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ABSTRACT OF DISSERTATION

Investigations into Novel Modes of Reactivity and Stereoselectivity for the Cycloaromatization of

Conjugated Enediynes and Dienynes

by

David M. Hitt
Doctor of Philosophy in Chemistry
University of California, San Diego, 2011

Professor Joseph M. O’Connor, Chair

This work begins with a review of practical cycloaromatization methodologies utilizing
1,3-dien-5-yne subunits. As a valuable addition to this body of literature, an ambient
temperature dienyne cycloaromatization pathway resulting from the formal CH activation of an
allylic methyl group and subsequent alkyne 1,2-insertion triggered by cationic cyclopentadienyl
ruthenium complexes (CpRu) has been discovered. This cyclization route is fundamentally
different to previous studies with CpRu that resulted in the formal Hopf product and the new
reactivity appears to be correlated with the bulk of the alkyne substituent.  Mild levels of
catalysis and selectivity have been observed for cis-1-allylic substituted dienynes, although
trans-allylic dienynes were also found to be viable substrates for the stoichiometric reaction.
Three transient ruthenium-dienyne complexes have been identified from the reaction of a TMS
substituted dienyne, one of which is derived from the frans-1-allylic dienyne and the other two
appear to be in equilibrium by ligand exchange as supported by VT NMR studies. Kinetic

investigations have ruled out metal n?-alkyne coordination as the reaction-triggering event as

XXX



previously proposed in similar transformations. Two reaction pathways currently being
considered are a [1,7]-hydrogen shift mechanism and a metal C-H insertion mechanism.

In continuation of previously described metal-triggered cycloaromatizations of dienynes
and enediynes, we have investigated in situ stereoselective n®-complexation of the products
from these reactions by use of chiral substrates. Use of allylic or propargylic stereocenters led
to diastereomeric ratios (d.r.) as high as 8:2. The highest stereoselectivities were found by use
of a Cp* versus a Cp ligand and the relative stereochemistry for the major and minor products
for both reactions were found to be consistent by X-ray structure characterization. Arene
binding experiments have ruled out a mechanism in which the selective binding step occurs by
complexation of the free arene.

Finally we have uncovered a mode of cycloaromatization for enediynes unrelated to the
Bergman mode. The reaction occurs predominately in CDCIl; and is promoted by 1,4-
cyclohexadiene and HCI. Intermediacy of a cis,cis-dienyne is suspected and the current
mechanistic hypothesis involves a cascade of pericyclic reactions leading to product initiated by

a [1,7]-hydrogen shift from the dienyne.
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CHAPTER 1: Methods of Acceleration for Conjugated Dienyne Cycloaromatization



l. Introduction

The thermal cycloaromatization of conjugated 1,3-dien-5-ynes has long been an area of
intense interest among physical organic and computational chemists." Hopf and Musso initially
reported that heating (Z)-1,3-hexadien-5-yne (1) at temperatures in excess of 274°C resulted in
conversion to benzene (2, Scheme 1-1).2 At temperatures greater than 550°C several
mechanisms may be active, however computational and experimental studies provide strong
support for the mechanism shown in Scheme 1-1 as the most dominate one at lower
temperatures.> From 1, electrocyclization leads to cyclic allene intermediate 3 that then
proceeds through an initial [1,2]-H shift to afford intermediate 4 which can be represented as a

carbene 4-A or diradical 4-B resonance form. A final [1,2]-H shift leads to the aromatized

product 2.
1
.o H
\ 4-A
| I
N
1 3 2

Scheme 1-1. Intermediates believed to be involved in the thermal cycloaromatization of

dienynes.?

While the electrocyclization pathway shown in Scheme 1-1 represents the most well

studied thermal dienyne cycloaromatization, a lesser-known variant initiates via a [1,7]-H shift



from an cis-allylic substituted dienyne 5 to give allene intermediate 6 (Scheme 1-2). 6xn
Electrocyclization of this species gives o-quinodimethane 7, which in turn isomerizes to
aromatized 8. While thermal [1,7]-H shifts are well known for 1,3,5-hexatrienes,* examples with

dienynes are rare and generally occur at high temperature (> 200°C).5°

Scheme 1-2. General mechanism for a thermal dienyne [1,7]-hydrogen shift /

cycloaromatization.

Synthetically, dienyne cycloaromatization provides a reliable way to construct highly
substituted aromatic systems from readily available starting materials as depicted in Scheme 1-
3. A major drawback of the thermal mode of cyclization is the exceedingly high temperatures

required to effect cyclization thus limiting the substrate scope.
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Scheme 1-3. Retrosynthesis of aromatic products deriving from dienynes.

The motivation behind this review is to highlight the discovery, mechanism and
synthetic utility of methodologies that use either catalytic or stoichiometric activators to promote
dienyne cycloaromatizations at temperatures less than 200°C. The review is organized by
mechanism of activation and covers cyclizations resulting in a carbon-based aromatic systems
(e.g. benzenoid, naphthalenoid). Heterocyclic aromatic systems are not reviewed unless a
mechanistic discussion is warranted. In order to decrease redundancy throughout the
discussion, dienyne substrates have been classified according to the presence and location of

aromatic alkene subunits as shown in Figure 1-1.



Type | Type ll-internal Type ll-terminal Type lll

Figure 1-1. Classification of dienyne substrates.

Il. Photolytic Triggering

The earliest observation of photolytic dienyne cycloaromatization was demonstrated by
Kaplan and coworkers, who showed that irradiation of dienyne 1 at 254 nm resulted in slow (® =
~0.01) but quantitative conversion to a 2:1 mixture of benzene and fulvene.” This single
example actually predates the thermal cycloaromatization, but no mechanistic rationale was
provided for the reaction. In later studies, Laarhoven and coworkers, demonstrated the utility of
photolyzing substituted enynyl-napthalenes (e.g. 9, Scheme 1-4) and phenanthrenes to form
cycloaromatized polyaromatic systems in good to moderate yields.®2 Although alternative
mechanisms were proposed in earlier papers, these researchers now favor a mechanism
proceeding through cycloallene intermediate 10, similar to the thermal reaction.®® Intermediate
10 was proposed to convert to product 11 by a variety of pathways depending on the reaction
conditions. In protic solvents, 10 acquires a proton from solvent to form cation 12 that then
aromatizes to form 11. This mechanism was consistent with use of CH;OD that gave >95%
deuterium incorporation at the C2 position of 11. In general, use of protic solvents leads to
higher quantum yields when compared to non-polar aprotic solvents because the protonation of
10 represents the lowest energy pathway to product.

Rate acceleration in the presence of air was also observed, particularly in aprotic

solvents. Based on this observation, oxygen was proposed to trigger the conversion of 10 by



hydrogen abstraction resulting in the formation of intermediate 13. In the absence of oxygen,
the predominate mechanism results from 10 abstracting a hydrogen atom from solvent to form
14. This was supported by faster rates in hexanes versus benzene (weaker CH bonds for the
former), formation of small amounts of biphenyl when the reaction was conducted in benzene
(presumably from attack of the resulting phenyl radical on another molecule of benzene) and
incorporation of iodine at the C-2 position of the product 11 when the reaction was conducted in
the presence of I,. Also occurring under air-free conditions is a formal intramolecular [1,5]-H
shift. This was confirmed by deuterium labeling at the C-2 position of 9 that gave, albeit
diminished, incorporation of D at the C-2 position of 11.

The most surprising observation was the high degree of rate acceleration in the
presence of amine bases, which was determined to be an order of magnitude higher than
molecular oxygen acceleration and four orders of magnitude higher than hydrogen abstraction
from solvent. Use of C-2 deuterium enriched 9 with amine showed high levels of D
incorporation in the C-2 position of 11 under all conditions. Furthermore, without added amine
under identical open-air conditions, negligible deuterium incorporation in 11 was observed,
ruling out an intramolecular [1,5]-H transfer. Based on these results, a deprotonation /
reprotonation mechanism was proposed to proceed through aryl anion 15. Laarhoven and
coworkers have also obtained similar findings for the photocycloaromatizations of Type II-

internal dienynes.’
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Scheme 1-4. Mechanistic pathways of conversion for photolytically generated cyclic allene 10.2

Key insight into the reactive excited state of the photocycloaromatization came through
the work of Lewis and Sajimon who studied the reactivity of various Type ll-internal dienynes
with varying substitution at the terminal alkene.’® These researchers hypothesized that the
efficiency of the cyclization would increase if a higher proportion of the terminal alkene existed
in the less stable syn conformation 16-syn versus the anti conformation (16-ant). To test this
prediction, dienynes 16-Me and 16-cy were prepared with the expectation that 16-Me would
increase the concentration of rotomer 16-syn and 16-cy would lock the dienyne in the syn
conformation. As expected, the quantum yield for the formation of 17 (®,,,) increased along the

series 16-cy > 16-Me > 16-H, but with an unexpected identical trend in quantum yield of



fluorescence (®;) and lifetime of the excited fluorescent singlet state (t;). The ®; and <, trend
was rationalized by a slower decay of the fluorescent linear single state 16-Sq to a non-
fluorescent frans-stilbene “like” singlet state 16-S,s for 16-Me / 16-cy compared to 16-H which
exhibited decay similar to the well-studied diphenylacetylene (Figure 1-2). This explanation was
consistent with calculations that showed the activation for 16-Sq to 16-S,g conversion was 6
kcal-mol™ higher for the respective states of 16-Me / 16-cy compared to 16-H. Furthermore, a
temperature dependence on the t, was observed for 16-Me / 16-cy that allowed for
measurement of the radiation-less decay Arrhenius parameters. While the E, for 16-Me / 16-cy
was similar to the decay of diphenylacetylene (model for 16-H), the pre-exponential term (log A)
was lower. These authors correlate the decrease in A to the ordered transition state leading to
cyclic allene 18 and therefore, at least for 16-Me / 16-cy, the reactive excited state appears to
be the lowest energy fluorescent state of 16-Sq. Similar conclusions were made in later studies

from Type Il dienynes although @,,, was lower in these cases."



Table 1-1.

Comparison of fluorescent singlet state lifetime (tr)) and quantum yield of

fluorescence (®;) and reaction (®,,,) for dienynes of differing terminal alkene substitution.®

Ph Ph
4 4 Ph
hv =300 - 350 nm
— :
R oxygenated MeOH, rt
R R R' R R’
h 16-anti 16-syn - 17
Substrate Product [ T (NS) Dy
Ph
% Ph
“/ 0.1 <0.1 <0.02
16-H 17-H
Ph
% Ph
”/ 0.17 5.9 0.21
Me Me
16-Me 17-Me
Ph
% Ph
0.21 6.8 0.47
Me Me
Me 16-cy Me 17-cy
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Ph

—» 17

F
/ R R'
18

16-S.s R R'

17
Figure 1-2. Pictorial representation of fluorescent linear single state 16-Sqand non-fluorescent

trans-stilbene “like” singlet state 16-S,s."°

The applicability of the photocycloaromatization for synthesis may be limited. While
reactions conditions are mild, isolated yields are in many cases low and by-product formation
stemming from radical processes can be problematic..'? Despite these difficulties some
photocycloaromatization successes have been reported. Neckers and coworkers were able to
prepare 2,4-substituted phenanthrene 19 in excellent yield from diendiyne 20 for use in the

synthesis of polyaromatic compounds for optical applications (Scheme 1-5)."3
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\

2 steps hv =350 nm
e —_—
benzene, rt, 90 %
21 20 19

Scheme 1-5. High yielding photocycloaromatization of 2,4-substituted phenanthrene 19 from

readily available 2-naphthylcarboxaldehyde 21."
lil. Alkyne — Allene Isomerization Induced

Depending on the electronic nature of the dienyne, it may be possible to thermally
isomerize the alkyne portion of the molecule to an allene 22 under basic conditions (Scheme 1-
6). From 22, 6x electrocyclization to afford 23 followed by a formal [1,3]-H shift provides a

reasonable pathway for production of aromatic product 24."

| A Base }\ cychzahon [1 3]-H shift Q
X

23 24
H

Scheme 1-6. General mechanism for dienyne cycloaromatization through base-catalyzed

allene formation.

The first application of this dienyne cyclization route was demonstrated by Porter and
coworkers who were able to perform the cycloaromatization of halo-substituted dienynes in
conjunction with a one-electron reduction to form napthyldiphenylmethyl radical 25 (Scheme 1-

7)."® Key mechanistic insight came from isolation of the reactive allene 26 that was prepared at
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low temperature by treatment of 27 with activated basic alumina and structurally supported by
the allenic 3C NMR resonance at 6 209.5. When 26 was warmed to ambient temperature, the
benzylic halide 28 was cleanly formed, presumably through initial formation of ortho-
quinodimethane 29. The reduction of 26 to 25 with Hg was confirmed by EPR, though, it was

unclear if the pathway to 25 was directly from 29 (path a) or 28 (path b).

observed by EPR

\ Br \ Br
basic alumina CPh Hg
—_— 2 — 3
-20°C, THF e t Ph

% Ph
27 26 H 25 b
Ph
a
b
H
Br
—_— Br
Ph Ph
X
28
29 L bh

Scheme 1-7. Allene isomerization for the formation of a napthyldiphenylmethyl radical.’

Burton and coworkers have developed conditions to prepare a variety of 1,3-
disubstiuted napthalenes using the alkyne isomerization approach.'® Under optimized
conditions, allowing dienynes to react with a nitrogen base such as DABCO or DBU in refluxing
N-Methyl-2-pyrrolidone (NMP) gave arenes in yields ranging from 60 to 95%. In line with the
base-catalyzed isomerization to 22 (Scheme 1-6), only use of Type ll-terminal dienynes
containing a central alkene with an electron withdrawing substituent (e.g. F, CO,R, CHO) or
Type lll dienynes were effective for the cyclization due to the increased acidity of the propargyl
proton.'” Another interesting observation came when d,-dienyne 30 was treated under optimized

conditions to give the cyclized naphthalene 31 with partial incorporation of deuterium into the
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benzylic position (Scheme 1-8). This result was rationalized by hypothesizing that a base-
assisted conversion may compete with an intramolecular [1,3]-H shift for this step in the
mechanism (see 23 to 24, Scheme 1-6). A deprotonation / reprotonation would require
acquisition of protons from the bulk media and explains the loss of deuterium in the benzylic

position.

I—d5 I—d4
H H
X DABCO
_—
| NMP, reflux, 80 % "B
u
F % F
"Bu H D 70% D
30 31

Scheme 1-8. Deuterium labeling supports a competition between concerted and base-assisted

conversion of o-quinodimethane 23.'

More recent work by Zhou and coworkers has shown much milder cyclization conditions
can be effected by use of Type | and Type ll-internal dienynes containing propargyl sulfides
with an ester or amide off the terminal alkene position (Scheme 1-9)."® Although the authors do
not provide an exact explanation, the decreased pK, of the propargylic hydrogen atoms
resulting from the combined resonance and inductive effects of the carbonyl and sulfide may

rationalize the rate acceleration compared to dienynes not containing these substituents.
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| OEt DBU (2.0 eq) OFt
MeCN, rt, 3h, 91 % S"Bu

% S"Bu

Scheme 1-9. Use of propargyl sulfides for ambient temperature cycloaromatization.'®

While the base-induced isomerization pathway represents the most common way to
bring about a 6x electrocyclization, it is not the only possible route. Himbert and coworkers
have used alkoxystannane dienynes (32) with a highly nucleophilic amino alkyne substituent to
induce a [1,3]-shift of the tin moiety resulting in the formation of the iminiumene 33 (Scheme 1-

10). Compound 33 then follows through cyclization and tautomerization to give product 34."

Ph
Ph oh HO
H® | M P —
A\C|) % HO PhgSn
Phgsn\/ A" NPh, SnPh, NPh,
32 33 34

33 % Isolated Yield

Scheme 1-10. 6x Electrocyclization from a 1,3-stannane shift."®

Finally, although not a 6x electrocyclization, treatment of the dienyne natural product,
Freelingyne (35), with base was observed to proceed through a cycloaromatization to give the
tri-substituted phenol 36 (Scheme 1-11).%° The proposed mechanism involves hydrolysis of the
lactone to give allene 37. Conjugate addition of hydroxide to 37 gives enol / enolate 38 that

then cyclizes and aromatizes to form 36.
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NaOH

Py

H,0O / MeOH, refulx
7h, 70 %

Scheme 1-11. Base-induced cycloaromatization of Freelingyne (35) proceeding through allene

intermediate.?

IV. Nucleophilic Attack of Alkyne

In some instances, the &t system of the alkyne can act as a nucleophile if the terminal
alkene is sufficiently activated. The most fundamental example of this type of reactivity is
demonstrated by the work of Hanack and coworkers who have studied the cycloaromatization of
vinyl triflate dienyne 39 (Scheme 1-12).2' Upon heating in a basic buffered media, 39 was
proposed to ionize to alkyne-stabilized vinyl cation 40. Attack of the alkyne to give aryl cation 41
followed by trapping with a nucleophile gives cycloaromatized product 42. It is unclear whether

40 is an actual intermediate or transition state to 41, but the alkyne is thought to assist in the
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departure of the leaving group based on the higher proportion of 42 formed when the E
sterecisomer (39-E) was employed versus the Z stereoisomer (39-2). The latter favors
formation of the elimination product 43. The anti relationship of the triflate and alkyne in 39-E
was postulated to provide anchimeric assistance of the &t electrons. The reaction performs well
in weakly nucleophilic polar solvents supporting the formation of ionic intermediates. Although a
large proportion of the starting material was observed to polymerize, this problem can be
minimized if added bromide nucleophile was used (entry 3). Formation of 42-Br also suggests
that 39 proceeds through intermediate aryl cation 41 during conversion to product, thus ruling
out other cyclization mechanisms. In later studies, Hanack in collaboration with Schwarz was

able to observe a species consistent with 41 by collisional activation mass spectrometry.??

oTf

Z SMe

i\/ o
Me

39-E 40 41 42 - TFE (Nu = OCH,CF3)
42 - Br ( Nu =Br)
42 - OTf (Nu = OTf)

Me Me

Me Me

Me % yield®
Me % yield
A
r N
Z ot Entry  Substrate cond. 42-TFE 42-Br 42-OTf 43  otherd
—_—
4 = 1 39-Z7 a 1.4 - 0 294 702
A X Z 2 39-E a 26.4 - 2.1 195 53
3 39-F b 144 168 412 2 0
Me Me
39-Z 43

Scheme 1-12. Use of vinyl triflate dienynes to trigger cycloaromatization via nucleophilic attack
of the alkyne. Conditions: (a) trifluoroethanol, Na,CO, buffer, 100°C, 5 days; (b) trifluoroethanol
/ water / dioxane, Na,CO; buffer, LiBr (excess), 100°C, 5 days. (c) determined by capillary g.l.c.

(d) mostly polymer (e) undetermined because of overlap with solvent peak.?"
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Yields of the substitution products were greatly improved by use of cyclic dienyne 44
(Scheme 1-13).2% The strained-ring system raises the ground state energy of 44 as compared to

39 and favors the cyclization pathway over elimination.

OX

trifluoroethanol, Na,CO, buffer

50°C, 3 days
OTf

87 %, 84:16 X = CH,CF / T

44

Scheme 1-13. Improved cyclization yields by use of strained cyclic dienyne.?*

Zhang and Liu have utilized Lewis acids to activate dienynyl ketones 45 for
intramolecular nucleophilic attack to form several cyclized products depending on the alkyne
substituent (Scheme 1-14).2* Reaction of 45-Ph,Ph or 45-"Bu,Ph in the presense of a catalytic
amount of AgSbF resulted in the formation cycloaromatized products 46 and 47, respectively,
in good yields. Use of cyclopropyl substituted alkyne 45-°Pr,Ph afforded a mixture of
naphthalen-2(1H)-one (48) and naphthalene (49) products in varying ratios depending upon the
conditions. In general, it was found to be more difficult to obtain higher ratios of the aromatized
product 49, but it was favored by excess use of methanol under the optimized conditions with
In(lll) catalyst. Formation of 49 was limited to use of unsubstituted cyclopropyl substituents in

substrate 45. Any substitution on the cyclopropyl ring results in exclusive formation of 48.



Substrate: 45-°Pr,Ph Substrate: 45-Ph,Ph
COPh COR2 COPh
N AgSbFg (5 mol%)

- e —

(a) 93%, 48 / 49 >95:5 COR? 80°C, 12 h, 70%
(@) or

Ph (b) 5%, 48/ 49 24:76 X
=Y HO

45-R",R? 46

Substrate: 45-"Bu,Ph

AgSbFg (5 mol%)
60°C, 5 h, 71%

COPh
, OO

"Pr
47

>—% = °Pr

Scheme 1-14. Activation of dienynyl ketones under Lewis acidic conditions. Conditions: (a)
AgOTf (5 mol %), 1,2-dichloroethane, 80°C, 12 h (b) In(OTf); (5 mol %), 1,2-dichloroethane,

MeOH (4 eq), 50°C, 48 h.**

The proposed mechanisms for these transformations begin with Lewis acid coordination
of the carbonyl that induces attack of the internal alkyne carbon to give 50 (Scheme 1-15).
Intermediate 50 can then proceed to through several pathways depending upon the alkyne
substituent. For simple alkyl or aryl substitution, nucleophilic attack of the phenyl gives
intermediate 51 that then isomerizes to aromatized products 46 and 47. For cyclopropyl
substitution, 50 proceeds through a 1,2-alkyl shift resulting in the formation of cyclobutyl cation
52. Two pathways were proposed for 52 that lead to the two observed products, 48 and 49.
One pathway involves a pinacol rearrangement where the carbinol substituent undergoes a 1,2-
shift to form cyclobutenyl substituted 48. In the other pathway, cation 52 is trapped by an

oxygen nucleophile before the pinacol can occur to form 53 (Nu = MeOH). Intermediate 53 is



19

then proposed to proceed through a cascade of bond rearrangements to give the cyclopropyl

substituted aromatized product 49.

In support of this latter pathway was the observation that

formation of 49 was favored by use of added methanol, which would be expected to accelerate

the formation of 53. There appears to be a very interesting trend of the migratory ability of the

transferring substituent (Ph in Scheme 1-15) from conversion of 52 to 48. For example, reaction

of methyl ketone 45-°Pr, Me under the In(lll) optimized conditions resulted in a > 20:1 ratio of 49

/ 48. The methyl group apparently has a lower ability to proceed through a 1,2-shift and

therefore increases the rate of formation of 49.

COPh

1,2-alky! shift
OLA
R = cy-propyl

1,2-Ph shift

T

AN COPh

COPh
COPh
Nu attack of phenyl
OLA H n-butyl, phenyl

50 R 51

l

46 and 47

Scheme 1-15. Proposed intramolecular bond rearrangements for the formation of 46 — 49.2
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V. Umpolung Activation of Alkyne

The higher energy n system of the alkyne makes an easy target for metal and non-
metal Lewis and Bronsted acids and represents a well-studied mode of initiation for
cycloaromatization of conjugated dienynes. The most general form of activation begins with
formation of an alkyne complex (54) from reaction of dienyne 1 and an electrophile (Scheme 1-
16). Formation of 54 results in a deficiency of electrons on the sp-hybridized carbon atoms and
induces a 6-endo-dig attack of the terminal alkene leading to the cyclized product 55.
Subsequent aromatization by loss of proton gives 56. If the electrophile is a metal (e.g. Pd, Pt,
Au, In), proton exchange usually follows to give the formal Hopf product 2. In line with the
nucleophilic role of the terminal alkene, most reactions proceeding through this mechanism

utilize electron-donating terminal alkene substituents to facilitate the cyclization.

@
N AN L® C)
-E
N X o
Q E” E E
£® ®
1 54 55 56 2

Scheme 1-16. General mechanism for umpolung activation of alkyne.

The presumed first example of umpolung activation was by Torii and coworkers who
were able to obtain cycloaromatized product 57 in moderate to high yield by in situ generation of
dienyne 58 under a Sonogashira coupling platform (Scheme 1-17).% In support of a mechanism
involving 58, the reaction was slowed at room temperature with 59 (X = C(CO,Me),, R =
C(OH)Me,) thereby permitting isolation of dienyne intermediate 58. Refluxing the isolated

intermediate in MeCN resulted in the formation of 57. Although the [Pd] / [Cu] catalytic cycle
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was hypothesized as the mechanism for formation of 58, the pathway responsible for

conversion of 58 to 57 was not discussed.

Et
Et
Pd(OAc), (5 mol %)
/\/ Cul (5 mol %), PPhg (20 mol %)
- > X
X Br * R———H NEt (1.5 eq), MeCN, reflux
\/< R
59 57
[Pd] j T M (cat.)
Et Et Et
[CulBr [Pd]
7 IPd) 7 IPd) i 7 S
X | X X R
Br ‘ ‘
R—=——=—Cu|]

58
Scheme 1-17. In-situ generation of dienyne resulting in cycloaromatized product. X =

C(CO,Me),, NBn; R = C(OH)Me,, 1-hydroxycyclohexyl, CH,OTHP, CH,,.%

Towards synthesis of naphthalene derivatives by using Type ll-internal dienynes,
Yamamoto and coworkers reported cyclization of a silyl enol ether 60 as a single example in
extension of their enyne cyclization methodology promoted by ethylaluminum dichloride
(Scheme 1-18).26 Dankwardt later published an extensive screen of metal catalysts able to
thermally cyclize various silyl enol ethers 61.2 Among the many significant findings, he found
that the cyclization could be conducted at room temperature using stoichiometric silver (1)
trifluoroacetate (AgOC(O)CF;) in nitromethane. The methodology was also applied to a series of
pyrrole containing dienynes (e.g. 62), giving cyclized product in excellent yield. Belmont and
coworkers have used a similar procedure for the synthesis of acridine derivatives.?® Herndon
and coworkers have also made progress towards the use of dienynes for synthesis of nitrogen

substituted napthalenes by in situ generation of an enamine 63 from Sonogashira coupling of
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bromide 64. The transient 63 was then proposed to proceed through a 6-endo cyclization to
give the 1-napthalenamine product 65 in high yield. While the formation of 65 was high yielding,
the methodology seems to be limited in scope as use of non-alkyl substituted alkynes (e.g.
phenylacetylene, trimethylsilylacetylene) or increasing the alkyl substitution of the ketone a-

carbon only resulted in isolation of the ortho-alkynyl arene product.

OTMS OH
EtAICI, (1 eq.); H*
B ——
40 % NMR
% "Pr
"Pr
60
OTBDMS OTBDMS
M (1.1 - 11 mol %)
_—
PhMe, 50-130°C
51-93 %
% R
R
o
MeN \ MeN \
A
AuCl3 (10 mol %)
e
PhMe, 100°C
% 97 % "Hex
"Hex
62
0 B NEt, | NEt,
B "Bu
Me
- ——
PdCI, (2 mol%), Cul (6 mol%),
HNEt, (neat) n
Br reflux, 92% \/\\ Bu
[Pd] "Bu_|
64 63 65

Scheme 1-18. Metal catalyzed cycloaromatization of dienynes possessing nucleophilic
terminal alkene components. M = [Rh(CO),Cl],, PtCl,, PdCl,, Pd(PhCN),Cl,, [RuCl,(CO),l,; R =

H, Me, "Hex, CH,Bn, Ph, 1B, 26:27.29
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A major improvement for the synthesis of substituted naphthalenes was made by
Shibata and coworkers who discovered that in situ generated PhsPAu* resulted in the high
yielding formation of products 66 at ambient temperature (Scheme 1-19).%° Generally, the 6-
endo product 66-endo was favored >20:1, yet in some cases, significant amounts of 66-exo
were formed (R' = CH,N(Me)Ts, I). Only geminally substituted nucleophilic alkene sustrates
were reported (R® = Me, Ph), presumably due to the stability of the carbocation intermediates.
Uemura and coworkers have applied the gold cyclization methodology to dienynes possessing
a planar chiral (n°-arene)CrCO, auxiliary (e.g. 67) for stereoselective formation of axial chiral

biaryl complexes (Scheme 1-20).%'@®

The major stereoisomeric product from these reactions
has an anti relationship between the metal fragment and the ortho substituent of the biaryl
junction. This route is a nice complement to the palladium-catalyzed coupling of these

complexes that, in most cases, gives predominately the synisomer (e.g. 68).3'

R! R!
4 Au(PPhy)CI (1 mol %) R /
AgOTf (1.2 mol %)
- + R?
CH,Cly, 1t,1-2h
Z e 73-97% R2
2:1 to >20:1 66-endo / exo 5
R3 R R
66-endo 66-exo

Scheme 1-19. Ambient temperature gold catalyzed cycloaromatization of geminal and tri-
substituted terminal alkene Type ll-internal dienynes. R' = Ph, CH,OMe, CH,0SiR,, CH,OH,

CH,NMeTs, "Bu, I; R, = H, Me; R® = Me, Ph.*°
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Me
Me / Me
Me
PhsPAUNTT, (5 mol %)
@ Vo CH,Cly, 40°C, 1 h, 90% @ Vo
Cr(CO)3 Cr(CO)3
67
anti-biaryl
B(OH),
Me Me
Me
Br Pd(PPhs),, Na,CO4
+ >
MeOH / H,0, 70°C, 96 % ome Me
OMe \
Cr(CO)3
Cr(CO)3
68
syn-biaryl

Scheme 1-20. Complementary methods for synthesis of sterecisomeric pairs of biaryl

complexes.®

Towards a metal free route to naphthalenes, Ciufolini and Weiss have described the
use of camphorsulfonic acid (CSA) as a trigger for cyclization of ortho-alkynylphenyl-f-
ketoesters 69 (Scheme 1-21).3% A variety of alkyne substitution was tolerated to give 1,2,3-
substituted napthalenes 70 in high yield. The reaction is thought to proceed through charged
intermediates due to the inability of thoroughly purified samples of 69 to give any product under
photolytic or thermal conditions. The proposed mechanism initiates by protonation of the
tautomeric dienyne form of 69 giving cationic intermediate 71. This structure has significant
positive charge build-up on the terminal alkyne carbon due to resonance delocalization.
Intramolecular nucleophilic attack of the enol and deprotonation gives allenic intermediate 72-A
that can be represented as a resonance hybrid with zwitterionic 72-B. Proton exchange would

then lead to the naphthalene product 70. In support of this mechanism, calculations performed
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at the MNDO level of theory show the reaction from a structurally simplified enol form of 69 to

the zwitterionic intermediate 72-B is exothermic by -3.7 kcal-mol™.

0 o) OH 0
R % Yield
OMe CSA (1 eq) OMe n-Hex 90
—_— CH,OMe 82
CHCl3, reflux
% R Ph 89
69 A 70
H ®W + H® “
C)
OH OH Do 0
N OMe oMe
R
71-A X 72.8°
b !
OH OH OH O
N S ome H® OQ OMe
_\ + H® R
71-B N0 72-A
R

Scheme 1-21. Acid catalyzed tautomeric dienyne 71-A cycloaromatization.®

A significant amount of research has been directed towards triggering a Friedel-Crafts
type cyclization of Type lll dienynes to give substituted phenanthrenes which are useful building
blocks for polycyclic aromatics.*® Swager and coworkers first demonstrated the utility of such a
transformation in the preparation of compound 73 with the ultimate goal of making fused
polycyclic aromatic polymers (Scheme 1-22).%* The reactions were extremely high yielding (>
90%) but required an alkyne substituted with an electron-donating group (p-phenyl-OC,,H.) for

cyclization to occur. When a cyclohexyl or phenyl substituted alkyne was used, the reaction
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failed. Also interesting was the observation that the reaction only proceeded in polar non-
nucleophilic solvents (i.e. CH,Cl,) and not in non-polar or etheral solvents. The solvent

dependence suggested formation of carbocation intermediates.

C1 2H26O

Scheme 1-22. TFA and I(py),BF, triggered cycloaromatizations in the formation of extended
polyaromatic platforms. Conditions: CF,CO,H (X = H) or I(py),BF, (X = 1); R' = OMe, Me, H; R?

=H, OMe ®*

Larock and coworkers demonstrated that through the use of ICI as an electrophilic
trigger even a para-substituted nitro phenyl substituted alkyne 74 (R = NO,) would proceed to
product albeit in moderate yield (Scheme 1-23).%% These researchers also showed an
expanded substrate scope by using several alternative alkene and alkyne components (i.e. 75 —
77). In later studies, it was also shown that other stoichiometric electrophiles could also affect

the cyclization.®*®
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O O OQO R % Yield

ICI (1.2 eq)

// CH,Cl,, -78°C, 1 h

Me 98

CO,Et 100

|

0
X
it |
Z
AN N Ph //\S
Ph AN U
X | =
Z
X=0,S 1 0or 2 sub.
75 76 77

Scheme 1-23. Expanded alkyne substituent scope via use of ICl as the cyclization triggering

reagent.*®

Ogura and coworkers have discovered an interesting photolytic dienyne
cycloaromatization involving |, as an electrophilic trigger (Scheme 1-24).*® Reaction of the E —
vinyl methyl sulfide 78-E with 1, under thermal conditions proceeded very slowly, yet,
photolyzing the reaction mixture gave quantitative yield of product 79 within 1 h. It was believed
that the photolytic acceleration was due to an initial isomerization of 78-E to 78-Z as the latter is
believed to cyclize faster. Proof of 78-Z as an intermediate came from isolation of the species
from the reaction mixture then independent cyclization with |, in the dark. The reason for the
enhanced rate of cyclization of 78-Z compared to 78-E was not clear. Energy minimization
calculations using PM3 level of theory showed the distance between the terminal alkene and

alkyne carbons is larger for 78-Z than 78-E which does not correlate with the reactivity. One
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major difference observed from the computational study was a significant difference in the
central diene dihedral angle, calculated to be +42.0° for 78-E and -89.8° for 78-Z. From the
discussion of this parameter, the authors seemed to suggest that better orbital alignment

between the terminal alkene and alkyne & systems may be responsible for the increased

reactivity.
I
Ph
4 Ph
I> (1.0 eq)
| toluene, 80°C, 5 days'
53 %
T
Ts / SMe S
78-E 7
_ | -1
Ph
4 Ph
SMe
I (1.0 eq), | l2
L . = —_— Ts SI\‘/I;_\
hv (> 290 nm) Ts ® | ©
toluene, rt, L _
1h, 100% 782
PM3
Calculations

78-Z lower energy conformer 78-E lower energy conformer

Scheme 1-24. Photolytic activation of cycloaromatization with iodine electrophilic triggering.®

The earliest in-depth look at metal catalysis for the formation of phenanthrenes via
dienyne cyclization was performed by Flrstner and coworkers over several publications.®”

Firstner’s work has been applied to many different systems.*® Summarized in Table 1-2, are
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some key findings from their study. For cyclization of terminal and simple alkyl substituted
alkynes, PtCI, was determined to be the most general high yielding catalyst although AuCl; and
GaCl, also proved effective.’”® In general the reaction proceeds to the 6-endo product 80-endo
although use of an electron-withdrawing alkyne substituent 81-CO,Me gave almost exclusively
the exo product 80-exo0. Reactions of alkynyl halides failed under PtCl, catalysis, but use of
InCl; gave the halogenated 80-endo in high yield with no detectable amount of the other
regioisomer.®”® As an extension of the InCl, catalysis, these researchers used the methodology
to prepare a biaryl natural product, O-methyldehydroisopiline. A surprising find came while
testing halogenated alkynes 81-Br, | with gold(l) chloride that resulted in the rearranged product
82°° These researchers explained this unexpected reactivity to the formation of a gold
vinylidene complex that then, presumably, proceeded to product through an initial 6x

electrocyclization (see Section VI).

Table 1-2. Summary of Flrstner and coworkers study of metal catalysis for the formation of

phenanthrenes from dienyne cycloaromatization. (a) Yield not reported.®”

Me
Me Me Me Me Me Me Me
R
R + ._— +
> .
M (5 mol %) R
toluene, 80°C
20-40h
81-R 80-endo 80-exo 82
M R (% Yield) % 80-endo : % 80-exo : % 82
PtCl, H (64) 97 3 0
Me (89) 100 0 0
CO,Me (-)2 5 95 0
InCl3 Br (77) 100 0 0
Cl (90) 100 0 0
AuCl Br (77) 0 0 100
1(76) 0 0 100
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More recently, Takaki and coworkers have reported iron(lll) triflate catalysis of ortho
alkynyl substituted biphenyl arenes 83 (Scheme 1-25).% These studies were done in parallel
with cyclization of arene-tethered alkynes 84. The kinetic isotope effect (KIE) for the
nucleophilic arene of 84 (R' = H(D)s / R, = H;) was calculated to be 0.95 suggesting a Friedel-
Crafts mechanism. Contrary to the KIE mechanistic implications, the rate of the reaction was
observed to increase when the nucleophilic arene was substituted with an electron withdrawing
group (EWG) while the alkyne phenyl substituent possessed an electron-donating group (EDG).
To explain this, a pre-rate determining step equilibrium between Fe-arene complexes 85-R' and
85-R? was invoked where only 85-R? could deliver the metal to the alkyne to form the activated
electrophilic complex 86. Despite these interesting mechanistic studies, the dienyne substrates
83 do not seem to follow the arene electronic trend. Use of an EWG on the nucleophilic arene
83 (R = NO,, CN, CF;) increases the reaction time to > 6 h, where an unsubstituted arene (R =

H) goes to completion within 1 h.
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= =
— R l—R
|
~ Fe(OTf (10 mol %) ~
DCE, 80°C
% 1-12h, 68 - 95 % -
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AN = =0.95
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84 ‘ R
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% % / A X
X AN [Fe] | -
| g [Fe] ——R? _
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85-R! 85-R2 86

Scheme 1-25. Use of iron catalysis for dienyne cycloaromatization. R = 4-CN, 4-CO,Me, 4-

NO,, 4-CF;, 3,5-F,, H, 4-OMe.*

Although in most cases the metal-vinyl species 56 (E = Pt, Pd, Au, etc., Scheme 1-16)

is lost by protonation, Loh and Feng were able to intercept this species with an alkene

demonstrating the multi-component potential of the dienyne 6-endo cyclization (Scheme 1-26).%°

Using PdCI, to catalyze the cyclization of 87 allowed for metallated adduct 88 to enter into the

Heck catalytic cycle to give the tri-substituted naphthalene 89. Although many oxidants were
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screened, none were able to substantially boost the yield much higher than by simple use of
atmospheric oxygen. Although most examples utilized geminal-substituted alkenes, one case

employed the use of a tri-substituted alkene that gave rise to a tetra-substituted naphthalene in

61% yield.
Me Me
‘ PdCl, (5 mol %), air
+ -
DMSO, 110°C, 24 h, 75 %
\ CO,"Bu Ph
87 N 89
Ph N
CO,"Bu
H,O 0,, HX
PdX, ~ Pd° + HX
Me HX Me Me
XoPd Ph XPd ——|| CO,"Bu
L H
88 CO,"Bu
CO,"Bu PdX

Scheme 1-26. One pot 6-endo cycloaromatization / Heck coupling.*

The examples covered thus far have all used the terminal alkene as the nucleophile for
attack on the activated alkyne. It is also possible to intercept the alkyne with an external or
tethered nucleophile creating a species that can cyclize by other mechanisms. Yasuhara and
coworkers were the first to implement this strategy for dienynes with the cyclization of ortho-
41a

alkynyl carbamates 90 to the substituted indole 91 under PdCI, catalysis (Scheme 1-27).

