/

partial hydrogenation isomerization
R Me R Me R Me
= = \—/ \=0 PhsP=/
olefin metathesis Wittig
_ X Me M Me -
R—M] X M Me p_x

cross-coupling

Catalytic olefin metathesis (OM) represents one of the most attractive tools for
stereoselective preparation of C=C double bonds. * This process offers a distinct synthesis
approach by utilizing two olefins as substrates, available in abundant quantities as by-
products of petroleum purification or readily accessed by a plethora of methods, to
generate a more functionalized alkene product with defined geometry. This unique nature
of OM coupled with minimal waste generation and broad functional group compatibility

has resulted in extensive applications in natural product synthesis and materials

(4) For selected reviews on stereoselective olefin metathesis, see: (a) Hoveyda, A. H. J. Org. Chem. 2014,
79, 4763-4792. (b) “Catalyst-Controlled Stereoselective Olefin Metathesis Reactions,” Hoveyda, A. H.;
Khan, R. K. M.; Torker, S.; Malcolmson, S. J.; in Handbook of Olefin Metathesis; Grubbs, R. H.; O’Leary,
D. Eds; VCH—Wiley, 2014, in press. (c) Fiirstner, A. Science 2013, 341, 1357-1344. (d) Hoveyda, A. H.;
Zhugralin, A. R. Nature 2007, 450,243-251.
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science.*’ To achieve both high efficiency and Z selectivity in catalyst-controlled OM,
however, a number of challenges have to be overcome (Scheme 1.2).

Scheme 1.2. Challenges in Catalyst-Controlled Z-Selective Olefin Metathesis.
a. accessing thermodynamically disfavored Z-alkene
Ru carbene or Mo/W alkylidene R’

Vi + =\ /:\ — fr—
R R R RrR| 7 ¥ *

higher energy lower energy

b. post-metathesis isomerization c. complex mixture of products
— M= R R R'
=\ - _ . —
ROR / ~ R R ~ K r
R R R
thermodynamically cross-metathesis products

favored usually R’
pr— - prm— prmm—
o ROR < o

homo-metathesis products unreacted substrates

d. broad functional group compatibility

R \on R/:\o—tc:Ho R/:\(‘tcozH R/:\—B(pin)
R X R Bpin) R CoRr R/:\:\

X=F,Cl, Br R
R/:}‘%—<COZH RF@ R/:b
" NH,

The inherent reversibility of OM means that any product that is generated can
revert back to the starting alkenes. Since the product olefin can potentially re-enter the
catalytic cycle, any kinetic selectivity that is initially obtained can be eroded. A
competent Z-selective catalyst must be capable of delivering the thermodynamically less

favored (in most instances) Z-stereoisomer (vs. lower-energy E-alkene) efficiently

without engendering significant erosion of Z selectivity through post-OM isomerization.®

(5) (a) Fiirstner, A. Angew. Chem. Int. Ed. 2014, 53, 8587-8598. (b) Metathesis in Natural Product
Synthesis: Strategies, Substrates and Catalysts; Cossy, J.; Arseniyadis, S.; Meyer, C.; Grubbs, R. H. Eds.;
Wiley-VCH, Weinheim, Germany, 2010. (c) Nicolaou, K. C.; Bulger, P. G.; Sarlah, D. Angew. Chem. Int.
Ed. 2005, 44, 4490-4527.

(6) For the importance of interplay between kinetic Z selectivity and post-metathesis isomerization, see: (a)
Meek, S. J.; O’Brien, R. V.; Llaveria, J.; Schrock, R. R.; Hoveyda, A. H. Nature 2011, 471, 461-466. (b)
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Furthermore, it has to do so without promoting significant formation of undesired
homocoupling by-products, especially in cross-metathesis (CM) and ring-closing
metathesis (RCM). An added challenge is that the OM catalyst has to exhibit high
functional group tolerance for broad applicability in chemical synthesis.

1.2. Ru-Based Catechothiolates for Z Selectivity in Olefin Metathesis

1.2.1. The Advent of Z-Selective Olefin Metathesis

Scheme 1.3.1 The First Case of Z-Selective Olefin Metathesis Involving a Mo-Based Alkylidene.

Smpirrs
oTBS " Mo AP OTBS
' o 9
, P~ _F <S> B (0.6 mol %) \/E'j\jh
N _
oTBS a CeHg, 22°C,1 h o

(2 equiv)
l Mo-1 >98% conv, 85% yield,

>98:2 Z.E, 9851 5er
11 examples

Scheme 1.3.2 Origin of Z-Selectivity Based on Ligand Steric Factors.

\ £

Ry NS N
2 Ri = Ry
0 steric Mo
repulsion
0 Rz o
Br—<C—o—>] ,Br Br—CTs Br

OTBS a OTBS
' Large Large

1-2¢:is 1-2trans
(favored) (disfavored)

Yu, M.; Wang, C.; Kyle, A. F.; Jakubec, P.; Dixon, D. J.; Schrock, R. R.; Hoveyda, A. H. Nature 2011, 479,
88-93. (¢) Ritter, T.; Hejl, A.; Wenzel, A. G.; Funk, T. W.; Grubbs, R. H. Organometallics 2006, 25,
5740-5745.



Page 5

The first examples of kinetically controlled Z-selective OM were disclosed in
2009,” wherein a high-oxidation-state stereogenic-at-Mo imido monoaryloxide pyrrolide
(MAP) complex (Mo-1) was shown to promote efficient and Z-selective ring-
opening/cross-metathesis (ROCM) with strained oxabicyclic alkenes and styrenes
(Scheme 1.3.1). The mechanistic principle for Z selectivity can be rationalized in Scheme
1.3.2. The incoming olefin approaches trans to the pyrrolide (strong o-donor) ® due to its
ability to stabilize the vacant coordination site to afford complex 1.1. The high Z
selectivity originates from the size difference between the freely rotating sizeable
aryloxide and the (comparatively) smaller imido ligand, which favors formation of
metallacyclobutane 1.2, wherein R' and R? are pointing away from the aryloxide to
minimize steric repulsion (vs. 1.244,s Wherein one R group has severe steric clash with
aryloxide). Subsequent [2+2] cycloreversion of 1.2.; gives the desired Z-olefin product.
Z-Selective ring-opening metathesis polymerization (ROMP),” homo-metathesis,'* CM"!
and macrocyclic RCM'? transformations catalyzed by related Mo- and W-based MAP
complexes were subsequently reported.

The design principles from Z-selective MAP alkylidenes inspired efforts to

develop low-oxidation-state Ru carbenes as viable catalysts for Z-selective OM. The

(7) Torahem, L.; Yu, M.; Schrock, R. R.; Hoveyda, A. H. J. Am. Chem. Soc. 2009, 131,3844-3845.

(8) (a) Poater, A.; Solans-Monfort, X.; Clot, E.; Copéret, C.; Eisenstein, O. J. Am. Chem. Soc. 2007, 129,
8207-8216. (b) Marinescu, S. C.; Schrock, R. R.; Li, B.; Hoveyda, A. H J. Am. Chem. Soc. 2009, 131, 58—
59.

(9) For example, see: Flook, M. M.; Jiang, A. J.; Schrock, R. R.; Miiller, P.; Hoveyda, A. H. J. Am. Chem.
Soc. 2009, 131, 7962-7963.

(10) For example, see: Jiang, A. J.; Zhao, Y.; Schrock, R. R.; Hoveyda, A. H. J. Am. Chem. Soc. 2009, 131,
16630-16631.

(11) For example, see: Meek, S. J.; O’Brien, R. V.; Llaveria, J.; Schrock, R. R.; Hoveyda, A. H. Nature
2011,471,461-466.

(12) For example, see: Yu, M.; Wang, C.; Kyle, A. F.; Jakubec, P.; Dixon, D. J.; Schrock, R. R.; Hoveyda,
A. H. Nature 2011, 479, 88-93.
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impetus for such studies stemmed from the complementary' attributes of Ru carbenes
(vs. Mo/W alkylidenes) which could potentially enhance the impact of Z-selective OM in
chemical synthesis. Since 2010, different classes of Z-selective stereogenic-at-Ru
catalysts have been developed (Scheme 1.4). These include complexes that bear a
bidendate phosphine ligand such as Ru-2,'* a bidendate N-heterocyclic carbene (NHC)-
chelating ligand such as Ru-3" as well as Ru arylthiolates exemplified by Ru-4.'®

Scheme 1.4. Previously Reported Ru Complexes That Could Promote Z-Selective Olefin Metathesis.