Initial attack of the carbamate gives vinyl palladium species 92 that proceeds through a



successive 1,2-insertion and fB-hydride elimination to proceed to 91. The role of TBAF

(tetrabutylammonium fluoride) appears to be that of a mild base.*"®

Me
4 PdClI, (21 mol %), CuCl,-H,0 (2 eq), TBAF (1.2 eq) O
THF, reflux, 49%
NHCO,Et COaEt

2 Cu(l) 2 cu(ll)

j PdX, = \ ) + HX)/
H XPd  Me

H SO

COzEt CO,Et

91

Scheme 1-27. Capture of activated alkyne by tethered nucleophile coupled with Heck coupling

to give cycloaromatized product.*'

A related transformation reported by Li and coworkers towards the synthesis of
polycyclic aromatic furan 93, involved initial trans 1,2-insertion across the alkyne of the
substrate 94 to give 95 (Scheme 1-28).“* The authors do not comment on how this insertion
occured, but it may be reasonable to propose a nucleophilic attack of the chloride on the
palladium alkyne complex. From 95, two possible pathways to 93 were proposed: (1) 1,2-
insertion into the furan ring followed by decarboxylation with elimination of ethyl chloride and
palladium to give the product 93 and (2) decarboxylation with elimination of ethyl chloride to
form a vinyl copper species 96 that can transmetallate with palladium to proceed to product

through metallacycle 97. CuCl, has multiple roles in the reaction by providing a source of
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chloride, oxidizing the Pd(0) back to the active Pd(ll), and potentially inducing decarboxylation.
Use of LiCl in place of CuCl, resulted in no observation of product thus confirming at least one

of the latter two roles of the reagent.

Ph

EtO,C \\

\ PdCl, (10 mol %), CuCl, (5 eq) C
benzene, reflux, 16 h, 70 % o
(0] (0]

94

Ph Cl

96

Scheme 1-28. Intermolecular capture of coordinated alkyne leading to aromatized product.*?

Aguilar and coworkers recently reported an impressive use of gold catalysis to induce
an aromatization initiated by intramolecular nucleophilic attack of a pendent carboxylic acid.*®
The unusual Z,Z — dienyne substrate 98 can be prepared in a single step from a dialkynyl
chromium carbene species.* Activation of the alkyne by the in situ generated cationic gold
catalyst was proposed to induce an intramolecular nucleophilic attack of the carboxylate to give

99 which then ring closes to form bicyclic compound 100 (Scheme 1-29). Regeneration of the
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AuL* species gives a 1,2,3-trisubstituted arene 101. The reaction was dependent on the
alkoxyalkyne substrate and use of aryl-substituted alkynes resulted in a 6x electrocyclization

from an intermediate analogous to 99 that ultimately led to meta — substituted arenes after loss

of CO..
Ph
Ph (0]
OH MeO,C
(p-CF3CgH4)3PAUCI (3 mol %), AgSbFg (0.5 - 1 mol %)
// CH,Cly, 1, 70 % o
@ HO
LAu @

Ph

LAu

‘\

Me% o OH
99 100

Scheme 1-29. Gold catalyzed cycloaromatization of the Z,Zdienyne 98.*

Liu and coworkers have demonstrated the use of ruthenium complexes to activate the
alkyne for a [1,7]-H shift that ultimately leads to cycloaromatized product.®® Dienyne structure
activity studies show the reaction was most efficient with substrates containing an electron
donating alkyne substituent and an electron-withdrawing terminal alkene substituent. Substrates
without this substitution showed little enhancement with metal complexes over the non-
catalyzed thermal reaction. A particularly successful dienyne, 102, possess both of these
characteristics and gives the aromatized product 103 in high yield (Scheme 1-30). The
observation that dienynes containing an ao,p-unsaturated ketone work well for the reaction, led
these researchers to consider developing a one-pot Aldol condensation / cycloaromatization

methodology as demonstrated by the reaction of cyclohexanone 104 with aldehyde 105. The
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mechanism of this reaction is believed to proceed through an asynchronous transition state 106
for the [1,7]-H shift followed by a 6x electrocyclization and [1,3]-H shift to give 103. Consistent
with the non-symmetrical nature of 106 are the observed structure activity relationships that are
hypothesized to stabilize the developing charge in the transition state. The role of »*
complexation is two-fold: (1) distorting the geometry of the alkyne away from linearity thus
facilitating the shift by proximity and (2) polarizing the =« system to stabilize the positive charge

build-up in 106.

(0]
X [TpRu] (5 mol %) _opRu s molce)
_—
xylene, 120°C, neat, 120° C
\ 12 h, 86 % 16h 78 %
102 T™MS 103
TMS

1) 6x electrocyclization
2)1

B )
l n? complexation ,3 H shift
+ 0
T™S
1,7 H shift =
JE—" .
AN

TMS

Scheme 1-30. [1,7]-H shift facilitated by n*complexation. [TpRu] = [TpRu(PPh;)(NCMe),]PF,

As alluded to in a footnote in Liu’s initial publication, the [1,7]-H shift is facilitated by
catalytic use of base (i.e. 2,6-lutidine, DBU). In later studies conducted by Liu and Yang
regarding the tandem Aldol / aromatization reaction, the n*-complexation mechanism seems to

have been abandoned or modified for a protonation / reprotonation sequence resulting in rate
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enhancement for the formation of allene 107 (Scheme 1-31).*° Consistent with this mechanism,
the highest yields of product 108 were obtained by use of electron deficient phenyl substituents
on the alkyne as this would be expected to lower the pK, of the allylic protons. The primary role
of the metal catalyst in this system appears to be facilitating the Aldol reaction as a control
experiment from dienyne 109 (X = H) gave near identical yields when the reaction was
conducted with and without the metal (70% and 55%, respectively) whereas removal of the
metal from the tandem Aldol reaction with aldehyde 110 resulted in a significantly lower yield

(18% vs. 65% with metal).

0
(GoRu G mors) /\| N X Nie. 1%
DBU (5 mol%) X = OMe, 35%

140°C, neat, 12h  \_~ \_F

X

‘ 108

X /\/
T 0
/

\ X
(NS 1
109 107

DBU
@

Scheme 1-31. Formal [1,7]-H shift cycloaromatization pathway catalyzed by base. [CpRu] =

CpRu(PPh,),Cl.%
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VI. Metal Vinylidene Triggered

Reaction of a dienyne possessing a terminal alkyne (i.e. 111, Scheme 1-32) with certain
transition metal complexes can result in the formation of a metal vinylidene complex 112.% This
reactive intermediate provides a common cycloaromatization route for dienynes by proceeding
through a 6= electrocyclization and formal [1,2]-H transfer / demetallation to provide aromatic
product 113. Complex 112 is in equilibrium with the n*alkyne complex 114 and many times it is
difficult to determine which species is the true intermediate in the direct reaction pathway. As
shown in Scheme 1-32, use of a deuterated terminal alkyne represents a common mechanistic
experiment to determine if a metal vinylidene was formed as migration of the D-atom from the
terminal to internal alkyne carbon should be observed. Depending on the metal and ligand
environment, the vinylidene hydrogen can be relatively acidic and deprotonated with weak
bases (e.g. basic alumina, for ML, = [Ru(PPh;),Cp]*) to form a metal acetylide 115. Thus use of

a protic solvent often times results in partial loss of the isotopic label in 113.
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Scheme 1-32. General mechanism of dienyne cycloaromatization involving a metal vinylidene

intermediate.

Merlic and Pauly were the first to demonstrate the feasibility of the metal vinylidene
cycloaromatization pathway for dienynes (Scheme 1-33).*” A variety of terminal alkene modified
dienynes were shown to cyclize in relatively high yield under Ru(ll) catalysis. It was observed
that electron-rich terminal alkene substrates and electron deficient metal complexes provided
the most efficient cyclizations. This substrate/catalyst dependence allowed these researchers
to consider an asynchronous transition state 116 that would be stabilized by nucleophilic

alkenes and electron-poor metals.
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R! R! R, R2 Temp / Time / Yield
R2 RZ
X [Ru] catalyst 40°C/10h/89 %
— o/
% H, CH,0OH 70°C/30h/23 %
H, CO,Me 70°C/68h/12%
Y[RU] ; [Ru] @%
R! R!
R2 concerted R2
X pathway
o
/ [Ru] ®

Scheme 1-33. First example of metal vinylidene dienyne cycloaromatization. Conditions: (n°-p-

cymene)RuCl,PPh; (5 mol%), NH,PF¢ (5 - 15 mol%), CH,ClI, or CICH,CH,CL.*

Merlic and Pauly’s pioneering work has sparked many developments and applications
with the same or related ruthenium systems. Kobayashi and Akiyama demonstrated use of a
polystyrene ruthenium catalyst 117 for dienyne cycloaromatizations along with many other metal
catalyzed reactions (Scheme 1-34).“® Thiemann and coworkers have used Merlic’s system for
synthesis of polyaromatic steroid derivatives.** The research group of Scott as well as Liu have
also utilized the potential of ruthenium vinylidenes in the synthesis of coronene (118) and

heteroatom derivatives of coronene.®
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=
\ ‘ ref 48 I
RuCI,PPhj o
o \ 17 \
AN
117 (20 mol %), PPhg (20 mol %)
NH,PFg (20 mol %)
% hexane/toluene (10:1), reflux, 20 h, 68 %

ref 49 I

(n8-p-cymene)RuCl,PPhg (5 mol %)

Py

NH,PFg (10 mol %), CHoCly, reflux, 24 h, 98 %

MeO MeO

X Z PN
| (nP-p-cymene)RUCI,PPhs (20 mol %) | ~ ‘\/ |
‘O CICHZC'\ll-IH:ClT,F;S(‘?CS, 25 15- 20% ] 7 ‘/ X
z | N g
118

Scheme 1-34. Applications of metal vinylidene dienyne cycloaromatizations.**°

Iwasawa and coworkers have developed use of (CO);W-THF as a cyclization promoter
in either stoichiometric or catalytic amounts.®' In addition to the standard acetylenic deuterium
labeling experiment (Scheme 1-32), it was shown that by allowing the geminal dideuterio

dienyne 119-H,D to react with (CO);W-THF resulted in incorporation of the D label into the 2
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and 3 positions of the product naphthalene 120, thus indicating a 1,2-shift for the alkene

51b

hydrogens (Scheme 1-35).>" One of the most impressive features of the tungsten system was
the ability to form the intermediate metal vinylidene with an iodoalkyne substrate 119-1,H thus
allowing formation of an aromatic iodide 121.5'°“ Dankwardt has also shown and proposed that

silyl substituted alkynes (e.g. 122) undergo 1,2-shifts through a vinylidene mechanism.?’

Me Me Me
ref 51b-c
Y
D \
(a) (b)
X=H,Y=D \% X=1,Y=H
D %
X |
120 119-X,Y 121
OTBDMS OTBDMS OTBDMS ref 27
[Rh(CO),Cll, (10 mol%)
toluene, 90°C, 90% -
% 83:17 4-TMS / 3-TMS ™S
T™S T™MS

122
Scheme 1-35. Vinylidene cycloaromatizations resulting in 1,2-shift of non-hydrogen

substituents. (a) (CO)sW-THF (1 eq), THF, 1 day, rt. (b) (CO)sW-THF (1 eq), THF, 15 h, rt.?" 51>

Liu and coworkers have uncovered many impressive skeletal rearrangements from
studies on the formation of cationic vinylidenes resulting from use of [TpRu(PPh;)(NCMe),]PFg

2 In their initial

(123, Tp = tris-pyrazolylborate) and vinyl substituted dienynes (Scheme 1-36).°
findings, the reactions of vinyl substituted dienynes 124 with 123 were found to undergo formal
1,2-shifts, but in opposite directions depending on the terminal alkene substituent.** Reaction
of the vinyl iodide 124-D, | with catalytic amounts of the metal complex resulted in a 1,2-shift of

the iodine to the 7-position of the naphthalene 125 in 80% yield. The reaction also works with

the vinyl bromide, but the yields are substantially lower for most substrates. Use of an electron-
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rich aryl group as a substituent on the terminal alkene carbon 124-H, PMP (PMP = p-
methoxyphenyl) resulted in a 1,2-shift of the aryl group to the 5-position of the naphthalene to
yield 126 as the major product in 73% yield. To provide some mechanistic insight, isotopic
labeling experiments with ®C enriched aryl substituted 124-H, PMP were performed and
resulted in the incorporation of the label into the 1-position of 126, ruling out a direct 1,2-aryl

shift.

PMP

D
R PMP =_
< < (~1 % E/Z) ©
10%130HR
o
125

124-X, R

Scheme 1-36. Isotopic labeling experiments probing mechanism of [TpRu(PPh;)(NCMe),]PFq
(123) catalyzed cycloaromatization / formal 1,2 — substituent shifts. Conditions: 123 (8 - 10 mol

%), toluene, 110°C, 6 - 8 h. * = ®C enriched carbon, PMP = para-methoxyphenyl.5?

The proposed mechanisms for these transformations are shown in Scheme 1-37. The
halogen-rearranged product 125 was hypothesized to occur through a simple 1,2-halide shift
from cyclized intermediate 127 to give 128 followed by regeneration of the catalyst. The aryl
shift was postulated to occur by initial 5-endo-dig cyclization to give carbocation intermediate
129, the formation of which was facilitated by the strong electron-donating para-methoxy aryl
group. A 1,2-shift of the ring carbon-carbon bond then gives 130 thus validating the carbon
isotopic labeling results. Loss of ruthenium from this species would then give the observed

product 126.
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Scheme 1-37. Proposed mechanistic pathways for formation of the 1,2-halide and aryl shift

products.®®

The reactivity of dienynes with geminal disubstituted terminal alkenes with 123 were
found to be very sensitive to the electronic and structural environment of the substrate. For
example, reaction of a Type ll-internal dienyne resulted in a non-aromatization pathway to
indene 131 (Scheme 1-38).5® Simply changing to a Type | dienyne reverses the reactivity back
to a cycloaromatization pathway to give 132.5% The formation of 131 was believed to involve a
non-classical carbocation species and the reader is referred to the cited reference for a full

discussion of the mechanism. A mechanistic proposal for the formation of 132 was not given.
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"Pr Et Me
123 (10 mol%) X 123 (10 mol%) ’ /
- - =
toluene, M beonzene,
100°C, 10 h \e 80°C, 18 h Ve
Typel N Type ll-internal
132 non-aromatic aromatic 131

Scheme 1-38. Dependence of electronic nature of alkene of reaction pathway.***

Cyclic alkylidenyl substrates open up yet another reaction pathway for dienynes under
catalysis by 123 (Scheme 1-39).5* Use of cyclopropylidenyl (n = 1) and cyclobutylidenyl (n = 2)
dienynes 133 resulted in a 1,2-alkyl shift to afford 134 presumably formed by a similar
mechanism to 125. Increasing the cyclic alkylidene chain to a 5-membered ring (n = 3) results

in formation of 135.

n( = 123 (10 mol %) () N
o N | +
toluene, 90-100°C, 3h n
/ /
Me
133 134 135
n=1 23 % 0%
n=2 68 % 0%
n=3 0% 87 %

Scheme 1-39. Changing reactivity of alkylidenyl substituted dienyes as the carbon tether size

increases.’®

One mechanistic possibility that would lead to 135 would initiate from a [1,7]-H shift of a
methylene hydrogen (see Scheme 1-30). This mechanism was ruled out by use of substrates
such as 136 that give an alternative product 137 to one originating from a [1,7]-H shift (138,
Scheme 1-40). The relative connectivity of the ortho substituents in 137 was verified by nOe of
the acyclic benzylic position. Use of the iodo and deuterated alkynynl substrates (X = | & D,

resp.) as well as deuteration of both cyclopentylidenyl methylene positions in 136 confirmed a
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bond scission of the trans-methylene (red). To account for this unusual reactivity, Liu has put
forth the mechanism shown in Scheme 1-40. From the vinylidene 6z electrocyclization product
139, 1,2-alkyl shift gives cationic complex 140. This species is proposed to undergo a metal-
assisted 1,2-phenyl shift to give metallacycle 141. [1,5]-alkyl shift of the metallacycle’s
methylene followed by 1,2-migration of the original alkyne substitutent X and loss of the metal

gives 137.

[1,7] - H shift product : not observed
136 138 137

Scheme 1-40. Proposed mechanism for 1,3-methylene migration. Conditions: 123 (10 mol %),

toluene, 100°C, 1.5 h.5%
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VII. n°-Coordination of = System

O’Connor and coworkers discovered that use of cationic cyclopentadienyl ruthenium
complexes cyclize Type | dienynes in high yield to form n° — arene complexes.>® Reaction of
[Cp*Ru(NCMe);]PF, (142) with both dienynes 143-E and 143-Z led to immediate formation of a
different transient metal-dienyne complex 144 as observed by NMR spectroscopy for each
isomer (Scheme 1-41).5%® This in situ formed complex slowly converted to product 145 over the
course of 12 h. These species displayed key 'H NMR resonances at § 2.17 (s, 1H) for 144-E
and 6 4.89 (s, 1H) for 144-Z that provide good correlation by chemical shift to the H®" and H®"
of related ruthenium n*-diene complexes, respectively. Furthermore, integration of the free
acetonitrile resonance for the reaction with 143-E indicated ~9 H relative to 144-E, providing
evidence that all components of the dienyne n system may be involved in the coordination
sphere consistent with an n°-dienyne structure. As demonstrated by the yields for the reaction

of 143-E and 143-Z, the trans-sterecisomer gives cleaner formation of the product 145.
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Scheme 1-41. NMR observation of transient species in [Cp*Ru(NCMe),;]PF, (142) triggered

cycloaromatization of 1-chlorodienynes.>®

Unequivocal proof for the n°-coordination mode came from single-crystal X-ray
characterization of a crystalline sample obtained at low-temperature of the analogous transient
species 146 from the reaction of dienyne 147 with 142 (Scheme 1-42). Consistent with the
structures of 144-E and 144-Z, 146 showed both an upfield and downfield vinyl CH resonance
corresponding to H®*" and H%", respectively. The solid-state structure of 146 contained some
very impressive bond metrics such as a distorted alkyne triple bond (£C***C=C : 151.8(4)° and

£C=CC®® : 156.8(4)°), a decreased non-bonded distance between the terminal alkyne and
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alkene carbons of 2.80 A, and a Ru - H*" distance of 2.20 A (in range of a metal-agostic

interaction).

Me ﬁ
H

X i e

. 142 CDCl, 1t Ru @M PFq
H 95% NMR ‘ ©

A TS—H
"Pr H npr

147 148

Me

4 ‘ o Hsyn ‘\
9 3.27 ppm

Hanti

L
L ag TPr 50.11 ppm © ]

Scheme 1-42. X-ray characterization of n°-dienyne.’®

Although these researchers were not able to definitively show 146 lies on the direct
reaction coordinate to 148 therefore differentiating this mode of activation from other
possibilities (i.e. n*-alkyne coordination), the proximity of the terminal carbons of the m system
and the short Ru-H®"" distance seems to be indicative of a reaction intermediate. While the
transformation gives the cyclized product in high yield at ambient temperature, a stoichiometric
amount of ruthenium complex is required and removal of the metal fragment from the

aromatized product is not always trivial.
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VIIl. Metal carbene Induced

Herndon and coworkers have extensively studied the use of chromium pentacarbonyl
Fischer carbene complexes (e.g. 149) to induce cycloaromatization of dienynes using the
common Détz reaction platform (Scheme 1-43).5*% In their initial report, 1-aryl-2-alkynyl-
cyclohexenes 150 were found to react with metal carbene 149 to give cycloaromatized products
of type 151 in high yield.%** Although the example shown in Scheme 1-43 demonstrates use of
a Type llI-terminal dienyne, Type | dienynes were also shown to be effective substrates as

1.>** One substrate limitation was use of Type ll-internal dienynes.>*® This can be explained

wel
by analysis of the potential equilibrium between the possible n*-vinylcarbene intermediates, 152
and 153, formed during the reaction. It is known that electron-donating substituents in the
coordination sphere of the n*-vinylcarbene inhibit the CO insertion step. Therefore 153 with a
less electron-rich alkene should be expected to insert faster to give ketene 154 that proceeds to
the observed product 151. If the central alkene of the dienyne is inhibited from forming a
complex with the Cr metal center, as the case with a Type ll-infernal dienyne, then only 152
would be able to react further either by cycloaromatization if a y-vinyl or aryl group is present in
the chromium carbene 149 or through other pathways such as CH insertion. Although Type II-
internal dienynes were not viable substrates, other heterocyclic aromatic systems were able to
perform the cycloaromatization if there isn’t a competing cyclization component on the Fischer

carbene.544:5%
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Cr(CO)5

OMe Dioxane, relux

4h,78 %

150 149

-CO

|

OMe

OMe OMe

152 153 154
Scheme 1-43. Reaction of a metal carbene with the dienynyl alkyne resulting in an overall

cycloaromatization.>*?

Barluenga and coworkers have also found success for dienyne cycloaromatization by
incorporating a tungsten or chromium pentacarbonyl carbene moiety pendent to the alkyne
(Scheme 1-44).%” Fischer carbenes are activating groups for polar cycloaddition reactions due to
the metal’s electron-withdrawing nature. Treatment of 155 with nitrone 156 initially results in
formation of cycloadduct 157. The carbene is now brought into range of the proximal alkene
inducing further reactivity. When either the E or Z disubstituted alkene 155-Me was used, the
only observed product was cycloaromatized 158 resulting from a metathesis reaction. Reaction
of monosubstituted alkene 155-H resulted in cyclopropane formation to give 159. The authors
postulate that use of the more substituted alkene raises the activation barrier to 159,

presumably due to sterics, therefore making the pathway to 158 favored.
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159 M=W:57%

Scheme 1-44. Use of pendent Fischer carbenes for metathesis cycloaromatization.®’

IX. Conclusions and Future Outlook

In summary, the cis-1,3-dien-5-yne structural unit represents a valuable synthon in the
construction of highly substituted benzenoid systems. This review has covered the main
mechanisms of activation to achieve both formal cycloaromatization via the two main thermal
pathways as well as other pathways providing access to new systems. Table 1-3 summarizes
these methodologies by dienyne structure (see Figure 1-1) and the activating reagent. From
analysis of the references from this table, it is apparent that there is an abundance of systems
designed to promote Type ll-internal over terminal dienyne cyclizations. This may be due to a

generally easier synthesis of the former substrate thus facilitating a scope study. It may also be
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reasonable to state that much of the chemistry that was only studied for Type ll-internal
dienynes could also be applicable to Type ll-terminal dienynes as shown by several of the
systems that are able to utilize both types of substrates (e.g. metal-vinylidene induced). While
much progress has been made by catalytic and stoichiometric promoters, many of the reactions
covered still require elevated temperatures and less processes exist that provide cyclization
pathways for Type | dienynes. Future development will no doubt augment the methodologies

that are able to overcome these challenges.
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Table 1-3. Organization of references covered in this review for dienyne cycloaromatization

activation methodologies classified by dienyne Type (see Figure 1-1) and promoter / catalytic

reagent.
Dienyne Type | Type ll-internal | Type ll-terminal | Type Il
Photolytic 7 9;10 8a-d; 13a-b 11
Internally Activated 21a-b; 23a-b 21c 19
(e.g. vinyl triflate)
Acid / Electrophile 36 32 34a-c; 35a-b
(i.e. TIOH, I,)
Base 18; 20; 45 15; 16a-c; 18 16b-c
Metal (temp < 50°C) | 47; 43; 51c-d; 24, 26; 27; 30; 47 30; 37a,c; 51b
53a-b; 31a-b; 51a-d;
57
Metal (temp = 50°C) | 5b; 25; 47; 52¢; | 24; 27; 28a-b; 37c;47;48;49; | 27; 37a-c; 38a-
54b 29; 40; 41a; 50a-b; 54a; d; 39; 42; 50b;
52a-b; 54d; 56
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l. Introduction.

Cycloaromatizations of polyunsaturated molecules constitute a valuable area of
research in the synthesis of highly substituted aromatic systems. A structural motif that has
generated a large subset of this research is the cis-1,3-dien-5-yne unit 1, in which the most
common cyclization mode generates an aromatic product 2 with bond formation occurring
between the terminal atoms of the conjugated system (C'-C®, Scheme 2-1). Thermally, known
as the Hopf cyclization', this reaction has found little use in synthesis due to the high
temperatures needed, but several methodologies have been developed which accomplish the

t.2* The majority of

formal Hopf cyclization using either a metal or non-metal promoter / catalys
these methodologies can be classified into two main mechanisms: (1) activation of the alkyne
via umpolung coordination for nucleophilic attack of the distal alkene (C'=C?? and (2)
isomerization of the alkyne to an allene or metal vinylidene thus inducing a 6x
electrocyclization.®  Previous studies in the O’Connor laboratory have contributed to this area of
research in the development of cationic cyclopentadienyl ruthenium(ll) complexes (e.g.

[Cp*Ru(NCMe),]PFs 3) as stoichiometric promoters that appear to operate by n°-metal

coordination of the dienyne m system prior to cyclization (Scheme 2-2).°

distal
2

proximal

Scheme 2-1. The Hopf cycloaromatization.'
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Scheme 2-2. Triggering the formal Hopf cycloaromatization with [Cp*Ru(NCMe),]PF¢ 3.°

6@ CDClg, r.t.

In continuing studies with these systems, we have recently uncovered a different
cyclization route using substrates containing an allylic alkyl group (e.g. 4, Scheme 2-3). The
aromatic product 5 results from bond formation between the allylic carbon (C*) and the internal
alkyne carbon (C°), thus resulting in a net addition of the allylic CH bond across the alkyne.
Examples of related transformations in the literature are rare.® Among the synthetically useful
methodologies, Liu and coworkers have reported metal-catalyzed aromatizations with dienynes
in which they propose an asynchronous [1,7]-hydrogen shift of an metal bound #n?-alkyne
intermediate followed by a 6xn electrocyclization of allene 6 and subsequent isomerization to
give arene product 7 (Scheme 2-4).2 Support for transition state 8 comes from rate
enhancement for substrates containing an electron-rich TMS substituted alkyne and an electron
withdrawing vinyl carbonyl. Jacobi and coworkers have reported conversion of 1-en-4-yn-3-one
9 at elevated temperatures under acid catalysis to arene 10 (Scheme 2-5).2 Analogous to Liu’s
work, conjugated allene 11 is proposed to form after initial formation of the 4-dienynyl acetyl
ether 12 and proton transfer. We herein report our findings using cationic ruthenium complexes

to promote novel dienyne cyclizations.



Scheme 2-3. Cycloaromatization resulting from allylic alkyl addition to internal alkyne carbon.

X RuCls (5 mol%)

xylenes, 120°C
%

R

\ n? complexation

[1,7]-H shift
—_—

O
R Time (Yield)
TMS  12h (92%)
"Pr decomp.
Ph 18h (81%)
R

7

1) 6m electrocyclization

2) 1,3-H transfer

o

7

Scheme 2-4. Metal catalyzed cycloaromatization via [1,7]-H shift.”
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Scheme 2-5. Acid catalyzed cycloaromatization of in situ generated dienyne 12.2

Il. Initial Observation and Optimization.

We prepared three dienyne substrates differing in alkyne substitution as a starting point
for our study using the route shown in Scheme 2-6. Synthesis began from the known 2-
bromocyclohex-1-enecarbaldehyde 13 that was prepared in one step from cyclohexanone.®

Sonogashira coupling of 13 with the appropriate alkyne to afford 14 followed by Wittig

olefination provided dienynes 15 in good yield as mixtures of E and Zisomers.

CHO Me
R- C CH Base, [PhsPEt|Br; X
_—
Pd( PPh3)4 Cul 14, THF
DMF / NEt5 (1:1), rt [ N
R R
13 14-Me, R = Me, 72 % 15-Me, 51 %, 75:25 E/Z
Base = LHMDS
14-Pr, R ="Pr, 60 % 15-Pr, 59 %, 60:40 E/Z
Base = "BuLi
14-TMS, R= TMS, 84 % 15-TMS, 64 %, 60:40 E/Z
Base = "BuLi

Scheme 2-6. Synthesis of dienynes with varying alkyne substitution.
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Consistent with previous work, the reaction of 15-Me (entry 1, Table 2-1) with
[Cp*Ru(NCMe),]PFs (3)"° resulted in the rapid formation (< 15 min) of [Cp*Ru(n°®-6,7-
dimethyltetraline)]PFs 16-Me in 68% NMR vyield.® Also observed by 'H NMR spectroscopy were
several Cp*Ru - dienyne complexes which were stable over the course of several days. Heating
the reaction mixture for 24 h at 50°C was successful at converting the transient compounds but,
surprisingly, the yield of 16-Me remained unchanged and the formation of allyl addition
products, [Cp*Ru(n’-5-ethyltetraline)]PF, (17-Me, 10% NMR Yield) and 5-ethyltetraline'" (18-
Me, 8% NMR yield) was observed. Reaction of the sterically larger n-propyl substituted alkyne
15-Pr (entry 2) under similar conditions also gave a mixture of 16, 17, and 18, but the ratio of
the allyl addition products (17-Pr and 18-Pr'?) to the formal Hopf product (16-Pr) had increased.

Structural assignments of the observed metal complexes were made primarily through
interpretation of the '"H NMR (CDCl,) spectra. 16-Me, Pr and 17-Me, Pr all exhibit an upfield
shift of the aromatic hydrogen resonances (6 6.0 - 5.0) and Cp* methyl hydrogen resonances
between § 2.0 and 1.7, both of which are well known characteristics for [Cp*Ru(#n®-arene)]X
complexes. Complexes 16-Me, Pr show uncoupled aromatic hydrogen resonances, 16-Me: 6
5.52 (s, 2H) and 16-Pr: 4 5.54 (s, 1H), 5.43 (s, 1H), as well as uncoupled methyl resonances,
16-Me: 6 2.08 (s, 6H) and 16-Pr: 6 2.09 (s, 3H), both consistent with the 1,2,4,5-arene
substitution pattern of 16. The '"H NMR spectra of 17-Me, Pr exhibited a triplet and doublet
resonances for the aromatic hydrogens, 17-Me: 6 5.77 (t, J= 5.7 Hz, 1H), 5.61 (d, J= 5.7 Hz,
2H) and 17-Pr: 6 5.70 (t, J = 5.7 Hz, 1H), 5.58 (d, J = 5.7 Hz, 1H), 5.53 (d, J = 5.7 Hz, 1H)
consistent with the 1,2,3-substitution pattern of 17.

Due to the catalytic turnover observed in the reactions with 15-Me, Pr, we tested the
reactivity of 15-TMS with a larger excess (4.1 eq 15-TMS) compared to entries 1-2. Upon
mixing 3 and 15-TMS at ambient temperature, rapid quantitative formation (< 15 min) of two
Cp*Ru - dienyne complexes in a 6:4 ratio was observed by the appearance of Cp* resonances

in the '"H NMR specturm at § 1.90 and 1.71 and TMS resonances at § 0.37 and 0.064 for the
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major species I and minor species II, respectively.”® We were pleased to find that I and II
slowly converted to 17-TMS and 18-TMS in 57 and 31% NMR yields, respectively, over the
course of 21h with no observation of 16-TMS (entry 3). Another interesting observation for the
reaction of 15-TMS was the complete selectivity for reaction of the cis-stereocisomer 15-TMS-Z
(> 95% conversion 15-TMS-Z, < 5% conversion 15-TMS-E).

The 'H NMR spectrum of 17-TMS exhibits aromatic hydrogen signals with an identical
coupling pattern but resonating slightly upfield compared to 17-Me, Pr: 6 5.66 (t, J = 6.0 Hz,
1H), 5.54 (d, J = 6.0 Hz, 1H), and 5.39 (d, J = 6.0 Hz, 1H). The TMS resonance at 6 0.065 (s,
9H) is consistent with the TMS bound to a benzylic carbon as opposed to an aromatic carbon
which exhibits TMS resonances 8 0.3 to 0.4 downfield of 17-TMS.%*'* Similar to 17-TMS, the
free arene 18-TMS also exhibits a similar coupling pattern but slight upfield shift of the aromatic
hydrogens as compared to 18-Me, Pr."""2 The structure of 17-TMS and 18-TMS is further
supported by photolytic removal of the metal fragment from 17-TMS to give 18-TMS followed by

desilylation with K,CO, in MeOH affording known 5-methyltetraline.™
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Table 2-1. Initial screening of dienyne substrates with varying alkyne substitution for reaction
with [Cp*Ru(NCMe);]PF; 3. (a) 1.05 - 1.5 eq 15-Me. Reaction vessel kept at ambient
temperature for 5 days then heated at 50°C for 24 h. (b) 1.05 - 1.5 eq 15-Pr. Reaction vessel
kept at ambient temperature for 13 days then heated at 50°C for 24 h. (c) 4.1 eq 15-TMS.

Reaction vessel kept at ambient temperature for 21 h.

=9

3(1.0eq) Ru @ PFee Ru ® F>|:6e
RN + +
CDClg
N 7N e 71T\
R
R
R R
15 16 17 18
Entry Substrate % NMR yield 16 % NMR yield 17 % NMR yield 18

12 15-TMS (R = Me, 75:25 E/2) 68 10 8
2b 15-Pr (R = "Pr, 60:40 E/2) 57 14 29
3° 15-Me (R = TMS, 60:40 £/2) 0 57 31

The selectivity observed with the cis stereoisomer 15-TMS-Z, prompted us to prepare
an enriched sample of this compound and test its reactivity with 3. To this end, Lindlar
hydrogenation of 14-Me gave 90% Z enriched sample of 19. Conversion to a 92% enriched
sample of 15-TMS-Z was accomplished by treatment of the aldehyde mixture with lithiated

trimethylsilyldiazomethane followed by silylation of the terminal alkyne.

Lindlar Pd CHO 1) "BuLi, TMSCHNS; aldehyde N
Quinoline Me  .78°C to 0°C to 23°C, THF
14-Me > >
Pet. Ether, H, Z 2) LHMDS; TMSCI Me
84%, 90:7:3 Z/ E/ other 0°C, THF, 27% over two steps \
19 X
92:8 Z/ E
15-TMS-Z T™MS

Scheme 2-7. Synthesis of 15-TMS-Z enriched sample.
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On an equimolar scale, initial formation (< 30 min) of I and II was observed in 90%
NMR vyield (67:33 I / II) that slowly converted to n°-arene 17-TMS over the course of 24 h in

91% NMR yield (entry 1, Table 2-2). It was also found that the reaction could be accelerated if
run at 50°C with no detrimental effect on yield (entry 2). Performing the reaction at 50°C with
the 15-TMS-Z enriched sample using a catalytic amount of 3 (20 mol%, entry 3) resulted in
similar yields of 17-TMS and free arene 18-TMS when compared to the 6:4 E/Z 15-TMS

sample.

Table 2-2. Exploratory experiments with Zenriched sample of 15-TMS.

N j I 7\/ CDCly

o + Ru PFe _— Ru @ PFG
© MeCN ™" / -
e
AN MeCN / \
TMS

15-TMS (92:8 Z/ E) 3 17-TMS 18-TMS
Entry 15-TMS eq.  Temp. (°C) Time (h) E/Z%conv. % NMRyield 17-TMS % NMR yield 18-TMS

1 1.0 r.t. 24 100/100 91

2 1.2 50 6 0/100 89 11

3 5.0 50 6 0/40 53 33

To obtain a better sense of the reactivity of frans-dienyne, we also synthesized 15-
TMS-E as shown in Scheme 2-8. Aldehyde 14-TMS was olefinated with the stabilized ylide to
give 20 as a single geometric isomer. LAH reduction of the 20 gave the primary alcohol that

was then brominated and reduced with LAH to give pure 15-TMS-E.
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CHO N _-COEt o _Me
PhsPCHCO,Et 1. LAIH,, Et,0, 0°C, 99 %
benzene, reflux, 91% 2. CBry, PPhg, CH,Cl,
3. LIAIH,, Et,0, 0°C
% % 22 % over 2 steps %
™S ™S ™S
14-TMS 20 15-TMS-E

Scheme 2-8. Synthetic route to geometrically pure 15-TMS-E.