I\ MesNx—NMes
@ Nyx—NMes T cl
Q\\?P/ t-Bu T /Rl'.l‘\\_
o, i ph 71
_I?u o Né O/ T (0]
:< Yl o o P
Q s (
i ’ Ph
Ru-2 Ru-3 Ru-4

Despite these advances, the reported Ru-based catalysts tend to suffer from
limited substrate scope, poor efficiency and/or diminished stereoselectivity at high
conversions. For instance, Ru-2 and related analogues can promote co-polymerization of

norbomene with cyclooctene but only up to 51% Z selectivity.'"* Ru-4 has been shown to

(13) (a) Cortez, G. A.; Baxter, C. A.; Schrock, R. R.; Hoveyda, A. H. Org. Lett. 2007, 9, 2871-2874. (b) A.
H. Hoveyda, A. R. Zhugralin, Nature 2007, 450, 243-251.

(14) Torker, S.; Miiller, A.; Chen, P. Angew. Chem. Int. Ed. 2010, 49, 3762-3766.

(15) (a) Endo, K.; Grubbs, R. H. J. Am. Chem. Soc. 2011, 133, 8525-8527. (b) Keitz, B. K.; Endo, K ;
Herbert, M. B.; Grubbs, R. H. J. Am. Chem. Soc. 2011, 133, 9686-9688. (¢) Keitz, B. K.; Endo, K.; Patel, P.
R.; Herbert, M. B.; Grubbs, R. H. J. Am. Chem. Soc. 2012, 134, 693—699. (d) Keitz, B. K.; Fedorov, A.;
Grubbs, R. H. J. Am. Chem. Soc. 2012, 134, 2040-2043. (¢) Marx, V. M.; Herbert, M. B.; Keitz, B. K.;
Grubbs, R. H. J. A4m. Chem. Soc. 2013, 135, 94-97. (f) Herbert, M. B.; Marx, V. M.; Pederson, R. L;
Grubbs, R. H. Angew. Chem. Int. Ed. 2013, 52, 310-314. (g) Rosebrugh, L. E.; Herbert, M. B.; Marx, V.
M.; Keitz, B. K.; Grubbs, R. H. J. Am. Chem. Soc. 2013, 135, 1276—1279. (h) Cannon, J. S.; Grubbs, R. H.
Angew. Chem. Int. Ed. 2013, 52,9001-9004. (i) Rosebrugh, L. E.; Marx, V. M.; Keitz, B. K.; Grubbs, R. H.
J. Am. Chem. Soc. 2013, 135,10032-10035. (j) Chong, W.; Carlson, J. S.; Bedke, D. K.; Vanderwal, C. D.
Angew. Chem., Int. Ed. 2013, 52, 10052—-10055. (k) Hartung, J.; Grubbs, R. H. J. Am. Chem. Soc. 2013,
135,10183-10185. (1) Quigley, B. L.; Grubbs, R. H. Chem. Sci. 2014, 5, 501-506. (m) Hartung, J.; Grubbs,
R. H. Angew. Chem. Int. Ed. 2014, 53, 3885-3888. (n) Mangold, S. L.; O'Leary, D. J.; Grubbs, R. H. J. Am.
Chem. Soc. 2014, 136, 12469-12478.

(16) (a) Occhipinti, G.; Hansen, F. R.; Térnroos, K. W.; Jensen, V. R. J. Am. Chem. Soc. 2013, 135,3331-
3334. (b) Occhipinti, G.; Koudriavtsev, V.; Tornroos, K. W.; Jensen, V. R. Dalton Trans. 2014, 43,11106—
11117.
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promote Z-selective homocoupling of simple terminal alkenes such as allylbenzene (82%
Z selectivity at 44% conversion),'® but stereoselectivity plunges as reaction progresses
(45% Z selectivity at >98% conversion), presumably due to post-metathesis isomerization
of the product.® Although Ru-3 and its analogues have been demonstrated to be effective
in a range of Z-selective OM transformations,” blatant shortcomings in functional group
tolerance remain. Notably, the lack of reactivity with sterically encumbered alkenes like
styrenes and those that carry important functionalities such as carboxylic acids,"”™ as
well as the frequent need for alcohol protection especially with proximal hydroxyl
groups'**" limit the general applicability of these catalysts. In this regard, a more general,
readily accessible and modifiable class of Ru carbenes that is capable of promoting
highly efficient and Z-selective OM with broad functional group compatibility remains to
be conceived.
1.2.2. Rational Design of Catechothiolate Complexes as Z-Selective Catalysts

Inspired by the design principles for Z selectivity in high-oxidation-state MAP
alkylidenes, our group hypothesized that high Z selectivity could be attained if the
trigonal bipyramidal ruthenacyclobutane intermediate 1.4 bears axial ligands that are
significantly different in size (Scheme 1.5). This will enforce cis orientation of both
metallacycle substituents (i.e. R' and R?) away from the large ligand to minimize steric
repulsion. In the context of commonly used dichloro-Ru carbenes, 1.55, would possess
the required ligand environment for Z selectivity (larger NHC vs. smaller Cl). However,
the intermediacy of 1.5, is disfavored for several reasons: (i) electron-electron repulsion

between the two Cl ligands (syn to each other),'” (ii) unfavorably high dipole

(17) Syn orientation of a donor group and an NHC in dichloro-Ru complexes has been observed, likely
arising from donor properties of the chelating groups. For example, see: (a) Ung, T.; Hejl, A.; Grubbs, R.
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moment'®'” and (iii) steric repulsion between the NHC and the metallacyclobutane (syn

to each other).

Scheme 1.5, Rational Design of New Ru-Based Catalysts for Z-Selective Olefin Metathesis.
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As a result, the transformation tends to proceed through 1.5, wherein the
metallacyclobutane is formed anti to the large NHC. In this scenario, the NHC plays
minimal role in determining stereoselectivity and the observed E:Z ratio largely depends
on the size difference between substituents R' and R resulting in predominant formation

of the E-alkene in most instances. In order to favor the formation of ruthenacyclobutane

H.; Schrodi, Y. Organometallics 2004, 23, 5399-5401. (b) Slugovc, C.; Perner, B.; Stelzer, F.; Mereiter, K.
Organometallics 2004, 23, 3622-3626. (c) Barbasiewicz, M.; Szadkowska, A.; Bujok, R.; Grela, K. Straub,
B. F.; Lemcoff, N. G. Inorg. Chem. 2009, 48, 10819—10825. (e) Tzur, E.; Szadkowska, A.; Ben-Asuly, A ;
Makal, A.; Goldberg, I.; Wozniak, K.; Grela, K.; Lemcoff, N. G. Chem.—Eur. J. 2010, 16, 8726-8737. For
a study involving syn/anti isomerization, see: (f) Poater, A.; Ragone, F.; Correa, A.; Szadkowska, A.;
Barbasiewicz, M.; Grela, K.; Cavallo, L. Chem.—Eur. J. 2010, 16, 14354—14364.

(18) Polar solvents have been proposed to stabilize the high dipole moment of syn alkene-NHC complexes
and the related metallacyclobutanes. See: (a) Benitez, D.; Goddard, W. A., III. J. Am. Chem. Soc. 2005, 127,
12218-12219. (b) Correa, A.; Cavallo, L. J. Am. Chem. Soc. 2006, 128, 13352—13353.

(19) For the significance of minimizing donor—donor interactions in Ru-catalyzed OM, see: (a) Khan, R. K.
M.; Zhugralin, A. R.; Torker, S.; O’Brien, R. V.; Lombardi, P. J.; Hoveyda, A. H. J. Am. Chem. Soc. 2012,
134, 12438-12441. (b) Torker, S.; Khan, R. K. M.; Hoveyda, A. H. J. Am. Chem. Soc. 2014, 136,
3439-3455.
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1.5, our group envisioned replacing the two Cl with a bidendate dianion such as a
catecholate or dithiolate as depicted in 1.6. This would allow us to achieve the
aforementioned objective as the two anionic ligands would be forced to adopt a syn
orientation."” A practical synthesis route to the aforementioned complexes was thus
devised by treating commercially available dichloro-Ru carbene Ru-5 with disodium
salts of catechol and dithiols to give Ru-6—Ru-8 (Scheme 1.6).%

Scheme 1.6. Synthesis of New Ru-Based Complexes for Z-Selective Olefin Metathesis.