Within 30 min of the reaction of 15-TMS-E with 3, a new Cp*Ru - dienyne complex III
was formed in large excess to I and II. This compound was characterized by Cp* and TMS
resonances at § 1.78 and 0.38 in the '"H NMR spectrum among several other distinguishable
signals.'® At later reaction times, as the yield of 17-TMS increased, the yield of III decreased
while I and II increased. Over the course of 49 hours, the reaction reached 29% conversion of
15-TMS- E (full conversion of 3) and 66% NMR yield of 17-TMS. These results suggest that I1I
forms from 15-TMS-E exclusively, as the former was only observed in trace amounts in the
previous experiments using stereoisomeric mixtures of 15-TMS. It is unclear whether III is
converted directly to 17-TMS or is first isomerized to 15-TMS-Z as we were unable to observe
the latter by 'H NMR spectroscopy at intermediate reaction times. This experiment
demonstrates that compound 15-TMS-E, although less reactive than 15-TMS-Z, is a viable

substrate.
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Table 2-3. Yields of transient species and 17-TMS for the reaction trans-dienyne 15-TMS-E.

| CDClg o
* .Ru ® PFg Ru ® PFg
% MeCN™ /
NCMe
™S MeCN 7 1N
T™S
15-TMS-£ (3.0 eq) 3 17-TMS
NMR yield
A
4 A
Time (h) 15-TMS-E (% conv.) I I I 17-TMS
0.5 35 6 1 44 0

75 27 19 4 37 18
245 27 0 0 11 56
49 29 0 0 0 66

lll. Structure of Transient Complexes.

All attempts to isolate I, II, and III have failed to date, but some conclusions can be
made about the coordination environment. The 'H NMR spectra of I and II suggest these
compounds are very similar in structure. Both contain three vinyl hydrogens in a spin-coupled
system as observed by resonances at 6 6.02 (t, J= 5.5 Hz), 5.01 (d, J= 5.5 Hz), 4.81 (d, J=5.5
Hz) for I and 6 4.61 (d, J=5 Hz), 4.47 (dd, J=7 Hz, 5 Hz), 4.33 (d, J=7 Hz ) for II. Also both
complexes have a weakly / non-coupled vinyl hydrogen at 6 3.50 (s) for I and 65.18 (d, J=1.5
Hz) for II. The upfield shift observed for many of the vinyl hydrogen chemical shifts is typical for
metal coordinated alkenes. Transient species II exhibited an additional key resonance at 6
2.74 (s, 3H) corresponding to a metal-coordinated MeCN."” Consistent with the assignment of
the coordinated MeCN for IT was the observation that added CD;CN decreases the intensity of

this resonance in the '"H NMR spectrum.
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To gain further insight into the possible differences and similarities in the structure of 1
and II, a VT NMR experiment was performed in which equimolar amounts of 15-TMS (92:8 Z/
E) and 3 (0.08 mmol scale, 0.09 M in CDCl;) were allowed to react at 22°C and then cooled to -
30°C. Upon cooling, the I /1II ratio was observed to change from 35:65 to 5:95. Upon warming
the sample back to 22°C, the ratio reverted back to 35:65 suggesting a reversible process.
From this experiment and the observed MeCN resonance for II, we postulate that I and II
interconvert by reversible coordination of an MeCN ligand (eq 1). Consistent with such an
equilibrium, the I / II ratio decreased at lower temperatures based on a smaller entropic term.
Unfortunately, attempts to perform Van‘t Hoff analysis on the system were thwarted by an

inability to integrate the free MeCN resonance accurately.

I + MeCN

1| (1)

Using our findings from the VT NMR equilibrium experiment, 15-TMS (7:3 E / 2) was
allowed to react with 3 (0.3 eq) and CD;CN (4 eq) in CDCl,, resulting in almost exclusive
formation of II and only trace amounts of III. The sample was kept at -15°C and HSQC /
HMBC NMR data were acquired (see Section VII. Experimental). Based on the results from
these acquisitions, we propose a ruthenium n*bound structure for II as shown in Figure 2-1.
The three coupled vinyl hydrogen resonances exhibit one-bond correlations with a '*C
resonance at 6 78.4 and two accidental isochronous resonances at ¢ 83.6."® The chemical shifts
of these carbons are in good agreement with known [Cp*Ru(n*diene)NCMe]X complexes
(Table 2-4). Furthermore, the one bond correlation of the vinyl hydrogen resonance at 6 5.18
and carbon resonance at 6 120.6 (C®°) supports the presence of these atoms outside the metal

coordination sphere. HMBC correlations of the § 5.18 'H resonance with the C® at 6 78.4 and
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TMS group at 6 0.11 provides good evidence that the C*-C* bond has formed and supports the

assigned connectivity of the TMS group.

&}

H Ru(Cp*)NCMe

) / H 4.47
53

HSQC HMBC
H 6 (ppm) 13C g correlation (ppm) 13C § correlation (ppm)
518 (d, J= 1.5 Hz) 120.6 (C*°) 153.3, 78.4, 45.2, 0.11 (TMS)
4.61(d, J=5 Hz) 83.6 (C") 94.3,78.4, 45.2, 34.9
4.47 (dd, J=7, 5 Hz) 83.6 (C2) 153.3, 94.3, 78.4
4.33(d, J=7 Hz) 78.4 (C3) 153.3, 120.9, 83.6, 45.2

2 '

Figure 2-1. HSQC / HMBC correlations and proposed structure for II.

Table 2-4. NMR chemical shift values for known [Cp*Ru(n*diene)NCMe]X complexes.

Cp*\ o) X
Ru—NCCH;
R

17a

R X 8 NCCHjs (ppm) 6 CHCH,, (ppm) 6 CH (ppm) 6 CH (ppm) 6 CH (ppm)
H PFg 2.60 53.34 94.0
Et BF, 2.64 51.85 80.55 89.97 94.92

Structural assignments for I and III are more speculative based on the limited amount

of spectral data. Based on the '"H NMR similarities and the observed equilibrium with II, several

structures for I can be proposed. Interaction of the n system of the exo —TMS-methylene with

the metal would result in a saturated metal center with no change in oxidation state (structure I-

A, Figure 2-2). This structure would be consistent with the upfield shift of the exo vinyl hydrogen

from 6 5.18 in Il to 6 3.50 in I. This type of coordination is unknown in literature, however, n°-

coordination of tetramethylfulvene by transition metal complexes is well known to occur.”® A

Cp*Ru* example, 21, shows methylene 'H resonances between § 4.8 — 4.3 depending on the

anion used.?® Also conceivable would be either the agostic complex I-B or the metal hydride I-
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C. Often times, it is difficult to differentiate these coordination modes by NMR spectroscopy due
to a rapid isomerization on the NMR time scale, but for both agostic and hydride complexes
originating from cationic cyclopentadienyl ruthenium systems, an '"H NMR resonance is typically
observed between § -8.0 to -11.0 for the hydrogen interacting with the metal (see 22-24).2' We

have not observed such a resonance for I, suggesting that neither the I-B or I-C represents an

accurate description of the coordination mode.

x© ©
Cp*Ru @
Me = Me) _\/ Me
Me Me /<//]kMe
n—L

H 5438 x=cl,0OTf
I-A 21 64.75, X =BF,
coordination of exo-methylene

@ @
Cp*Ru Cp*Ru —H
Ve
N\ = D\ —
/ 4
™S H ™S H
1I-B I-C
agostic H metal hydride
.
S}
BFS y0-9.77 (s) BFy @ # ~0-9.9(pen) BFz ®
® H Cp*Ru —H Cp"Ru ~_H
Cp*Ru - I, 555.7 —
. .
o (dd, "Jgp = 150, 34 Hz)
22 23
Te
N
Cp* H
§-8.30 (s) )
24

Figure 2-2. Possible structures for I and comparison with analogous known compounds.
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For III, we are considering two structures: n*diene III-A and n*enyne III-B.
Consistent with our data on III, both A and B would account for the inability to observe the H™
resonance by 'H NMR spectroscopy, as this peak would be expected to come upfield in a very
convoluted region of the spectrum. The H® chemical shift assignment is in good agreement
with other Cp*Ru(n*-diene) complexes at §5.11 (d, J= 10 Hz).""? Also of note is the downfield
shift of the TMS resonance from § 0.21in 15-TMS-E to 6 0.38 in III. This may favor a structure
like III-B where there is a greater perturbation of the alkyne hybridization. We have not
observed a coordinated MeCN resonance in the '"H NMR spectrum for III, but this could be due

to fast exchange.

" Cp*
Cp*~_ @ _~NCMe N @/NCMe
Hext Ru Hexl
/
< < ?ﬁ\
=) N—Me
\ \7\
™S ™S
III-A 1II-B
n*diene n*enyne

Figure 2-3. Possible structures for III.

IV. Attempts to Increase Catalytic Activity of System.

In an attempt to harness the catalytic potential of the [Cp*RuL;]PF4/ 15-TMS reaction,
we have tried several experiments envisioned to prolong the life of the active metal species.
Attempted photolysis of a 15-TMS / 17-TMS / 18-TMS mixture using both a Hanovia lamp and
direct sunlight source in both acetone-d; and CDCI; only resulted in isomerization of 15-TMS-Z

to 15-TMS-E. Dienyne 15-TMS was also allowed to react with 3 in CD;CN in an attempt to
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prevent binding of the Cp*Ru* fragment to the arene product (Scheme 2-9). Surprisingly, after
11 days at ambient temperature, the only product observed was the complexed arene 17-TMS.

A preliminary screen of other possible metals systems that might have similar reactivity
was also conducted. Similar to 3, reaction of 15-TMS (92:8 Z/ E) with the sterically smaller and
less electron-donating [CpRu(NCMe);]PF, (25) (1.2 eq) at ambient temperature resulted in the
immediate formation of several CpRu - dienyne complexes which slowly converted to the 7°
bound allyl addition product 26 in 66% NMR vyield over the course of 7 days. Conversion of the
reaction mixture at 7 days was slightly increased by heating at 50°C that resulted in conversion
of all transient compounds and an 88% NMR yield of 26. Treating 15-TMS with [CpFe(n°-
benzene)]PF, (27) under photolytic conditions in acetone-d; in an attempt to form an analogous
[CpFelL;]PF4 system in situ only resulted in disproportionation to ferrocene and isomerization of
15-TMS-Z to 15-TMS-E.

The reaction of 15-TMS was also attempted with Cp*Ru(cod)Cl (28) and
[Cp*Ru(CO)(NCMe),]PF, (29)*® with the expectation that these complexes would provide two
available coordination sites for the substrate thereby preventing n°-complexation. Attempted
reaction of 15-TMS with 28 resulted in no reaction even upon heating at 50°C for 18 h.
Reaction of 29 with 15-TMS at ambient temperature resulted in the initial quantitative formation
of a single Cp*Ru - dienyne complex (IV). Over the course of 5 days, IV decreased to 35%
NMR vyield while formation of a second Cp*Ru - dienyne complex, V, and 18-TMS were
observed in 21 and 18 % NMR yield, respectively.?* As expected, the reaction was able to
suppress formation of 17-TMS.  Analogous to the reactions with 3, the system showed
complete selectivity for 15-TMS-Z (> 91% conversion 15-TMS-Z, < 5% conversion 15-TMS-E).
Also suspected of forming was the bis-CO complex [Cp*Ru(CO),NCMe]PF, (30) based on the
similarities of the observed chemical shifts of the CH;CN and Cp* hydrogen resonances (6 2.50

and 8 1.99, respectively) compared with literature values reported in CD,Cl,.?° In an attempt to

convert IV and V, the reaction mixture was heated to 50°C for 54 h resulting in complete
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conversion of IV, V and 15-TMS-Z in addition to partial conversion of 15-TMS-E (73%). The
NMR vyield of 18-TMS increased to 36% but unfortunately this was accompanied by the
formation of 17-TMS in 29% NMR vyield. The relative amount of the bis-CO complex 30 also
increased but due to difficulty in acquiring an integral on the resonances for the starting metal

complex 29, the exact NMR yield could not be calculated.

CpsFe XN Me Ru @ PFee
(b) [CpFe(n®-CgHg)IPFs (27) (a) [CpRu(NCCHj)3]PF (25)
+ - - > / \
15-TMS-E % —
15-TMS TS ™S 26 (88 %)
(c) [Cp*Ru(cod)CI (28) %RU(NCCHSECO]PFG (29)
(d)3
noon CDCN (1)50°C  17-TMS (29%)
A °
18-TMS (36 %)
3=[Cp*Ru(NCMe)3]PF6I j | ( ™S
- 18-TMS
6 (18 %)
% +1V (35%) + V (21%)
™S
17-TMS (69 %)
Scheme 2-9. Additional experiments designed to produce a metal catalyzed

cycloaromatization. (a) 15-TMS (92:8 Z/ E, 1 eq), 25 (1 eq), CDCl;, 7 days at rt then 24 h at
50°C. (b) 27, 15-TMS (7:3 E/ Z, 4 eq), acetone-d;, ~29 h direct sunlight. (c) 28, 15-TMS (6:4 E
/ Z, 10 eq), acetone-g;, then 18 h at 50°C. (d) 15-TMS (7:3 E/ Z 1 eq), 3 (1 eq), CD,CN, 12
days at rt then 4 days at 50°C. (e) 15-TMS (6:4 E/ Z, 1 eq), 29 (1 eq), CDCl;, 5 days at rt (f) 54

h at 50°C.
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V. Mechanistic Studies and Discussion.

The [1,7]-hydrogen shift / electrocyclization proposed by Liu (Scheme 2-4) provides one
possible mechanistic pathway for cycloaromatization.” Although this mechanism rationalizes
the selectivity of the cis-sterecisomer 15-TMS-Z, there are considerable differences between
Liu’'s thermal [1,7]-H shift system and the dienyne reaction with 3. The former required
temperatures in excess of 120°C and the reactivity was limited to substrates containing an o, f3-
unsaturated carbonyl (e.g. 31) when metal catalysts similar to 3 (i.e. [TpRu(PPh;)(NCMe),]PF,,
CpRu(PPh,),Cl) were used. In general, conversion of substrates electronically similar to 15-

TMS (e.g. 32) were unsuccessful.

o)
AN X AN
Me
% %
R ="Bu, Ph, H, TMS R R ="Pr, TMS R
X = Ph, OEt
31 32

Figure 2-4. Dienyne substrates used for Liu’s metal-catalyzed dienyne cyclization.”™

In order to determine how 15-TMS would perform under Liu’s system, we matched the
reported conditions as closely as possible and monitored the reaction progress by 'H NMR
spectroscopy (Table 2-5). Use of one of Liu’s top performing catalysts - RuCl, - resulted in
almost identical conversion and yield as were obtained without catalyst (entry 1 and 2). In Liu’s
initial report, it was mentioned in a footnote that use of base also had a beneficial effect. This
was later studied in more detail and applied to these researchers previously developed tandem
Aldol / cycloaromatization methodology.”™ To test this, 15-TMS was thermalized in the presence

of 2,6-lutidine and conversion to 18-TMS was observed to occur in significantly lower yield than
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was the case without added base (entry 3). Another successful catalyst in Liu’s system, PtCl,in
DMF-d,, was also tested and resulted in a higher conversion of both geometric isomers but no
observed formation of 18-TMS (entry 4). To rule out a detrimental solvent effect, 15-TMS was
thermalized without a catalyst in DMF-d,. The formation of product was observed but in lower
yield than the thermal reaction in o-xylene (entry 2 and 5). Although not isolated from the PtCl,-
catalyzed reaction mixture, formation of 6-methyl-7-trimethylsilyl-tetraline may have occurred in
36% NMR determined by a TMS resonance at § 0.44 in the 'H NMR spectrum. This product

would be the result of a PtCl,-catalyzed 6-endo cyclization.”

Table 2-5. Performance of 15-TMS under previously reported literature conditions. (a)
Observed formation of TMS resonances at 6 0.44 and 0.09 in 36 and 28% NMR yield,

respectively. May be observing formation of 6-methyl-7-TMS-tetraline.

\ Me

X

\ TMS

T™MS
15-TMS (7:3 E/Z) 18-TMS

Entry  Catalysis Condition t(h) Z/E % Conv. Product Yield
1 RuClz*H,O o-xylene-djg, 145°C 19.5 35/0 103
2 none o-xylene-dyq, 145°C 19.5 33/0 102
3 2,6-lutidine o-xylene-d;q, 145°C 19.5 48 /10 53
4 PtCl, DMF-d;, 145°C 18.75 74192 0?2
5 none DMF-dy, 145°C 215 57/0 70

While the inability of Liu’s conditions to promote the cycloaromatization of 15-TMS
tends to favor an alternative mechanism, it does not provide any firm evidence against the [1,7]-
H shift / electrocyclization mechanism as shown in Scheme 2-4. Closer inspection of this

mechanism shows that if 3 were acting as the catalyst, one and only one MeCN would need to
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dissociate for formation of the reactive n*-alkyne intermediate. One would therefore expect an
inverse first order rate dependence on [MeCN] for formation of I and II. This analysis assumes
that the [1,7]-H shift is the rate-determining step in the pathway. During labeling experiments
with dienyne substrates deuterated at the allylic positions, Liu reported that longer reaction
times were required to reach full conversion versus the analogous protio substrate (D — 48 h vs.
H — 24 h). Although qualitative, this result indicates the presence of a kinetic isotope effect (KIE)
and suggests either the [1,7]-H shift or an isomerization step leading to I /11 is rate limiting.
Based on the observed KIE by Liu and the high-energy nature of 8, we felt our
assumption on the rate-determining step of the reaction was valid and performed kinetic
experiments with the overall goal of obtaining the rate dependence of [MeCN]. Shown in Figure
2-5 and Table 2-6 are the results obtained from these experiments. In a normalization run, 3
(0.014 M) was allowed to react with 15-TMS (7:3 E/Z, 0.014 M) and CD4;CN (0.545 M) in a
CDCl; / acetone-d; mixture and the formation of II was monitored by integration of the TMS
resonance at 6 0.064 in the '"H NMR spectrum. Compound I was not observed due to the large
excess of CD,CN used in the reaction. Doubling the concentration of CD;CN reduced the initial
rate by a factor of 4 equating to an inverse second order rate dependence on [MeCN]. For
completeness, the concentrations of 15-TMS and 3 were also varied in separate runs and both

reactants were confirmed to be first order.
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Figure 2-5. Plots for the formation of II vs. time and regression trend lines for the reaction of

15-TMS and 3. Normalized run (red square), varied concentration of 15-TMS (purple circle),

varied concentration of 3 (green triangle), and varied concentration of CD,CN (blue diamond).

Reaction was monitored to < 10 % conversion of 15-TMS.

Table 2-6. Relative rates and calculated reaction orders for the conversion of 15-TMS and 3 to

I1. (a) Relative rates were calculated as the slope of the least squares regression best-fit line for

the increase in II over time (h) and normalized to standard run.

confidence intervals.

(b) Errors represented as 95%

Plot Symbol Rel. Rate®® Reaction Order®
Standard Red Square 1+0.11

2 * [CD4CN] Blue Diamond 0.25 +0.04 -20+0.2

0.5 * [Dienyne] Green Triangle 0.56 + 0.04 0.8+0.1

0.5 * [Ru] Purple Cirlce 0.57 +0.06 0.8+0.1
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The results from the kinetic experiments rule out simple n*-alkyne coordination at the
rate-determining step, but, as shown in Figure 2-6, other coordination modes consistent with an
inverse second order MeCN rate law could be envisioned to trigger a [1,7]-H shift. One
possibility would be an n*enyne intermediate 33 that locks the alkyne and alkene into the
reactive conformation. Although this coordination mode seems reasonable, X-ray structure
analysis of a related [Cp*Ru(CO)(ene-n*diyne)]PF, (34) show the two terminal alkyne carbons
(c and d) are moved further apart by about 0.1 A compared to the uncomplexed enediyne.?
This would correspond by analogy to an increased distance between the two reactive groups in
33. Also reasonable would be intermediate 35 resembling structurally characterized n°-dienyne
36.% Complex 36 has a 2.80 A distance between the terminal alkene and alkyne carbons.
While this short distance would certainly assist the [1,7]-H shift, it is questionable if a CH; could
replace the H™ position and still allow for the formation of an intermediate like 35. Previous
studies in the O’Connor laboratory have suggested n°-dienyne 36 as a possible intermediate in
the formation of the formal Hopf product (see Scheme 2-2).% It may be reasonable to correlate
the formation of the new alkyne insertion products 17-TMS / 18-TMS with the reasoning that 15-
TMS cannot form the n°-dienyne intermediate due to steric repulsion between the bulky TMS
group and H™ (E) / CH, (2). If 36 is an intermediate in formal Hopf dienyne cyclization and it
was able to form from the reaction of 15-TMS and 3, we would expect that 15-TMS- £ would

cyclize much faster than 15-TMS-Z, but this is not the case.
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Figure 2-6. Comparison of X-ray characterized enediyne and dienyne Cp*RuL, complexes to

possible intermediate structures for a [1,7]-H shift.

Another possible mechanism initiates by oxidative addition of the dienyne allylic C-H
bond. This process is proposed to occur directly for 15-TMS-Z by reaction with 3, resulting in
the formation of the allyl hydride complex VI (Scheme 2-10). The frans-isomer 15-TMS-E
initially forms the spectroscopically observed transient species III that slowly converts to VI. It
cannot be determined if this is a sequential process that first results in isomerization to 15-TMS-
Z, pathway (a), or direct conversion to VI, pathway (b). From VI, an intramolecular insertion of
the hydride or allyl across the alkyne gives vinyl complexes VII-A and VII-B, respectively.
Sequential reductive elimination gives Ru-complexed iso-toluene VIII, which could potentially
be a common intermediate for both the C-H metal insertion and [1,7]-H shift mechanisms.
Isomerization of VIII gives the observed transient species, I and II, that exist as an
equilibrating mixture. A formal [1,3]-H shift would then give the aromatized products, 17-TMS
and 18-TMS. In the most direct catalytic pathway (c), 15-TMS-Z would displace the cyclized
product 18-TMS from the coordination sphere of the post cyclization metal-arene adduct (vide
infra) to regenerate hydride VI. This substitution probably does not occur from the n°-arene
complex 17-TMS as was shown that photolysis of latter in the presence of dienyne only results

in isomerization of the distal alkene. Once liberated, the free arene 18-TMS could then compete
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with the substrate for binding of any free 3 resulting in catalyst death by formation of 17-TMS
(d). Evidence against pathway (d) was seen during the reaction of 3 and 15-TMS in CD,CN that
resulted in the slow conversion of substrate to 17-TMS as the sole product (Scheme 2-9). If the
pathway to 17-TMS were by n°-complexation of 18-TMS, a measurable amount of the arene
should have been observable in the reaction with CD;CN as arene binding would be inhibited
due to a disfavorable equilibrium to open coordination sites on 3. Therefore the most

reasonable pathway to 17-TMS would be by direct conversion from I and II (e).

Cp*)(H)Ln
15-TMS-E ———» 11 VII-B
15-TMS-Z (c) l
+3
17-TMS «—————— 18-TMS I + 1II -
(d) -3L
T *sL RuCp*L, ®

(e)

VIII

==

] Ru @ PF6
Ru PFe
MeCN ™ / / \
NCMe
MeCN ™S
3 15-TMS 18-TMS 17-TMS

Scheme 2-10. Proposed metal hydride C-H activation mechanism.

Assuming our proposed structures for I and II are correct, it is interesting that VIII

converts to these complexes before proceeding to product. If the isomerization occurs through
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a metal hydride mechanism, one explanation could be that the chelate-effect of the n°-
pentadienyl coordination in the initially formed hydride IX disfavors formation of allyl hydride X
and a lower energy option may be reductive elimination to the isomerized structures I and II

(Scheme 2-11). From the NMR observed species, the reaction could either follow a direct path

(red arrow), not involving the metal, or slowly move back through IX and X to products (blue

arrows).

+L

L \
18-TMS + 3
or
__—
17-TMS
-L
VIII - agostic IX + L\\
Cp: L
./
) Ru\H
% \ \>
TMS s
X

Scheme 2-11. Proposed mechanism for conversion of the observable transient complexes, I

and II to aromatized products.

Thermodynamically, the positioning of the alkenes in I and II would be more favorable
for coordination of a metal fragment than in VIII. As shown in Scheme 2-12, the metal
encounters less congestion from the axial hydrogen atoms due to tilting of the planar n*diene in
II. Also, the diene portion in VIII is more electron-donating therefore more back-bonding from
the metal would be expected in I and II. This may explain why a species consistent with the

connectivity of VIII is not observed in the reaction mixture.
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Scheme 2-12. Possible thermodynamic explanation for hydrogen shuttling from VIII-n* to II.

In regards to the selectivity for 15-TMS-Z and support of a mechanism involving VI,
Trost and coworkers have proposed similar Ru-allyl hydrides and observed substantial
selectivity for cis-allylic C-H bond activation over frans-allylic C-H bond activation during
cycloisomerization of enynes to cycloheptenes.?” Irrespective of a kinetic isotope effect,
cycloheptene 37 was obtained with nearly quantitative deuterium incorporation in the indicated
positions for the intramolecular competition reaction of enyne 38 catalyzed by 25 (Scheme 2-
13). These researchers have provided two possible explanations for the selectivity: (1) van der
Waals strain created between the substituents of the quaternary carbon and the
cyclopentadienyl (Cp) ligand in the syn—allyl complex (derived from the trans-methyl) and/or (2)
a slow m-o-nt isomerization pathway of the syn-allyl complex to the anti-allyl complex (see
Scheme 2-14).

If the C-H metal insertion mechanism is operable for the dienyne cycloaromatization,
then the selectivity for 15-TMS-Z may be attributed to a relatively slow m-c-nt isomerization
compared to the rate of cyclization of the antiallyl complex (stereochemistry of VI as pictured in
Scheme 2-10). Similar to the conversion of 38 to 37, 15-TMS-E must isomerize at some point
on the reaction coordinate in order to make carbon-carbon bond formation feasible therefore

making it less reactive than 15-TMS-Z.?
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Scheme 2-13. Intramolecular competition study showing selective CH activation of the cis-

allylic methyl with [CpRu(NCMe),]PF, (25).
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Scheme 2-14. n-0-n isomerization.

As a final note, we probed the possibility of observing a metal hydride by mixing 15-

TMS with 3 at -75°C then monitoring the reaction mixture by 'H NMR spectroscopy while

gradually warming to ambient temperature.

As the sample was warmed, the conversion of

starting material to I and II was observed. There was no observation of any Ru(lV)H

resonances in the spectral region between & -8.0 to -11.0 ppm.?'
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VI. Conclusions and Future Outlook.

In conclusion, we have demonstrated a high yielding cycloaromatization of a cis-1,3-
dien-5-yne resulting from the intramolecular addition of an allylic CH bond across the 5-yne.
This dienyne cyclization route is fundamentally different to previous studies with identical metal
systems that resulted in the formal Hopf product. The divergent pathway appears to be
correlated to the alkyne substituent, becoming more pronounced as the steric bulk of the group
increases. Exploratory studies with TMS substituted dienyne 15-TMS show modest levels of
catalysis with [Cp*Ru(NCCH,);]PFs 3, non-detrimental rate enhancement under mild warming
(50°C), and substrate selectivity for the cis-stereoisomer 15-TMS-Z  Three potential
intermediates (I, II, and III) have been identified for the reaction of 15-TMS. An equilibrium
between I and II was observed involving possible reversible coordination of an acetonitrile
ligand and III appears to originate from the frans-stereocisomer 15-TMS-E. Based on HSQC
and HMBC data, a tentative structure was proposed for II in which the carbon bond for the
cyclized product has formed. Speculative structures were also given for I and IIIL. Initial rate
kinetics have identified an inverse second order MeCN rate dependence for the formation of 11,
ruling out simple n®coordination of the alkyne as the cyclization triggering event. We are
currently considering two mechanistic models to account for the observed reactivity: (1) a [1,7]-
hydrogen shift / 6 & electrocyclization pathway and (2) an initial metal C-H bond activation
followed by sequential 1,2-insertion, reductive elimination, and isomerization. In regards to the
latter mechanism, we have conducted a low temperature NMR experiment but were unable to
obtain any evidence for a metal hydride. Future studies are being directed towards
differentiating these mechanisms as well as exploring the substrate scope and structure

elucidation of transient complexes observed at intermediate reaction times.
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VIl. Experimental.

i. General Procedures.

All reactions directed toward the synthesis of dienyne substrates were performed in
round bottom flasks equipped with magnetic teflon coated stir bars and rubber septa under a
positive pressure of N,, unless otherwise noted. Dienyne cyclization reactions were performed
under an N, atmosphere in 5 mm J-young NMR tubes equipped with a teflon needle valve.
Solutions of air- and moisture-sensitive reagents were transferred by syringe or stainless steal
cannula. Air- and moisture- sensitive solids were handled in a glove box under an N,
atmosphere. Organic solvent solutions were concentrated by rotary evaporation (ca. 10 — 160
torr) at 25 - 35°C, unless otherwise noted. High vacuum distillations were performed at 23°C
(ca. 0.01 torr) using a receiver flask cooled to -75°C. Preparative thin layer chromatography
(PTLC) was performed on glass plates pre-coated with silica gel (1 mm, 60 A pore size, EMD
Chemicals) and visualized by exposure with ultraviolet light. Flash column chromatography
purification of synthetic intermediates and dienynes substrates was performed by literature

procedure?® using silica gel (60 A, particle size 0.043 — 0.060 mm, EMD Chemicals).

ii. Materials.

Tetrahydrofuran (THF), ethyl ether and hexanes used for reaction solvents were dried
either by a solvent dispensing system equipped with two neutral alumina columns under argon
atmosphere or over sodium/benzophenone ketyl under an N, atmosphere. Chloroform-d and
methylene chloride-d, were dried over calcium hydride under a nitrogen atmosphere. Acetone-
ds; was dried over 4 A activated sieves for 5 h under an N, atmosphere. All other solvents were

used as received from commercial suppliers. [Cp*Ru(NCMe);]PF; (3) was prepared according
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to literature procedure.’® All other literature compounds were prepared according to the

indicated reference or purchased from commercial suppliers and used as received.

iii. Instrumentation.

NMR spectra were recorded on a Varian Mercury 300 ('H, 300 MHz; *C 75.5 MHz),
Varian Mercury 400 ('H, 400 MHz; '3C 100.7 MHz), Jeol ECA 500 ('H, 500 MHz) or Varian VX
500 ('H, 500 MHz; *C 125 MHz) spectrometer. 'H and *C NMR chemical shifts are reported in
parts per million (ppm). 'H NMR chemical shifts were referenced to the residual protio
resonance for CDCl, (6 7.26). '*C NMR chemical shifts were referenced to CDCl, (6 77.16).
Infrared (IR) spectra were recorded on a JASCO FT-IR 4100 attenuated total reflectance (ATR)
platform (3mm) using ZnSe plates (thin films). High-resolution mass spectra were obtained by
the University of California, San Diego Mass Spectrometry Facility. Melting points are
uncorrected and were recorded on an Electrothermal or Standford Research Systems EZ-Melt

apparatus.

iv. Preparation and characterization data for dienyne substrates and synthetic

intermediates.

2-(Prop-1-yn-1-yl)cyclohex-1-enecarbaldehyde (14-Me). Pd(PPh;), (0.305 g, 0.246 mmol)
and Cul (0.100 g, 0.529 mmol) were added to a propyne saturated stirring solution of 13 (1.00 g,
5.29 mmol) in NEty/DMF (1:1, 40 mL) at 23°C. After stirring at 23°C under a propyne
atmosphere for 3 h, the reaction mixture was concentrated, diluted with 1M ag. HCI (100 mL),
and extracted with Et,O (100 mL). The organic extract was washed successively with 1M aq.
HCI (2 x 50 mL) / H,O (2 x 50 mL) / brine (50 mL), dried over anhydrous MgSQO,, concentrated,

and purified by flash column chromatography (99:1 hexanes / EtOAc) to afford 14-Me as a
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yellow oil (0.564 g, 3.81 mmol, 72%). IR: 2221 (C=C), 1668 (C=0) cm™. 'H NMR (500 MHz,
CDCly) 8:1.58 — 1.67 (m, 4H, 4,5-CH,), 2.04 (s, 3H, CHj,), 2.19 — 2.24 (m, 2H, 6-CH,), 2.33 -
2.38 (m, 2H, 3-CH,), 10.15 (s, 1H, CHO). '*C NMR (100 MHz, CDCL,) 3: 4.6 (CHs), 21.1 (CH,),
21.8 (CH,), 21.9 (CH,), 32.6 (CH,), 77.1 (C=C), 95.9 (C=C), 141.0 (C=C), 141.8 (C=C), 193.1
(CHO). HRMS (EI): Calcd for (C,H,,0): 148.0883, found 148.0882.

CHO CHO

Pd(PPh),, Cul
B ——
CH4CCH
Br DMF / NEtg (1:1) %

Me
13 14-Me

1-(Prop-1-en-1-yl)-2-(prop-1-yn-1-yl)cyclohex-1-ene (15-Me). Lithium bis(trimethylsilyl)amide
(2.06 mL, 2.06 mmol, 1 M in THF) was added to a stirring mixture of ethyltriphenylphosphonium
bromide (1.02 g, 2.74 mmol) in THF (3.3 mL) at 0°C. 14-Me (203 mg, 1.37 mmol, 0.84 M in
THF) was then added dropwise. After stirring at 0°C for 30 min, the reaction mixture was
quenched with sat. ag. NH,Cl (10 mL) and extracted with Et,O (4 x 20 mL). The organic
extracts were dried with anhydrous MgSO,, concentrated, and purified by flash column
chromatography (hexanes) to afford 15-Me as a colorless oil (113 mg, 0.705 mmol, 51%, 75:25
E/Z). 'H NMR (400 MHz, CDCl,) 8: 1.55 — 1.67 (m, 8H, E/Z-4,5-CH,), 1.77 (dd, 3Jy, = 7.5 Hz,
*Jan = 1.5 Hz, 3H, ZCH=CHCH,), 1.82 (d, %Jiyy = 7.0 Hz, 3H, E-=CH=CHCH,), 1.99 (s, 3H, Z
C=CCH,), 2.04 (s, 3H, E-C=CCHj,), 2.15 — 2.25 (m, 4H, E-3,6-CH,), 2.26 — 2.32 (m, 4H, Z-3,6-
CH,), 5.51 (dq, 3Jiyy = 11.5 Hz, sy = 7.0 Hz, 1H, Z-CH=CHCH,), 5.73 (dq, 3Jiyy = 15.6 Hz, 3dyy =
7.0 Hz, 1H, E-=CH=CHCH_), 6.28 (app. d, 3Jiyy = 12.5 Hz, 1H, Z-CH=CHCH_), 6.79 (d, 3Jiyy = 16.0
Hz, 1H, E-CH=CHCH,). '*C NMR (100 MHz, CDCl,) 6: 4.53 (Z-C=CCH,), 4.61 (E-C=CCH,), 15.7
(ZCH=CHCHj,), 18.6 (E-CH=CHCH,), 22.3 (E-CH,), 22.4 (Z-CH,), 22.6 (E-CH,), 22.7 (Z-CH,),
25.2 (E-CH,), 29.8 (Z-CH,), 30.9 (ZCH,), 31.1 (E-CH,), 80.1 (E-C=C), 80.7 (ZC=C), 89.3 (Z

C=C), 89.9 (E-C=C), 117.5 (E-C=C), 118.6 (£C=C), 124.4 (E-CH=CH), 125.6 (ZCH=CH),
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130.7 (ZCH=CH), 131.8 (E-CH=CH), 138.9 (E-C=C), 140.2 (ZCH=CH). HRMS (EI): Calcd for
(C1oH1e): 160.1247, found 160.1246.