MesN~_—NMes
cl,
_Ru\
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S CN
H ~
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5 4
Ru-7 Ru-8
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1.2.3. Exceptional Efficiency and Z Selectivity in Ring-Opening Metathesis

Polymerization and Ring-Opening/Cross-Metathesis with Hindered Alkenes

(20) Khan, R. K. M.; Torker, S.; Hoveyda, A. H. J. Am. Chem. Soc. 2013, 135, 10258-10261.
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As a proof-of-concept, ROMP*' and ROCM™ reactions with representative cyclic
alkene substrates were investigated for efficiency and stereoselectivity using the new Ru
carbenes in hand (Scheme 1.7). It was found that Ru dithiolates Ru-7 and Ru-8 are
effective in promoting highly efficient and Z-selective ROMP with norbornene and
cyclooctadiene (up to 43000 turnover number (TON) in 1 h with Ru-8). Ru-7 was also
demonstrated to catalyze ROCM with norbornenes and cyclobutenes and sterically bulky
olefins such as styrenes and vinylcyclohexane with exceptional efficiency and
stereochemical control. In contrast, Ru-6 was shown to promote similarly efficient
ROMP with norbornene but with minimal stereoselectivity (58:42 Z:E ratio).

Scheme 1.7. Exceptional Efficiency and Z-Selectivity in ROMP and ROCM with Ru Dithiolates.

MesNyw__NMes MesNw__NMes

H T;S CN H T\S
“—Ru_ I\ “—Ru_ m
G 2
)\ Ru-8 )\ Ru-7
PN 0.002 mol% @ 1 mol% Vo
Q n 1h G Q

>98% conv, 86% yield, TON up to 43000 G = aryl, cyclohexyl  >98% conv, 59-75% yield,
>98.2 Z.E 1-2h >982 Z:E
2 examples 7 examples

The reasons for the observed selectivity difference between Ru diolates and
dithiolates were later elucidated through a series of mechanistic and density functional
theory (DFT) investigations.” It was revealed that Ru complexes containing sulfide

ligands are better able to preserve their structural integrity under standard reaction

(21) For representative reviews on the importance of stereoregular ROMP, see: (a) Schrock, R. R. Dalton
Trans. 2011, 40, 7484-7495. (b) Sutthasupa, S.; Shiotsuki, M; Sanda, F. Polymer Journal 2010, 42, 905—
915. (c¢) Xia, Y.; Kornfield, J. A.; Grubbs, R. H. Macromolecules 2009, 42,3761-3766. (d) Buchmeiser, M.
R. Chem. Rev. 2000, 100, 1565-1604.

(22) For the importance of ROCM in chemical synthesis, see: Grela, K. Angew. Chem. Int. Ed. 2008, 47,
5504-5507.

(23) For studies that shed light on the importance of S-based (vs O-based) bidentate ligands, see: Khan, R.
K. M.; Torker, S.; Hoveyda, A. H. J. Am. Chem. Soc. 2014, 136, 14337—14340.
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conditions, while the O-based variants decompose more readily to inactive entities that
may promote non-selective transformations. DFT calculations further suggested that
whereas olefin coordination is the rate-determining step with Ru diolates, it is the
metallacyclobutane formation step that controls the identity of the major isomer with the
dithiolate system. Stereochemical differentiation through formation of a metal-olefin
complex is less likely since the more loosely associated alkene is too distal for steric
interactions to exert a significant influence (vs. metallacyclobutane formation, see
Scheme 1.5), hence offering an additional rationale for the selectivity trends in the
aforementioned processes.

1.3. Examining Functional Group Compatibility of Ru-Based Catechothiolates
Through Ring-Opening/Cross-Metathesis

1.3.1. Z-Selective ROCM with Broad Substrate Scope

Scheme 1.8. Z-Selective ROCM with Ru Catechothiolates as Catalysts.
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Encouraged by the first successful cases of catalytic ROCM with the newly
discovered catechothiolate system, we aimed to gain further insights on the functional
group tolerance of this class of Ru catalysts. Prior to our studies, it was shown that Mo-
based MAP alkylidenes are capable of promoting highly efficient and Z-selective ROCM
of various cyclic alkenes with styrenes’ and enol ethers* as the olefin cross-partner,
albeit with hydroxyl groups on the substrates protected due to the inherent sensitivity of
alkylidenes toward protic groups.'”® On the other hand, the only examples of Ru-
catalyzed Z-selective ROCM with O- and S-substituted alkenes are promoted by a Ru
carbene that affords #rans products with other olefin cross-partners.” An enantioenriched
Ru-3 was shown to catalyze Z- and enantioselective ROCM transformations with various
norborene derivatives and terminal aliphatic alkenes such as allylic acetate; however, all
reported cases do not involve unprotected hydroxyl groups.'™*

In light of the aforementioned ROCM results with hindered terminal alkenes, we
wondered if Ru dithiolates such as Ru-7 can promote reactions with olefins bearing
smaller groups in spite of the diminished steric repulsion with the mesityl moieties of the
NHC ligand (cf. 1.7 and 1.8, Scheme 1.8). Although ROCM with hindered alkenes was
shown to be efficient, the corresponding reactions with smaller substrates present new
challenges since these undergo more facile homocoupling to generate ethylene and the
somewhat unstable methylidene complex, 26 which has been implicated to decompose and

lower catalyst lifetime. In addition, ROCM with smaller alkenes furnish products that are

(24) Yu, M.; Tbrahem, I.; Hasegawa, M.; Schrock, R. R.; Hoveyda, A. H. J. Am. Chem. Soc. 2012, 134,
2788-2799.

(25) Khan, R. K. M.; O'Brien, R. V.; Torker, S.; Li, B.; Hoveyda, A. H. J. Am. Chem. Soc. 2012, 134,
12774-12779.

(26) Hong, S. H.; Wenzel, A. G.; Salguero, T. T.; Day, M. W.; Grubbs, R. H. J. Am. Chem. Soc. 2007, 129,
7961—7968.
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relatively more exposed and hence are more susceptible to post-OM isomerization.’ The
final issue is whether ROCM can proceed efficiently and stereoselectively with a wide
substrate range that include sparsely examined enol e‘[hers,27 1,3-dienes,28 heteroaryl
olefins as well as unprotected allylic and homoallylic alcohols.

1.3.2. Z-Selective ROCM with Unhindered Aliphatic Alkenes”

Scheme 1.9. Z-Selective ROCM with Primaryl Alkyl Olefins.
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We first examined the influence of the terminal alkene cross-partner size on the
efficiency and stereoselectivity of the ROCM transformations using Ru-7 as catalyst
(Scheme 1.9). With cross-partners that bear bulky B-substituents (where the alkene and

sizeable moiety are linked by a methylene unit), ROCM proceeds efficiently to afford

(27) Enol ethers are usually employed to terminate Ru-catalyzed OM due to their “irreversible” formation
of Fischer-type carbenes. See: (a) Maynard, H. D.; Okada, S. Y.; Grubbs, R. H. Macromolecules 2000, 33,
6239-6248. (b) Sanford, M. S.; Love, J. A.; Grubbs, R. H. J. Am. Chem. Soc. 2001, 123, 6543—6554.

(28) Prior to our studies, Z-selective OM with 1,3-dienes is scarce and existing cases involve MAP
alkylidenes: (a) Townsend, E. M.; Schrock, R. R.; Hoveyda, A. H. J. Am. Chem. Soc. 2012, 134, 11334—
11337. (b) Kiesewetter, E. T.; O'Brien, R. V.; Yu, E. C.; Meek, S.J.; Schrock, R. R.; Hoveyda, A. H. J. Am.
Chem. Soc. 2013, 135, 6026-6029.

(29) Koh, M. J.; Khan, R. K. M.; Torker, S.; Hoveyda, A. H. Angew. Chem. Int. Ed. 2014, 53, 1968—1972.
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1.10 and 1.11 in 89% and 83% yield, respectively with complete Z selectivity.
Transformations with the less hindered y,5-unsaturated amide and homoallylic silyl ether
are similarly Z-selective but somewhat less efficient (1.12 and 1.13 generated in 65% and
68% yield, respectively), presumably due to more competitive homo-metathesis of the
cross-partner and formation of the unstable Ru methylidene.*

In further support of this hypothesis, ROCM with the least hindered 1-decene
proceeds to 91% conversion and 1.14 was obtained in 58% yield and >98:2 Z:E ratio. The
reactions can also be extended to different cyclic olefins as highlighted by the synthesis
of 1.15 and 1.16. The above results indicate that steric repulsion between the mesityl
moieties of the NHC and the metallacyclobutane substituents appears to be sufficient to
favor the intermediacy of 1.9 (vs. 1.7 and 1.8, Scheme 1.8) even when R is relatively
small.