CHO X Me
[PhgPCH,CHa]Br, LHMDS;

then 14-Me, THF, 0°C

Vi

X
Me Me

14-Me 15-Me

2-(Pent-1-yn-1-yl)cyclohex-1-enecarbaldehyde (14-Pr). Pd(PPh;), (0.549 g, 0.480 mmol) and
Cul (0.151 g, 0.790 mmol) were added to an argon saturated stirring solution of 13 (1.00 g, 5.28
mmol) in NEt;/DMF (1:1, 40 mL) at 23°C. After stirring at 23°C for 10 min, 1-pentyne (0.78 mL,
7.93 mmol) was added and the reaction was stirred at 23°C for 5 h before being diluted with 1M
ag. HCI (50 mL) and extracted with hexanes (2 x 50 mL). The organic extracts were washed
successively with 1M aqg. HCI (50 mL) / water (100 mL) / brine (100 mL), dried over MgSQ,,
concentrated, and purified by flash column chromatography (hexanes) to afford 14-Pr as a
yellow oil (0.560 g, 3.18 mmol, 60%). The product exhibited spectroscopic properties identical

to those reported in literature.®

CHO CHO
Pd(PPhg), Cul
_—
"PrCCH
Br DMF / NEtg (1:1) %
13 14-Pr

"Pr

1-(Pent-1-yn-1-yl)-2-(prop-1-en-1-yl)cyclohex-1-ene (15-Pr). n-Butyllithium (2.27 mL, 3.63
mmol, 1.6 M in hexanes) was added dropwise to a stirring mixture of ethyltriphenylphosphonium
bromide (1.35 g, 3.63 mmol) in THF (121 mL) at -78°C. After warming to 23°C, 14-Pr (400 mg,
2.27 mmol, 0.39 M in THF) was added over 15 min. The reaction mixture was then stirred for 1
h at 23°C, quenched with sat. ag. NH,CI (100 mL) and extracted with Et,O (100 mL). The

organic extract was washed with brine (100 mL), dried with anhydrous MgSQO,, concentrated,
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and purified by flash column chromatography (hexanes) to afford 15-Pr as a yellow oil (251 mg,
1.33 mmol, 59%, 60:40 E/Z). '"H NMR (400 MHz, CDCl,) 6: 0.98 (t, ®Jyy = 7.0 Hz, 3H, ZCH-
,CH,CH;), 1.03 (t, °Jyy = 7.5 Hz, 3H, E-CH,CH,CH,), 1.50 — 1.67 (m, 12H, E/Z-4,5-CH, / E/Z-
CH,CH,CH,), 1.77 (dd, %Jy, = 7.4 Hz, *Jy, = 2.0 Hz, 3H, Z2CH=CHCH,), 1.82 (d, %4, = 6.5 Hz,
3H, E-=CH=CHCH,), 2.15 — 2.33 (m, 8H, E/Z-3,6-CH,), 2.33 (t, *Ji; = 7.0 Hz, 2H, ZCH,CH,CHj),
2.37 (t, 3y = 7.0 Hz, 2H, E- CH,CH,CH,), 5.50 (dq, %Jy = 11.8 Hz, %Jy, = 7.0 Hz, 1H, Z
CH=CHCH,), 5.73 (dq, ®Jyy = 15.6 Hz, 3Jyy = 6.5 Hz, 1H, E-=CH=CHCH,), 6.30 (app. d, ®Jy; =
11.5 Hz, 1H, ZCH=CHCH,), 6.81 (d, 3Jy = 16.0 Hz, 1H, E-=CH=CHCH,). *C NMR (100 MHz,
CDCly) 6:13.6, 15.7,18.7, 21.7, 21.8, 22.4, 22.5, 22.59, 22.64, 22.7, 25.2, 29.8, 31.0, 31.2, 81.1
(C=C), 81.8 (C=C), 93.9 (C=C), 94.6 (C=C), 117.6 (C=C), 118.7 (C=C), 124.3 (CH=CH), 125.6
(CH=CH), 130.8 (CH=CH), 132.0 (CH=CH), 138.8 (C=C), 140.1 (C=C). HRMS (El): Calcd for
(Cy4H4): 188.1560, found 188.1559.

CHO X Me
[PhsPCH,CH3]Br, "Bulli, -75°C;

-
' o

then 15-Pr, THF, 23°C
AN AN
npr "Pr
14-Pr 15-Pr

2-((Trimethylsilyl)ethynyl)cyclohex-1-enecarbaldehyde (14-TMS). Pd(PPh;), (2.84 g, 2.46
mmol) and Cul (0.779 g, 4.10 mmol) were added to an argon saturated stirring solution of 13
(5.16 g, 27.3 mmol) in NEt;/DMF (1:1, 210 mL) at 23°C. After stirring at 23°C for 10 min,
trimethylsilylacetylene (5.78 mL, 40.9 mmol) was added and the reaction was stirred at 23°C for
16 h, concentrated, diluted with CH,CI, (200 mL), filtered through celite, washed successively
with aq. 1% HCI (200 mL) / brine (200 mL), dried over Na,SO,, concentrated, and purified by
flash silica column chromatography (98:2 hexanes / EtOAc) to afford 14-TMS as an orange oil
(4.76 g, 23.1 mmol, 84%). The product exhibited spectroscopic properties identical to those

reported in literature.®'
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CHO CHO
Pd(PPhg)4, Cul
_
TMSCCH
Br DMF / NEtg (1:1) %
13 14-TMS T™S

Trimethyl((2-(prop-1-en-1-yl)cyclohex-1-en-1-yl)ethynyl)silane  (15-TMS). n-Butyllithium
(0.87 mL, 1.39 mmol, 1.6 M in hexanes) was added dropwise to a stirring mixture of
ethyltriphenylphosphonium bromide (0.517 g, 1.39 mmol) in THF (46 mL) at -78°C. After
warming to 23°C, 14-TMS (190 mg, 0.870 mmol, 0.39 M in THF) was added and the reaction
mixture was then stirred for 30 min at 23°C, quenched with sat. aq. NH,Cl (100 mL) and
extracted with Et,0 (1 x 200 mL, 1 x 50 mL). The organic extract was washed with brine (100
mL), dried with anhydrous MgSQ,, concentrated, and purified by flash column chromatography
(hexanes) to afford 15-TMS as a yellow oil (122 mg, 0.559 mmol, 64%, 59:41 E/Z). Spectral
properties reported with 15-TMS-E and 15-TMS-Z.

CHO X Me
[PhgPCH,CHg]Br, "BuLi, -78°C;

then 14-TMS, THF, 23°C'

/

%
T™S T™MS

14-TMS 15-TMS

(2)-2-(Prop-1-en-1-yl)cyclohex-1-enecarbaldehyde (19). H, was bubbled through a stirring
mixture of quinoline (0.020 mL, 0.17 mmol) and Lindlar Pd (192 mg, 0.09 mmol Pd) in pet. ether
(28 mL) at 23°C for 5 min. 14-Me (252 mg, 1.70 mmol, 2M in EtOAc) was then added. After
stirring at 23°C under a hydrogen atmosphere for 1.25 h, the reaction mixture was filtered
through celite, concentrated, and purified by flash flash column chromatography (98:2 hexanes /
EtOAc) to afford a mixture of 19, 39, 40, and 14-Me as a colorless oil (214 mg, 1.42 mmol, 84%)
ina 89 :7:2:2NMR ratio, respectively. IR: 1666 (C=0) cm™. 'H NMR (500 MHz, CDClI,) for

19 8:1.59 (dd, Uy = 6.8 Hz, “Jyy = 2.0 Hz, 3H, CH=CHCH,), 1.62 — 1.70 (m, 4H, 4,5-CH,), 2.17
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- 2.28 (m, 4H, 3,6-CH,), 5.82 (dq, Uy = 11.6 Hz, %Jy, = 6.8 Hz, 1H, CH=CHCHS,), 5.99 (app. d,
Uy = 11.7 Hz, 1H, CH=CHCH,), 9.76 (s, 1H, CHO); observable for 39 6:1.88 (d, Uy, = 6.8 Hz,
3H, CH=CHCH,), 6.04 (dq, *Jiy = 15.1 Hz, Jy, = 6.8 Hz, 1H, CH=CHCH,), 6.97 (d, 3Jy, = 15.6
Hz, 1H, CH=CHCH,), 10.28 (s, 1H, CHO); observable for 40 §: 0.94 (t, ®Jy, = 7.3 Hz, 3H,
CH,CH,CH,), 2.49 (t, 3Jyy = 7.8 Hz, 2H, CH,CH,CH,), 10.11 (s, 1H, CHO). *C NMR (125 MHz,
CDCl,) for 19 8: 14.7 (CH=CHCH,), 21.7 (CH,), 21.9 (CH,), 22.1 (CH,), 31.8 (3-C), 127.9
(CH=CHCH,), 130.1 (CH=CHCH,), 135.0 (1-C), 155.5 (2-C), 193.7 (CHO). HRMS (El): Calcd for

19, 39 (C;,H,,0): 150.0139, found 150.1042; Calcd for 40 (C,,Hs0): 152.1196, found 152.1193.

CHO Lindlar Pd
Qumollne
Pet. Ether, H2

Me
14-Me 19 39 40

92% Z -Trimethyl((2-(prop-1-en-1-yl)cyclohex-1-en-1-yl)ethynyl)silane (15-TMS). n-
Butyllithium (1.35 mL, 2.13 mmol, 1.6 M in hexanes) was added dropwise to a stirring solution
of (trimethylsilyl)diazomethane (1.07 mL, 2.13 mmol, 2 M in Et,0) in THF (5.2 mL) at -78°C.
After stirring at -78°C for 45 min, 19 (214 mg, 1.42 mmol, 1M in THF) was added dropwise.
After stirring at -78°C for 1 h, the reaction was warmed to 0°C for 30 min then to 23°C for 1 hr
before quenching with sat. ag. NH,CI (10 mL). The quenched reaction mixture was extracted
with Et,O (3 x 20 mL) and the organic extracts were washed with brine, dried over anhydrous
MgSO,, concentrated, and purified by flash column chromatography (hexanes) to afford alkyne
product as a colorless oil (67 mg, 0.458 mmol, 32%). Lithium bis(trimethylsilyl)Jamide (0.916 mL,
0.916 mmol, 1 M in THF) was added to a stirring mixture of the alkyne product (67 mg, 0.458
mmol) in THF (4.6 mL) at 0°C. After stirring at 0°C for 10 min, chlorotrimethylsilane (0.174 mL,
1.37 mmol) was added. After stirring at 0°C for 1 h, the reaction mixture was quenched with

sat. ag. NH,CI (10 mL) and extracted with Et,O (3 x 20 mL). The organic extracts were washed
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with brine, dried with anhydrous MgSO,, concentrated, and purified by flash column
chromatography (hexanes) to afford 15-TMS as a colorless oil (83 mg, 0.308 mmol, 83%). IR:
2135 (C=C) cm™. 'H NMR (500 MHz, CDCls) for 15-TMS-Z 8:0.17 (s, 9H, TMS), 1.57 — 1.64 (m,
4H, 4,5-CH,), 1.76 (dd, %Jy, = 7.5 Hz, “Jyy = 1.7 Hz, 3H, CH=CHCH,), 2.22 — 2.31 (m, 4H, 3,6-
CH,), 5.53 (dq, Uy = 12.0 Hz, 3Jy, = 7.5 Hz, 1H, CH=CHCHy), 6.25 (app. d, 2y = 12.0 Hz, 1H,
CH=CHCHy,). *C NMR (100MHz, CDCl,) for 15-TMS-Z §: 0.4 (TMS), 16.0 (CHCH,), 22.3 (CH,),
22.6 (CH,), 30.0 (CH,), 30.5 (CH,), 97.4 (C=C), 106.6 (C=C), 118.0 (C=C), 126.7 (CH=CH),

130.5 (CH=CH), 143.3 (C=C). HRMS (EI): Calcd for (C,,H,,Si): 218.1485, found 218.1484.

1) "BuLi, TMSCHN; 19
X -78°C to 0°C to 23°C, THF N
Me 2) LHMDS; TMSCI Me
CHO

0°C, THF %
™S
19 92% 15-TMS-Z

(E)-Ethyl 3-(2-((trimethylsilyl)ethynyl)cyclohex-1-enyl)acrylate (20).

Ethyl (triphenylphosphoranylidene)acetate (1.87 g, 5.37 mmol) and 14-TMS (1.00 g, 4.85 mmol)
were refluxed in benzene (4.8 mL) for 2 h, concentrated, and purified by flash column
chromatography (95:5 hexanes / EtOAc) to afford 20 as a yellow solid (1.22 g, 4.41 mmol,
91%). Mp: 44 - 46°C; IR: 2139 (C=C), 1710 (C=0) cm™. 'H NMR (400 MHz, CDCl,) §:0.24 (s,
9H, TMS), 1.31 (t, 3Jyy = 7.0 Hz, 3H, CH,CH;,), 1.59 — 1.71 (m, 4H, 4,5-CH,), 2.20 — 2.26 (m,
2H, 6-CH,), 2.30 — 2.36 (m, 2H, 3-CH,), 4.22 (q, 3Jiyy = 7.0 Hz, 2 H, CH,CH,), 5.88 (d, 3Uiyy =
16.1 Hz, 1H, CH=CHCO,Et), 8.06 (d, ®Jyy = 16.1 Hz, 1H, CH=CHCO,Et). *C NMR (100MHz,
CDCl;) 6: 0.1 (TMS), 14.5 (CH,CH;), 21.9 (CH,), 22.0 (CH,), 25.0 (CH,), 31.3 (CH,), 60.4
(CH,CH,), 102.3 (C=C), 104.3 (C=C), 117.7 (CH=CH), 127.8 (C=C), 139.9 (C=C), 144.2

(CH=CH), 167.6 (CO,Et). HRMS (EIl): Calcd for (CH,,0,Si): 276.1540, found 276.1543.
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CHO \ CO,Et
Ph3sPCHCO,Et
—_—
benzene, reflux
N AN
™S TMS
14-Me 20

(E)-3-(2-((Trimethylsilyl)ethynyl)cyclohex-1-en-1-yl)prop-2-en-1-ol (41). Lithium aluminum
hydride (103 mg, 2.71 mmol) was added to a stirring solution of 20 (250 mg, 0.904 mmol) in
Et,O (9 mL) at 0°C. After stirring at 0°C for 10 min, the reaction mixture was quenched by
sequential addition of H,O (0.40 mL) / 1.3 M aq. NaOH (0.80 mL) / H,O (1.2 mL), filtered
through anhydrous K,CO;, and concentrated to afford 41 as a colorless oil (209 mg, 0.891
mmol, 99%). IR: 3332 (OH), 2134 (C=C) cm™. 'H NMR (400 MHz, CDCl,) 8: 0.21 (s, 9H, TMS),
1.35 (bs, 1H, OH), 1.56 — 1.70 (m, 4H, 4,5-CH,), 2.20 — 2.30 (m, 4H, 3,6-CH,), 4.25 (d, 3J =
6.0 Hz, 2H, CH,OH), 5.90 (dt, %Jyy = 15.6 Hz, °Jy, = 6.0 Hz, 1H, CH=CHCH,), 7.00 (d, ®Jyy =
15.6 Hz, 1H, CH=CHCH,). *C NMR (100MHz, CDCl,) §:0.3 (TMS), 22.1 (CH,), 22.4 (CH,), 25.3
(CH,), 30.8 (CH,), 64.3 (CH,OH), 99.5 (C=C), 105.3 (C=C), 120.2 (C=C), 128.2 (CH=CH), 132.0

(CH=CH), 140.9 (C=C). HRMS (EI): Calcd for (C,;H,,0Si + Na): 257.1332, found 257.1334.

CO,Et CH,OH
X LiAIH, AN
—_—
Et,0, 0°C
X X
TMS TMS
20 41

(E)-Trimethyl((2-(prop-1-en-1-yl)cyclohex-1-en-1-yl)ethynyl)silane

(15-TMS-E). Triphenylphosphine (234 mg, 0.892 mmol) was added slowly to a stirring solution
of 41 (209 mg, 0.892 mmol) and carbon tetrabromide (296 mg, 0.892 mmol) in CH,CI, (9 mL) at
23°C. After stirring at 23°C for 1 h, the reaction mixture was concentrated, dissolved in Et,O (9
mL), and cooled to 0°C. Lithium aluminum hydride (102 mg, 2.68 mmol) was then added to the

stirring solution. After stirring at 0°C for 45 min, the reaction mixture was quenched by
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sequential addition of H,O (0.10 mL) / 1.3 M aq. NaOH (0.20 mL) / H,O (0.30 mL), filtered
through anhydrous K,CO;, concentrated, and purified by flash column chromatography (99.5:0.5
hexanes / EtOAc) to afford 15-TMS-E as a colorless oil (43 mg, 0.197 mmol, 22% over two
steps). IR: 2134 (C=C) cm™. '"H NMR (400 MHz, CDCl,) 8: 0.21 (s, 9H, TMS), 1.55 — 1.67 (m,
4H, 4,5-CH,), 1.83 (d, Uy = 6.5 Hz, 3H, CH=CHCH,), 2.18 — 2.28 (m, 4H, 3,6-CH,), 5.79 (dq,
Sy = 15.6 Hz, Uy, = 6.5 Hz, 1H, CH=CHCHS,), 6.82 (d, %y, = 16.1 Hz, 1H, CH=CHCH,). *C
NMR (100MHz, CDCl,) 6: 0.3 (TMS), 18.9 (CHCH,), 22.3 (CH,), 22.5 (CH,), 25.4 (CH,), 30.6
(CH,), 98.5 (C=C), 106.0 (C=C), 116.9 (C=C), 125.7 (CH=CH), 131.9 (CH=CH), 142.0 (C=C).

HRMS (El): Calcd for (C,,H,,Si): 218.1485, found 218.1487.

CH,OH Me
~ 1) CBry, PPhg, CH,Cly ~
2) LiIAH,, E,0,0°C
% %
™S ™S
a1 15-TMS-E

v. Preparation and characterization data for cycloaromatized products.

General Procedure Ru(n® — arene) complexes. CDCI, was distilled into a Teflon sealed J-
young tube containing dienyne substrate 15 and 1,3,5-tri-fert-butylbenzene (0.5 — 1 mg) using
Schlenk techniques. After the resulting solution had been degassed (3x freeze / pump / thaw),
reaction vessel was taken into glove box and contents poured into vial containing metal reagent
([Cp*Ru(CH4CN);]PF; (3) or [CpRu(CH;CN);]PF, (25) at 23°C. After 5 min of mixing at 23°C,
the reaction mixture was transferred back to J-young tube and reacted for the indicated time
and temperature until judged to completion by '"H NMR spectroscopy. The post reaction mixture
was concentrated, chromatographed (5.75 inch glass pipette filled with 2.5 cm of Aldrich
activated neutral Brockmann |, standard grade aluminum oxide 150 mesh) with CH,CI, (6 mL)

then 95:5 CH,CI, / acetone (20 mL), and crystallized by vapor diffusion (Et,O into conc. CH,ClI,
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solution of chromatographed material) to afford the Ru(n® — arene) products (16-17, 26) as air

stable solids.
: ~(R)s : (R)s
\ Me ‘ l
M Ru @ PF6@ Ru ® PFse
— +
CDCl,
% 4 Me 4
R
R R
15-Me, Pr, TMS 16-Me (R = Me, R' = Me) 17-Me (R = Me, R' = Me)
16-Pr (R ="Pr, R' = Me) 17-Pr (R ="Pr, R' = Me)

17-TMS (R = TMS, R' = Me)
26 (R = TMS), R' = H)

M = [Cp*Ru(NCMe);]PFg (3), [CpRUu(NCMe);]PFg (25) I

86:14 (n®-Pentamethylcyclopentyldienyl)(n°%-6,7-dimethyltetralinyl)ruthenium (m
hexafluorophosphate (16-Me) / (n°-pentamethylcyclopentyldienyl)(7°5-
ethyltetralinyl)ruthenium (ll) hexafluorophosphate (17-Me). 15-Me (75:25 E / Z, 3.4 mg,
0.021 mmol), 3 (11 mg, 0.021 mmol), CDCI; (0.73 mL). 5 days at 23°C then 24 h at 50°C.
white solid (7mg, 0.013 mmol, 62%). '"H NMR (500 MHz, CDCl,) 6: 1.23 (t, ®Jyy = 7.5 Hz, 3H,
17-Me -CH,CH,), 1.62 — 1.85 (m, 8H, 16-Me/17-Me -2,3-CH,), 1.79 (s, 15H, 16-Me-Cp*), 1.84
(s, 15H, 17-Me-Cp*), 2.08 (s, 6H, 16-Me-ArCH,), 2.16 (dq, 2Jyy = 14.6 Hz, *Jy, = 8.0 Hz, 1H, 17-
Me-C(H)H’CHj), 2.32 — 2.47 (m, 2H, 17-Me), 2.38 (dt, 2Jyy = 16.6 Hz, 3Jiy, = 7.5 Hz, 2H, 16-Me-
1,4-CH"), 2.59 (dt, 2Jyy = 17.2 Hz, ®Jy, = 5.7 Hz, 1H, 17-Me-C(H)H’), 2.68 — 2.83 (m, 2H, 17-
Me), 2.71 (dt, 2Jyy = 17.2 Hz, 3Jyy = 5.2 Hz, 2H, 16-Me-1,4-CH*™), 5.54 (s, 2H, 16-Me-ArH),
5.61 (d, Uy = 5.7 Hz, 2H, 17-Me-6,8-ArH), 5.77 (t, *Jyy = 5.7 Hz, 1H, 17-Me-7-ArH). *C NMR
(125 MHz, CDCl;) 8:9.7 (16-Me-CpCHjs), 10.2 (17-Me-CpCH;), 14.1 (17-Me-CH,CH;), 16.2 (16-
Me-ArCH;), 21.5 (17-Me-CH,), 21.8 (16-Me-2,3-CH,), 22.0 (17-Me-CH,), 23.3 (17-Me-CH,),
23.9 (17-Me-CH,), 25.6 (16-Me-1,4-CH,), 27.1 (17-Me-CH,), 87.2 (17-Me-C"H), 87.3 (17-Me-
C*H), 87.4 (17-Me-C*H), 89.3 (16-Me-C*'H), 93.5 (16-Me-Cp*), 94.4 (17-Me-Cp*), 98.6 (16-

Me-C*), 99.3 (17-Me-C*), 101.1 (16-Me-C*), 101.6 (17-Me-C*), 103.0 (17-Me-C*). HRMS (E|):
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Calcd for (CpHgRU — PFg): 391.1496, found 391.1498. Anal. Calcd for Co,Hs,FsPRu: C, 48.80;

H, 5.77. Found: C, 48.80; H, 5.61.

= =

Ru @ PF6@ Ru @ F>F6e
Me Me
16-Me 17-Me

70:30 (n° — pentamethylcyclopentyldienyl)(n® — 6-methyl-7-propyltetralinyl)ruthenium (Il)
hexafluorophosphate (16-Pr) / (n° - pentamethylcyclopentyldienyl)(n® -5-
butyltetralinyl)ruthenium (ll) hexafluorophosphate (17-Pr). 15-Pr (60:40 £/ Z, 22 mg, 0.12
mmol), 3 (60 mg, 0.12 mmol), CDCl; (0.79 mL). 68 h at 50°C. white solid (34 mg, 0.060 mmol,
51%). 'H NMR (500 MHz, CDCl;) 6:0.92 (t, *Jyy = 6.9 Hz, 3H, 17-Pr-(CH,);CH,), 0.98 (t, Sdyy =
7.7 Hz, 3H, 16-Pr-(CH,),CH;), 1.35 — 1.86 (m, 14H, 16-Pr-3xCH, / 17-Pr-4xCH,), 1.78 (s, 15H,
16-Pr-Cp*), 1.83 (s, 15H, 17-Pr-Cp*), 2.00 — 2.13 (m, 2H, 16-Pr-C(H)H’, 17-Pr-C(H)H’), 2.09 (s,
3H, 16-Pr-ArCH;), 2.31 - 2.47 (m, 6H, 16-Pr-C(H)H’, 16-Pr-CH,, 17-Pr-C(H)H’, 17-Pr-CH,,),
2.54 — 2,61 (m, 1H, 17-Pr-C(H)H’), 2.69 — 2.82 (m, 3H, 16-Pr-1,4-CH*", 17-Pr-C(H)H’), 5.43 (s,
1H, 16-Pr-ArH), 5.53 (d, ®Jy, = 6.3 Hz, 1H, 17-Pr-ArH), 5.54 (s, 1H, 16-Pr-ArH), 5.58 (d, ®Jy, =
6.3 Hz, 1H, 17-Pr-ArH), 5.70 (t, ®Jyy = 6.3 Hz, 1H, 17-Pr-7-ArH). ®C NMR (125 MHz, CDCl,) 4:
9.8 (16-Pr-CpCH,), 10.1 (17-Pr-CpCH,), 13.9 (16-Pr-(CH,),CH,), 14.0 (17-Pr-(CH,);CH,), 15.8
(16-Pr-ArCH;), 21.5 (17-Pr-CH,), 21.77 (16-Pr-CH,), 21.79 (16-Pr-CH,), 22.0 (17-Pr-CH,), 22.7
(17-Pr-CH,), 23.4 (17-Pr-CH,), 23.5 (16-Pr-CH,), 25.5 (16-Pr-CH,), 25.6 (16-Pr-CH,), 27.0 (17-
Pr-CH,), 30.4 (17-Pr-CH,), 32.1 (17-Pr-CH,), 32.4 (16-Pr-CH,), 87.0 (17-Pr-C*H), 87.2 (17-Pr-
C*H), 87.7 (17-Pr-C*H), 88.1 (16-Pr-C*H), 89.5 (16-Pr-C*H), 93.7 (16-Pr-Cp*), 94.5 (17-Pr-

Cp*), 97.8 (16-Pr-C*), 99.3 (17-Pr-C*), 101.2 (16-Pr-9,10-C*), 101.6 (17-Pr-C*), 101.9 (17-Pr-
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C*), 102.0 (16-Pr-C*). HRMS (El): Calcd for (C,HasRu — PF): 419.1809, found 419.1814. Anal.

Calcd for C,4HzsFsPRu: C, 50.61; H, 6.19. Found: C, 50.45; H, 6.26.

= =

Ru @ PFse Ru @ PF6@
npr "Pr
16-Pr 17-Pr
(n®-Pentamethylcyclopentyldienyl)(n°%5-(trimethysilylmethyl)tetralinyl)ruthenium (1)

hexafluorophosphate (17-TMS). 15-TMS (92:8 Z/ E, 10.8 mg, 0.050 mmol), 3 (5.7 mg, 0.0113
mmol), CDCl; (0.80 mL). 26 h at 23°C. white solid (5 mg, 0.0083 mmol, 74%). mp. 207 —
210°C. '"H NMR (400 MHz, CDCl;) §: 0.06 (s, 9H, TMS), 1.54 — 1.93 (m, 5H, 2,3-CH,,
C(H)H'TMS), 1.55 (d, 2dyy = 13.1 Hz, 1H, C(H)HTMS), 1.83 (s, 15H, Cp*), 2.26 (ddd, %dyy =
16.6 Hz, Uy, = 8.5 Hz, Uy = 5.0 Hz, 1H, 1/4-CHY"), 2.40 — 2.49 (m, 2H, 1/4-CH®", 1/4-CH""),
2.80 (ddd, 2dyy = 17.1 Hz, 3Jyy = 8.5 Hz, ®Jyy = 5.02 Hz, 1H, 1/4-CH™), 5.39 (d, ®Jy, = 6.0 Hz,
1H, ArH), 5.54 (d, ®Jy, = 6.0 Hz, 1H, ArH), 5.66 (t, 3Jyy = 6.0 Hz, 1H, 7-ArH). 3C NMR (125
MHz, CDCl;) é:-1.2 (TMS), 10.1 (CpCHj), 20.5 (CH,), 21.7 (CH,), 22.2 (CH,), 24.6 (CH,), 27.2
(CH,), 86.3 (C*H), 86.4 (C*H), 86.8 (C*H), 94.1 (Cp*), 97.5 (C*), 101.1 (C*), 104.3 (C™).

HRMS (EI): Calcd for (C,Hs,RUSi — PF,): 449.1735, found 449.1738.

kn?

Ru ® PFgq

7 1N

T™MS

17-TMS
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(n*-Cyclopentyldienyl)(n°-5-(trimethysilylmethyl)tetralinyl)ruthenium ()
hexafluorophosphate (26). 15-TMS (92:8 Z/ E, 4 mg, 0.018 mmol), 25 (8 mg, 0.018 mmol),
CDCl; (0.93 mL). 7 days at 23°C then 24 h at 50°C. colorless solid (5 mg, 0.0094 mmol, 52 %).
m.p. 190 - 192°C. 'H NMR (500 MHz, CDCl,) &: 0.07 (s, 9H, TMS), 1.66 — 1.96 (m, 4H, 2,3-
CH,), 2.00 (d, 2Jy, = 13.8 Hz, 1H, C(H)H'TMS), 2.19 (d, 2Jiy, = 13.8 Hz, 1H, C(H)HTMS), 2.58 —
2.89 (m, 4H, 1,4-CH,), 5.17 (s, 5H, Cp), 5.92 — 5.95 (m, 2H, 6,8-ArH), 5.97 — 6.01 (m, 1H, 7-
ArH). *C NMR (100 MHz, CDClj) &: -1.3 (TMS), 22.2 (CH,), 22.6 (CH,), 23.3 (CH,), 27.2 (CH,),
29.4 (CH,), 81.1 (Cp), 84.0 (C*H), 84.3 (C*H), 84.4 (C*'H), 100.2 (C*), 102.8 (C*), 106.0 (C").

HRMS (El): Calcd for (C4oH,,RuSi — PFg): 379.0953, found 379.0959.

Ru @ PFg

7 1N

T™S

26

5-(Trimethysilylmethyl)tetraline (18-TMS). A solution of 17-TMS (63 mg, 0.105 mmol) in
CD4CN (0.80 mL) was subjected to direct sunlight under air. After 42 days, the reaction mixture
was concentrated, chromatographed (5.75 inch glass pipette filled with 2.5 cm of Aldrich
activated neutral Brockmann |, standard grade aluminum oxide 150 mesh) with CH,CI, (6 mL),
and purified by high vacuum distillation to afford 18-TMS as a colorless oil. 'H NMR (300 MHz,
CDCly) 6:0.01 (s, 9H, TMS), 1.69 — 1.85 (m, 4H, 2,3-CH,), 2.06 (s, 2H, CH,TMS), 2.57 (t, 3Jyy =
6.5 Hz, 2H, ArCH,), 2.76 (t, 3J = 6.5 Hz, 2H, ArCH,), 6.76 — 6.84 (m, 2H, 6,8-ArH), 6.97 (t, 3Uuy
= 7.5 Hz, 1H, 7-ArH). ®C NMR (100 MHz, CDCl,) 8: -1.1 (TMS), 23.1 (CH,), 23.2 (CH,), 23.8
(CH,), 27.5 (CH,), 30.5 (CH,), 125.0 (C*H), 125.4 (C*'H), 126.3 (C*H), 133.9 (C*), 137.5 (C"),

139.1 (C*). HRMS (EI): Calcd for (C,,H.,Si): 218.1485, found 218.1486.
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=

Ru® PFO v
CD4CN
2R
TMS T™S
17-TMS 18-TMS

vi. Procedures for VT, kinetic, and exploratory experiments.

Observation of 5-methyltetraline. Anhydrous K,CO; (2 mg, 0.015 mmol) was added to a
stirring solution of 18-TMS (1 mg, 0.005 mmol) in THF / CH;OH (1 mL, 1:1) at 23°C. After 2 h at
23°C, the reaction mixture was filtered and concentrated. 'H NMR (CDCl,) of resulting mixture

showed reaction to be at partial conversion and observation of 5-methyltetraline.’

VT NMR equilibrium experiment for I and II. CDCI; (0.85 mL) was distilled into a Teflon
sealed J-young tube containing 15-TMS (92:8 Z/ E, 16.5 mg, 0.076 mmol) and 1,3,5-tri-fert-
butylbenzene (0.5 — 1 mg) using Schlenk techniques. After the resulting solution had been
degassed (3x freeze / pump / thaw), reaction vessel was taken into glove box and contents
poured into vial containing 3 (38 mg, 0.076 mmol) at 23°C. After 5 min of mixing at 23°C, the
reaction mixture was transferred back to J-young tube, removed from box, and cooled to -40°C.
After 1 h at -40°C, the reaction vessel was loaded into NMR at 23°C, probe was cooled and

experiment started.

Sample preparation for VT NMR HMBC and HSQC acquisition for II. CDCl; (0.85 mL) was
distilled into a Teflon sealed J-young tube containing 15-TMS (7:3 E/ Z, 40.0 mg, 0.183 mmol)

using Schlenk techniques. After the resulting solution had been degassed (3x freeze / pump /
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thaw), reaction vessel was taken into glove box and contents poured into vial containing 3 (27.7
mg, 0.0549 mmol) at 23°C. After 5 min of mixing at 23°C, the reaction mixture filtered and
transferred back to J-young tube, removed from box, and maintained at -75°C until NMR

experiment was performed.

General procedure for the attempted photolytic catalysis of 15-TMS in presence of 17-
TMS. Indicated solvent was distilled into a Teflon sealed J-young tube containing a 15-TMS-Z/
15-TMS-E / 17-TMS mixture and 1,3,5-tri-fert-butylbenzene (0.5 — 1 mg) using Schlenk
techniques. After the resulting solution had been degassed (3x freeze / pump / thaw), reaction
vessel was placed in the presence of light source for 13 days.

a. Photolysis in CDCI;. 15-TMS (2.5 mg, 0.0114 mmol, 7:3 Z/ E), 17-TMS (1 mg, 0.00167
mmol).

b. Photolysis in acetone - d;. 15-TMS (3 mg, 0.0137 mmol, 7:3 Z/ E), 17-TMS (1 mg,

0.00167 mmol).

Reaction of 15-TMS with 3 in CD,CN. 15-TMS (3.6 mg, 0.0165 mmol, 7:3 E/ 2) was reacted
with 3 (9.0mg, 0.0178 mmol) in CD,CN (0.93 mL) using the general procedure for preparation of
Ru(n® — arene) products. After 12 days at 23°C, 17-TMS was observed in 60% NMR yield and

after 4 days at 50°C, 17-TMS was observed in 69% NMR yield based on conversion of 15-TMS.

Attempted reaction of 15-TMS with 28. 15-TMS (10.6 mg, 0.049 mmol, 6:4 E/ Z) was reacted
with 28 (1.8 mg, 0.0005 mmol) in d;-acetone (0.86 mL) using the general procedure for
preparation of Ru(n® — arene) products. After 18 h at 50°C, no reaction was observed by 'H

NMR spectroscopy.
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Reaction of 15-TMS with 29. 15-TMS (7 mg, 0.032 mmol, 6:4 E / Z2) was reacted with
[Cp*Ru(CO)(NCMe),]PFs; 29 (16.4 mg, 0.033 mmol) in CDCI; (0.87 mL) using the general
procedure for preparation of Ru(n® — arene) products. Reaction mixture was kept at 23°C for 5

days then 50°C for 54 h.

General Procedure for Thermal Reactions of 15-TMS. A mixture of 15-TMS (7:3 E / 2),
1,3,5-tri-fert-butylbenzene (0.5 — 1 mg), and catalyst (if applicable) in indicated solvent were
degassed (3x freeze / pump / thaw) and flame sealed in a Wilmad 504-PP NMR tube under 10
mtorr vacuum on Schlenk line. The contents were then heated at 145°C.

a. RuCl;. 15-TMS (40 mg, 0.183 mmol), RuCl;-H,O (1.9 mg, 0.0092 mmol), o-xylene-d,, (0.37
mL).

b. uncatalyzed in o-xylene. 15-TMS (40 mg, 0.183 mmol), o-xylene-d,, (0.37 mL).

c. 2,6-lutidine. 15-TMS (40 mg, 0.183 mmol), 2,6-lutidine (0.011 mL, 0.092 mmol), o-xylene-d,,
(0.37 mL).

d. PtCl,. 15-TMS (57 mg, 0.261 mmol), PtCl, (7 mg, 0.026 mmol), DMF-d, (0.51 mL).

e. uncatalyzed in DMF. 15-TMS (40 mg, 0.183 mmol), DMF-d, (0.36 mL).

General experimental for kinetic runs. Stock solutions of 3 (25 mg/mL in d; — acetone), 15-
TMS (7:3 E/Z, 8 mg/mL in CDCI;) and 1,3,5-tri-tert-butylbenzene (2.1 mg/mL in CDCl;) were
prepared and used for additions. 3 was added to a J-young tube containing combined reagents

at 23°C in glove box. Integral of I TMS resonance at § 0.064 was normalized by setting 'Bu

resonance of internal standard to unity.

a. normalized run. 3 (0.184 mL, 0.0092 mmol), 15-TMS (0.250 mL, 0.0092 mmol), 1,3,5-tri-tert-

butylbenzene (0.238 mL, 0.0023 mmol), CD,CN (0.019 mL, 0.3663 mmol).
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Table 2-7. Observed change in the II TMS resonance integral at different times for normalized

kinetic run.
time (hr) II TMS int
0.133 0.22
0.225 0.31
0.317 0.37
0.425 0.48
0.517 0.54
0.617 0.58
0.725 0.7
0.833 0.77
1.05 0.93

b. Varied [CD,CN]. 3 (0.184 mL, 0.0092 mmol), 15-TMS (0.250 mL, 0.0092 mmol), 1,3,5-tri-

tert-butylbenzene (0.238 mL, 0.0023 mmol), CD;CN (0.038 mL, 0.7326 mmol).
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Table 2-8. Observed change in the II TMS resonance integral at different times for kinetic run

with increased CD;CN concentration.

time (hr) II TMS int

0.192 0.08
0.333 0.11
0.5 0.15
0.667 0.19
0.833 0.22
1 0.24
1.167 0.26

c. Varied [3]. 3 (0.092 mL, 0.0046 mmol), 15-TMS (0.250 mL, 0.0092 mmol), 1,3,5-tri-tert-

butylbenzene (0.238 mL, 0.0023 mmol), CD;CN (0.019 mL, 0.7326 mmol), acetone-d,; (0.092

mL).
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Table 2-9. Observed change in the II TMS resonance integral at different times for kinetic run

with decreased 3 concentration.

time (hr) II TMS int
0.133 0.12
0.217 0.19
0.325 0.25
0.417 0.28
0.533 0.32
0.633 0.36
0.725 0.4
0.833 0.44
0.933 0.51
1.067 0.54

d. Varied [15-TMS]. 3 (0.184 mL, 0.0092 mmol), 15-TMS (0.125 mL, 0.0046 mmol), 1,3,5-tri-

tert-butylbenzene (0.238 mL, 0.0023 mmol), CD,CN (0.019 mL, 0.7326 mmol), CDCI,; (0.125

mL).