1.3.3. Z-Selective ROCM with Heterocyclic and Conjugated Alkenes

Scheme 1.10. Z-Selective ROCM with Heterocyclic Alkenes and 1,3-Dienes.
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We next examined the reaction scope with various functionalized heterocyclic
alkenes and 1,3-dienes (Scheme 1.10). Heterocyclic olefins are found to be compatible
under the ROCM conditions as represented by the synthesis of 1.17 and 1.18; products
are generated in 93-97% yield and >93% Z selectivity. 1,3-Dienes® also serve as
efficient cross-partners in the ROCM protocol. Transformations with (£)-1-methoxy-1,3-
butadiene or (E)-deca-1,3-diene with norbornene- and cyclobutene-derived substrates
proceeded efficiently to give the desired products 1.18—1.22 in 60—-88% yield and >98:2
Z:E ratio in most instances; the reaction to deliver 1.19 gave somewhat lower Z
selectivity (91:9 Z:E ratio), the exact origin of which remains to be determined.”

Scheme 1.11. Z-Selective ROCM with O- and S-Substituted Alkenes.

e \/ a \ n-BuO  OBn
On-Bu SEt A e
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>98% conv, 79% yield, >98% conv, 83% yield,
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ROCM transformations employing enol ethers and vinyl sulfides, olefins that are
capable of forming less reactive Fischer-type carbene species with Ru complexes,”’ are
shown to be similarly efficient and stereoselective with a range of cyclic alkene

substrates possessing different strain energies, furnishing products 1.23-1.27 in 79-95%

yield and >88% Z selectivity (Scheme 1.11).

(30) Examination of selectivity as a function of time indicates that the E-isomer is not generated by post-
metathesis isomerization.
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1.3.4. Positive Influence of Allylic Alcohol-Induced Electrostatic (H-Bonding)
Interactions on Reaction Efficiency and Selectivity

Scheme 1.12. Z-Selective ROCM with Allyl and Homoallyl Alcohols and Their Derived Ethers.
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Given the sensitivity of high-oxidation-state alkylidene complexes toward
hydroxyl groups'® and the persisting lack of examples with previously reported Ru-
catalyzed methods, we turned to the possibility of using allylic and homoallylic alcohols
as cross-partners in our ROCM regime (Scheme 1.12). Interestingly, whereas the
reactions of norbornene with homoallyl alcohol and its derived n-butyl ether proceeded to
give 1.30 and 1.31 as a mixture of 87:13 Z:E isomers in 84% and 66% yield, respectively,
ROCM with allyl alcohol to give 1.28 (>98% conversion, 68% yield) was appreciably
more efficient than its protected variant (20% conversion). In view of the efficiency of
reactions with primary alkyl olefins (Scheme 1.9), it appears that incorporation of an
allylic ether oxygen induces a detrimental effect, one that is no longer present when allyl
alcohol is used (cf. 1.28). A plausible rationale for these observations is that electron-
electron repulsion®’ may exist between the allylic ether oxygen and the neighboring

sulfide unit trans to the NHC, consequently raising the energy of the ruthenacyclobutane

(31) Similar unfavorable repulsive forces between the oxygen substitent and the sulfide unit are unlikely in
effect for vinyl (Scheme 1.11) and homoallylic ethers (cf. 1.13 in Scheme 1.9 and 1.30 in Scheme 1.12); it
appears that it is the heteroatom within an allylic ether that engenders repulsive electronic interactions.
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and the preceding transition state (cf. 1.32, Scheme 1.12). On the other hand, such
unfavorable repulsive interactions could be dispensed with through electrostatic (H-
bonding) interactions between the allylic hydroxyl unit and the sulfide #rans to the
NHC, ** which could also contribute to stabilizing the ruthenacyclobutane and the
preceding transition state by minimizing the frans influence'® arising from placement of

the NHC and sulfide groups (cf. 1.33, Scheme 1.12).

Scheme 1.13. Z- and diastereoselective ROCM with an Enantioenriched Secondary Allylic Alcohol.
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To gain more insights, we chose to examine the reaction of an enantiomerically

enriched secondary allylic alcohol (Scheme 1.13), since the facility with which the

(32) For studies on H-bonding interactions with S-containing functional groups, see: (a) Wennmohs, F.;
Staemmler, V; Schindler, M. J. Chem. Phys. 2003, 119, 3208-3218. (b) Tsogoeva, S. B.; Yalalov, D. A;
Hateley, M. J.; Weckbecker, C.; Hutchmacher, K. Eur. J. Org. Chem. 2005, 4995-5000. (c) Schreiner, E.;
Nair, N. N.; Pollet, R.; Staemmler, V.; Marx, D.; Proc. Natl. Acad. Sci. USA 2007, 104, 20725-20730. (d)
Zhou, P.; Tian, F.; Lv, F.; Shang, Z. Proteins Struct. Funct. Bioinf- 2008, 76, 151-163.
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sterically congested Z-olefin is formed could further substantiate the positive influence of
the hydroxyl group. Furthermore, whether the ROCM proceeds diastereoselectively
would shed further light on the nature of the aforementioned electrostatic interactions.
Treatment of commercially available allylic alcohol 1.34 (96:4 enantiomeric ratio (e.r.))
with cyclic alkene 1.36 (5:1 ratio) in the presence of 5 mol % of Ru-7 gave 1.40 (via
1.38) in 67% yield as a single diastereomer (>98:2 Z:E and >98:2 diastereomeric ratio
(d.r.)). The identity of the major enantiomer was ascertained by the X-ray structure of the
phenylboronate derivative 1.42. When 1.34 was subjected to cyclopropene 1.37 (1:2
ratio), under otherwise the same reaction conditions, 1.41 was obtained in 78% yield,
91:9 Z:E and 93:7 d.r. (via 1.39). Perhaps unsurprisingly, there was <5% conversion after
24 hours when the allylic methyl ether 1.35 was reacted with either 1.36 or 1.37. These
observations highlight a crucial mechanistic attribute. Previously, allylic alcohols have
been shown to react with greater efficiency and diastereoselectivity than their protected
derivatives in ROCM transformations catalyzed by dichloro-Ru complexes, * and
electrostatic attraction (H-bonding) between the alcohol and the anionic CI ligands were
invoked to rationalize these results. It is likely that similar principles are operative in the
Ru dithiolate system.” As illustrated by 1.33 in Scheme 1.12, such electrostatic
interactions between the allylic hydroxyl group and the sulfide anti to the NHC not only
alleviate frans influence, but also induce structural organization leading to high
diastereofacial differentiation in reactions with enantioenriched allylic alcohols. These

data underscore the unique ability of Ru dithiolates to promote OM with alkenes

(33) (a) Hoveyda, A. H.; Lombardi, P. J.; O'Brien, R. V.; Zhugralin, A. R. J. Am. Chem. Soc. 2009, 131,
8378-8379. For related studies, see: (b) Hoye, T. R.; Zhao, H. Org. Lett. 1999, 1, 1123-1125. (c) Fuwa, H.;
Saito, A.; Sasaki, M. Angew. Chem. Int. Ed. 2010, 49, 3041-3044. (d) Lin, Y. A.; Chalker, J. M.; Davis, B.
G. J. Am. Chem. Soc. 2010, 132, 16805-16811. (¢) Donohoe, T. J.; Basutto, J. A.; Bower, J. F.; Rathi, A.
Org. Lett. 2011, 13,1036-1039.
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containing a proximal alcohol unit, which provided the impetus for us to address a
longstanding limitation in CM for the preparation of synthetically valuable Z-allylic
alcohols.