107

Table 2-10. Observed change in the II TMS resonance integral at different times for kinetic run

with decreased 15-TMS concentration.

time (hr) II TMS int

0.117 0.11
0.217 0.16
0.317 0.2
0.425 0.25
0.55 0.31
0.667 0.36
0.783 0.39
0.9 0.44

1 0.49
1.125 0.55

Attempted observation of metal hydride species at low temperature. A solution of 15-TMS

(7:3 E/ Z 13.6 mg, 0.062 mmol) in CD,CI, (0.4 mL) was added dropwise to an NMR tube

equipped with a rubber septum containing a solution of 3 (6 mg, 0.012 mmol) in CD,CI, (0.4 mL)

at-75°C. A 'H NMR spectrum of this mixture at -80°C confirmed no reaction had occurred. The

sample was then monitored by 'H NMR spectroscopy while slowly warming to 23°C.

vii. 'H and *C NMR spectra for unknown compounds.
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Figure 2-7. 14-Me 'H NMR spectrum (500 MHz, CDCl,).
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Figure 2-19. 69:31 16-Pr / 17-Pr '"H NMR spectrum (500 MHz, CDCl,).
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CHAPTER 3: Stereoselective n°-Arene Complexation during Ruthenium Mediated

Dienyne and Enediyne Cycloaromatization Reactions.
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l. Introduction.

Complexation of the &t system of an aromatic compound by a transition metal results in
a large modification of the molecule’s reactivity. For this reason, metal n®-arene complexes
have been utilized as activating groups to access chemical transformations normally only
obtainable under harsh conditions such as nucleophilic substitution,' dearomatization,? and
aromatic CH lithiation.®> Historically, the most commonly used and studied metal-ligand system
for these processes is the d° — 12 valence electron chromium tricarbonyl [Cr(CO),] fragment. A
convenient isolobal alternative to the use of Cr(CO); are the cationic cyclopentadienyl (Cp) and
pentamethylcyclopentadienyl (Cp*) ruthenium (ll) ¢ metal fragments of group 8. Cp and Cp*
ruthenium (1) n°-arene complexes are, in general, air-stable crystalline solids that are amenable
to bench-top chemistry and, unlike Cr(CO); ruthenium arene complexes provide a facile
photolytic method for removal and recycling of the metal-ligand system. ®

Some common examples of CpRu-arene coordination applications are shown in
Scheme 3-1 and Scheme 3-2. Similar to (1°-arene)Cr(CO), complexes, the ruthenium-arene is
highly activated for SyAr reactions. Pearson and coworkers have demonstrated the utility of this
enhanced reactivity by using [CpRu(n°-arene)]PF, as activating groups for synthesis of a biaryl
ether peptidomacrocycle 1 common to several antibiotics such as vancomycin, ristocetin-A, and
teicoplanin.® The use of exceedingly mild conditions to induce the intramolecular cyclization of 2
and 3 allowed for construction of 1 with minimal epimerization to the sensitive a-stereocenters
in the peptide.

The alkylation of [CpRu(n®-N,4-dimethyltetrahydroquinoline)]PF, (4) to give complex 5
highlights several useful features of n°-complexation.” First, deprotonation of the benzylic
hydrogen was accomplished by the moderately strong base, sodium hydride (as opposed to an
alkyllithium), due to the resonance stabilized conjugate base 6. The increased acidity of the

benzylic hydrogen atoms effected by the related Cp*Ru* metal fragment has been
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experimentally compared to that of a para substituted nitro group.® Secondly, complexation
creates a substantial steric bias to the approach of the nucleophile, causing substitution to occur
exclusively anti to the metal fragment. This facial selectivity is general and has been used for

stereoselective hydrogenations, Diels-Alder reactions, and various types of nucleophilic

additions.®
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Scheme 3-1. Use of cationic CpRu-arene complexes in the synthesis of core structure of

peptidomacrocyclic antibiotics.®
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Scheme 3-2. Stereoselective alkylation via benzylic deprotonation of a CpRu-arene.’

In addition to a carbon stereocenter, the complexes shown in Scheme 3-2 have another
element of chirality resulting from n°complexation to the different faces of the non-
symmetrically substituted arene. This asymmetry is termed planar chirality and the absolute
stereochemical assignment is typically designated according to the Schlégl system based on
the clockwise or counterclockwise rotational direction from the highest priority to the next
highest priority substituent analyzed from the face of the arene anti to the metal.”® Another
convention uses a slight modification of the Cahn—-Ingold—Prelog (CIP) rules where the chiral
arene complex is viewed as having a x®-coordination mode and analyzed from the aromatic
carbon with the second highest priority substituent to the ruthenium."" Both systems use the R,
or Sp notation depending upon a clockwise or counterclockwise rotation, respectively.
Application of the systems to complex 4 are shown in Figure 3-1 and for the purposes of the

discussion in this chapter, the Schlégl system will be used.
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Figure 3-1. Comparison of the two stereochemical assignment conventions for planar chiral

metal n®-arene complexes.

Interest in the O’Connor laboratory has been focused around cationic Cp and Cp*Ru(n®-
arene) complexes since the discovery that these compounds are formed as products from the
rapid and high yielding ambient temperature cycloaromatization of acyclic enediyne and dienyne
substrates via reaction with cationic Cp and Cp* tris-acetonitrile ruthenium complexes (Scheme
3-3 and Scheme 3-4).? Formally, these transformations are known as the Bergman'®
(enediyne) and Hopf'* (dienyne) cycloaromatizations. As discussed in Chapter 1, the ruthenium
triggered Hopf cyclization may involve the intermediacy of the X-ray characterized n°-dienyne
intermediate 7 that could be rationalized to accelerate the reaction by the induced proximity of
the terminal carbon atoms of the reactive r«t system.

Shown in Scheme 3-4 is the current working mechanistic hypothesis for the ruthenium
triggered Bergman reaction. Use of a deuterium atom donor (i.e. THF-dy) leads to incorporation
of the deuterium into the para positions of the product, 8, supporting formation of para-benzyne
diradical intermediate 9. Reaction of cationic ruthenium complex 10 with enediyne 11 at low

temperature led to observation of a transient C, symmetric species by 'H and *C NMR
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spectroscopy. Spectral similarities of this compound with an air-stable X-ray characterized

intermediate model (L = CO) suggested the structure of the low temperature species to be n*

diyne intermediate 12 (L = MeCN). Also consistent with 12, was an inverse second order rate

dependence on the acetonitrile concentration for the reaction of a structurally similar enediyne

with 10.
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Scheme 3-3. Ruthenium triggered Hopf cycloaromatization.

==

Ru @ PFe

95% NMR
CMe
MeCN
"Pr

-




148

2Pr
=Y o
o0
| o

Ru @ PFgq
— >
| * Ru® P CDCl, 1t ‘
W 3, I
N MeCN" / \NCMe 82% NMR ) ="
X MeCN —_—
"Pr npr

Ru @ PFgq

@
/_ \L e —>
= e Q
"Pr
9 —

Scheme 3-4. Proposed intermediates for the ruthenium triggered Bergman cyclization.

By analogy to the ruthenium triggered Hopf cyclization, a pathway involving a similar 7°-
enediyne species 13 is favored for the cyclization. Coordination of all components of the
enediyne &t system would decrease the distance between the terminal alkyne carbon atoms thus
accelerating the reaction.” While a pathway proceeding through 13 was favored, a mechanism

involving Ru(IV) metallacycle 14 could not be ruled out (Scheme 3-5).
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14

Scheme 3-5. Alternative intermediates not involving coordination of the central alkene.

Recognizing that the Ru n°-arene product of these reactions is chiral if the benzenoid
portion is non-symmetric, we questioned if placement of a carbon stereocenter in the dienyne or
enediyne substrates would result in facial selective coordination of the cationic ruthenium
fragment. The synthetic utility of this process would be two-fold. First, the ability to easily
synthesize structurally diverse dienyne and enediyne substrates would allow formation of highly
substituted aromatic systems that would be difficult to obtain under traditional organic synthetic
techniques. Second, the chiral relay system would effectively allow stereocontrol of functional
groups distal to the original source of chirality as demonstrated by the hypothetical three-step
reaction shown in Scheme 3-6. Use of dienyne 15 or enediyne 16 with a stereocenter
containing substituent (R*) could stereoselectively proceed to arene complex 17. Any reaction
of the pendent alkene could then be reliably predicted to occur from the face anti to the metal
fragment as shown by the hydroboration / oxidation sequence to give 18. Effectively the initial
source of chirality has been used to influence the binding of the metal then facial selective

attack of the alkene.
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Scheme 3-6. Potential chiral relay system for a hydroboration / oxidation sequence created

upon prior stereoselective binding of Cp*Ru* induced by chiral substituent R*.

Several methodologies exist that lead to metal n°-arene complexes with enhanced

stereoselectivity starting from benzenoid precursors.'®"”

Of particular relevance, Uemura and
coworkers have shown ortho substituted secondary benzylic alcohols 19 react with
[CpRu(NCMe),]PF, (20) to form n®-arene complexes stereoselectivity in favor of diastereomer
21 (Scheme 3-7)."® These researchers proposed a pre-complexation equilibrium between

intermediates 22-ma and 22-mi where by facial selectivity of the arene is created by minimizing

the steric interactions between the ortho substituent and the stereocenter substituent.
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Scheme 3-7. Stereoselective CpRu n°-complexation of chiral arene.'™

These systems are of potential synthetic utility as many provide excellent
stereoselectivities and yields, but all require aromatic substrates. To our knowledge the only
transformation capable of performing a one-pot cycloaromatization / facially selective n°-
complexation is the thermal benzannulation of a vinyl or aryl substituted chromium carbene (e.g.
23) with an alkyne collectively known as the D6tz reaction.®

The accepted mechanism of the Détz reaction is shown in Scheme 3-8. The rate-
determining step involves loss of CO to form the coordinatively unsaturated 16-electron complex
24. Coordination of alkyne 25 to give 26 determines the placement of the alkyne substituents in
the final product. Typically, high levels of regioselectivity are observed that can be predicted by
inserting the alkyne carbon with the sterically smaller substituent (R®) into the carbenoid carbon
(CX). This insertion is thought to give n*vinyl carbene complex 27." Common substituents for
position X are basic oxygen and nitrogen groups which stabilize and favor an E geometry
across the a,p-double bond of 27.2° Recent work has also shown that 27 undergoes a reversible
isomerization where the R' and R® substituents can be exchanged and sometimes result in a

divergent reaction pathway to an indene product.?’ The n*vinyl carbene 27 undergoes a CO
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insertion to give the chromium coordinated ketene 28 that proceeds through a 6x

electrocyclization and tautomerization to give the n°-bound phenol product 29.

OH
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Tl .
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R2 & RN R

(CO)4 ‘ X
— — Cr(CO)g

.. ~

",,/ Rs = 1 S

X /|C|;(R1) R1 RS R R

CH(R?) X X
L 26 27 28 ]

Scheme 3-8. Accepted mechanism of the D6tz reaction.

The stereoselectivity of the Détz reaction has been systematically studied by
incorporating carbon stereocenters into both alkyne substituents (R' and R®),?? the vinyl
substituents (R' and R?),?® and the carbene substituent (X),>* as well as use of atropisomers.?®
Several representative examples of these methodologies are presented below.

The earliest example by Wulff and coworkers utilized bulky chiral propargylic ethers

(e.g. 30, Scheme 3-9) to give high diastereomeric ratios in favor of chromium tricarbonyl arene
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complex 31.%22 The relative stereochemistry of 31 was assigned based on *C and 'H NMR
spectral correlations with similar complexes that were characterized by X-ray diffraction. These
researchers have proposed the observed stereochemistry to originate from the
thermodynamically favored n*vinyl carbene intermediate 32 that reduces steric interactions by
keeping the largest stereocenter substituent (trityl ether) on the opposite face of the Cr(CO),

while also placing the second largest substituent (methyl) away from the terminal vinyl

hydrogen.
OC(Ph)
:—< T Me TBDMSO  ocpn),
Cr(CO)s Me /
30
OMe > —_— &
TBDMSCI, NEt(Pr), oc™ [ N¢o
CH,Clp, 60°C
Me 68%, > 96:4 d.r. ocC
32 31

Cr]
Scheme 3-9. Incorporation of alkyne stereocenter as secondary propargylic ethers for facially

selective benzannulation.???

Quayle and coworkers were able to form 33 as a single diastereomer by incorporation
of the chromium carbene into the conformationally locked trans-decalin 34 (Scheme 3-10).2%
The facial selectivity is consistent with the relative stereochemistry of the axial C-10 methyl

group that directs the binding to the more sterically accessible a face.
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Scheme 3-10. Stereoselectivity by facial steric differentiation of a rigid bicyclic substrate.?*

Détz and coworkers were able to employ an auxiliary approach by use of several
commercially available chiral alcohols as demonstrated by the synthesis of 35 in enantiomeric
and high diastereromeric excess from the menthol derived chromium carbene 36 (Scheme 3-
11).22 Although an exact model of selectivity was not given, the n%vinyl carbene intermediate
(27, Scheme 3-8) was invoked as being involved in the stereo-differentiating step. The reaction
is limited to aromatic substituents off the carbene as use of a vinyl substituent resulted in almost

no diastereoselectivity.2*°

Cr(CO)5

OTBDMS

o 1.'Bu-C=CH, 55°C C
e
2. EtzN, TBDMSCI, rt

S 55%, 10:1 d.r.

ro? |
Cr(CO)3
Me [a]p® = +693
36 35
R* = (-) menthyl

Scheme 3-11. Chiral auxiliary approach to stereoselective n°-complexation.?*

Détz has also provided a nice example of atropisomer-controlled diastereoselectivity via
use of cyclophane chromium carbenes.®® Benzannulation of 37 with fertbutyl acetylene

resulted in the formation of X-ray characterized naphthalenophane complex 38 as a single
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diastereomer (Scheme 3-12). Complex 38 exist with an anti relationship between the Cr(CO),
and the conformationally restrained “A” ring due to minimization of steric interactions. The
alkyne substituent is also key to obtaining high stereoselectivity as use of 3-hexyne gave a 2:1
mixture of stereocisomers. Later work has been focused on an intramolecular benzannulation
from a meta-substituted arene that constructs the n°-cyclophane stereoselectively in a single

step.?%f

X
|
A 1.'Bu-C=CH, rt
SN W
|\/ OMe
Cr(CO)s
37 .

Scheme 3-12. Diastereoselective formation of an n®-bound naphthalenophane complex.?*?

The literature precedent describing the successful incorporation of stereoselectivite 1°-
arene complexation in the Détz reaction provided good evidence that the same phenomena
may be possible for the ruthenium-mediated enediyne and dienyne cycloaromatization. We
were particularly interested with Wulff's model for stereoselectivity (see Scheme 3-9) and how
similar steric interactions for n*vinyl carbene 32 could be envisioned to exist in an n°-dienyne
and enediyne. We therefore chose to focus on stereoselectivity induced from an allylic or
propargylic stereocenter positioned on the terminus of the dienyne and enediyne &t system. We
herein report the first examples of facially selective metal n®-arene binding in metal-triggered

Bergman and Hopf cycloaromatizations.
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Il. Dienyne Stereoselectivity: Discovery and Substrate Scope.

Dienynes 39 and 40 containing an allylic and propargylic stereocenter, respectively,
were chosen as an ideal starting point for initial reactivity studies (Scheme 3-13). Synthesis of
both substrates commenced from TMS substituted enynal 41 that is available in two steps from
cyclohexanone.?® Wittig olefination of 41 followed by sodium borohydride reduction and TMS
removal gave secondary allylic alcohol 39. In a similar fashion, olefination to the
monosubstituted alkene followed by removal of the TMS gave the terminal alkyne. This product

was then lithiated and quenched with acetaldehyde to give 40.

OH
1. [MePPhg]Br 1. PhyPCHCOMe
AN "BulLi, -78°C; CHO toluene, reflux, N
41, rt, THF 65% Me
- - =
2. K,COs, 2. NaBH,
NN MeOH / THF, rt XN MeOH / THF, rt,
N Me  79% over 2 steps X s 352/300 %
3. LHMDS; MeCHO TMS - RaLUg H
40 THE. 0°C. 99% a1 MeOH / THF, t, 39
OH ’ ’ 71%

Scheme 3-13. Synthetic route to dienynes 39 and 40.

When 39 and 40 were reacted with a slight excess of [Cp*Ru(NCMe),]PF, (10,%” 1.4 eq)
in CDCIl, and monitored by 'H NMR spectroscopy, immediate formation of two [Cp*Ru(n®-
arene)]PF, complexes consistent with the product structure 42 were observed (Scheme 3-14).
While both substrates gave 42 in high yield, only 39 with the stereocenter located in the allylic

position was stereoselective.
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Scheme 3-14. |Initial observation of stereoselectivity for the dienyne cycloaromatization

reaction.

Optimistic about the observed diastereomeric ratio, dienynes (43-47) were prepared
using a similar synthetic route to 39 and examined in reactions with Cp*Ru complex 10 to
determine what dienyne structural features were important for the observed stereoselectivity
(Table 3-1). All of dienynes allowed to react formed n°-arene products (48-51) except for 47,
which resulted in the decomposition of the substrate over the course of 23 h to NMR inactive
material (entry 5). 1-Methoxyethyl allylic and methyl propargylic substitution (entry 3) was
identified to give the highest observed d.r. In general, the reaction is adversely affected by
increasing the steric size of the alkoxy, propargylic, or stereocenter substituent (entry 2, 4, and
5). The most dramatic effects were observed for the isopropyl-substituted dienyne 46 resulting
in a much lower yield and essentially no stereoselectivity (entry 4) and the unsuccessful
trimethylsilyl substituted dienyne 47 (entry 5). Based on the studies conducted in Chapter 2, it
is not surprising why the reaction of 47 failed, as it is now known that increasing steric bulk in
the propargylic position changes the reactivity of the cycloaromatization to a slower C-H bond

activation / insertion mode.
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Table 3-1. Exploring substrate scope with dienynes containing an allylic stereocenter. (a) Yield
and d.r. determined by '"H NMR spectroscopy. (b) Reaction stopped at 91% conversion of 44.

Yield based on conversion. (c) Product not isolated.

. ==
| PFs ©

X R 10 Ru @
—_— OX
CDC|3, rt / \
A — "
Entry Substrate Product X R! Rxn Time Yield (d.r.)2
1 43 48 H Me Me <15 min 97 (64:36)
2 44 49 Et Me Me 35h 78 (63:37)°
3 45 50 Me Me Me <15 min 94 (69:31)
4 46 51 H iPr Me <15 min 44 (52:48)°
5 47 - H Me T™MS <23h decomp.

To probe the effect of changing the ligand environment on the metal complex, the best
performing dienyne 45 (0.059 mmol) was allowed to react with [CpRu(NCMe);]PF, 20 (0.088
mmol) under identical conditions as the reaction with 10 (Scheme 3-15). This resulted in the
formation of 52 with a lower stereoselectivity compared to the formation of 50 clearly showing
that either the smaller steric influence or electron-donating ability of the cyclopentadienyl ligand

influences the product ratio.

owe =
= 6 o

| oe©  CDCl; <15 min Ru™ PFe
+ .Ru 6

@ -
MecN ™" 102% NMR, 58:42 d.. <—>‘
eM CN/ \Nome r \_< \
e —
% Me Me

Me
45 20 52

X

Me
OMe

Scheme 3-15. Probing the effect of the metal-ligand environment on the stereoselectivity.
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lll. Solid State Structure Determination of the n°-Arene Products.

The crystalline nature of the cationic cyclopentadienyl ruthenium arene complexes
allowed for solid state X-ray structure determination to be obtained for isolated samples of the
major and minor diastereomers of 50 and 52 and the minor diastereomers of 42 and 48. This
analysis confirmed the diastereotopic relationship between the major and minor isomers and
also showed a conserved stereochemical relationship between the carbon stereocenter and the
planar chirality of the metal binding for the major and minor diastereomers of each pair. This
trend can be summarized using the following model: the major stereoisomer has the least
sterically demanding group attached to the carbon stereocenter (hydrogen) directed towards the
ortho substituent (R) on the aromatic ring when the oxygen substituent is rotated syn with the

metal fragment as depicted in Figure 3-2.

major diastereomer minor diastereomer

Figure 3-2. Conserved relative stereochemistry for the major and minor diastereomers from the

metal-triggered dienyne cyclization reactions.

IV. Enediyne Stereoselectivity: Discovery and Substrate Scope.

As a starting point for investigations into the potential stereoselectivity of the enediyne
cycloaromatization reaction, we choose to prepare two cyclohexenediynes (53 and 54) that
differed in substitution off the non-stereocenter alkyne (Scheme 3-16). Common intermediate

41 was converted to the asymmetrically substituted enediyne 55 using the Corey-Fuchs
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protocol. Lithiation of this compound followed by quenching with acetaldehyde gave the TMS
substituted alcohol 53. This compound was desilylated, lithiated and quenched with methyl

iodide to give the methyl substituted alcohol 54.

H
CHO 1. PPhg, Zn; CBry; %
41 0°C, CH,Cl,, 90%
\ 2. "BuLi
\ hexanes, -75°C, 83% %
41 T™S 55 T™S
LHMDS;
MeCHO
THF, 0°C,
O,
OH 76% OH
Me Me
Z 1. KoCOs, Z
MeOH/THF, 85%
2. LHMDS; Mel
% THF, 0°C, 63% %
Me T™MS
54 53

Scheme 3-16. Synthetic route to model enediyne substrates for initial studies.

When 53 (0.005 mmol) was allowed to react with 10 (0.008 mmol) and y-terpinene
(0.027 mmol) in acetone-dsand monitored by 'H NMR spectroscopy, immediate formation of two
sets of resonances consistent with the product structure 56 were observed (Scheme 3-17).
Integration of the presumed major 56-ma and minor 56-mi diastereomers’ TMS resonances at 6
0.46 and 0.44, respectively, showed the compounds had been formed in a 8:2 ratio in a NMR
yield of 56%. Performing the reaction in CDCl,;, THF-d;, or a acetone-d; / THF-d; mixture

showed no improvement in yield or ratio.
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Scheme 3-17. Initial studies on enediyne cycloaromatization stereoselectivity.

On a preparative scale, 56-ma was isolated pure after repeated chromatography, but
56-mi, in our hands, proved impossible to isolate pure due to a facile TMS migration to give
OTMS isomer 57-mi (Figure 3-3). In an attempt to determine the relative stereochemistry of
both diastereomers by X-ray analysis, 56-ma and a 56-mi / 57-mi mixture were subjected to
vapor diffusion crystallization conditions (ethyl ether / methylene chloride) that resulted in
single crystals of the rearranged diastereomeric products, 57-ma and 57-mi. The relative
stereochemistries from the X-ray experiments are shown in Figure 3-3 and major and minor
diastereomers can be rationalized using the same model developed with the dienyne selectivity
by orienting the oxygen syn to the metal (Figure 3-2). It is unclear if the isomerization of 56 to
57 is intra or intermolecular, but regardless of the mechanism, it is highly unlikely that the TMS
migration affects either the carbon stereocenter or the planar chirality of the metal fragment and
the stereochemical assignments of 56-ma and 56-mi are inferred to correlate with 57-ma and

57-mi, respectively.
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Figure 3-3. X-ray determined stereochemical assignments for 57-ma / 57-mi and inferred

assignments for 56-ma / 56-mi.

Reaction of the methyl substituted enediyne 54 with 10 under the same conditions as
the reaction with TMS substituted enediyne 53 resulted in formation of the previously isolated
product 48 in a comparatively higher yield but lower stereoselectivity to formation of 56 (Scheme
3-18). Despite the low d.r., the major and minor isomers of 48 formed from the enediyne

cyclization are consistent with those formed from the dienyne cyclization.

F S
Z | © -terpinene Ru® PFe

Ru® PFs e OH

MeCN " / N acetone - dj 7 |\
MeCN NCMe <20 min
% 87% NMR, 56:44 d.r.
Me Me
Me
54 10 48

Scheme 3-18. Probing the effect of alkyne substitution on the stereoselectivity.
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Reaction of the better performing enediyne 53 (0.018 mmol) with the sterically less
demanding [CpRu(NCMe);]PF; complex 20 (0.020 mmol) and y-terpinene (0.090 mmol) resulted
in the formation of CpRu arene complex 58 in 30% NMR yield and no measurable
stereoselectivity by NMR spectroscopy (Scheme 3-19). Also worth noting, was that the rate of
cyclization was slower as determined by the 'H NMR spectrum recorded after 30 min, which
showed the reaction to be incomplete. Overall these results show a steric dependence on the

stereoselectivity of the n°-complexation for the enediyne cyclization.?®

OH

Me @ o

\

. ru® PR
©) y-terpinene
¥ Ru @\ PFe OH
MeCN " acetone - d,
M CN/ NCMe <19h 6 / N
AN © 30% NMR, 1:1 d.r. Vo
™S ™S
53 20 58

Scheme 3-19. Probing the effect of the metal-ligand environment on the stereoselectivity.

V. Stereoselective 5-exo-trig cyclization.

We also wanted to explore using the metal fragment as a stereocontrol element for
capturing the proposed n°-p-benzyne intermediate intramolecularly with a tethered alkene in the
enediyne cyclization. Grissom and coworkers have shown under thermal conditions that both
positions of the p-benzyne can be trapped using enediyne 59 with an a,B-unsaturated ester
tether in relatively high yield (Scheme 3-20).* One drawback of this reaction was that both the

cis and trans stereoisomeric products of 60 were formed in an equal ratio.
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MeO,CCH,»
N CO,Me
z CgHsCl, 1,4-CHD
| 240°C, 6 h, 98 %
\ 1:1 mix of diastereomers
\ /
CO,Me
MeO,CCH,
59 60

Scheme 3-20. Capture of the p-benzyne radical by 5-exo-trig cyclization.?

We hypothesized that n®-complexation of a metal fragment to one face of the p-benzyne
(e.g. 61) would favor the formation of stereoisomer 62 resulting from a lower energy transition
state 63 (Scheme 3-21). Furthermore, with development of our substrate controlled
stereoselective enediyne reaction it may be possible to set-up a chiral relay where the initial

stereocenter would be able to control the newly formed stereocenter.
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Scheme 3-21. Proposed method of stereocontrol for 5-exo capture of the p-benzyne radical.

To test our proposal we set out to synthesize enediyne 64 that contained a similar
alkene tether to 59 (Scheme 3-22). As an initial point of investigation, we decided to first study
selectivity of the relative stereochemistry of the metal complexation to the newly formed methine
stereocenter and not to incorporate a stereocenter in the substrate as this would complicate
analysis of the reaction if multiple stereoisomers were formed. Initiation of the synthesis started

from vinyl bromide 65 that was prepared in one step from cyclopentanone by a literature
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% Sonogashira coupling of 65 with TIPS protected 4-pentyn-1-ol (66)°' gave the

procedure.
enynal 67. Conversion of this compound by treatment with lithiated trimethylsilyldiazomethane
resulted in a vinylidene rearrangement to give terminal alkyne 68 that was then methylated from

the acteylide and subsequently desilylated to unmask primary alcohol 69. Oxidation of 69

followed by Wittig olefination gave the desired enediyne 64.

CHO CHO , Z
TIPSO(CH)sC=CH (66) TMSCHN,, "BuLi; 67
Pd(PPhg),, Cul -78°C to 0°C to rt
B DMF/NEts 1:1, 1t, 81% N THF, 80% N
(CH,)3OTIPS (CHL)30TIPS
65 67 68
1. LHMDS; Mel
THF, 0°C, 82%
2. TBAF, THF, tt, 79%
Me Me
Z 1. IBX, EtOAG, reflux Z
81%
2. PhyPCHCO,EL
benzene, relfux
% P OFEt 63% %
(CH,)4OH
64 69
o)

Scheme 3-22. Synthetic route to enediyne substrate 64 with tethered alkene.

Reaction of 64 with 10 was first attempted in acetone-d; and y-terpinene and although
resonances consistent with product were observed, the reaction mixture was complicated and it
was difficult to obtain an NMR vyield or d.r. In an attempt to obtain a cleaner reaction, the
conditions were changed to 1,4-CHD and CDCl, that resulted in slow formation of resonances
consistent with the product 70 over the course of 64 h as observed by 'H NMR spectroscopy
(Scheme 3-23). The low reaction rate is attributed to the low solubility of 10 in CDCl;. Analysis
of the reaction was difficult from the NMR spectum due to overlapping peaks, but an

approximate yield of 50% was determined based on 92% conversion of 64. Although low, there
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was a measurable d.r. of 3:2 based on rough integration of the Cp* resonances of the two
products. Most importantly, there was no observation of new olefin resonances in the '"H NMR
spectrum indicating the radical cyclization had occurred. We have not pursued 5-exo
stereoselectivity since this initial proof of concept, but there could be much potential in this
approach. Modification of the tethered alkene and Cp ligand represent nice starting points for

an optimization study.

Me
=Z
% P OFEt ﬁ
64 Ru @ PFee
o 1,4-CHD
+ >
CDClg, 1t L H—me

~ 50 % NMR EtO,C

~3:2d.r.
ﬁ 70
|

Scheme 3-23. Demonstration of Cp*Ru mediated enediyne cycloaromatization in combination

with a 5-exo radical cyclization.
VI. Arene Binding Experiments.
Two basic mechanisms can be envisioned for the dienyne and enediyne

cycloaromatizations: (i) the metal remains coordinated to the substrate throughout the reaction

and is bound stereoselectively as a consequence of the cyclization (ii) the metal catalytically
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cyclizes the substrate, dissociates from the arene product, and in a separate reaction binds

stereoselectively. These scenarios are shown pictorial in Scheme 3-24.

Binding Scenario 1.

R
DN
substrate  + [Ru] S———>  [substrate][Ru] —» [Ru]
P
Binding Scenario 2. R R
N N
substrate  + [Ru] ~———> [substrate][Ru] [Ru]
G / G
[Ru] [Ru]

Observed Stereoselectivity?

Scheme 3-24. Basic mechanistic scenarios for formation of the ruthenium arene complex.

The final binding event shown in scenario 2 would be reminiscent of Uemura’s work
with ortho substituted benzylic alcohols (see Scheme 3-7) and in agreement with this
mechanism are the relative stereochemistries observed for both the dienyne and enediyne
cycloaromatizations. To distinguish between scenario 1 and 2, we preformed an arene binding
experiment using the unbound aromatic product of complex 48 that was formed from the
reaction of dienyne 43 and enediyne 54 with Cp*Ru complex 10. This compound (71, Table 3-
2) was prepared in one step by sodium borohydride reduction of commercially available 6-
acetyl-7-methyl-tetraline. If the stereoselectivity were occurring by scenario 2, the observed
diastereomeric ratio for binding arene 71 would be expected to correlate with what was
observed for the enediyne and dienyne cyclizations.

Reaction of 71 under dienyne cyclization conditions (entry 1) resulted in slow
complexation to form 48 in high yield and d.r. Presumably, the reduced rate is attributed to the

low solubility of 10 in CDCl; in combination with the higher activation energy for binding a
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tetrasubstituted arene. Subjecting 71 to enediyne cyclization conditions (entry 2) resulted in
rapid formation of 48 but in low conversion as y-terpinene competed with the arene for binding
of 10 and a large amount of [Cp*Ru(n®-p-cymene)]PF; was observed resulting from
dehydrogenation of the hydrogen atom donor. Performing the reaction without y-terpinene
(entry 3) resulted in a similar yield and d.r. with high conversion of 71. In all cases the major
and minor diastereomeric products are consistent with the those formed from the cyclization
reactions and, most importantly, binding of the free arene with 10 resulted in a significantly
higher stereoselectivity than with the reactions of 10 with dienyne 43 (entry 1, Table 3-1) or
enediyne 54 (Scheme 3-18), ruling out binding scenario 2. Overall these experiments represent
an important study for the basic mechanism of ruthenium triggered enediyne and dienyne

cycloaromatization reactions as we now have evidence for binding scenario 1.

Table 3-2. Arene binding experiments. (a) Yield and d.r. determined by 'H NMR spectroscopy.

(b) Accompanied by formation of [Cp*Ru(#®-p-cymene)]PF;.

= =

Ve |

S condition
+ ~Ru ® PFe JE— OH
MeCN ™
\ NCMe / N\
Me MeCN —
Me Me
71 10 48
Entry Condition Rxn Time 71 % conv. 48 Yield (d.r.)2 Cycloaromatization

1 CDClg, rt 70 h 48 99 (85:15) w/ 43: 97 (64:36)
2 dg-acetone, y-terpinene (5 eq), rt < 50 min 36 >09 (87:13)° w/ 54: 87 (56:44)

3 dg-acetone, rt <50 min 95 91 (81:19) w/ 54: 87 (56:44)
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VIl. Models for Stereoselectivity.

One difficulty when trying to predict a possible model of stereoselectivity for the
enediyne and dienyne metal-triggered cycloaromatizations stems from the lack of mechanistic
understanding for both reactions. In the discussion to follow, we present several possible
pathways that may account for the relative stereochemistry of the products based on our
working hypotheses as to how these reactions occur. A basic assumption made in all
proposed models is that the metal remains bound to the face of the stereo-determining
intermediate / transition state throughout the cyclization. Based on our arene binding
experiments, we feel this assumption carries some merit.

In regards to the enediyne cycloaromatization, the two prevailing mechanistic
hypotheses follow a pathway involving an #n°-enediyne intermediate (Scheme 3-4) and a
metallacycle intermediate (Scheme 3-5). Of these two, we tend to favor the former and the
focus of the analysis will be based on this pathway. Summarized in Scheme 3-25 are several
possible equilibriums and competing irreversible steps that may be responsible for the
stereoselectivity for the formation of the diastereomeric products 72-d1 and 72-d2. Previous
mechanistic studies by Friese and O’Connor on the metal-mediated enediyne cyclization have
suggested that the rate-limiting step of the reaction occurs during the conversion of n*-diyne
intermediate (e.g. 73)."* This conclusion is based on kinetic studies that showed an inverse
second order dependence on the acetonitrile concentration and a build-up of these species at

low temperature as observed by NMR spectroscopy.
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73-d1 73-d2 Q
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74-d2
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o =

Ru @ PF6 @Ru

72-d1 72-d2

| R* = stereocenter containing substituent I

Scheme 3-25. Proposed pathways for conversion of diastereomeric 1'-diyne complexes

involving n°-enediyne intermediates.

As a starting point, one may consider the equilibrium between the diastereomeric n*-
diynes 73-d1 and 73-d2 (K,.). Two potential conformational models that would influence K,
are shown in Scheme 3-26. The prevailing factor in both models is that the largest substituent
on the stereocenter carbon (Me) will remain as distal to the Cp* and L as possible. In one
scenario, there could be a combined columbic / steric influence (1) where the partial negatively
charged hydroxy will align syn with the metal to provide some stabilization of the positive
charge, thereby creating a favored (I-ma) and disfavored (I-mi) diastereomeric rotomer. The

less stable I-mi, directs the bulky methyl group towards the other alkyne substituent and crowds
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the L binding pocket. This model would require that I-ma and I-mi react at the same rate (k,, =
k.;) or for I-ma to react faster (K, > K-

If the hydroxy is not close enough to provide columbic stabilization, then the primary
interaction would be steric in nature (2). In the more stable diastereomeric intermediate (II-
ma), the metal ligand environment may be able to structurally distort by shifting the Cp* towards
the stereocenter carbon when the R substituent is large (e.g. TMS) thereby minimizing strain.
Due to the relative stereochemistry, the less stable diastereomeric intermediate II-mi would be
expected to experience steric crowding of the Cp* from both the hydroxy substituent on the
stereocenter carbon and the R substitutent and therefore would have less freedom to shift the
Cp* ligand. To explain the relative stereochemistry of the products, ground state destabilization
of II-mi could be invoked thus lowering the activation barrier and causing this diastereomer to
react faster (k,, > kn,). Both models are consistent with the observed substituent effects as in
each case the destabilization is dictated by the steric bulk of the Cp* ligand and alkyne R group

and less differentiation would be observed for spatially less demanding moieties.
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: ‘ : (1) coulombic / steric : \ :
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HO - / ‘ \_ -
Me H L
kma = kmi
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Kmi Kmi > Kma
CH(OH)Me
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k , (2) total steric
)
Ru — .
/éé\?
Me H L
II-mi II-ma

Scheme 3-26. Proposed models of stereoselectivity based on equilibrium effects of the #*-

diyne intermediate.

In favor of (2) are the observed non-bonded distances in the intermediate model n*-
diyne CO complex shown in Figure 3-4.** This molecule crystallizes in a P-1 space group with
two molecules in the asymmetric unit. Analysis of all the non-bonded distances between the
propargylic carbon and atoms on the metal’s ligands shows that the closest contacts, on
average, are from the Cp* methyl group. It is expected that the non-bonded distance from the
propargyl carbon to the MeCN methyl would be even larger than that calculated for the carbonyl
oxygen because the methyl is a group extension to the nitrile and the Ru<—CO bond would be
predicted to be shorter than the Ru«<~NCCH; bond from metal back-bonding. It should be noted
that the Ru — propargylic and propargylic — Cp* methyl carbon distances are very similar (3.41
and 3.5 A, resp.). This result could lend some credence to the possibility of an electrostatic

interaction from the hydroxy to ruthenium, but it should be kept in mind that the stabilizing /
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destabilizing interactions are from substituents of the atoms being analyzed. The average for
the closest Cp* methyl hydrogen — propargyl hydrogen contact was 1.1 + 0.3 A shorter than the

closest Ru — propargyl hydrogen contact.

HzC ——Cp(CHg),

% OQC\R‘ @
u "Pr
V]
¢ /Y
xa SN
v o © ©
% R
Q & < 160.3°

| ©

0 CpCHjy co Ru
O@ Average Distance 35+03 375:0.14 3.41:004

to propargyl CH, (A)2

Figure 3-4. Enediyne structural changes induced by n*-coordination of the alkynes. (a)
Average distance between atoms in bold for all molecules in asymmetric unit. Errors

represented by 95% confidence intervals.'*

The stereodeterming event may also occur due to a post rate-limiting step equilibrium
between the nS-enediyne intermediates (74-d1 and 74-d2) before cyclization to product
(Scheme 3-25). As a potential model, consider the equilibrium between diastereotopic
intermediates III-ma and III-mi which is dictated by two sterics interactions: (a) between the
alkyne substituents and (b) between the carbon stereocenter substituents and the Cp* ligand
(Scheme 3-27). If the R substituent were large, one could reason that interaction (a) would be
higher priority, as the transition state leading to formation of the carbon-carbon bond would be
stabilized by minimizing strain between the R group and the stereocenter substituents.
Therefore, the secondary interaction (b) would control the facial selectivity of the metal and it

follows that intermediate III-ma with the smaller hydroxy directed toward the Cp* methyl
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substituents would be more stable and would lead to faster formation of the cyclized product. If
the R substituent is small, the interaction (a) and (b) may have similar energetic contributions to
the equilibrium leading to a lower observed diastereoselectivity as demonstrated by the methyl
substituted enediyne 54.

In order for this model to be plausible, the Cp*Ru* metal fragment must be able to
switch faces without proceeding back to the 18 electron n*-diyne acetonitrile complex (73).
Otherwise the stereoselectivity would depend on the rate of conversion of 73 as this is believed
to be the rate-limiting step. One potential pathway between III-ma and III-mi not involving 73
could occur if the metal slips to a 16 electron 1*-diyne and moves through a planar intermediate

or transition state I'V.

o

III-ma v III-mi

major diastereomer minor diastereomer
Scheme 3-27. Proposed model of stereoselectivity based on a post rate-limiting step

equilibrium between the two diastereomeric 17°-enediyne intermediates.

For the stereoselectivity observed in the dienyne cycloaromatizaiton, a plausible model
that fits all the data would be an unbalanced equilibrium between the two diastereotopic exo-n*-
diene complexes (Scheme 3-28). The exo orientation refers to the syn positioning 2,3-

substituents of the diene with respect to the Cp* ligand and is more commonly observed for
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Cp*Ru(n*-diene) complexes than the endo orientation.®* The model considers three non-
bonding interactions of the stereocenter substituents to be important for determining the facial
selectivity: (a) with the Cp* ligand, (b) 1,3-allyic strain with the 2-vinyl hydrogen, and (c) with the
alkyne. The highest priority of these three is predicted to be (a). Therefore in both equilibrating
diastereomers shown in Scheme 3-28, the sterically least demanding substituent (H) is directed
towards the metal - ligand system. The next most critical would be (b). For the 1-alkoxyethyl
dienynes 39, 43, 44, and 45, diastereomer V-ma provides the best possible spatial
arrangement and leads to the major product observed with these substrates. When R’ becomes
larger than methyl, interaction (c) comes into play thus creating a competition with (b) and
shifting the equilibrium towards diastereomer V-mi. This would explain the loss of
stereoselectivity for isopropyl dienyne 46. Also critical for cyclization is the propargylic
substituent R as too much steric bulk in this position may not allow formation of the proposed

n°-dienyne intermediate (Scheme 3-3).

exo - n* - diene : ‘ :

) equilibrium (a) Ru @ (b)
~ major - H > minor
diastereomer - = \/ ‘) diastereomer
L Z /
]
OH
R
(c)
V-ma V-mi

Scheme 3-28. 5*-Diene stereochemical model.

It is also reasonable to predict an unbalanced equilibrium between the two possible
diastereotopic n°-dienynes as the stereodetermining event (Scheme 3-29). A reasonable model

could utilize the same sterics interactions as presented in Scheme 3-28. Therefore the major
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diastereomeric product would result from intermediate VI-ma providing that the R substitutent

isn’t sterically larger than a methyl which increases the significance of interaction (c).

(b)
A
H R
< _40OH
z | AN D
(a) n® - dieyne — (c)

. I equilibrium ' R H .
major minor
diastereomer % Ru ® H H — @®Ru diastereomer

b
Q _‘ Sy A) @
“11OH
R
R
~
(c)
VI-ma VI-mi

Scheme 3-29. 1°-Dienyne stereochemical model.

VIII. Conclusions and Future Outlook.

In summary, we have demonstrated the first of examples of stereoselective metal n®-
arene complexation for the ruthenium(ll) mediated cycloaromatization of chiral dienynes and
enediynes. We have identified: (1) several structural features of the metal system and substrate
important for the observed stereoselectivity, (2) the relative stereochemistry of the major and
minor diastereomeric products, and (3) performed arene binding experiments that rule out a
mechanism resulting from simple n°-complexation of the benzenoid product. Future research
will be focused on (I) further development of a mechanistic model to account for the
stereoselectivity hopefully aided by a computational study, (ll) possible identification of a
different ligand system that will give higher diastereomeric ratios, and (lll) further exploration of
the correlation between the substrate’s structural / electronic properties and the
stereoselectivity. Studies directed at these goals currently being conducted in the lab are

synthesis of a 1,3-di-fert-butylcyclopentadienyl ligand for the metal system toward aim (ll) and
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synthesis of a sec-butyl containing enediyne and dienyne to rule out / support a hydroxy-

directed stereoselective model toward aims (I) and (ll1).

IX. Experimental.

i. General Procedures.

All reactions directed toward the synthesis of organic substrates were performed in
round bottom flasks equipped with magnetic teflon coated stir bars and rubber septa under a
positive pressure of N,, unless otherwise noted. NMR scale ruthenium cyclization reactions
were performed under an N, atmosphere in 5 mm J-young NMR tubes equipped with a teflon
needle valve using freshly degassed solvents (freeze / pump / thaw procedure). Solutions of
air- and moisture-sensitive reagents were transferred by syringe or stainless steal cannula. Air-
and moisture-sensitive solids were handled in a glove box under N, atmosphere.  Organic
solvent solutions were concentrated by rotary evaporation (ca. 10 — 160 torr) at 25 - 35°C,
unless otherwise noted. High vacuum distillations were performed at 23°C (ca. 0.010 torr) using
a receiver flask cooled to -75°C. Preparative thin layer chromatography (PTLC) was performed
on glass plates pre-coated with silica gel (1 mm, 60 A pore size, EMD Chemicals) and
visualized by exposure with ultraviolet light. Flash column chromatography purification of
synthetic intermediates and substrates was performed by literature procedure® using silica gel
(60 A, particle size 0.043 — 0.060 mm, EMD Chemicals), activated neutral Brockmann |,
standard grade aluminum oxide (150 mesh, Sigma-Aldrich), or reverse phase octadecylsilane

bonded to silica gel (40 um APD, 60 A, J.T. Baker).
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ii. Materials.

Tetrahydrofuran (THF), ethyl ether and hexanes used for reaction solvents were dried
either by a solvent dispensing system equipped with two neutral alumina columns under argon
atmosphere, over sodium/benzophenone ketyl under a N, atmosphere, or by 3 A activated
sieves by literature procedure.®* Chloroform-d and methylene chloride-d, were dried over
calcium hydride under a nitrogen atmosphere. Acetone-d; was dried over 4 A activated sieves
for 5 h under a N, atmosphere. All other solvents were used as received from commercial
suppliers. [Cp*Ru(NCMe),]PF, (10) was prepared according to literature procedure.?” All other
literature compounds were prepared according to the indicated reference or purchased from

commercial suppliers and used as received.

iii. Instrumentation.

NMR spectra were recorded on a Varian Mercury 300 ('H, 300 MHz; *C 75.5 MHz),
Varian Mercury 400 ('H, 400 MHz; '3C 100.7 MHz), Jeol ECA 500 ('H, 500 MHz) or Varian VX
500 ('H, 500 MHz; 'C 125 MHz) spectrometers. 'H and C NMR chemical shifts (5) are
reported in parts per million (ppm). 'H NMR chemical shifts were referenced to the residual
protio resonance for CDCI, (8 7.26). ®*C NMR chemical shifts were referenced to CDCl; (6
77.16). Infrared (IR) spectra were recorded on a Nicolet Avatar 360 FT-IR with KBr or NaCl
plates as thin films or JASCO FT-IR 4100 attenuated total reflectance (ATR) platform (83mm)
using ZnSe plates (thin films). High-resolution mass spectra were obtained by the University of
California, San Diego Mass Spectrometry Facility. Melting points are uncorrected and were

recorded on an Electrothermal or Standford Research Systems EZ-Melt apparatus.
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iv. Preparation and characterization data for synthetic intermediates, dienyne, enediyne,

and arene substrates.

(E)-4-(2-((trimethylsilyl)ethynyl)cyclohex-1-enyl)but-3-en-2-one (75).

1-(triphenylphosphoranylidene)-2-propanone (640 mg, 2.01 mmol) and 41 (398 mg, 1.93 mmol)
were refluxed in toluene (1 mL) for 1.5 h, concentrated, and purified by flash silica column
chromatography (93:7 hexanes / EtOAc) to afford 75 as a yellow solid (307 mg, 1.24 mmol,
65%). mp. 45-50 °C. IR (KBr): 2137 (C=C), 1691 (C=0) cm”. 'H NMR (500 MHz, CDCl,) é:
0.23 (s, 9H, TMS), 1.59 — 1.70 (m, 4H, 4,5-CH,), 2.20 — 2.24 (m, 2H, 6-CH,), 2.30 — 2.35 (m,
2H, 3-CH,), 2.31 (s, 3H, C(O)CH,), 6.10 (d, ®Jyy = 16 Hz, 1H, CH=CHC(O)CHj), 7.91 (d, 3Uyy =
16 Hz, 1H, CH=CH C(O)CH,). '*C NMR (100MHz, CDCl,) 6:0.1 (TMS), 21.8 (CH,), 21.9 (CH,),
24.9 (CH,), 26.3 (CHg), 31.3 (CH,), 102.8 (C=C), 104.1 (C=C), 127.1 (CH=CHC(O)CH,), 128.7
(1-C), 140.2 (2-C), 143.7 (CH=CHC(O)CH;), 199.5 (C(O)CH;). HRMS (EIl): Calcd for (C-

1sH,0Si): 246.1434, found 246.1434.

(0]
CHO
PhsPCHC(O)Me Me
B — e
toluene, reflux
™S TMS
41 75

(E)-4-(2-ethynylcyclohex-1-enyl)but-3-en-2-0l (39). NaBH, (25 mg, 0.662 mmol) was added
to a stirring solution of 75 (102 mg, 0.414 mmol) in MeOH / THF (4 mL, 1:1). After 10 min of
stirring at 23°C, anhydrous K,CO; (171 mg, 1.24 mmol) was added. After 16 h of stirring at
23°C, the reaction was then diluted with water (8 mL) and extracted with Et,O. The organic
extract was washed with brine (4 mL), dried over MgSO,, concentrated, and purified by PTLC

(8:2 hexanes / EtOAc) to afford 39 as a peach solid (52 mg, 0.30 mmol, 71%). m.p. 41 — 43 °C.
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(KBr): 3299 (C*H), 2084 (C=C) cm™. 'H NMR (400 MHz, CDCly) 8: 1.30 (d, ®Jy = 7 Hz, 3H,
CH,), 1.57 — 1.69 (m, 4H, 4,5-CH,), 1.70 (s, 1H, OH), 2.19 — 2.30 (m, 4H, 3,6-CH,), 3.25 (s,
1H, C=CH), 4.42 (p, ®Jy = 7 Hz, 1H, C(H)OH), 579 (dd, %Jy = 16 Hz, 7 Hz, 1H,
CH=CHC(H)OH), 6.94 (d, ®Jy, = 16 Hz, 1H, CH=CHC(H)OH). ™C NMR (100 MHz, CDCl) §:
221 (CHy), 22.3 (CH,), 23.5 (CH,), 25.2 (CH,), 30.8 (CHj), 69.3 (C(H)OH), 82.3 (C=CH), 83.8
(C=CH), 119.0 (C=C), 129.8 (CH=CH), 133.6 (CH=CH), 141.3 (C=C). HRMS (El): Calcd for (C-

12H160): 176.1196, found 176.1194.

o) OH
\
X Me  NaBH,; K,COq Me
—_ >
MeOH / THF, rt
N AN
™S H
75 39

4-(2-Vinylcyclohex-1-en-1-yl)but-3-yn-2-ol (40). A 2.5 M solution of "BuLi (0.940 mL, 2.34
mmol) in hexanes was added to a stirring heterogeneous mixture of [MePPh;]Br (836 mg, 2.34
mmol) in THF (78 mL) at -78°C. The resulting yellow solution was warmed to 23°C and a
solution of 41 (303 mg, 1.47 mmol) in THF (3.8 mL) was added over 15 min. After stirring at
23°C for 2 h, the reaction mixture was poured over sat. ag. NH,CI (150 mL) and extracted with
Et,O (200 mL). The organic extracts were washed with brine (150 mL), dried over Na,SO,,
concentrated, purified by flash silica column chromatography (99:1 hexanes / EtOAc) to afford
the TMS substituted dienyne as a clear oil. Anhydrous K,CO; (610 mg, 4.41 mmol) was added
to a stirring solution of the resulting product in MeOH / THF (15 mL, 1:1) at 23°C. After 4 h of
stirring at 23°C, the reaction mixture was filtered through a fritted funnel, concentrated, diluted
with ag. 1 M HCI (30 mL) and extracted with Et,O (30 mL). The organic extracts were washed
with 1 M HCI (20 mL), water (20 mL), brine (20 mL), dried over MgSQO,, concentrated, and

purified by flash silica column chromatography (99:1 hexanes / EtOAc) to afford the terminal
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alkyne as a clear oil (153 mg, 1.16 mmol). A 1 M solution of LHMDS (3.47 mL, 3.47 mmol) in
THF was added to a stirring solution of the resulting product in THF (12 mL) at 0°C. After stirring
at 0°C for 30 min, acetaldehyde (0.325 mL, 5.80 mmol) was added. After stirring at 0°C for 30
min, the reaction mixture was poured over sat. aq. NH,CI (30 mL) and extracted with Et,O (30
mL). The organic extracts were washed with brine (30 mL), dried over MgSQO,, concentrated,
purified by flash silica column chromatography (8:2 hexanes / EtOAc) to afford 40 as a clear oil
(76 mg, 0.431 mmol, 29% over three steps). IR (NaCl): 3332 (OH), 2208 (C=C) cm™. '"H NMR
(400 MHz, CDCly) 6:1.51 (d, 3Jy = 7 Hz, 3H, CH,), 1.57 — 1.71 (m, 4H, 4,5-CH,), 1.76 — 1.81
(m, 1H, OH), 2.19 —2.29 (m, 4H, 3,6-CH,), 4.67 — 4.77 (m, 1H, C(H)OH), 5.09 (d, ®Jy, = 11 Hz,
1H, CH=C(H")H), 5.25 (d, 3Jyy = 17.5 Hz, 1H, CH=C(H"")H), 7.05 (dd, 3Jy, = 17.5 Hz, 11 Hz,
1H, CH=CH,). *C NMR (100 MHz, CDCl,) 8: 22.1 (CH,), 22.4 (CH,), 24.5 (CH,), 24.8 (CH,),
30.9 (CHg), 59.1 (CH(OH)), 84.1 (C=C), 96.1 (C=C), 113.3 (CH=CH,), 119.4 (C=C), 136.9

(CH=CH,), 140.9 (C=C). HRMS (EI): Calcd for (C,,H,:0): 176.1196, found 176.1195.

CHO 1. [MePPhg]Br, "BuLi, -78°C;
41, t, THF N
2. KoCOq, MeOH / THF, rt
% 3. LHMDS; MeCHO % "
THF, 0°C e
™S
OH
M 40

(E)-4-(2-(prop-1-ynyl)cyclohex-1-enyl)but-3-en-2-ol (43) and ( E)-1-(3-methoxybut-1-enyl)-2-
(prop-1-ynyl)cyclohex-1-ene (45). A 1M solution of LHMDS (16.5 mL, 16.5 mmol) in THF was
added to a stirring solution of 39 (725 mg, 4.11 mmol) in THF (41 mL) at 0°C. After 20 min of
stirring at 0°C, iodomethane (1.53 mL, 24.7 mmol) was added. After 24 h of stirring while
gradually warming to 23°C, the reaction mixture was poured over sat. aq. NH,CI (80 mL) and
extracted with Et,O (80 mL). The organics extracts were washed with brine (100 mL), dried over

MgSQO,, concentrated and purified by flash silica column chromatography with indicated mobile
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phases. (96:4 hexanes / EtOAc) to afford 45 as a yellow oil (425 mg, 2.08 mmol, 51%). 'H
NMR (500 MHz, CDCly) 8: 1.27 (d, Jy, = 6 Hz, 3H, CH(OCH,)CH,), 1.56 — 1.67 (m, 4H, 4,5-CH-
»), 2.03 (s, 3H, C=CCH,), 2.18 — 2.25 (m, 4H, 3,6-CH,), 3.27 (s, 3H, OCHj), 3.83 (dq, °Jy; = 8
Hz, 6 Hz, 1H, CH(OCH,)CHj), 5.54 (dd, ®J4 = 16 Hz, 8 Hz, 1H, CH=CHC(OCH,)H), 6.88 (d,
SUun = 16 Hz, 1H, CH=CHC(OCH,)H). *C NMR (100 MHz, CDCl,) 8: 4.8 (C=CCH,), 21.9 (CH,),
22.3 (CH,), 22.6 (CH,), 25.2 (CH,), 31.4 (CHCH,), 56.1 (OCHj,), 78.7 (C(OCH,)H), 79.9 (C=C),
90.9 (C=C), 120.6 (C=C), 130.4 (CH=CH), 132.3 (CH=CH), 138.2 (C=C). HRMS (El): Calcd for
(C14H500): 204.1509, found 204.1506. (92:8 hexanes / EtOAc) to afford 43 as a yellow oil (168
mg, 0.883 mmol, 21%). IR (ZnSe): 3348 (OH) cm™. 'H NMR (400 MHz, CDCl,) 8:1.31 (d, 3dy =
6.5 Hz, 3H, CH(OH)CH,), 1.50 (s, 1H, OH), 1.56 — 1.68 (m, 4H, 4,5-CH.), 2.03 (s, 3H, C=CCHy),
2.16 —2.26 (m, 4H, 3,6-CH,), 4.39 — 4.47 (m, 1H, CH(OH)CH,), 5.73 (dd, ®Jy, = 16 Hz, 7 Hz,
1H, CH=CHC(OH)H), 6.93 (d, 3Jyy = 16 Hz, 1H, CH=CHC(OH)H). '*C NMR (75 MHz, CDCl,) &:
4.8 (C=CCHj,), 22.3 (CH,), 22.5 (CH,), 23.6 (CH,), 25.2 (CH,), 31.4 (CHCH,), 69.6 (C(OH)H),
79.8 (C=C), 91.1 (C=C), 120.9 (C=C), 130.5 (CH=CH), 132.4 (CH=CH), 138.1 (C=C). HRMS

(El): Caled for (C43H:g0): 190.1352, found 190.1349.

OH oX
X
Me LHMDS; Mel Me
—_—
THF, 0°C to rt
% %
H Me
39 X=H : 43
X=Me: 45

(E)-1-(3-ethoxybut-1-enyl)-2-(prop-1-ynyl)cyclohex-1-ene (44).

Triethylsilyl trifluoromethanesulfonate (0.41 mL, 1.812 mmol) was added to a stirring solution of
39 (106 mg, 0.604 mmol, 0.10 M) and imidazole (123 mg, 1.812 mmol, 0.30 M) in THF (6 mL) at
23°C. After 10 min of stirring at 23°C, the reaction was quenched with sat. aq. NH,CI (12 mL)

and extracted with Et,0 (12 mL). The organic extracts were washed with saturated NH,CI (2 x
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12 mL), dried over MgSO,, concentrated, and purified by flash alumina column chromatography
(hexanes) to afford a clear oil. A 1M solution of LHMDS (0.56 mL, 0.56 mmol) in THF was
added to a stirring solution of the resulting product in THF (2 mL) at 0°C. After 20 min of stirring
at 0°C, iodomethane (0.058 mL, 0.93 mmol) was added. After 16 h of stirring while gradually
warming to 23°C, the reaction mixture was poured over sat. aq. NH,CI (4 mL) and extracted with
Et,O (4 mL). The organics extracts were washed with brine (4 mL), dried over MgSO,,
concentrated and purified by reverse phase C18 silica chromatography (9:1 MeOH / H,0) to
afford 44 as a clear oil (21 mg, 0.096 mmol, 16% over two steps). 'H NMR (400 MHz, CDCl,) &:
1.20 (t, ®Jyy = 7 Hz, 3H, CH,CH,), 1.28 (d, ®Jy, = 7 Hz, 3H, CH(OEt)CH,), 1.56 — 1.68 (m, 4H,
4,5-CH,), 2.03 (s, 3H, C=CCH,), 2.18 — 2.26 (m, 4H, 3,6-CH,), 3.37 (dq, ?Juy = 9 Hz, %dyy = 7
Hz, 1H, C(H)HCH,) , 3.51 (dq, 2Jiy = 9 Hz, ®Jy, = 7 Hz, 1H, C(H)H’CHj), 3.96 (p, %Jyy = 7 Hz,
1H, CH(OEt)CH,), 5.58 (dd, *Jyy = 16 Hz, 7 Hz, 1H, CH=CHCH(OEt)CH,), 6.88 (d, 3Jiyy = 16 Hz,
1H, CH=CHCH(OEt)CH,). *C NMR (100 MHz, CDCl;) §: 4.8 (C=CCH,), 15.6 (CH,CH,), 22.2
(CH,), 22.3 (CH,), 22.6 (CH,), 25.2 (CH,), 31.3 (CH(OEt)CH,;), 63.6 (CH,CH;), 76.8
(CH(OEt)CHjg), 79.9 (C=C), 90.8 (C=C), 120.4 (C=C), 131.0(CH=CH), 131.6 (CH=CH), 138.3

(C=C). HRMS (EI): Calcd for (C,sH,50): 219.1743, found 219.1742.

OH OEt
1. TESOTf, imidazole \ M
Me THF, rt e
2. LHMDS; Mel
S THF, 0°C to rt, %
H Me
39 44

(E)-4-methyl-1-(2-(prop-1-ynyl)cyclohex-1-enyl)pent-1-en-3-ol (46). 2-lodoxybenzoic acid®®
(873 mg, 1.33 mmol, 0.21 M) was added to a solution of 76*® (208 mg, 0.887 mmol) in EtOAc
(6.5 mL), refluxed for 6 h, cooled to 23°C, filtered, and concentrated to afford a yellow oil (215

mg, 0.925 mmol). A 2M solution of 'PrMgCI (0.93 mL, 1.85 mmol) in THF was added to a
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stirring solution of the resulting product in THF (10 mL) at 0°C. After 20 min of stirring at 0°C,
the reaction mixture was quenched with MeOH (3 mL), diluted with sat. aq. NH,CI (15 mL), and
extracted with Et,0 (20 mL). The organic extracts were washed with water (2 x 10 mL), brine
(10 mL), dried over MgSO,, and concentrated to afford a yellow oil. Anhydrous K,CO; (112 mg,
0.814 mmol) was added to a stirring solution of the resulting product in MeOH / THF (3 mL, 1:1)
at 23°C. After 4 h of stirring at 23°C, the reaction mixture was filtered through a fritted funnel,
concentrated, diluted with aq. 1 M HCI (5 mL) and extracted with Et,O (5 mL). The organic
extracts were washed with 1 M HCI (5 mL), water (5 mL), brine (5 mL), dried over MgSQ,,
concentrated, and purified by flash silica column chromatography (96:4 hexanes / EtOAc) to
afford the terminal alkyne as a yellow oil (44 mg, 0.215 mmol). A 1M solution of LHMDS (0.70
mL, 0.698 mmol) in THF was added to a stirring solution of the resulting product in THF (2 mL)
at 0°C. After 20 min of stirring at 0°C, iodomethane (0.067 mL, 1.075 mmol) was added. After
1 h of stirring while gradually warming to 23°C, the reaction mixture was poured over sat. aq.
NH,CI (4 mL) and extracted with Et,O (4 mL). The organics extracts were washed with brine (4
mL), dried over MgSO,, concentrated and purified by flash silica column chromatography (96:4
hexanes / EtOAc) to afford 46 as a clear oil (22 mg, 0.10 mmol, 11% over four steps). IR
(ZnSe): 3332 (OH) cm™. 'H NMR (400 MHz, CDCl,) 6: 0.90 (d, ®Jyy = 7 Hz, 3H, CH(CH,)CH,),
0.96 (d, *Jyy = 7 Hz, 3H, CH(CH,)CHj), 1.46 (m, 1H, OH), 1.56 — 1.69 (m, 4H, 4,5-CH,), 1.76
(oct, ®dyy = 7 Hz, 1H, CH(CH,),), 2.03 (s, 3H, C=CCHj,), 2.17 — 2.27 (m, 4H, 3,6-CH,), 3.94 (t,
8Jun = 7 Hz, 1H, CH(OH)CH), 5.70 (dd, 3Jyy = 16 Hz, 7.5 Hz, 1H, CH=CHCH(OH)CH), 6.93 (d,
8w = 16 Hz, 1H, CH=CHCH(OH)CH). 'C NMR (100 MHz, CDCl;) §: 4.8 (C=CCH,), 18.3
(CH(CH;)CHg), 18.6 (CH(CHZ)CH,), 22.3 (CH,), 22.5 (CH,), 25.3 (CH,), 31.4 (CH,), 34.2
(CH(CH;)CHg), 78.7 (CH(OH)CH), 79.8 (C=C), 91.0 (C=C), 120.7 (C=C), 129.8 (CH=CH), 132.2

(CH=CH), 138.3 (C=C). HRMS (EI): Calcd for (C,H,,0 + Na): 241.1563, found 241.1567.
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OH
1. IBX, EtOAc, relux \ )
~ OH 2. PrMgCl, THF, 0°C iPr
3. K,CO3, MeOH / THF, rt
% 4. LHMDS; Mel, THF, 0°C %
™S Me
76 46

(E)-4-(2-((trimethylsilyl)ethynyl)cyclohex-1-enyl)but-3-en-2-0l (47). NaBH, (374 mg, 9.89
mmol) was added to a stirring solution of 75 (812 mg, 3.30 mmol) in MeOH / THF (66 mL, 1:1)
at 23°C. After 10 min of stirring at 23°C, the reaction mixture was diluted with sat. aq. NH,CI
(100 mL) and extracted with Et,O (2 x 100 mL). The organic extracts were washed with brine
(200 mL), dried over MgSQ,, and concentrated to afford 47 as a pale yellow oil (775 mg, 3.12
mmol, 95%). IR (NaCl): 3345 (OH), 2135 (C=C) cm™. '"H NMR (400 MHz, CDCl,) §:0.21 (s, 9H,
TMS), 1.32 (d, 3Jyy = 7 Hz, 3H, CH,), 1.50 — 1.68 (m, 5H, 4,5-CH,, OH), 2.19 — 2.28 (m, 4H,
3,6-CH,), 4.41 (p, ®Jiyy = 7 Hz, 1H, C(H)OH), 5.79 (dd, 3Jiyy = 16 Hz, 7 Hz, 1H, CH=CHC(H)OH),
6.96 (d, *Jyy = 16 Hz, 1H, CH=CHC(H)OH). '*C NMR (100 MHz, CDCl,) §: 0.3 (TMS), 22.1
(CH,), 22.4 (CH,), 23.4 (CH,), 25.3 (CH,), 30.7 (CHjy), 69.4 (CH(OH)), 99.5 (C=C), 105.3 (C=C),
120.1 (C=C), 130.2 (CH=CH), 133.3 (CH=CH), 141.0 (C=C). HRMS (El): Calcd for (C,5H,,0Si):

248.1591, found 248.1589.

0 OH
N Me NaBH, N\ Me
MeOH / THF, rt
Y A
™S ™S
75 47

((2-Ethynylcyclohex-1-enyl)ethynyl)trimethylsilane (55). A solution of CBr, (9.09 g, 27.4
mmol) in CH,CI, (35 mL) was added over 15 min to a stirring heterogeneous mixture of Zn dust

(3.58 g, 54.7 mmol) and PPh; (14.3 g, 54.7 mmol) in CH,CI, (140 mL) at 0°C. A solution of 41
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(2.82 g, 13.7 mmol) in CH,CI, (140 mL) was then added over 15 min to the stirring reaction
mixture at 0°C. After 2 h of stirring while gradually warming to 23°C, the reaction mixture was
filtered through celite, washed with water (300 mL), ag. 1 M HCI (300 mL), brine (300 mL), dried
over Na,SO,, concentrated, and purified by flash silica column chromatography (hexanes) to
afford the intermediate geminal dibromide as a yellow solid (4.47 g, 12.3 mmol). A 25 M
solution of "BuLi (16.7 mL, 35.9 mmol) in hexanes was added over 20 min to a stirring solution
of the resulting product in hexanes (400 mL) at -75°C. After 1 h of stirring at -75°C, the reaction
mixture was poured over sat. ag. NH,CI (400 mL) and extracted. The organic extracts were
washed with brine (800 mL), dried over Na,SO,, concentrated, and purified by flash silica
column chromatography (hexanes) to afford 55 as a yellow oil (2.01 g, 9.93 mmol, 83%). The

product exhibited spectroscopic properties identical to those reported in literature.”

H
P
CHO 1. CBry, Zn, PPhg; 41 Z
CH,Cl,, 0°C to rt
2. "BulLi, hexanes, -75°C
% %
™S ™S

4 55

4-(2-((Trimethylsilyl)ethynyl)cyclohex-1-enyl)but-3-yn-2-ol (53). A 1 M solution of LHMDS
(9.19 mL, 9.19 mmol) in THF was added to a stirring solution of 55 (620 mg, 3.06 mmol) in THF
(31 mL) at 0°C. After stirring at 0°C for 30 min, acetaldehyde (0.860 mL, 15.32 mmol) was
added. After stirring at 0°C for 30 min, the reaction mixture was poured over sat. aq. NH,Cl (60
mL) and extracted with Et,O (60 mL). The organic extracts were washed with brine (60 mL),
dried over MgSO,, concentrated, purified by flash silica column chromatography (95:5 hexanes /
EtOAc) to afford 53 as a yellow oil (573 mg, 2.33mmol, 76%). IR (NaCl): 3364 (OH), 2140 (C=C)
cm™. 'H NMR (400 MHz, CDCl,) 6:0.20 (s, 9H, TMS), 1.50 (d, 3Uiyy = 6.5 Hz, 3H, CH(OH)CH,),

158 — 1.61 (m, 4H, 4,5-CH,), 1.82 (d, 3Jyy = 6.5 Hz, 1H, OH), 2.17 — 2.24 (m, 4H, 3,6-CH,),
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4.70 (p, *Jy = 6.5 Hz, 1H, CH(OH)CH,). '*C NMR (100 MHz, CDCl) 8: 0.2 (TMS), 21.8 (2 x
CH,), 24.6 (CH,), 29.9 (CH,), 30.0 (CH(OH)CH,), 59.0 (CH(OH)CH,), 84.7 (C=C), 95.2 (C=C),
98.2 (C=C), 105.6 (C=C), 126.7 (C=C), 127.0 (C=C). HRMS (El): Calcd for (C,sH,,0Si):

246.1434, found 246.1432.

OH

H

F FZ Me
LHMDS; MeCHO
THF, 0°C

\ \

™S T™S

55 53

4-(2-(Prop-1-ynyl)cyclohex-1-enyl)but-3-yn-2-ol (54). Anhydrous K,CO; (300 mg, 2.17 mmol)
was added to a stirring solution of 53 (80 mg, 0.325 mmol) in THF / MeOH (4 mL, 1:1) at 23°C.
After stirring at 23°C for 3 h, the reaction mixture was diluted with water (10 mL) and extracted
with Et,O (15 mL). The organic extract was washed with brine (10 mL), dried over MgSQO,, and
concentrated to give the desilylated product as a yellow oil (48 mg, 0.275 mmol, 85%). A1 M
solution of LHMDS (1.4 mL, 1.38 mmol) in THF was added to a stirring solution of the resulting
product in THF (3 mL) at 0°C. After stirring at 0°C for 20 min, iodomethane (0.103 mL, 1.65
mmol) was added. After stirring for 4 h while slowly warming to 23°C, the reaction was poured
over sat. aq. NH,CI (10 mL) and extracted with Et,O (10 mL). The organics extracts were
washed with brine (10 mL), dried over MgSQO,, concentrated, and purified by flash silica column
chromatography (95:5 hexanes / EtOAc) to afford 54 as a yellow oil (35 mg, 0.186 mmol, 63%).
IR (ZnSe): 3348 (OH) cm™. 'H NMR (400 MHz, CDCl,) 6: 1.50 (d, 2Jy, = 6 Hz, 3H, CH(OH)CH,),
1.55 — 1.63 (m, 4H, 4,5-CH,), 1.79 (d, 4, = 5.5 Hz, 1H, OH), 2.02 (s, 3H, C=CCH,), 2.15 —
2.22 (m, 4H, 3,6-CH,), 4.71 (app. p, *Juy = 6 Hz, 1H, CHOH)CH,). '*C NMR (100 MHz, CDCl,)

0:4.7 (C=CCHj,), 22.0 (2 x CH,), 24.7 (CH,), 29.9 (CH,), 30.5 (CH(OH)CH,;), 59.1 (CH(OH)CH,),
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80.5 (C=C), 85.1 (C=C), 90.1 (C=C), 94.1 (C=C), 124.1 (C=C), 127.5 (C=C). HRMS (EI): Calcd
for (C,3H60 + Na): 211.1093, found 211.1097.
OH OH

Me Me

\
\

1. KoCOg, MeOH / THF, rt

2. LHMDS; Mel, THF, 0°C

/
/

T™S Me
53 54

2-(5-((Triisopropylsilyl)oxy)pent-1-yn-1-yl)cyclopent-1-enecarbaldehyde (67). Pd(PPhy),
(0.527 g, 0.460 mmol) and Cul (0.260 g, 1.37 mmol) were added to a stirring argon saturated
solution of 65 (3.194 g, 18.25 mmol), 66 (4.608 g, 19.16 mmol), NEt; (12.73 mL, 91.25 mmol) in
benzene (18.3 mL) at 0°C. After stirring for 20 h while gradually warming to 23°C, the reaction
mixture was diluted with sat. ag. NH,Cl (40 mL) and extracted with EtOAc (83 x 20 mL). The
organic extracts were dried over MgSQO,, concentrated, and purified by flash silica column
chromatography (99:1 hexanes / EtOAc) to afford 67 as a yellow oil (4.96 g, 14.8 mmol, 81%).
IR (ZnSe): 1672 (C=0) cm™. 'H NMR (400 MHz, CDCI;) 6:1.03 — 1.12 (m, 21H, TIPS), 1.80 (p,
3Juu = 6.0 Hz, 2H, CH,CH,CH,OTIPS), 1.94 (p, ®Jy = 7.5 Hz, 2H, CH,CH.CH,), 2.55 — 2.69 (m,
6H, CH,CH,CH,OTIPS, CH,CH,CH,), 3.79 (t, ®Jy = 6.0 Hz, 2H, CH,CH,CH,OTIPS), 10.02 (s,
1H, CHO). ®C NMR (100 MHz, CDCly) 8: 12.1 (SiCH(CH,),), 16.5 (CH,), 18.1 (SiCH(CH,),),
22.2 (CH,), 29.5 (CH,), 31.8 (CH,), 39.4 (CH,), 61.8 (CH,OTIPS), 75.2 (C=C), 103.0 (C=C),
144.6 (C=C), 147.1 (C=C), 189.3 (C=0). HRMS (ESI): Calcd for (CxHs,0,Si + Na): 357.2220,
found 357.2218.

CHO CHO

Pd(PPhg),, Cul
+ = (CHp)30TIPS —
NEts, benzene, 0°C

Br

/

OTIPS

65 66 67
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((5-(2-Ethynylcyclopent-1-en-1-yl)pent-4-yn-1-yl)oxy)triisopropylsilane (68). A 25 M
solution of "BuLi (10 mL, 24.9 mmol) in hexanes was added to a stirring solution of TMSCHN,
(12.4 mL, 24.8 mmol, 2 M in Et,0) in THF (57 mL) at -75°C. After stirring for 45 min at -75°C, a
solution of 67 (4.960 g, 14.8 mmol) in THF (17 mL) was added over the course of 20 min and
the reaction mixture was stirred for 1 h at -75°C, then warmed to 0°C and stirred for 30 min,
then warmed to 23°C and stirred 45 min before quenching with sat. ag. NH,CI (250 mL) and
extracting with Et,O (1 x 250 mL, 2 x 100 mL). The organic extracts were washed with brine
(250 mL), dried over MgSO,, concentrated, and purified by flash silica column chromatography
(hexanes) to afford 68 as an orange oil (3.91 g, 11.8 mmol, 80%). IR (ZnSe, thin film): 3312
(C*H) cm™. "H NMR (400 MHz, CDCl;) 6:1.00 — 1.13 (m, 21H, TIPS), 1.79 (p, *Jyy = 6.0 Hz,
2H, CH,CH,CH,OTIPS), 1.91 (p, %4y = 7.0 Hz, 2H, CH,CH,CH,), 2.48 — 258 (m, 6H,
CHLCH,CH,, CH,LCH,CH,OTIPS), 3.28 (s, 1H, C=CH), 3.80 (t, ®Jy = 6.0 Hz, 2H,
CH,CH,CH,OTIPS). ™C NMR (100 MHz, CDCl;) §: 12.1 (SiCH(CH,),), 16.4 (CH,), 18.2
(SiCH(CHjy),), 23.0 (CH,), 32.1 (CH,), 36.8 (CH,), 37.5 (CH,), 62.0 (CH,OTIPS), 77.0 (C=C),
80.6 (C=C), 83.0 (C=CH), 98.0 (C=C), 127.0 (C=C), 132.9 (C=C). HRMS (ESI): Calcd for (C-

»1H3,0Si + Na): 353.2271, found 353.2265.