1.4. Cross-Metathesis to Access Functionalized Z-Allylic Alcohols

1.4.1. Significance of Z-Allylic Alcohols in Chemical Synthesis

Scheme 1.14. Importance of Z-Allylic Alcohols in Nature and Common Methods to Prepare Them.

a. examples of biologically active molecules that contain Z-allylic alcohols

HOUMe HO—\:}/-);Me
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Acalycixeniolide K
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b. reported strategies to access Z-allylic alcohols

_ n-BuLi (2 equiv); R—=— Lindlar reduction o R
— \ _— — \ _ >
OH RX OH _\:/
Ni-catalyzed
] _— W-catalyzed CM; Ho R . hydroboration; HO R
e N + R T TN TP HBpin) + \ /R ————— " \/
oxidation oxidation

The Z-allylic hydroxyl motif is commonly found in biologically active
compounds™ including fragrance agents such as (Z)-pent-2-en-1-ol and (Z)-non-2-en-1-ol
(Scheme 1.14a). In addition, it also serves as a convenient handle for further elaboration
in organic synthesis.”” The traditional route to synthesize 1,2-disubstituted Z-allylic
alcohols involves partial hydrogenation™ of disubstituted propargylic alcohols that are in
turn accessed from alkylation of propargyl alcohol. More recently, catalytic methods that

afford such moieties have been developed (Scheme 1.14b). For instance, in 2010, Morken

(34) For examples, see: (a) Yadav, J. S.; Bhanu, L. R. M.; Dutta, D. Tetrahedron 1998, 54, 3929-3934. (b)
Rho, J.-R.; Oh, M.-S.; Jang, K. H.; Cho, K. W,; Shin, J. J. Nat. Prod. 2001, 64, 540-543.
(35) Hoveyda, A. H.; Evans, D. A.; Fu, G. C. Chem. Rev. 1993, 93, 1307-1370.
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and Ely have reported a Ni-catalyzed 1,4-hydroboration protocol using 1,3-dienes and
HB(pin) followed by oxidation to afford allylic alcohols efficiently and Z-selectively.” In
2013, our group has shown that W-based MAP-catalyzed Z-selective CM of terminal
alkenes with allylboronic pinacol ester followed by oxidation enables access to a variety

8 Despite these advances, a catalytic method that directly

of Z-allylic alcohols efficiently.
affords Z-allylic alcohols with a wide substrate range, especially those that bear important
functional units such as carboxylic acids, phenols and carbonyl groups, under ambient
conditions in a single step (without oxidation in between) would be highly coveted.

1.4.2. Challenges in CM to Access Z-Allylic Alcohols

Scheme 1.15. Challenges in Z-Selective CM to Access Allylic Alcohols with Ru Dithiolate Complexes.

a. Ru-catalyzed redox isomerization as potential complication b. CM between 2 terminal alkenes inefficient with Ru dithiolates
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OM with allylic alcohols lies in the exclusive purview of low-oxidation-state Ru

carbene catalysis. However, studies in Z-selective OM with allylic alcohols are thus far

(36) Ely, R. J.; Morken, J. P. J. Am. Chem. Soc. 2010, 132, 2534-2535.
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limited to ROCM,"”™ processes that benefit from the driving force of strain release.
Catalytic CM provides a strategically distinct and highly versatile approach to linear Z-
allylic alcohols by utilizing readily available alkenes as starting materials. Direct Z-
selective CM between an olefin and a commercially available allylic alcohol would
undeniably represent one of the most straightforward ways to generate these products.
However, in addition to the challenges associated with catalyst-controlled Z-
selective OM as illustrated in Scheme 1.2, the propensity of the allylic hydroxyl unit to
undergo undesired redox isomerization under Ru catalysis is documented (Scheme
1.15a).”” Further exacerbating the situation is the observation that a typical CM between a
terminal olefin such as allylbenzene 1.43 and 2 equivalents of allyl alcohol 1.44 using
Ru-7 as catalyst failed to furnish appreciable amounts of the desired product 1.45 (<5%
conversion) (Scheme 1.15b). Additional control experiments confirmed that Ru-based
dithiolates like Ru-7 are inefficient in promoting reactions with two mono-substituted
olefins. We hypothesized that the inevitable formation of unstable Ru methylidene
complexes during the course of the reaction (either from CM or homocoupling of the
alkene substrates) is the main culprit for catalyst decomposition leading to poor
efficiency. Two conceivable modes of catalyst decomposition are presented in Scheme
1.15c¢. First, the possibly enhanced electron density of the sulfide positioned opposite to
the NHC ligand as a result of trans influence'’ may cause an intramolecular 1,2-sulfide

shift into the carbene®® leading to a catalytically inactive s ecies, particularly when an
g y y |y p y

(37) Trost, B. M.; Kulawiec, R. J. J. Am. Chem. Soc. 1993, 115,2027-2036.
(38) For an example of 1,2-thio group migration into carbenoids, see: Feng, X.; Shi, W.; Wang, J. J. Org.
Chem. 2005, 70,4191-4194.
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exposed methylidene is involved (R = H). Second, biomolecular decomposition of the
relatively unhindered methylidene™ can further diminish the catalyst lifetime.
1.4.3. Preliminary Results in CM with Z-2-Butene-1,4-Diol

Scheme 1.16. CM of Allylbenzene and Z-2-Butene-1,4-diol with representative Ru complexes.

HO—\_/—OH
1.46
(2 equiv)
Ru complex (3 mol %) HO Ph
ph N7 .
thf, 22°C, 9 h
1.43 1.45
MesNy—NMes Ny—NMes MesNy__NMes MesNy—_NMes

C'/»T @/T H, s

. T_\\S H T CN
To e R S
i-Pr 0]

0,

Ru-5 Ru-3 Ru-7 Ru-8
79% conv, 66% yield, 70% conv, 50% yield, 50% conv, 42% yield, <5% conv
13:87 Z:E 919 Z:E 98:2 Z:E

Since allyl alcohol was found to be inefficient in CM with Ru dithiolates, we
turned to commercially available, inexpensive and stereoisomerically pure Z-2-butene-
1,4-diol as the cross-partner instead. We envisioned that the use of a 1,2-disubstituted
olefin should diminish ethylene generation and discourage the formation of unstable
methylidene complexes, which are adept at causing post-metathesis isomerization® and
lowering catalyst life time (Scheme 1.15). CM of allylbenzene 1.43 with excess Z-2-
butene-1,4-diol 1.46 was carried out with various reported Ru catalysts and results are
summarized in Scheme 1.16. With dichloro-Ru carbene, 1.45 was obtained in 66% yield
as a 87:13 E:Z mixture of isomers, presumably due to substrate control. With the NHC-

chelating complex Ru-3, which has been shown to promote a range of Z-selective OM

(39) Vougioukalakis, G. C.; Grubbs, R. H. Chem Rev. 2010, 110, 1746-1787.



Page 23

transformations,"” 1.45 was generated with decent Z selectivity (91:9 Z:E ratio) albeit in
moderate yield (70% conversion, 50% yield). Catechothiolate Ru-7 was slightly less
efficient in promoting CM (50% conversion, 42% yield), but appreciably more Z-
selective (98% Z selectivity) compared to Ru-3. This result is in stark contrast to the
corresponding CM with allyl alcohol 1.44 (Scheme 1.15b), and lends credence to the
detrimental effect of the putative Ru methylidene. On the other hand, dithiolate Ru-8
failed to catalyze the CM transformation (<5% conversion).

1.4.4. Development of New Ru Catechothiolates for CM with Z-2-Butene-1,4-Diol"®

Scheme 1.17. Synthesis of New Ru-Based Catechothiolates Exemplified by Ru-9.

HoN I\
cl NN, cl MesNx_NMes //\/K\\,
@ESH Zn(0AG)y 2Ho0 ©:s\ Ru-5 (0.5 equiv) . T\S C'i o 1 ha e

o=

Zn
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SH  PrOH,22°C, 1h S tf, 22°C, 5 h /s LA\
o oo\0
al al o /
\ < s

147 1.48
95% yield Ru-9 X-ray structure
air stable 85% yield of Ru-9

Crey-RU-S angle = 148.0°

We pondered whether incorporation of electronegative atoms (for example, Cl)
within the catechothiolate ligand in Ru-7 might slow down the rate of 1,2-sulfide shift
leading to catalyst decomposition by reducing trans influence with the NHC as illustrated
in Scheme 1.15c. Efforts to prepare Ru-9, the dichloro derivative of the parent complex
Ru-7, using the corresponding disodium dithiolate precursor (Scheme 1.6) proved to be
unsatisfactory as the desired Ru complex was difficult to purify from unidentified side
products (>98% conversion, 5% yield). A more practical synthesis route would have to
be developed, which led us to discover that treatment of 3,6-dichloro-catechothiol 1.47

with ethylenediamine and Zn(OAc),*2H,0 under ambient conditions for 1 hour affords

(40) Koh, M. J.; Khan, R. K. M.; Torker, S.; Yu, M.; Mikus, M. S.; Hoveyda, A. H. Nature 2015, 517, 181—
186.
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the air-stable Zn dithiolate 1.48 in 95% yield as a white solid (Scheme 1.17). Subjecting

1.48 to commercially available Ru-5 gave the desired Ru-9 in 85% yield with little

byproduct formation, improving the ease of purification. The X-ray structure of Ru-9

reveals a wider Cnucy-Ru—S angle of 148.0° (vs. 143.4° for Ru-7), supporting the

aforementioned effect of the electron-withdrawing Cl in reducing electron density at the

sulfide site and hence lowering frans influence between the NHC and the sulfide anion.

Scheme 1.18. CM of Allylbenzene and Z-2-Butene-1,4-diol with Modified Ru Catechothiolate Complexes.
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Various Ru complexes Ru-10-Ru-12 were subsequently prepared from the

corresponding halogenated catechothiols using the procedure established in Scheme 1.17.

Examination of CM using 1.43 as the model substrate showed that these catalysts were

similarly efficient and Z-selective compared to Ru-9, furnishing the desired product in
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58—61% yield and 94:6-96:4 Z:E ratios (Scheme 1.18). The lower efficiency of Ru-13
(56% conversion, 47% yield) is consistent with the positive electronic influence of the
halogen substituents in Ru-9—Ru-12. Eventually, we selected Ru-9 was the optimal
catalyst due to its ease of preparation (3,6-dichloro-catechothiol 1.47 is commercially
available, but other halogenated catechothiols have to be synthesized). Further
optimization using 5 mol % Ru-9 led to 84% conversion within four hours, delivering
1.45 in 71% yield and 96% Z selectivity.
1.4.5. CM to Access Functionalized Z-Allylic Alcohols Using Ru-9 as Catalyst

With the established conditions in hand, we proceeded to examine the scope of
the catalytic protocol (Scheme 1.19). Reactions with various terminal olefins, including
those that possess heterocyclic and Lewis basic functional groups, furnishing the desired
products 1.49-1.55 in 57-80% yield and >91% Z selectivity. 1.49 is an intermediate used
to synthesized (+)-disparlure, a female sex pheromone of the gypsy moth Porthertria
dispar (L).41 CM transformations are compatible with substrates that contain a hydroxyl
unit (1.56), a p-keto-phenol (1.57), an aldehyde (1.58) and a carboxylic acid
(1.59 and 1.60). The method is applicable to CM with sizeable a-branched alkenes (1.61
and 1.62) and styrenes (1.63 and 1.64), affording the Z-allylic alcohols in 53—-63% yield
and 93:7-98:2 Z:E ratios. Ru-11 gave slightly higher yields in the cases of 1.63 and 1.64.
Electron-rich and electron-deficient 1,3-Z,E-dienes 1.65-1.67 as well as sterically
congested 1,3-Z,Z-diene 1.68 could also be prepared with good efficiency and

stereoselectivity (54—66% yield, 87:13-96:4 Z:E).

(41) Rossiter, B. E.; Katsuki, T.; Sharpless, K. B. J. Am. Chem. Soc. 1981, 103, 464-465.
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Scheme 1.19. The range of Z-Allylic alcohols Accessed through Z-Selective CM with Ru-9.
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1.4.6. Comparison of Ru-3 and Ru-9 in CM to Access Z-Allylic Alcohols

Dichloro-Ru carbene complexes are well-documented to be robust in the presence

of a broad assortment of functionalities that include sterically hindered alkenes as well as
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those containing Brensted acids and carbonyl groups. The development of Z-selective Ru
catalysts has involved substitution of one or both chlorides with other anionic ligands (cf.
Schemes 1.4, 1.6 and 1.17). The findings showcased in Scheme 1.19 with catechothiolate
Ru-9 illustrate that replacing the chlorides with a bidendate disulfide ligand does not alter
the ability of the catalyst to promote CM with the aforementioned functional groups.
However, it is not a given that other Z-selective Ru catalysts exhibit the same degree of

functional group tolerance as Ru dichloride complexes such as Ru-5.

Scheme 1.20. Comparison of Ru-3 and Ru-9 in Z-Selective CM.
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To evaluate this, we carried out CM studies with a number of substrates using
Ru-3 as the catalyst for comparison (Scheme 1.20). Whereas 1.57 was generated in 68%
yield and 98:2 Z:E ratio with Ru-9, the reaction was less efficient and stereoselective
with Ru-3 (50% yield, 82:18 Z:E). A larger difference in efficiency was observed with
sterically demanding aryl olefin 1.64 (19% conversion with Ru-3 vs. 60% conversion,

55% yield with Ru-9). Similarly, the transformation leading to 1,3-Z,E-diene 1.65 was
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more efficient with Ru-9 (66% yield) than with Ru-3 (53% yield). Intriguingly, the
aldehyde-containing 1.58 was only obtained in 30% yield and 87% Z selectivity with Ru-
3 (vs. 80% yield and 94% Z selectivity with Ru-9). Carboxylic acids are incompatible
with Ru-3 as highlighted by the CM leading to 1.59 (<5% conversion), an observation
that is consistent with a previous report."”® Presumably, the highly polarized and
nucleophilic Ru—alkyl bond in Ru-3 causes complications with acidic or electrophilic
functional groups leading to catalyst decomposition,** reminiscent of high-oxidation-state
Mo- and W-based alkylidenes.
1.4.7. Application to Stereoselective Synthesis of Neopeltolide and Leucascandrolide A
Side Chain

An opportunity to demonstrate the utility of the CM strategy revealed itself during
the course of the total synthesis of the anti-tumor agent neopeltolide.*’ The same Z,Z-
diene appendage exists in the cytotoxic natural product leucascandrolide A.** The best
conditions to obtain the requisite Z-allylic alcohol precursor 1.70 with a W-based MAP
complex involved CM of 1.69 with allylboronic acid pinacol ester followed by
oxidation,” delivering the product in 51% overall yield and 91:9 Z:E ratio. A more
direct approach to 1.70 would entail CM of 1.69 and Z-2-butene-1,4-diol using Ru
carbene complexes. However, using Ru-3 as catalyst, there was only 25% conversion and
the product was formed in poor stereoselectivity (61% Z selectivity). In contrast, with

Ru-9, the required transformation proceeded efficiently to give 1.70 in 70% yield and

(42) Herbert, M. B.; Lan, Y.; Keitz, B. K.; Liu, P.; Endo, K.; Day, M. W.; Houk, K .N.; Grubbs, R. H. J.
Am. Chem. Soc. 2012, 134, 7861-7866.

(43) Wright, A. E.; Botelho, J. C.; Guzman, E.; Harmody, D.; Linley, P.; McCarthy, P. J.; Pitts, T. P.;
Pomponi, S. A.; Reed, J. K. J. Nat. Prod. 2007, 70,412-416.

(44) D'Ambrosio, M.; Guerriero, A.; Debitus, C.; Peitra, F. Helv. Chim. Acta 1996, 79, 51-60.
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98:2 Z:E ratio. The neopeltolide side chain was obtained following oxidation of the

allylic alcohol, allowing for completion of the total synthesis.*

Scheme 1.21. Z-Selective CM for Stereoselective Synthesis of Neopeltolide and Leucascandrolide A Side Chain.
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1.4.8. Application to Transformation of Renewable Raw Materials

To further challenge our catalytic system, we wondered if the newly developed
Ru catechothiolates are sufficiently reactive to promote CM between two Z-1,2-
disubstituted alkenes. To the best of our knowledge, there are no prior reports with

previously disclosed Z-selective Ru carbenes. A compelling application in this context

(45) Yu, M.; Schrock, R. R.; Hoveyda, A. H. Angew. Chem. Int. Ed. 2014, 54, 215-220.
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relates to transformations involving animal fats and vegetable oils, which are inexpensive
and abundant compounds that could serve as viable replacements for the gradually
depleting petrochemicals.* These feedstock which includes oleochemicals like oleic acid
and oleyl alcohol, naturally occurring sources of Z-alkenes, are being utilized more
frequently.*” The ability of OM to directly such renewable raw materials to higher-value
products efficiently and stereoselectively would be highly coveted and expected to play

an increasingly important role for various oleochemical industries.*

Scheme 1.22. Transformation of Renewable Raw Materials to Valuable Z-Allylic Alcohols by Stereoselective CM.
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raw materials inespensive Z-allylic alcohols Z-allylic alcohols
cross-partner
Ru-9 (5 mol %)
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As shown in Scheme 1.22, subjecting one gram of oleyl alcohol 1.71 to 2
equivalents of 1.46 and 5 mol % of Ru-9 delivers Z-allylic alcohol 1.72 (0.37 g, 59%
yield, 94:6 Z:F) and diol 1.73 (0.43 g, 62% yield, 96:4 Z:E), both of which are easily
separable. Likewise, one gram of oleic acid 1.74 can be converted by CM to 0.36 g of

1.72 (60% yield, 94:6 Z:E) and 0.46 g of hydroxy-acid 1.75 (65% yield, 94:6 Z:E). 1.75 is

(46) Biermann, U.; Bornscheuer, U.; Meier, M. A. R.; Metzger, J.; Schifer, H. Angew. Chem. Int. Ed. 2011,
50,3854-3871.