H
CHO %
"BuLi, TMSCHN;
then 67
-75°C to 0°C to 23°C, THF
% OTIPS oot % OTIPS
67 68

((5-(2-(Prop-1-yn-1-yl)cyclopent-1-en-1-yl)pent-4-yn-1-yl)oxy)triisopropylsilane (77). A 1M
solution of LHMDS (23.7 mL, 23.7 mmol) in hexanes was added to a stirring solution of 68 (3.91

g, 11.83 mmol) in THF (85 mL) at 0°C. After stirring at 0°C for 15 min, iodomethane (2.21 mL,
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35.5 mmol) was added and stirred for 45 min at 0°C before quenching with sat. ag. NH,CI (300
mL) and extracting with hexanes (1 x 300 mL, 1 x 150 mL). The organic extracts were washed
with water (2 x 300 mL), brine (300 mL), dried with MgSO,, concentrated, and purified by flash
silica column chromatography (hexanes) to afford 77 as a yellow oil (3.34 g, 9.70 mmol, 82%).
IR (ZnSe): 2217 (C=C) cm™. 'H NMR (400 MHz, CDCl,) 6:1.00 — 1.13 (m, 21H, TIPS), 1.79 (t,
SUun = 7.0 Hz, 6.0 Hz, 2H, CH,CH,CH,OTIPS), 1.87 (p, %y = 7.5 Hz, 2H, CH,CH,CH,), 2.04 (s,
3H, C=CCH,), 2.48 (t, 3y = 7.5 Hz, 4H, CH,CH,CH,), 252 (t, 3y = 7.0 Hz, 2H,
CH,CH,CH,OTIPS), 3.80 (t, ®Jy; = 6.0 Hz, 2H, CH,CH,CH;OTIPS). *C NMR (100 MHz, CDCl,)
d: 4.9 (C=CCHg), 12.1 (SiCH(CHj,),), 16.5 (CH,), 18.1 (SiCH(CH,),), 23.0 (CH,), 32.3 (CH,),
37.15 (CH,), 37.19 (CH,), 62.0 (CH,OTIPS), 76.6 (C=C), 77.5 (C=C), 92.2 (C=C), 96.5 (C=C),

128.8 (C=C), 128.9 (C=C). HRMS (ESI): Calcd for (C,,H30Si + Na): 367.2428, found 367.2431.

H Me
Z Z
LHMDS; Mel
THF, 0°C
% OTIPS % OTIPS
68 77

5-(2-(Prop-1-yn-1-yl)cyclopent-1-en-1-yl)pent-4-yn-1-ol  (69). A 1 M solution of
tetrabutylammonium fluoride (2.96 mL, 2.96 mmol) was added to a stirring solution of 77 (340
mg, 0.987 mmol) in wet THF (10 mL) at 23°C. After stirring at 23°C for 25 min, the reaction was
concentrated, diluted with brine (25 mL) and extracted with Et,0O (1 x 25 mL, 1 x 10 mL). The
organic extracts were dried over MgSO,, concentrated, and purified by flash silica column
chromatography (85:15 hexanes / EtOAc) to afford 69 as a yellow oil (175 mg, 0.930 mmol,
94%). IR (ZnSe): 3312 (OH), 2215 (C=C) cm™. 'H NMR (400 MHz, CDCl,) §: 1.62 (bs, 1H, OH),
1.82 (p, ®Jy = 6.5 Hz, 2H, CH,CH,CH,OH), 1.88 (p, J = 7.5 Hz, 2H, CH,CH,CH,), 2.05 (s, 3H,

(C=CCH,), 2.48 (t, J = 7.5 Hz, 4H, CH,CH,CH,), 2.54 (t, J = 7.0 Hz, 2H, CH,CH,CH,OH), 3.82
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(t, J = 6.0 Hz, 2H, CH,OH), '*C NMR (75 MHz, CDCl,) 6: 4.8 (C=CCH,), 16.5 (CH,), 22.9 (CH,),
31.3 (CH,), 36.88 (CH,), 36.95 (CH,), 61.7 (CH,OH), 76.5 (C=C), 78.0 (C=C), 92.5 (C=C), 95.7

(C=C), 128.6 (C=C), 129.4 (C=C). HRMS (ESI): Calcd for (C;3H;,0): 189.1274, found 189.1276.

Me Me
Z =Z
TBAF
THF, rt
X OTIPS X OH
77 69

5-(2-(Prop-1-yn-1-yl)cyclopent-1-en-1-yl)pent-4-ynal (78). A solution of 69 (104 mg, 0.552
mmol) in EtOAc (4 mL) and 2-iodoxybenzoic acid® (232 mg, 0.829 mmol) was refluxed for 2.5 h,
cooled to 23°C, filtered, concentrated, diluted in Et,O, filtered twice more, and concentrated to
afford 78 as a yellow oil (83 mg, 0.446 mmol, 81%). IR (ZnSe): 2216 (C=C), 1723 (C=0) cm™.
'"H NMR (300 MHz, CDCly) 6: 1.87 (p, ®Jyy = 7.5 Hz, 2H, CH,CH,CH,), 2.05 (s, 3H, C=CCH,),
2.48 (t, gy = 7.5 Hz, 4H, CH,CH,CH,), 2.80 — 2.67 (m, 4H, CH,CH,CHO), 9.84 (m, 1H, CHO).
8C NMR (100 MHz, CDCl,) 6: 4.9 (C=CCH,), 13.4 (CH,), 22.9 (CH,), 29.8 (CH,), 36.9 (CH,),
37.1 (CH,), 42.7 (CH,CHO), 76.4 (C=C), 78.5 (C=C), 92.8 (C=C), 94.0 (C=C), 128.3 (C=C),

130.1 (C=C), 200.8 (C=0). HRMS (ESI): Calcd for (C43H;,0+Na): 209.0937, found 209.0938.

Me Me
Z =Z
IBX
B —
EtOAc, reflux
X OH X 0
69 78

(E)-ethyl 7-(2-(prop-1-yn-1-yl)cyclopent-1-en-1-yl)hept-2-en-6-ynoate (64). A solution of
ethyl (triphenylphosphoranylidene)acetate (64 mg, 0.183 mmol) and 78 (31 mg, 0.166 mmol) in

benzene (2 mL) was refluxed for 1 h, concentrated under reduced pressure, and purified by
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flash silica column chromatography (99:1 hexanes / EtOAc) to afford 64 as a pale yellow oil (27
mg, 0.105 mmol, 63%). IR (ZnSe): 2217 (C=C), 1718 (C=0) cm™. 'H NMR (400 MHz, CDCl;) &:
1.29 (t, *Jyy = 7.0 Hz, 3H, OCH,CH,), 1.87 (p, %y = 7 Hz, 2H, CH,CH,CH,), 2.05 (s, 3H,
C=CCH,), 2.48 (t, Uy = 7.5 Hz, 6H, CH,CH,CH,, CH,CH,CH=CH), 2.57 (app t, 3Jyy = 7.0 Hz,
2H, CH,CH=CHCO,Et), 4.19 (q, 3Jy = 7.0 Hz, 2H, OCH,CH,), 5.90 (dt, ®Jyy = 15 Hz, *Jyy = 1.5
Hz, 1H, CH=CHCO,Et), 7.01 (dt, *Jy, = 15.5 Hz, 7.0 Hz, 1H, CH=CHCO,Et). '*C NMR (100MHz,
CDClg) 6:4.9 (C=CCHj,), 14.4 (CH,), 19.0 (OCH,CH,), 23.0 (CH,), 31.7 (CH,), 37.1 (CH,), 37.2
(CH,), 60.4 (OCH,CH;, 76.5 (C=C), 785 (C=C), 92.7 (C=C), 94.7 (C=C), 122.6
(CH,CH=CHCO,Et), 128.5 (C=C), 129.7 (C=C), 146.8 (CH,CH=CHCO,Et), 166.6

(CH,CH=CHCO,Et). HRMS (ESI): Calcd for (C,,H,,0,+Na): 279.1356, found 279.1355.

Me Me
Z =7
PhsPCHCO,Et
e
benzene, reflux
NN NN
\ /O \ = OEt
78 64

6-(1-Hydroxyethyl)-7-methyl-tetraline (71). NaBH, (130 mg, 3.43 mmol) was added to a
stirring solution of 6-acetyl-7-methyl-tetraline (215 mg, 1.14 mmol) in THF / MeOH (12 mL, 1:1)
at 23°C. After stirring for 30 min at 23°C, the reaction mixture was poured over acetone (5 mL),
concentrated, diluted with H,O (10 mL) and extracted with Et,O (10 mL). The organic extracts
were washed with brine (10 mL), dried over Na,SO,, and concentrated to afford 71 as a pale
yellow oil (210 mg, 1.10 mmol, 97%). IR (ZnSe):3332 (OH) cm™. '"H NMR (400 MHz, CDCl,) §:
1.47 (d, ®Jy = 6 Hz, 3H, CH(OH)CH,), 1.69 (s, 1H, OH), 1.74 — 1.83 (m, 4H, 2,3-CH,), 2.29 (s,
3H, ArCH,), 2.69 — 2.79 (m, 4H, 1,4-CH,), 5.08 (q, 3Juy = 6 Hz, 1H, CH(OH)CH,), 6.86 (s, 1H,
ArH), 7.21 (s, 1H, ArH). ®C NMR (100 MHz, CDCl,) 8: 18.5 (ArCH,), 23.4 (CH,), 23.5 (CH,),

24.1 (CH(OH)CH,), 29.0 (CH,), 29.2 (CH,), 66.8 (CH(OH)CH,), 125.2 (C*H), 131.1 (C*H),
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131.4 (C*), 135.1 (C*), 136.1 (C*), 141.2 (C*). HRMS (El): Calcd for (C,sH;sO + Na):

213.1250, found 213.1251.

0 OH
Me NaBH, Me
—_ >
MeOH / THF, rt
Me Me

71

6-(1-(Trimethylsilyoxy)ethyl)-tetraline (79). NaBH, (671 mg, 17.76 mmol) was added to a
stirring solution of 6-acetyl-tetraline (1.02 g, 5.92 mmol) in THF / MeOH (60 mL, 1:1) at 23°C.
After stirring for 30 min at 23°C, the reaction mixture was then poured over acetone (50 mL),
concentrated, diluted with H,O (150 mL) and extracted with Et,O (150 mL). The organic
extracts were washed with brine (150 mL), dried over Na,SO,, and concentrated to afford a pale
yellow oil. Chlorotrimethylsilane (0.090 mL, 0.920 mmol) was added to a stirring solution of the
resulting oil (54 mg, 0.310 mmol) and triethylamine (0.130 mL, 0.920 mmol) in CH,CI, (3.1 mL)
at 23°C. After 2 h of stirring at 23°C, the reaction mixture was poured over water (3 mL) and
extracted. The organic extract was washed with water (3 mL), brine (3 mL), dried over MgSQ,,
and concentrated to afford 79 as a yellow oil (69 mg, 0.277 mmol, 90% for second step). 'H
NMR (CDCl,, 300 MHz) 6:0.08 (s, 9H, TMS), 1.41 (d, 3Jjy = 6.5 Hz, 3H, CH(OTMS)CH,), 1.73 —
1.84 (m, 4H, 2,3-CH,), 2.69 — 2.83 (m, 4H, 1,4-CH,), 479 (q, %y = 6.5 Hz, 1H,
CH(OTMS)CHS,), 6.99 — 7.07 (m, 3H, ArH). *C NMR (CDCl,, 100 MHz) 8:0.30 (TMS), 23.4 (2 x
CH,), 27.0 (CH(OTMS)CH,), 29.2 (CH,), 29.6 (CH,), 70.6 (CH(OTMS)CH,), 122.7 (C*'H), 126.1
(C*H), 129.0 (C*H), 135.7 (C™), 136.9 (C"), 143.6 (C*). HRMS (El): Calcd for (C;5H,,OSi):

248.1591, found 248.1588.
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v. Procedures for NMR scale reactions

General procedure dienyne cyclizations. Ruthenium complex was added to a solution of
dienyne and 1,3,5-tri-tert-butylbenzene (~0.5 — 1 mg) in CDCI, at 23°C in glove box.

Reaction of 39 with 10. 39 (4.3 mg, 0.024 mmol), 10 (18.5 mg, 0.037 mmol), CDCl, (0.55 mL).
Reaction of 40 with 10. 40 (3.4 mg, 0.019 mmol), 10 (14.2 mg, 0.028 mmol), CDCl, (1.09 mL).
Reaction of 43 with 10. 43 (6 mg, 0.032 mmol), 10 (24 mg, 0.047 mmol), CDClI, (0.75 mL).
Reaction of 44 with 10. 44 (8 mg, 0.037 mmol), 10 (22 mg, 0.044 mmol), CDCI, (0.72 mL).
Reaction of 45 with 10. 45 (2 mg, 0.0098 mmol), 10 (5.4 mg, 0.0108 mmol), CDCI;(0.80 mL).
Reaction of 46 with 10. 46 (2 mg, 0.0091 mmol), 10 (5.5 mg, 0.011 mmol), CDCl; (0.58 mL).
Distinguishable '"H NMR (CDCl,, 400 MHz) resonances for product 51 §: 0.82 (d, 3J = 7 Hz,
3H, CH(CH;)CH?’;), 0.88 (d, ®Jyy = 7 Hz, 3H, CH(CH’;)CH,), 1.02 (d, Uy = 7 Hz, 3H, CH(CH-
3JCH’;), 1.06 (d, *Jyy = 7 Hz, 3H, CH(CH’;)CH,), 1.82 (s, 15H, Cp*), 1.84 (s, 15H, Cp*), 2.10 (s,
3H, ArMe), 2.31 (s, 3H, ArMe), 4.09 (d, ®Jy, = 8 Hz, 1H, CH(OH)CH), 4.43 (d, ®Jy, = 4.5 Hz, 1H,
CH(OH)CH), 5.26 (s, 1H, ArH), 5.467 (s, 1H, ArH), 5.476 (s, 1H, ArH), 5.75 (s, 1H, ArH).
Reaction of 47 with 10. 47 (1 mg, 0.0040 mmol), 10 (2.4 mg, 0.0048 mmol), CDClI, (0.95 mL).

Reaction of 45 with 20. 45 (12 mg, 0.059 mmol), 20 (38 mg, 0.088 mmol), CDCI; (1.2 mL).

General procedure for enediyne cyclizations. Ruthenium complex was added to a solution
of enediyne, y - terpinene, and 1,3,5-tri-tert-butylbenzene (~0.5 — 1 mg) in acetone-d; at 23°C in

glove box.
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Reaction of 53 with 10. 53 (1.3 mg, 0.0053 mmol), 10 (4.0 mg, 0.0079 mmol), y - terpinene
(4.3 uL, 0.027 mmol), acetone-d;(0.934 mL).

Reaction of 54 with 10. 54 (2 mg, 0.011 mmol), 10 (8.0 mg, 0.016 mmol), y - terpinene (8.8
uL, 0.055 mmol), acetone-d,;(0.57 mL).

Reaction of 53 with 20. 53 (4.4 mg, 0.018 mmol), 20 (8.7 mg, 0.020 mmol), y - terpinene (14
uL, 0.090 mmol), acetone-d,;(0.85 mL).

Reaction of 64 with 10. 64 (16.4 mg, 0.0640 mmol), 10 (29.4 mg, 0.0582 mmol), 1,4-
cyclohexadiene (0.009 mL, 0.0960 mmol), CDCl, (0.780 mL). Distinguishable '"H NMR (CDCl,,
400 MHz) resonances for product 70 6: 1.24 (t, 3Jy, = 7 Hz, 3H, ma-CH,CH,), 1.31 (t, Suyy = 7
Hz, 3H, mi-CH,CH,), 1.76 (s, 15H, ma-Cp*), 1.82 (s, 15H, mi-Cp*), 2.12 (s, 3H, ma-ArMe), 2.13
(s, 3H, mi-ArMe), 4.13 (q, ®Jyy = 7 Hz, 2H, ma-CH,CHy), 4.21 (q, 3Jyy = 7 Hz, 2H, mi-CH,CH,),

5.73 (s, 1H, mi-ArH), 5.76 (s, 1H, ma-ArH).

General procedure for arene binding experiments. 10 was added to a solution of arene 71,
hydrogen atom donor (if applicable), and 1,3,5-tri-tert-butylbenzene (~0.5 — 1 mg) in deuterated
solvent at 23°C in glove box.

Reaction of 71 with 10 under dienyne cyclization conditions. 71 (6.5 mg, 0.034 mmol), 10
(25 mg, 0.051 mmol), CDCl, (0.80 mL).

Reaction of 71 with 10 under enediyne cyclization conditions. 71 (2 mg, 0.011 mmol), 10
(8 mg, 0.016 mmol), y - terpinene (8.8 uL, 0.055 mmol), acetone-d;(0.43 mL).

Reaction of 71 with 10 without hydrogen atom donor. 71 (2 mg, 0.011 mmol), 10 (8 mg,

0.016 mmol), acetone-d;(0.64 mL).
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vi. Preparation and characterization data for Ru-arene complexes.

(n®-Pentamethylcyclopentadienyl)(7°6-(1-hydroxyethyl)-tetralinyl)ruthenium(ll)

hexafluorophosphate (42). After 30 min at 23°C, the NMR scale reaction mixture of 39 with 10
was concentrated and purified by flash alumina column chromatography (95:5 CH,CI, / acetone)
followed by crystallization (CH,CI, : ethyl ether) to afford a mixture of 42-ma and 42-mi as a
colorless solid (4.2 mg, 0.008 mmol, 31%). 42-ma and 42-mi were isolated after repeated
alumina chromatography. (42-ma). decomp. 236 — 239°C. '"H NMR (300 MHz, CDCl,) §: 1.55
(d, iy = 6.5 Hz, 3H, CH(OH)CH,), 1.86 (s, 15H, Cp*), 1.59 — 1.94 (m, 4H, 2,3-CH,), 2.31 —
2.46 (m, 3H, 1,4-CH>", OH), 2.66 — 2.88 (m, 2H, 1,4-CH™), 4.57 (dq, 3Jyy = 6.5 Hz, 4.5 Hz, 1H,
CH(OH)CH,), 5.51 (d, %y = 6 Hz, 1H, 7/8-C*H), 5.59 (dd, U, = 6 Hz, *Jyy = 1 Hz, 1H, 7/8-
C*H), 5.85 (s,1H, 5-C*'H). *C NMR (75 MHz, CDCl,) 8: 10.2 (CpCHs), 21.9 (2 x CH,), 26.0 (CH-
»), 26.1 (CH,), 27.1 (CH(OH)CHj,), 66.7 (CH(OH)CH,), 83.2 (C*H), 83.9 (C*H), 86.4 (C*'H), 95.0
(Cp*), 100.8 (C*"), 101.1 (C*), 108.0 (C*). HRMS (EI): Calcd for (C,HsORu — PFg): 407.1445,
found 407.1453. (42-mi). decomp. 254 - 258°C. 'H NMR (400 MHz, CDCl,) &: 1.55 (d, 3Jyy = 6
Hz, 3H, CH(OH)CH.), 1.88 (s, 15H, Cp*), 1.61 — 1.92 (m, 4H, 2,3-CH,), 2.36 — 2.47 (m, 2H, 1,4-
CH"), 2.53 (d, 3Jyy = 5 Hz, 1H, OH), 2.70 — 2.82 (m, 2H, 1,4-CH*™), 4.59 (qd, 3Jyy, = 6 Hz, 5 Hz
1H, CH(OH)CH_), 5.50 (d, 4y = 6 Hz, 1H, 7/8-C*H), 5.57 (s,1H, 5-C*H), 5.93 (d, ®Jy, = 6 Hz,
1H, 7/8-C*'H). *C NMR (75 MHz, CDCl,) 8: 10.3 (CpCHs), 21.76 (CH,), 21.83 (CH,), 25.8 (CH.,),
26.3 (CH,), 27.1 (CH(OH)CHj;), 66.6 (CH(OH)CH,), 82.5 (C*H), 84.5 (C*H), 87.0 (C*H), 95.0
(Cp*), 100.6 (C*"), 101.2 (C*), 107.9 (C*). HRMS (EI): Calcd for (C,HsORu — PFg): 407.1445,

found 407.1449.
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(n*-Pentamethylcyclopentadienyl)(7n®6-(1-hydroxyethyl)-7-methyl-tetralinyl)ruthenium (Il)
hexafluorophosphate (48). After 19 h at 23°C, the NMR scale reaction mixture of 43 with 10
was concentrated and purified by flash silica column chromatography (95:5 CH,CI, / acetone)
followed by crystallization (CH,CI, : ethyl ether) to afford both isolated and mixed samples of 48-
ma and 48-mi (11.6 mg, 0.020 mmol, 63%). (48-ma). colorless solid. decomp. 274 — 276°C. IR
(ZnSe): 3579 (OH) cm™. 'H NMR (400 MHz, CDCl,) 8: 1.48 (d, %Jy, = 6.5 Hz, 3H, CH(OH)CH,),
1.55 — 1.65 (m, 1H, 2/3-CHY™), 1.81 (s, 15H, Cp*), 1.72 — 1.87 (m, 3H, 2,3-CH,), 2.08 (s, 3H,
ArCHj,), 2.33 — 2.41 (m, 2H, 1,4-CH¥"), 2.66 — 2.80 (m, 2H, 1,4-CH*™), 2.82 (d, 3Jy, = 5.5 Hz,
1H, OH), 4.75 (dq, ®Jy = 6.5 Hz, 5.5 Hz, 1H, CH(OH)CHy,), 5.45 (s, 1H, ArH), 5.87 (s,1H, ArH).
3C NMR (100 MHz, CDCly) 6: 9.8 (CpCH,), 15.7 (ArCH,), 21.8 (CH,), 21.9 (CH,), 25.2
(CH(OH)CHj), 25.6 (CH,), 25.7 (CH,), 63.7 (CH(OH)CH,), 83.1 (C*H), 88.7 (C*'H), 94.2 (Cp*),
95.6 (C*), 100.5 (C*), 101.1 (C*), 106.5 (C*). HRMS (EIl): Calcd for (C,Hs;30Ru — PFy):
421.1602, found 421.1606. (48-mi): light brown plate crystals. decomp. 268 - 270 °C. IR
(ZnSe): 3559 (OH) cm™. 'H NMR (400 MHz, CDCL,) 6: 1.56 (d, 34y, = 6.5 Hz, 3H, CH(OH)CH,),
1.81 (s, 15H, Cp*), 1.64 — 1.84 (m, 4H, 2,3-CH,), 2.27 (s, 3H, ArCH,), 2.33 — 2.41 (m, 2H, 1,4-
CH¥"), 2.64 (d, ®Jy = 6.5 Hz, 1H, OH), 2.68 — 2.80 (m, 2H, 1,4-CH®"), 4.68 (p, 3Jyy = 6.5 Hz,
1H, CH(OH)CH,), 5.39 (s, 1H, ArH), 5.58 (s,1H, ArH). ™*C NMR (100 MHz, CDCl,) &: 10.0
(CpCHjs), 16.3 (ArCHg), 21.76 (CH,), 21.78 (CH,), 22.2 (CH(OH)CH,), 25.5 (CH,), 25.7 (CH,),
66.8 (CH(OH)CH,), 85.2 (C*H), 90.1 (C*H), 94.0 (Cp*), 98.8 (C*), 100.8 (C"), 101.4 (C*),

103.6 (C™). HRMS (EI): Calcd for (CogHsORU — PFg): 421.1602, found 421.1607.
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(n®-Pentamethylcyclopentadienyl)(7°6-(1-ethoxyethyl)-7-methyl-tetralinyl)ruthenium (Il
hexafluorophosphate (49). After 3.5 h at 23°C, the NMR scale reaction mixture of 44 with 10
was concentrated and purified by flash alumina column chromatography (CH,CI,) to afford a
mixture of 49-ma and 49-mi as a colorless solid (14 mg, 0.023 mmol, 63%). 'H NMR (400 MHz,
CDCly) 8:1.22 (t, %y = 7 Hz, 3H, mi-CH,CH,), 1.30 (t, ®Jyy = 7 Hz, 3H, ma-CH,CH,), 1.38 (d,
3Jun = 6 Hz, 3H, ma-CH(OH)CH,), 1.48 (d, ®J, = 6.5 Hz, 3H, mi-CH(OH)CH,), 1.80 (s, 15H, ma-
Cp*), 1.81 (s, 15H, mi-Cp*), 1.56 — 1.86 (m, 8H, 2,3-CH,), 2.10 (s, 3H, ma-ArCH,), 2.22 (s, 3H,
mi-ArCHy), 2.31 — 2.46 (m, 4H, 1,4-CH¥"), 2.68 — 2.77 (m, 4H, 1,4-CH*™), 3.45 (dq, 2Jyy = 9
Hz, 3Jyy = 7 Hz, 2H, C(H)HCH,), 3.71 (dq, 2y = 9 Hz, Uy, = 7 Hz, 1H, mi-C(H)H'CH,), 3.84
(dq, 2dy = 9 Hz, 3dyy = 7 Hz, 1H, ma-C(H)H'CH,), 4.28 (q, *Jy = 6.5 Hz, 1H, mi-CH(OH)CHS,),
4.30 (q, ®Jyy = 6 Hz, 1H, ma-CH(OH)CH,), 5.48 (s, 1H, mi-ArH), 5.61 (s,1H, mi-ArH), 5.67 (s,
2H, ma-ArH). *C NMR (100 MHz, CDCl,) 8: 9.8 (ma-CpCH,), 10.0 (mi-CpCHj), 15.65 (ma-
CH,), 15.74 (ma-CHj), 16.0 (mi-CH,), 16.3 (mi-CHy), 17.8 (mi-CHy), 20.6 (ma-CH,), 21.8 (1 x
ma-CH,, 2 x mi-CH,), 21.9 (ma-CH,), 25.4 (mi-CH,), 25.6 (ma-CH,), 25.8 (mi-CH,), 25.9 (ma-
CH,), 63.7 (ma-CH,CHj), 64.2 (mi-CH,CH,), 70.3 (ma-CH(OH)CHj,), 73.5 (mi-CH(OH)CHj,), 83.3
(ma-C*H), 85.1 (mi-C*'H), 89.2 (ma-C"H), 90.1 (mi-C*'H), 94.0 (ma-Cp*), 94.2 (mi-Cp*), 95.5
(ma-C*"), 98.5 (mi-C*"), 100.0 (ma-C"), 100.8 (mi-C*), 101.7 (mi-C*), 101.8 (ma-C*"), 103.0 (mi-

C™), 105.7 (ma-C"). HRMS (EI): Calcd for (C,sH,;,ORu — PF;): 449.1915, found 449.1927.
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(n°-Pentamethylcyclopentadienyl)(7°6-(1-methoxyethyl)-7-methyl-tetralinyl)ruthenium (ll)
hexafluorophosphate (50). 10 (34 mg, 0.068 mmol) was added to a solution of 45 (12 mg,
0.058 mmol) in CDCI,4 (1 mL) at 23°C in glove box. After 30 min at 23°C, the reaction mixture
was concentrated and purified by repeated PTLC (CH,Cl,/acetone mixtures) followed by
crystallization (EtOAc/CH,CI, : hexanes) to afford isolated samples of 50-ma and 50-mi as
colorless solids. (50-ma) decomp. 274 - 277°C. '"H NMR (400 MHz, CDCl,) 6:1.39 (d, ®Jy, = 6
Hz, 3H, CH(OMe)CH,), 1.80 (s, 15H, Cp*), 1.52 — 1.88 (m, 4H, 2,3-CH,), 2.11 (s, 3H, ArCH,),
2.27 — 2.47 (m, 2H, 1,4-CH¥"), 2.66 — 2.78 (m, 2H, 1,4-CH>"), 3.47 (s, 3H, OCHy,), 4.20 (q, %
= 6 Hz, 1H, CH(OMe)CHj,), 5.62 (s, 1H, ArH), 5.68 (s, 1H, ArH). *C NMR (100 MHz, CDCl,) &:
9.8 (Cp*), 15.7 (CHg), 19.9 (CHy), 21.8 (CH,), 21.9 (CH,), 25.6 (CH,), 25.8 (CH,), 56.0 (OCHy),
71.9 (CH(OMe)CH,), 83.2 (C*H), 89.1 (C*H), 94.1 (Cp*), 95.9 (C*), 100.0 (C*), 101.7 (C"),
105.3 (C*). HRMS (El): Calcd for (C,HesORU — PFy): 441.1726, found 441.1725. (50-mi)
decomp. 196 — 197°C. 'H NMR (400 MHz, CDCl,) 8: 1.47 (d, %y, = 6 Hz, 3H, CH(OMe)CH,),
1.81 (s, 15H, Cp*), 1.62 — 1.87 (m, 4H, 2,3-CH,), 2.21 (s, 3H, ArCH,), 2.35 - 2.45 (m, 2H, 1,4-
CHY"), 2.68 — 2.78 (m, 2H, 1,4-CH®™), 3.40 (s, 3H, OCH,), 4.17 (q, %Ju = 6 Hz, 1H,
CH(OMe)CHs,), 5.41 (s, 1H, ArH), 5.63 (s, 1H, ArH). *C NMR (100 MHz, CDCl,) : 10.0 (Cp*),
16.4 (CH;), 17.5 (CH;), 21.8 (2 x CH,), 254 (CH,), 25.7 (CH,), 56.1 (OCH;), 75.9
(CH(OMe)CHg), 85.8 (C*'H), 90.1 (CAH), 94.3 (Cp*), 98.2 (C*), 100.9 (C*), 101.4 (C*), 103.4

(C™). HRMS (EI): Calcd for (CpHesORU — PFg): 441.1726, found 441.1727.
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(n®-Cyclopentadienyl)(n°6-(1-methoxyethyl)-7-methyl-tetralinyl)ruthenium(ll)

hexafluorophosphate (52). After 30 min at 23°C, the NMR scale reaction mixture of 45 with 20
was concentrated and purified by flash silica column chromatography (CH,Cl,) followed by
crystallization (CH,CI, : ethyl ether) to afford a mixture of 52-ma and 52-mi as a colorless solid.
52-ma and 52-mi were isolated after repeated flash silica column chromatography. (52-ma).
mp 167 - 169°C. 'H NMR (300 MHz, CDCl,) &: 1.40 (d, 3Jy, = 6 Hz, 3H, CH(OMe)CH,), 1.66 -
1.91 (m, 4H, 2,3-CH,), 2.31 (s, 3H, ArCH;), 2.53 — 2.84 (m, 4H, 1,4-CH), 3.49 (s, 3H, OCH,),
4.34 (q, *Jyy = 6 Hz, 1H, CH(OMe)CHj), 5.17 (s, 5H, Cp), 6.11 (s, 1H, ArH), 6.17 (s, 1H, ArH).
3C NMR (75 MHz, CDCly) 8: 17.8 (CHj), 20.7 (CH,), 22.3 (CH,), 22.4 (CH,), 27.7 (CH,), 28.3
(CH,), 57.1 (OCH,), 73.2 (CH(OMe)CH,), 81.4 (Cp), 81.5 (C*H), 87.8 (C*H), 98.2 (C*), 101.4
(C*), 102.7 (C*), 106.4 (C*). HRMS (El): Calcd for (C;sH,sORu — PFg): 365.0976, found
365.0977. (52-mi). mp 188 - 189°C. 'H NMR (400 MHz, CDCl,) 8: 1.51 (d, 3Jyy = 6 Hz, 3H,
CH(OMe)CH,), 1.69 - 1.89 (m, 4H, 2,3-CH,), 2.36 (s, 3H, ArCH,), 2.64 — 2.83 (m, 4H, 1,4-CH),
3.36 (s, 3H, OCH_), 4.37 (q, 3Jyy = 6 Hz, 1H, CH(OMe)CH,), 5.19 (s, 5H, Cp), 6.12 (s, 1H, ArH),
6.14 (s, 1H, ArH). *C NMR (100 MHz, CDCl,) 8: 18.3 (CH,), 20.7 (CH,), 22.2 (CH,), 22.3 (CH,),
27.8 (CH,), 28.1 (CH,), 57.2 (OCHj5), 74.4 (CH(OMe)CH,), 81.5 (Cp), 84.0 (C*H), 87.7 (C*'H),
100.1 (C*), 101.6 (C™), 102.8 (C"), 106.1 (C*). HRMS (El): Calcd for (C,sH,sORu — PFg):

365.0976, found 365.0979.
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(n*-Pentamethylcyclopentadienyl)(7n®6-(1-hydroxyethyl)-7-trimethylsilyl-
tetralinyl)ruthenium(ll) hexafluorophosphate (56) and (n°-
pentamethylcyclopentadienyl)(n°-6-(1-trimethylsiloxyethyl)-tetralinyl)ruthenium(ll)
hexafluorophosphate (57). 10 (50mg, 0.099mmol) was added to a solution of 53 (29mg,
0.119mmol) in THF/acetone (1:1, 2mL) at 23°C in glove box. After 30 min at 23°C, the reaction
mixture was concentrated and purified by repeated flash silica column chromatography
(CH,Cl./acetone mixtures) followed by crystallization (CH,CI, : Et,0O) of separated fractions to
afford isolated samples of 56-ma and isomerized 57-mi as colorless solids. 56-mi was
obtained as a mixture with 57-mi. Only a small quantity of 57-ma was isolated and
spectroscopic assignments were verified by a separate arene binding reaction (vide infra). (56-
ma) decomp 205 - 207°C. IR (ZnSe): 3572 (OH) cm™. 'H NMR (400 MHz, CDCl,) 6:0.41 (s, 9H,
TMS), 1.56 (d, ®Jy, = 6 Hz, 3H, CH(OH)CH,), 1.60 — 1.69 (m, 1H, 2/3 - CH¥"), 1.85 (s, 15H,
Cp*), 1.75 — 1.93 (m, 3H, 2,3-CH®", 2/3-CH"), 2.31 (dt, Jy = 17 Hz, 5.5 Hz, 1H, 1/4-CHY"),
2.48 (dt, Jyy = 17 Hz, 6 Hz, 1H, 1/4-CH¥"), 2.64 — 2.73 (m, 1H, 1/4-CH™), 2.85 (dt, Jy = 17
Hz, 6 Hz, 1H, 1/4-CH™), 2.96 (d, %y, = 6 Hz, 1H, OH), 4.69 (p, 3Jyy = 6 Hz, 1H, CH(OH)CHS,),
5.28 (s, 1H, ArH), 6.00 (s, 1H, ArH). *C NMR (100MHz, CDCl,) &: 1.3 (TMS), 10.7 (CpCH,),
21.8 (CH,), 21.9 (CH,), 25.1, 26.2, 27.1 (2 x CH,, CH(OH)CHj), 66.3 (CH(OH)CH,), 84.1 (C*'H),
88.9 (C*H), 92.8 (C*), 94.9 (CpCH,), 100.7 (C*"), 102.1 (C*), 112.5 (C*). HRMS (EI): Calcd for
(CpsH3sORUSI — PF): 485.1808, found 485.1807. (56-mi) '"H NMR (300 MHz, CDCl,) 8:0.40 (s,

9H, TMS), 1.57 (d, 3y = 6.5 Hz, 3H, CH(OH)CH,), 1.60 — 1.69 (m, 1H, 2/3 - CH*"), 1.83 (s,
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15H, Cp*), 1.75 — 1.93 (m, 3H, 2,3-CH™, 2/3-CH¥"), 2.27 — 2.49 (m, 4H, 1,4-CH""), 2.66 (d,
8Jun = 6.5 Hz, 1H, OH), 2.63 — 2.87 (m, 4H, 1,4-CH*™), 4.59 (p, 3Jyy = 6.5 Hz, 1H, CH(OH)CH,),
5.42 (s, 1H, ArH), 5.65 (s, 1H, ArH). (57-mi) decomp 245°C (brown on-set). '"H NMR (300 MHz,
CDCly) 6:0.22 (s, 9H, TMS), 1.51 (d, 3y = 6.5 Hz, 3H, CH(OTMS)CH,), 1.86 (s, 15H, Cp*),
1.63 — 1.91 (m, 4H, 2,3-CH,), 2.36 — 2.52 (m, 2H, 1,4-CH%"), 2.69 — 2.84 (m, 2H, 1,4-CH®"),
4.69 (q, 3Jy = 6.5 Hz, 1H, CH(OTMS)CHj,), 5.55 (d, 3Jyy = 6.5 Hz, 1H, ArH), 5.68 (s, 1H, 5-ArH),
5.81 (d, 3Jyy = 6.5 Hz, 1H, ArH). '*C NMR (100 MHz, CDCl,) 6: 1.1 (TMS), 10.4 (CpCH,), 21.7
(CH,), 21.8 (CH,), 25.9, 26.3, 27.0 (2 x CH,, CH(OTMS)CH,), 67.7 (CH(OTMS)CH,), 82.8
(CAH), 83.9 (C*'H), 86.8 (C*'H), 94.7 (CpCH,), 100.9 (C*), 101.6 (C*), 108.8 (C*). HRMS (EI):

Calcd for (CpsHasORUSI — H — PF,): 484.1730, found 484.1734.