(47) Gunstone, F. D. in Oleochemical Manufacture and Applications (eds Gunstone, F. D.& Hamilton, R.
J.) Vol. 1 (Academic Press, 2001).

(48) Behr, A.; Gomes, J. P. Beilstein J. Org. Chem. 2011, 7, 1-8.
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an anti-fungal agent™ and 1.72 has been used as a precursor for natural product
synthesis. ™ The efficiency of these transformations stands in contrast to previous
attempts of CM using dichloro-Ru carbenes as catalysts. In a recent effort, CM involving
oleic acid or methyl oleate with 1.46 or its bis-acetate derivative in the presence of a Ru-
based complex afforded products as complex mixtures of difficult-to-separate
stereoisomers (70-85% E) with substantial amounts of self-metathesis products
(~20%).>! Moreover, these reactions were performed at 50 °C with added PhSiCls (100
equivalents) to ensure high activity. In light of these data, the advantage of Ru
catechothiolates extends beyond promoting OM with stereochemcial control.
1.4.9. Investigation of 1,2-Sulfide Shift and OM Pathways Through DFT Calculations
DFT calculations were performed to shed further light on the origin of the
improved efficiency with the dichlorocatechothiolate system (vs. the non-chlorinated
parent system). Specifically, the non-productive OM pathway involving Z-2-butene (Bu)
and catalyst decomposition processes entailing competitive 1,2-shift of the more electron-
rich trans-to-NHC sulfide ligand (cf. Scheme 1.15c¢) to the electrophilic ethylidene in the
presence of ethylene, propene and Z-2-butene were investigated (Scheme 1.23). The
turnover-limiting barrier (transition state derived from Z-2-butene and the dichloro
complex tsgy,ci) for the OM reaction of the active 14-electron dichlorocatechothiolate
species (14ec)) with Z-2-butene to generate the metallacyclobutane (mcbg,,c1) was found

to be 2.1 kcal mol™ lower in energy compared to tsgyn (14.2 keal mol™ vs. 12.1 keal mol”

(49) Suzuki, Y.; Kurita, O.; Kono, Y.; Hyakutake, H.; Sakurai, A. Biosci. Biotechnol. Biochem. 1995, 59,
2049-2051.

(50) (a) Uehara, H.; Oishi, T.; Yoshikawa, K.; Mochida, K.; Hirama, M. Tetrahedron Lett. 1999, 40, 8641—
8645. (b) Gries, R.; Khaskin, G.; Gotoh, T.; Schaefer, P. W.; Gries, G. J. Chem. Ecol. 2005, 31, 879-891.
(51) Kajetanowicz, A.; Sytniczuk, A.; Grela, K. Green Chem. 2014, 16, 1579—-1585.
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' red vs. blue curve). In addition, the more stabilized metallacycle derived from
dichlorocatechothiolate species could be due to a weakened trans influence (10.0 kcal

mol™ vs. 12.1 kcal mol” for mebgycivs. mebgy ).
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Overall, comparison of the energy barriers for the model OM pathway involving
Ru ethylidene and Z-2-butene (proceeding through transition state tsg,) vs. the 1,2-shift
induced by propene (via transition state shift tsp,) implies a favorable differentiation
between productive and decomposition processes in the case of Ru-9 (12.1 keal mol™ and
13.4 kcal mol™ for the transition states derived from OM with Z-2-butene (tspu,c1) vs. the
1,2-shift in the presence of bound propene (shift tsp.c1), respectively); for Ru-7, the two

processes are equally preferred (14.2 kcal mol” for tsgyu and shift tspen). It merits
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mention that the significantly lower barrier (9.5 kcal mol™) for the 1,2-shift induced by
the m-acidic ethylene (structure of complex not shown; vs. 13.4 kcal mol™ for propene
and 17.7 kcal mol™ for Z-2-butene) suggests that CM between two terminal alkenes
(leading to ethylene formation as byproduct) is detrimental compared to when a 1,2-
disubstituted olefin (such as 1.46) is used.

1.4.10. Preliminary Observation in Kinetically Controlled E-Selective CM

Scheme 1.24. Preliminary Result in E-Selective CM of Allylbenzene with E-2-Butene-1,4-diol.
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CM between a terminal alkene and Z-2-butene-1,4-diol 1.46 likely proceeds
through metallacyclobutane 1.76 (Scheme 1.24) wherein the metallacycle substituents are
oriented away from the sizeable NHC ligand and the alcohol possibly engaging in
stabilizing electrostatic interaction with the sulfide ligand (cf. Scheme 1.12). In the same
fashion, we wondered if it is possible to develop a kinetically controlled E-selective CM
by utilizing stereoisomerically pure E-2-butene-1,4-diol 1.78 as the cross-partner. We

envisioned that the reaction would likely entail the formation of metallacyclobutane 1.77,
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where one methylenehydroxyl motif has to be oriented towards the NHC ligand
(probably resulting in unfavorable steric repulsion); collapse of 1.77 will lead to the
corresponding E-isomer of the product.

To test our hypothesis, we performed the CM transformation of model substrate
1.43 with 1.78 using the conditions established in Scheme 1.19. Even though there was
only 19% conversion to FE-allylic alcohol 1.79, the almost complete reversal of
stereoselectivity (98% E selectivity) lends credence to the concept of olefin
"stereoretention",”> where the stereochemistry of the 1,2-disubstituted alkene reagent can
be preserved in the catalytic OM process, in the design of E-selective OM
transformations.
1.5. Conclusions

The discovery of Ru-based dithiolate complexes in 2013 provided us the
opportunity of developing broad-scope Ru-catalyzed Z-selective OM protocols with
complementary reactivity profiles to high-oxidation-state alkylidene catalysts. The
investigations described herein are designed with the goal of gaining a deeper
understanding of this new class of Ru catalysts. In addition to catalyzing ROMP and
ROCM with sterically hindered olefins, we have shown that Ru catechothiolate Ru-7 is
capable of promoting highly efficient and Z-selective ROCM transformations with an
unprecedented scope of cross-partners including heterocyclic alkenes, enol ethers and
vinyl sulfides, 1,3-dienes as well as allylic and homoallylic alcohols. The studies with
allyl alcohol and its derived ether revealed a mechanistically significant attribute of Ru

dithiolate complexes that arises from stabilizing electrostatic (H-bonding) interactions

(52) For a recent review, see: Montgomery, T. P.; Ahmed, T. S.; Grubbs, R. H. Angew. Chem. Int. Ed. 2017,
56,11024-11036.
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between the unprotected allylic hydroxyl group and the sulfide #rans to the NHC. On the
other hand, protecting the hydroxyl group proved to be detrimental to reaction efficiency.
The first successful cases of Z- and diastereoselective ROCM with an enantioenriched
secondary allylic alcohol further substantiate the positive influence of the hydroxyl unit,
where it is postulated to engage in electrostatic attraction that induces structural
organization leading to high diastereofacial differentiation.

Taking advantage of the unique ability of Ru dithiolate complexes in catalyzing
OM with alkenes bearing a proximal hydroxyl group, we proceeded to develop a CM
method that enables access to synthetically valuable Z-allylic alcohols. Preliminary
experiments showed that these catalysts are ineffective in promoting CM between two
terminal alkenes presumably due to generation of the unstable methylidene complex,
which led us to using Z-2-butene-1,4-diol 1.46 as a cross-partner to deliver the allylic
hydroxyl unit. Based on our understanding of the possible modes of catalyst
decomposition that is supported by DFT calculations, different electronically modified
catechothiolate complexes Ru-9-13 were subsequently prepared in high yields through a
new synthesis route that involved readily accessible and air-stable zinc dithiolate
precursors. Ru-9 was shown to promote CM with a wide array of substrates including
sterically encumbered o-branched alkenes, styrenes, 1,3-dienes as well as those that
possess commonly occurring functionalities such as a ketone, an aldehyde, a phenol and a
carboxylic acid. The high functional group compatibility of Ru-9 was further highlighted
by comparing a number of these CM reactions using the alternative Z-selective Ru-3
catalyst. In all cases, Ru-9 proved to be superior in both efficiency and stereoselectivity.

Utility of the CM protocol was underscored through applications to the stereoselective
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synthesis of the side chain of biologically active compounds neopeltolide and
leucascandrolide A. Transformation of renewable oleochemical feedstock such as oleic
acid and oleyl alcohol through Z-selective CM enables efficient access to two different
synthetically valuable Z-allylic alcohols simultaneously; it merits mention that the
analogous reactions with commonly used dichloro-Ru carbenes gave more complicated
reaction mixtures with substantial self-metathesis of the starting material. These results
also indicate that Ru dithiolate complexes are capable of promoting CM between two Z-
1,2-disubstituted alkenes, a characteristic not exhibited by previously disclosed Z-
selective Ru catalysts.

The concept of utilizing a readily available and stereoisomerically pure Z-1,2-
disubstituted olefin reagent for improved efficiency and Z selectivity (by reducing the
amount of undesired methylidene complex formation) inspired us to investigate different
commercially available Z-alkenes to address other unresolved problems in OM, which
will be presented in subsequent chapters. The same principle of olefin stereoretention can
be potentially extended to kinetically controlled E-selective CM, which we have shown
herein by switching the cross-partner (1.46) to a stereodefined E-1,2-disubstituted olefin

(1.78).
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1.6. Experimentals

1.6.1. General

Unless otherwise noted, all transformations were performed with distilled and degassed
solvents under an atmosphere of dry N, in oven- (135 °C) or flame-dried glassware with
standard dry box or vacuum line techniques. Infrared (IR) spectra were recorded on a
Bruker FTIR Alpha (ATR Mode) spectrometer, vimay in cm™. Bands are characterized as
broad (br), strong (s), medium (m), or weak (w). 'H NMR spectra were recorded on a
Varian Unity INOV A 400 (400 MHz) spectrometer. Chemical shifts are reported in ppm
from tetramethylsilane with the solvent resonance resulting from incomplete deuterium
incorporation as the internal standard (CDCls: 0 7.26 ppm, C¢Dg: 6 7.16 ppm, CD,Cl,: 6
5.32 ppm, CD3;0D: ¢ 3.31 ppm). Data are reported as follows: chemical shift, integration,
multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, br = broad, m = multiplet),
and coupling constants (Hz). '>°C NMR spectra were recorded on a Varian Unity INOVA
400 (100 MHz) spectrometer with complete proton decoupling. Chemical shifts are
reported in ppm from tetramethylsilane with the solvent resonance as the internal
standard (CDCls: 6 77.16 ppm, C¢Dg: 0 128.00 ppm, CD,Cl,: 6 54.00 ppm, CD;OD: ¢
49.00 ppm). High-resolution mass spectrometry was performed on a Micromass LCT
ESI-MS and JEOL Accu TOF Dart (positive mode) at the Boston College Mass
Spectrometry Facility. Values for Z:E ratios of products were determined by analysis of

'H NMR spectra.

Solvents:

Solvents (CH,Cl,, pentane, benzene) were purified under a positive pressure of dry Ar by

a modified Innovative Technologies purification system. Tetrahydrofuran was distilled
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from Na/benzophenone. Methanol was distilled over MgSQ,. 2-propanol and acetonitrile
were used as received. All purification procedures of CM and ROCM products were
carried out with reagent grade solvents (purchased from Fisher) under bench-top

conditions.

Deuterated solvents:

CDCl;, CDyCl,, C¢Dg and CD;OD were purchased from Cambridge Isotope Laboratories

and used as received.

Reagents (for Z-selective ROCM protocol):

Styrene (Aldrich), allylbenzene (Aldrich), allyl alcohol (Aldrich),
allyl(pinacolato)boronate (Frontier Scientific), 3-buten-1-ol (Aldrich), butyl vinyl ether
(Aldrich), allyltrimethylsilane (Aldrich), 4-allylanisole (Aldrich), ethyl vinyl sulfide
(Aldrich), 1-decene (Aldrich) and (E)-1-methoxy-1,3-butadiene (Aldrich) were distilled
from CaH; under vacuum prior to use. (E)-Deca-1,3-diene was prepared according to a

literature procedure®™® and was distilled from CaH, under vacuum prior to use. 1-(fert-

53 54

butyldimethylsilyoxy)-3-butene, N-phenylpent-4-enamide, 1-tosyl-3-vinyl-1H-
indole,” 2-vinylbenzo[b]thiophene™ and 4-butoxybut-1-ene’’ were prepared according to
literature procedures. 5-Norbornene-2-exo,3-exo-dimethanol 1.36 (Aldrich) and
norbomene (Aldrich) were used as received. (R)-1-Phenyl-2-propen-1-ol 1.34 (Fluka)

was purified by column chromatography prior to use; enantiomeric ratio was determined

(53) Pirrung, M. C.; Webster, N. J. G. J. Org. Chem. 1987, 52, 3603-3613.

(54) Nicolai, S.; Sedigh-Zadeh, R.; Waser, J. J. Org. Chem. 2013, 78, 3783-3801.

(55) Waser, J.; Gaspar, B.; Nambu, H.; Carreira, E. M. J. Am. Chem. Soc. 2006, 128, 11693—-11712.
(56) Marrocchi, A.; Minuti, L.; Taticchi, A.; Scheeren, H. W. Tetrahedron 2001, 57,4959-4965.
(57) Kaur, S.; Crivello, J. V.; Pascuzzi, N. J. Polym. Sci. A: Polym. Chem. 1999, 37, 199-209.
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by HPLC analysis to be 96:04 (Chiracel OD-H column, 98:2 hexanes:2-propanol, 1

mL/min, 220 nm) in comparison with authentic racemic material.

Reagents (for Z-selective CM protocol):

Allylbenzene (Aldrich), allyl butyl ether (Aldrich), 1-dodecene (Aldrich), 4-phenyl-1-
buten-4-ol (Aldrich), 5-hexenoic acid (Aldrich), 2,2-dimethyl-4-pentenoic acid (Acros),
undecylenic aldehyde (Aldrich), vinylcyclohexane (Aldrich), 4-vinyl-1-cyclohexene
(Aldrich), styrene (Aldrich), 4-(trifluoromethyl)styrene (Aldrich), 4-methylstyrene
(Aldrich), (E)-1-methoxy-1,3-butadiene (Aldrich), vinylboronic acid pinacol ester
(Aldrich) and 2,6-lutidine were either distilled (from CaH, or CaCl,) under vacuum or
dried by azeotropic distillation (with C¢He) prior to use. (E)-Deca—l,?a-diene,52 (£)-nona-
1,3-diene,™ 1-(tert-butyldimethylsilyoxy)-3-butene,” 1-(3-butenoxyl)-4-nitrobenzoate, >
(E)-tert-butyl penta-2,4-dienoate,” benzyl 4-pentenoate,’® 2-(5-hexenyl)isoindoline-1,3-
dione ® and (S,2)-benzyl 2-((9H-fluoren-9-yl)methoxy)carbonylamino)-6-hydroxy4-
hexenoate * were prepared according to literature procedures. 3,6-Dichloro-1,2-
benzenedthiol (Aldrich), 2,5-dimethylbenzenethiol (Aldrich), 2-bromo-5-
chlorobenzenethiol ~ (Oakwood), 1,2,3,4-tetrafluorobenzene  (Oakwood),  2,5-
dibromoaniline (Aldrich), diethyl malonate (Aldrich), thiophosgene (Aldrich), sodium
hydride (Aldrich), sodium nitrite (Aldrich), sulfuric acid (Aldrich), hydrochloric acid
(Aldrich), zinc acetate dihydrate (Alfa Aesar), ethylenediamine (Aldrich), n-butyllithium

(Strem), sulfur (Aldrich), potassium ethyl xanthogenate (Aldrich), lithium aluminum

(58) Kliman, L. T.; Mlynarski, S. N.; Ferris, G. E.; Morken, J. P. Angew. Chem. Int. Ed. 2012, 51, 521-524.
(59) Lipshutz, B. H.; Ghorai, S.; Boskovi¢, Z. Tetrahedron 2008, 64, 6949—6954.

(60) Kusuma, B. R.; Peterson, L. B.; Zhao, H.; Vielhauer, G.; Holzbeierlein, J.; Blagg, B. S. J. J. Med.
Chem. 2011, 54, 6234-6253.

(61) Smith, B. J.; Sulikowski, G. A. Angew. 