U PFe u PF6

57

(n®-Pentamethylcyclopentadienyl)(7°6-(1-trimethylsiloxyethyl)-tetralinyl)ruthenium ()
hexafluorophosphate (57). 10 (21 mg, 0.042 mmol) was added to a solution of 79 (10 mg,
0.042 mmol) in acetone-d, (0.42 mL) at 23°C in glove box. After 15.5 h at 23°C, the reaction
mixture was concentrated and purified by flash alumina column chromatography (CH,CI,)
followed by crystallization (CH,CI, : ethyl ether) to afford a mixture of 57-ma and 57-mi as a
colorless solid (16 mg, 0.025 mmol, 61%). (57-ma) 'H NMR (300 MHz, CDCl,) 8:0.24 (s, 9H,
TMS), 1.50 (d, 3Jiyy = 6 Hz, 3H, CH(OTMS)CH,), 1.85 (s, 15H, Cp*), 1.60 — 1.90 (m, 4H, 2,3-
CH,), 2.34 — 2.47 (m, 2H, 1,4-CH¥"), 2.69 — 2.82 (m, 2H, 1,4-CH*™), 4.67 (q, *Jyy = 6 Hz, 1H,
CH(OTMS)CH,), 5.65 (s, 1H, 5-ArH), 5.68 (d, 3Jyy = 6 Hz, 1H, ArH), 5.74 (d, *Jyy = 6 Hz, 1H,

ArH). *C NMR (100 MHz, CDCIy) 8: 1.1 (TMS), 10.2 (CpCHj), 21.8 (CH,), 21.9 (CH,), 25.8,
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26.3, 27.2 (2 x CH,, CH(OTMS)CH,), 67.6 (CH(OTMS)CH,), 83.0 (C*H), 83.4 (C*H), 86.8
(C*"H), 94.7 (CpCH,), 100.3 (C*), 101.4 (C*), 108.8 (C*). HRMS for mixture (ESI): Calcd for (C-

»sHasORUSI — PF,): 479.1841, found 479.1832.

Ru @ PF6@
Me  [Cp'RUNCMe)slPFs (10) ' OTMS
acetone-dg, rt B <:©_<
— Me
79 57
(n®-Cyclopentadienyl)(n°-6-(1-hydroxyethyl)-7-trimethylsilyl-tetralinyl)ruthenium (m

hexafluorophosphate (58). 20 (50 mg, 0.114 mmol) was added to a solution of 53 (53 mg,
0.215 mmol) and y - terpinene (0.070 mL, 0.437 mmol) in acetone-d,; (11 mL) at 23°C in glove
box. After 16h at 23°C, the reaction mixture was concentrated and purified by repeated flash
silica column chromatography (acetone/CH,CI, solvent mixtures) followed by crystallization (CH-
,Cl,/EtOAc : hexanes) to afford 58 as mixture of diastereomers as a colorless solid. '"H NMR
(300 MHz, CDCl,) 6: 0.42 (s, 18H, TMS), 1.51 (d, ®J, = 6 Hz, 3H, dia1-CH(OH)CH,), 1.56 (d,
3Juu = 6 Hz, 3H, dia2-CH(OH)CH,), 1.68 — 1.92 (m, 8H, 2,3-CH,), 2.57 — 2.93 (m, 9H, 1,4-CH,,
dia2-OH), 3.11 (d, 4 = 6 Hz, dia1-OH), 4.66 (p, 3Jyy = 6 Hz, 1H, dia1-CH(OH)CH,), 4.77 (p,
8Jun = 6 Hz, 1H, dia2-CH(OH)CHj,), 5.19 (s, 5H, dia2-Cp), 5.23 (s, 5H, dia1-Cp), 5.72 (s, 1H,
dia1-ArH), 5.83 (s, 1H, dia2-ArH), 6.25 (s, 1H, dia2-ArH), 6.34 (s, 1H, dia1-ArH). '*C NMR (125
MHz, CDCl,) 6: 0.80 (dia1-TMS), 1.25 (dia2-TMS), 22.18 (dia2-CH,), 22.23 (dia1-CH,), 22.3
(dia2-CH,), 22.4 (dia1-CH,), 25.0 (dia2-CH(OH)CH,), 26.3 (dia1-CH(OH)CH,), 27.9 (dia2-CH,),
28.2 (dia1-CH,), 28.3 (dia1,dia2-CH,), 66.0 (dia1-CH(OH)CHj,), 67.8 (dia2-CH(OH)CH,), 80.99
(dia2-Cp), 81.18 (dia1-Cp), 82.4 (dia1-C*H), 84.4 (dia2-C*'H), 88.5 (dia1-C*H), 89.2 (dia2-

C*H), 93.4 (dia1,dia2-C*"), 102.85 (dia1-C*), 102.88 (dia2-C"), 103.1 (dia1-C*), 103.3 (dia2-
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C*), 111.9 (dia2-C*), 114.6 (dia1-C*). HRMS (El): Calcd for (C,H,sORuSi — PFg): 409.1058,

found 409.1062.

vii. 'H and *C NMR spectra for characterized compounds.
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Figure 3-20. 48-mi 'H NMR spectrum (CDCl,, 400MHz).
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Figure 3-24. 49-ma > 49-mi 'H NMR spectrum (CDCl,, 400 MHz).



226

6LIR'G
Lin's

i

AR

T
o0 an

T
6no

ELILEY
Ty

A

H
H
L

9ERT0L
1955l

T

Y (T

OEt
Me

Me

u® PF?
69 : 31
major / minor diastereomer

sLEcon
1908701
YO65 501

T

I

T T
o

T

IR

Y
1800

T
1on

DH=4=143 2 C13.CDCIE 100MN

X : parts per Million : 120

T T T T T T
s wos "ol (LR s vor

Figure 3-25. 49-ma > 49-mi '*C NMR spectrum (CDCl,, 100 MHz).



227

L E sy aad sand @y

<§\\\ é\k h\a.- < s //< (] e _ s e
mym =37 mm .
A | T a6 :
— o
AR'E o
H « <
JlawoaJa)selp Joulw / Jofew i s | Be
T~ n e
E : * -
/ b
130 ; 3
mu_n_ ny , ;
ﬁ oYYy Yy vy Lk
: i : H P>
« < < < ” 10D I =SSt =1=Na ...H
C«: h_ E "— "s "¢ 5" 3 =3
B=R ® EBE 8 3

(spuesnog )

Figure 3-26. 49 'H NMR spectrum (CDCl,, 400 MHz).
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Figure 3-36. 47 'H NMR spectrum (CDCl,, 400 MHz).
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Figure 3-38. 52-ma 'H NMR spectrum (CDCl,, 300 MHz).
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Figure 3-40. 52-mi 'H NMR spectrum (CDCl,, 400 MHz).
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Figure 3-41. 52-mi '*C NMR spectrum (CDCl,, 100 MHz).
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Figure 3-55. 67 '"H NMR spectrum (CDCl,, 400 MHz).
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viii. X-ray crystallographic summary and ORTEPS for characterized structures

General Experimental for X-Ray Structure Determinations.

A single crystal with general dimensions of a x b x ¢ was immersed in Paratone and
placed on a Cryoloop. Data were collected on a Bruker SMART (APEX) CCD diffractometer,
using a graphite monochromator with Mo or Cu Ka. radiation (A = 0.71073 or 0.154056 A) at the
defined temperature. The data were integrated using the Bruker SAINT software program and
scaled using the SADABS software program. Solution by direct methods (SIR-2004) produced a
complete heavy-atom phasing model consistent with the proposed structure. All non-hydrogen
atoms were refined anisotropically by full-matrix least squares (SHELXL-97). All hydrogen
atoms were placed using a riding model. Their positions were constrained relative to their parent

atom using the appropriate HFIX command in SHELXL-97.

C18

W\‘;Cﬂ C21

Figure 3-71. ORTEP of 42-mi. Ellipsoids shown at 30 % probability. Most hydrogen atoms are

omitted for clarity.
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Table 3-3. Crystal data and structure refinement for 42-mi.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.00°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters

dh3112

C22H31 F6 O P Ru

557.51

100(2) K

0.71073 A

Triclinic

P -1

a=7.5848(7) A o = 98.4350(10)°.
b=11.1702(10) A B = 92.0930(10)°.
c=13.4452(12) A y = 94.7740(10)°.
1121.52(18) A®

2

1.651 Mg/m?®

0.832 mm™

568

0.33x0.18 x 0.12 mm?®

1.53 to 25.36°.

-9<=h<=9, -11<=k<=13, -16<=I<=15

7727

3804 [R(int) = 0.0154]

93.0 %

Semi-empirical from equivalents

0.9068 and 0.7709

Full-matrix least-squares on F2

3804 /48 / 306
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Table 3-3. Crystal data and structure refinement for 42-mi. (continued)

Goodness-of-fit on F2 1.060

Final R indices [I>2sigma(l)] R1=0.0238, wR2 = 0.0574
R indices (all data) R1 =0.0253, wR2 = 0.0585
Largest diff. peak and hole 0.429 and -0.521 e.A-3

Figure 3-72. ORTEP of 48-mi. Ellipsoids shown at 30 % probability. Most hydrogen atoms are

omitted for clarity.

Table 3-4. Crystal data and structure refinement for 48-mi.

Identification code dh4123mi2
Empirical formula C23 H33F6 O P Ru
Formula weight 571.53
Temperature 150(2) K

Wavelength 0.71073 A



Table 3-4. Crystal data and structure refinement for 48-mi. (continued)

Crystal system
Space group

Unit cell dimensions

Volume

4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.00°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

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

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

Monoclinic

C2lc

a=232.28(2) A a = 90°.
b=9.476(7) A
c=15.462(11) A y = 90°.
4696(6) A°

8

1.617 Mg/m?®

0.797 mm™

2336

0.19 x 0.18 x 0.06 mm?®

1.27 t0 26.38°.

-39<=h<=40, -11<=k<=11, -19<=I<=19
36367

4742 [R(int) = 0.0785]

100.0 %

Semi-empirical from equivalents
0.9538 and 0.8634

Full-matrix least-squares on F2

4742 /132 /424

1.091

R1 =0.0606, wR2 = 0.1402

R1 =0.0797, wR2 = 0.1499
0.00028(7)

1.533 and -1.424 e.A®

B = 96.897(19)°.

275



276

Figure 3-73. ORTEP of 50-ma. Ellipsoids shown at 30% probability. Most hydrogen atoms are

omitted for clarity.

Table 3-5. Crystal data and structure refinement for 50-ma.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

dh4051ma

C24 H35 F6 O P Ru

585.56

100(2) K

0.71073 A

Monoclinic

P21/c

a=10.707(4) A a=90°.
b=9.125(4) A B = 97.668(6)°.

¢ =25.935(10) A y = 90°.
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Table 3-5. Crystal data and structure refinement for 50-ma. (continued)

Volume

4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.00°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

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

R indices (all data)

Largest diff. peak and hole

2511.2(17) A

4

1.549 Mg/m?®

0.747 mm™

1200

0.14 x 0.10 x 0.08 mm?®

1.58 to 28.54°.

-14<=h<=13, -10<=k<=11, -30<=I<=33
19172

5813 [R(int) = 0.1142]

100.0 %

Semi-empirical from equivalents
0.9427 and 0.9026

Full-matrix least-squares on F2
5813 /0 /331

1.026

R1 =0.0637, wR2 = 0.1567

R1 =0.0730, wR2 = 0.1669

1.125 and -1.809 e.A?3
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Figure 3-74. ORTEP of 50-mi. Ellipsoids shown at 30% probability. Most hydrogen atoms are

omitted for clarity.

Table 3-6. Crystal data and structure refinement for 50-mi.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

dh3064

C24 H35 F6 O P Ru
585.56

100(2) K

0.71073 A
Monoclinic

P 2/c

a=17.430(5) A a = 90°.

b =7.982(3) A B =102.321(5)°.

c=18.216(6) A vy =90°.



279

Table 3-6. Crystal data and structure refinement for 50-mi. (continued)

Volume

4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.00°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

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

R indices (all data)

Largest diff. peak and hole

2476.0(13) A

4

1.571 Mg/m?®

0.758 mm™

1200

0.09 x 0.04 x 0.02 mm?®

2.29 to 28.22°.

-22<=h<=16, -10<=k<=10, -22<=I<=24
23511

5596 [R(int) = 0.1155]

98.7 %

Semi-empirical from equivalents
0.9850 and 0.9349

Full-matrix least-squares on F2
5596 /0 /308

0.998

R1 =0.0675, wR2 =0.1273
R1=0.1642, wR2 = 0.1606

0.723 and -0.588 e.A®
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Figure 3-75. ORTEP of 52-ma. Ellipsoids shown at 30% probability. Most hydrogen atoms are

omitted for clarity.

Table 3-7. Crystal data and structure refinement for 52-ma.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

dh4118ma

C19 H25 F6 O P Ru

515.43

100(2) K

1.54184 A

Monoclinic

Pn

a=10.2374(4) A a=90°.
b=7.1600(3) A B = 98.203(2)°.
¢ =13.6604(5) A y = 90°.

991.06(7) A
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Table 3-7. Crystal data and structure refinement for 52-ma. (continued)

4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.00°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

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

R indices (all data)

Absolute structure parameter

Largest diff. peak and hole

2

1.727 Mg/m?®

7.749 mm™

520

0.25x0.10 x 0.10 mm?®

5.07 to 68.12°.

-12<=h<=8, -8<=k<=7, -16<=l<=15
9329

2688 [R(int) = 0.0333]

98.3 %

Semi-empirical from equivalents
0.5113 and 0.2475

Full-matrix least-squares on F2
2688 /2 /256

1.057

R1=0.0256, wR2 = 0.0616
R1=0.0269, wR2 = 0.0621
0.004(10)

0.662 and -0.499 e.A?
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C12

\C6

Figure 3-76. ORTEP of 52-mi. Ellipsoids shown at 30% probability. Most hydrogen atoms are

omitted for clarity.

Table 3-8. Crystal data and structure refinement for 52-mi.

Identification code dh4118mi3
Empirical formula C19H25F6 O P Ru
Formula weight 515.43
Temperature 100(2) K
Wavelength 0.71073 A

Crystal system Monoclinic

Space group P 21/c
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Table 3-8. Crystal data and structure refinement for 52-mi. (continued)

Unit cell dimensions

Volume

4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.00°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

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

R indices (all data)

Largest diff. peak and hole

o

a=7.241(11) A a = 90°.
b=16.76(3) A B =92.37(2)°.
c=15.63(2) A vy =90°.

1896(5) A°®

4

1.806 Mg/m?®

0.976 mm™

1040

0.25x0.10 x 0.10 mm?®

1.78 to 28.90°.

-9<=h<=9, -20<=k<=22, -21<=I<=21
32776

4747 [R(int) = 0.0691]

99.6 %

Semi-empirical from equivalents
0.9087 and 0.7924

Full-matrix least-squares on F2
4747 /0/273

1.282

R1 =0.0762, wR2 =0.1919

R1 =0.0921, wR2 = 0.1981

2.601 and -1.021 e.A®
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Figure 3-77. ORTEP of 57-ma. Ellipsoids shown at 30% probability. Most hydrogen atoms are

omitted for clarity.

Table 3-9. Crystal data and structure refinement for 57-ma.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

dh3052

C25 H38 F6 O P Ru Si

628.68

208(2) K

0.71073 A

Triclinic

P-1

a=8.7255(18) A a = 99.999(3)°.

b =10.908(2) A B = 93.098(3)°.

c=15.514(3) A y = 101.465(3)°.

1419.1(5) A®
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Table 3-9. Crystal data and structure refinement for 57-ma. (continued)

4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.00°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

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

R indices (all data)

Largest diff. peak and hole

2

1.471 Mg/m?®

0.706 mm™

646

0.05 x 0.02 x 0.02 mm?®

1.94 to 28.13°.

-11<=h<=11, -13<=k<=14, -19<=I<=18
10699

5443 [R(int) = 0.0369]

85.0 %

Semi-empirical from equivalents
0.9860 and 0.9655

Full-matrix least-squares on F2
5443 /0 /461

1.027

R1=0.0501, wR2 = 0.1059
R1=0.0807, wR2 =0.1213

0.713 and -0.662 e. A®
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Figure 3-80. ORTEP of 57-mi. Ellipsoids shown at 30% probability. Most hydrogen atoms are

omitted for clarity.

Table 3-10. Crystal data and structure refinement for 57-mi.

Identification code dh3093

Empirical formula C25H39 F6 O P Ru Si

Formula weight 629.69

Temperature 90(2) K

Wavelength 1.54184 A

Crystal system Triclinic

Space group P -1

Unit cell dimensions a=10.0528(4) A o = 88.302(4)°.
b =11.5254(5) A B = 80.624(3)°.
c=12.0865(5) A y = 79.656(4)°.

Volume 1359.21(10) A®
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Table 3-10. Crystal data and structure refinement for 57-mi. (continued)

4 2

Density (calculated) 1.539 Mg/m?®

Absorption coefficient 6.168 mm-'

F(000) 648

Crystal size 0.15x0.10 x 0.05 mm?®

Theta range for data collection 3.71 10 68.47°.

Index ranges -12<=h<=11, -13<=k<=11, -14<=I<=14
Reflections collected 12508

Independent reflections 4854 [R(int) = 0.0704]
Completeness to theta = 67.00° 98.0 %

Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.7479 and 0.4581

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 4854 /0 /362

Goodness-of-fit on F2 1.014

Final R indices [I>2sigma(l)] R1 =0.0414, wR2 = 0.0859

R indices (all data) R1 =0.0649, wR2 = 0.0948
Largest diff. peak and hole 0.955 and -0.899 e.A®
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l. Introduction.

In 1972, Bergman and Jones reported that cis-1,5-hexadiyn-3-ene 1 cyclizes to a
variety of benzenoid compounds 2 in the presence of a sufficient atom donor under thermal
conditions (200°C, Scheme 4-1)." The currently accepted mechanism, as originally proposed by
Bergman, involves the formation of a para-benzyne 3. Radical species 3 was shown to be in
equilibrium with the substrate by scrambling of a deuterium label between the acetylenic and
vinylic positions. Since the initial report, the cycloaromatization has received considerable
attention, mainly for the ability of the para-benzyne radical to attack and break the phosphate
backbone of DNA providing applications as an anti-cancer therapeutic.? Due to the high
temperatures needed to effect cyclization of non-cyclic enediynes, the reaction has found little

use in synthesis.?

1,4-CHD 2H
cl

Z
| 200°C CCly
A

1 3 Cl
CH4OH 2Cl

1,4-CHD = 1,4-cyclohexadiene

2-CH,0H OH
Scheme 4-1. Thermal cycloaromatization of conjugated enediyne 1 to atom abstraction

products 2 through intermediacy of para-benzyne 3.’
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In continuation of previous work in the O’Connor laboratory with ruthenium triggered
formal Bergman cycloaromatizations of enediynes, we desired to obtain a comparison in
activation parameters for the metal mediated and thermal reactions.® During our investigations,
it was discovered that heating enediyne 4 in CDCI; at temperatures in excess of 140°C resulted
in an unprecedented cycloaromatization resulting from bond formation between the propargylic
and internal alkyne carbon atoms to give tetraline 5 (Scheme 4-2). Herein, we account the

initial discovery and our current mechanistic hypothesis on this atypical cycloaromatization.

Cl
>140°C
E—
CDClg
CHs
4 5

Scheme 4-2. Novel enediyne cycloaromatization pathway of 4 to 5-chloro-8-ethyl-tetraline 5.

Il. Results.

Synthesis of model enediyne 4 commenced from known 6 that was prepared in two
steps from cyclohexanone.* Aldehyde 6 was converted to the terminal alkyne by the Corey-
Fuchs protocol then desilylated and methylated from the acetylide to give 4 as a crystalline

solid, allowing for X-ray structure determination (Scheme 4-3).
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1. PPhg, Zn; CBry; 'y &
CHO 6, 0°C, CH,Cl,, 90% ° N A
2. "BuLi, hexanes, -75°C, 83% S o
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- |
3. K,CO3, MeOH / THF, tt, 92% ‘J, PN
% 4. LHMDS; CHsl, THF, 0°C, 89% A *
o N @
6 TMS e N °
4 @
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Scheme 4-3. Synthetic route and ORTEP of model enediyne 4.

Treatment of 4 with [Cp*Ru(NCMe),]PFs (7)° and 1,4-cyclohexadiene (1,4-CHD) in
CDCl, at ambient temperature led to rapid cycloaromatization giving 7°6,7-dimethyltetraline
complex 8 in 51% NMR yield (Scheme 4-4). Consistent with the structure of 8, uncoupled
aromatic methyl and hydrogen resonances were observed at § 2.08 and 5.52 in the '"H NMR
spectrum, respectively. The upfield shift of the aromatic hydrogen resonance is typical for n°-
arene complexes.

We then examined the thermal reactivity of 4. Heating a CDCI, solution of 4 and 1,4-
cyclohexadiene at 190°C in a flame-sealed thick-walled NMR tube for 20 h yielded compound 5
with the spectral data shown in Scheme 4-4. The 'H NMR spectrum of this compound exhibited
two coupled doublets in the aromatic region and a coupled triplet and quartet in a 1:1:3:2 ratio,
respectively, suggesting a 1,2 or 2,3 aromatic hydrogen substitution pattern and the presence of
an ethyl group. GC/MS analysis of the reaction mixture showed a parent ion peak at 194.2 m/z
with a major fragmentation peak at 159.2 m/z corresponding to loss of a chlorine atom. The
parent ion peak would then correspond to the substrate mass + H + Cl. Three possible tetraline

structures could fit this data: (1) 5-chloro-8-ethyl, (2) 5-chloro-6-ethyl, or (3) 6-chloro-5-ethyl.
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~ 'HNMR 7] ﬁ

§7.13 (d, 8Hz, 1H)
Ru ©® PFg

56.93 (d, 8Hz, 1H) i )
82.53 (q, 7Hz, 2H) 1 ,4-CHD, CDClg, 190°C . 7, 1,4-CHD, CDCl3, rt .

§1.20 (t, 7Hz, 3H) 20 h, 60 % 5 < 20 min, 51% NMR Yield /

N—ot,
GC/MS I
Parent lon: m/z=194.2
— Major Frag: m/z=159.2 —
5 8

Scheme 4-4. Expected and unexpected cycloaromatization of enediyne 4.

In hopes of obtaining a crystalline material that might be suitable for X-ray analysis, 5
was allowed to react with 7 resulting in quantitative formation of arene complex 9 (Scheme 4-5).
We were pleased to obtain single crystals upon slow diffusion of ethyl ether into a
dichloromethane solution of 9. The solid-state structure of 9 verified the connectivity of 5 to be
5-chloro-8-ethyl-tetraline. To rule out any possible structural rearrangements that might have
occurred during complexation of 5, 9 was subjected to sunlight in aerobic CH;CN resulting in

liberation of the free arene as verified by '"H NMR spectroscopy.

PFs ©
'h\’)

Cl ‘
S
/\ 7, acetone-dg, rt )Ru1
7

quantitative (NMR) [ f

& Tt

5 v U 9 Q
yellow oil /—’*"*‘-/ ’
)
Ci1

9
colorless solid

Scheme 4-5. Absolute structure determination of 5 through formation of crystalline Cp*Ru-

arene complex 9.
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To determine if this interesting cyclization was specific for halogenated solvents, the
reaction was run in THF-d;, (entry 1, Table 4-1). After 19 h at 200°C, two products, 10 and 11,
were observed in low yield based on the conversion of 4. Compound 11 exhibited a singlet at 6
2.14 in the '"H NMR spectrum that was assigned to the aromatic methyl of the Bergman
cyclization product 5,8-dideutero-6,7-dimethyl-tetraline. Similar to 5, the 'H NMR spectrum of
10 exhibited triplet and quartet resonances at 6 1.16 and 2.55 (J = 8 Hz) in a ~3:2 ratio,
respectively, suggesting the presence of an ethyl group. Also consistent with the integration of
the ethyl hydrogen resonances, was a downfield uncoulpled resonance at 6 6.91 integrating for
~1 H. Exact integration was not possible because the ethyl resonances were in a convoluted
region of the spectrum. The observed 'H NMR data are nearly identical to known 5-
ethyltetraline and we therefore tentatively assign the structure of 10 as 5,6-dideutero-8-ethyl-
tetraline.® GC/MS of the reaction mixture showed a single chromatographic peak with a parent
ion m/z of 162.3 consistent with the molecular formula of 10 and 11. Based on the similarity in
structure, it is reasonable to predict that these compounds have very similar retention times and
could possibly come under the same peak in the GC/MS.

We also examined the role of the hydrogen atom donor, 1,4-CHD, by performing the
reaction with and without this reagent at the same temperature (entries 2-3). Although the
product was formed for the reaction without hydrogen atom donor, the rate of reaction and yield
were much lower. Interestingly, '"H NMR analysis of 5 obtained from entry 2, showed no
incorporation of deuterium suggesting that the source of protio hydrogen may be from the

substrate itself.
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Table 4-1. Screening different reaction conditions to determine the role of solvent and
hydrogen atom donor for the reaction of 4. Conversion of 4 determined by 'H NMR

spectroscopy. Yields based on conversion of 4 and determined by 'H NMR spectroscopy.

CH,4 X H(D)
F H(D) CHa
conditions
—_— +
% CHs
CHs H(D)
CHj
4 5:X=Cl 1
10: X=D
Entry conditions Temp (°C)  time (h) 4 % Conv. 5 % Yield 10 % Yield 11 % Yield
1 THF-dg 200 19 90 - 10 10
2 CDCl3 165 168 96 41 - 0
3 CDClg, 1,4-CHD 165 26 97 69 - 0

We also explored the possibility of promoting the cyclization with HCI. Indeed, when 4
was heated at 150°C for 46 h with ~0.5 eq. of HCI, formation of 5 was observed in 55% NMR
yield with complete conversion of 4. There was a great deal of baseline broadening in the
aliphatic region of the '"H NMR spectrum suggesting formation of soluble polymeric material that
might explain the unaccounted mass balance. Accompanying the formation of 5, was another
compound (12) in 12% NMR yield that exhibited a downfield quartet resonance in the 'H NMR
spectrum at 6 5.72 (J = 7 Hz) along with an uncoupled resonance at 6 1.95 and a doublet at 6
1.62 (J = 7 Hz) integrating in a ~ 1:3:3 ratio, respectively. Based on these observed
resonances, a vinyl chloride structure with unassigned alkene geometry was tentatively
proposed for 12. Treating 4 with HCI under identical conditions as the thermal reaction at
ambient temperature resulted in no conversion of 4 after 24 h, but upon heating to 50°C, 12 was

observed in 76% NMR yield (based on 9% conversion of 4). The cyclized product 5 was not
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observed at this temperature indicating formation of the addition product is faster than the

cyclization.

CHa ci ¢l
F CHa
Z HCI, CDClg X

.
150°C, 46 h
CH, CH,
CHs
4 5 12
(55 % NMR) (12 % NMR)

Scheme 4-6. HCI promoted cycloaromatization of 4 and possible observation of addition

product 12.

The most reasonable pathway for cyclization to 5 would involve bond formation
between the propargylic methyl and internal alkyne carbon of the starting material 4. To verify
this connectivity, we prepared a "®C-enriched sample of 4 using an identical synthetic route with
8CH,l. The propargylic methyl groups of the enriched sample were determined to be > 95% '*C
by integration of the methyl doublet relative to the uncoupled residual ?C methyl resonance at &
2.02 in the 'H NMR spectrum. Heating 4-*C with HCI yielded a product with enrichment at §
15.2 and 126.1 in the *C NMR spectrum, in excellent agreement with placement of the labeled
carbons in 5-"*C (Scheme 4-7). Unfortunately, an NMR yield could not be obtained from this
reaction due to baseline broadening in the 'H NMR spectrum (possibly from polymerization)

making it difficult to measure accurate integrals.
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: cl
HCI, CDClg X
— >
140°C, 3 days /*
* = 13C enriched position .
4_13c 5_130

99.5 % '3C by 'H NMR
Scheme 4-7. '*C labeling experiment demonstrating bond formation between the propargylic

and internal alkyne carbon atoms.

lll. Discussion.

Shown in Scheme 4-8 is a proposed mechanism that would account for the formation of
5. Formal addition of HCI across the alkyne would result in the formation of two possible
geometric isomers, 12-E and 12-Z. If 12-E is favored, then one could envision a [1,7]-shift of
the allylic methyl hydrogen to give I. This pathway would seem unlikely for 12-Z based on
geometric grounds. From I, a 6x electrocyclization to give II followed by a formal [1,3]-

hydrogen shift would lead to the observed product 5, consistent with the '*C labeling study.
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F
CDCl,
—_—
NN
4-13¢c N .
l formal add "HCI"
B cl cl A T
AN X
* + [1,3]-H Shift
NN NN
12-E N . 12-7 \ .

ln ,7]-H shift
cl

6 electrocyclization

Scheme 4-8. Proposed mechanism for thermal cycloaromatization of enediyne 4 in CDCl;.

Liu and coworkers have shown HCI addition to 1,2-diethynylcyclohexene (13) ultimately
results in cycloaromatization to give 5-chlorotetraline (14) presumably through the intermediacy
of the double addition product 15 (Scheme 4-9).” Interestingly, Liu did not try the reaction with
enediynes containing internal alkynes (e.g. 4). Pericyclic [1,7]-H shifts for dienynes are known.®
Most relevant to the current study was work done by Liu and coworkers that showed dienynes
electronically similar to proposed intermediate 12 undergo cycloaromatization in xylenes at

120°C (Scheme 4-10).%°
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X
H Cl
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Scheme 4-9. Enediyne cycloaromatization resulting from double HCI addition.”

X X
X
xylenes X =CH,, 48 h, 26 %
. — 0,
120°C X =CO, 16 h, 46%
Ph
Ph

Scheme 4-10. Dienyne cycloaromatization triggered by [1,7]-H shift.®

It has been demonstrated that direct addition of HCI to the reaction mixture triggers the
cycloaromatization, but the rate enhancement with 1,4-CHD is more difficult to interpret. A
significant mechanistic clue for the 1,4-CHD reactions was the observation of a multiplet
centered at § 5.30 in the 'H NMR spectrum assigned to CH(D)Cl,, which forms in nearly equal
yield to the aromatized product 5. This species may result from the sequential abstraction of CI
from CDCl; then abstraction of hydrogen from 1,4-CHD, although it is not known what substrate
derived species performs the initial homolysis. Although we are unsure to the mechanism of
this pathway, another possibility being considered is the mildly exothermic generation of the
electrophilic trigger, HCI, from the reaction of 1,4-CHD and CHCI, shown in equation 1.° As a
side note, a similar calculation for the reaction with CHI; showed the process to be more
exothermic than the CHCI, reaction (equation 2) which suggests the process may be a general

route for in situ generation of hydrogen halides.
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+ CHCl; ——» © + CHCl + HCI A H°,, = -25.5 kcal-mol” (1)
+ CHy — © + CHalpy + HI A H°,,, = -29.3 kcal-mol™ )

Preferential formation of the thermodynamically less stable 12-E may not be intuitively
obvious, but is well known in literature for electrophilic additions of HCI to alkynes." As
demonstrated with 1-phenylpropyne 16 (a commonly studied substrate for electrophilic alkyne
additions), the intimate ion pair 17 formed subsequently after syn-protonation is inhibited from
dissociation due to the low polarity of organic solvents commonly used for the reaction (Scheme
4-11).""%  Therefore, the overall addition of HCI gives the kinetic syn product 18. Steric
arguments between the anti substituent (CH; for 17) and the nucleophile have also been used

to explain the preference for the kinetic product.''

CHs T
e c© o H
: H
HCI ®
- —_— CH,
CH,
16 17 18

Scheme 4-11. Intimate ion-pair rationalization for preference of kinetic syn addition product

formation.'

At this time, an exact proposed mechanism to account for the formation of the THF-d,
derived product 10 (entry 1, Table 4-1) and formation of 5 from thermalysis in the absence of

HCI or 1,4-CHD (entry 2, Table 4-1) is unknown, but we tend to favor a pathway involving a
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dienyne intermediate (e.g. 12) as shown in Scheme 4-8 and feel that this intermediate is most

likely formed through radical species.

IV. Conclusions and Future Outlook.

In conclusion, we have uncovered a novel route of cycloaromatization for enediynes
resulting from thermalysis in CDCI,. The product results from bond formation between the
propargylic and internal alkyne carbons of the substrate and incorporation of chlorine in the
aromatic ring. The reaction was found to be accelerated by use of 1,4-cyclohexadiene, a
hydrogen atom donor, and HCI, a Bronsted acid. Although uncharacterized, preliminary
experiments in THF-dg; have provided some evidence for the formation of a similar product in
low yield suggesting that the reaction may be general to other solvents as well. Our current
mechanistic hypothesis involves formal addition of HCI to form a dienyne structure that then
proceeds through a cascade of pericyclic reactions to ultimately give the aromatic product.
Current work is being directed at studying the substrate scope and mechanism of this novel
transformation.  We are particularly interested in independent chemical synthesis and
characterization of both geometric isomers of proposed intermediate dienyne 12. While
spectroscopic evidence has been obtained to support the formation of one of the isomers,
examining the rate of cyclization of each isolated dienyne under the reaction conditions used for

the cyclization will provide stronger support for these species’ role as intermediates.
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V. Experimental.

i. General Procedures.

All reactions directed toward the synthesis of organic substrates for cycloaromatizations
were performed in round bottom flasks equipped with magnetic teflon coated stir bars and
rubber septa under a positive pressure of N,, unless otherwise noted. NMR scale ruthenium
cyclization reactions were performed under a N, atmosphere in 5 mm J-young NMR tubes
equipped with a teflon needle valve using freshly degassed solvents (freeze / pump / thaw
procedure). Solutions of air- and moisture-sensitive reagents were transferred by syringe or
stainless steal cannula. Air and moisture sensitive solids were handled in a glove box under a
N, atmosphere. Organic solvent solutions were concentrated by rotary evaporation (ca. 10 —
160 torr) at 25 - 35°C, unless otherwise noted. High vacuum distillations were performed at
23°C (ca. 0.010 torr) using a receiver flask cooled to -75°C. Preparative thin layer
chromatography (PTLC) was performed on glass plates pre-coated with silica gel (1 mm, 60 A
pore size, EMD Chemicals) and visualized by exposure with ultraviolet light. Flash column
chromatography purification of synthetic intermediates and substrates was performed by
literature procedure'® using silica gel (60 A particle size 0.043 — 0.060 mm, EMD Chemicals) or

activated neutral Brockmann | standard grade aluminum oxide (150 mesh, Sigma-Aldrich).

ii. Materials.

Tetrahydrofuran (THF), ethyl ether and hexanes used for reaction solvents were dried
either by a solvent dispensing system equipped with two neutral alumina columns under argon
atmosphere, over sodium/benzophenone ketyl under a N, atmosphere, or by 3 A activated

sieves by literature procedure.' Chloroform-d was dried over calcium hydride under a nitrogen



305

atmosphere or by 3 A activated sieves by literature procedure.’® Acetone-d, was dried over 4 A
activated sieves for 5 h under a N, atmosphere. Tetrahydrofuran-d; (THF-dg) was dried over
sodium/benzophenone ketyl under a N, atmosphere. All other solvents were used as received
from commercial suppliers. [Cp*Ru(NCMe);]PF; (7) was prepared according to literature
procedure.® All other literature compounds were prepared according to the indicated reference

or purchased from commercial suppliers and used as received.

iii. Instrumentation.

NMR spectra were recorded on a Varian Mercury 300 ('H, 300 MHz; *C 75.5 MHz),
Varian Mercury 400 ('H, 400 MHz; '3C 100.7 MHz), Jeol ECA 500 ('H, 500 MHz) or Varian VX
500 ('H, 500 MHz; '*C 125 MHz) spectrometer. 'H and ®C NMR chemical shifts (5) are
reported in parts per million (ppm). 'H NMR chemical shifts were referenced to the residual
protio resonance for CDCI, (8 7.26). ®*C NMR chemical shifts were referenced to CDCl, (&
77.16). Infrared (IR) spectra were recorded on a Nicolet Avatar 360 FT-IR with KBr or NaCl
plates (thin film) or JASCO FT-IR 4100 attenuated total reflectance (ATR) platform (3mm) ZnSe
plate (thin film). High-resolution mass spectra were obtained by the University of California, San
Diego Mass Spectrometry Facility. Melting points are uncorrected and were recorded on an

Electrothermal or Standford Research Systems EZ-Melt apparatus.

iv. Preparation and characterization data for synthetic intermediates and enediyne

substrates.

1,2-Diethynyicyclohex-1-ene (19). Anhydrous K,CO; (659 mg, 4.76 mmol) was added to a
stirring solution of 20" (308 mg, 1.52 mmol) in THF / MeOH (14 mL, 1:1) at 23°C. After stirring

at 23°C for 1 h, the reaction mixture was diluted with water (50 mL) and extracted with pentane
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(3 x 50 mL). The organic extract was dried over MgSO,, concentrated, and purified by flash
silica column chromatography (pentane) to afford 19 as a yellow oil (182 mg, 1.398 mmol,

92%). The product exhibited spectroscopic properties identical to those reported in literature.®
H H
F F

KoCOjg, MeOH / THF, 1t

A A
™S H

20 19

1,2-Di(prop-1-yn-1-yl)cyclohex-1-ene (4). A 1 M solution of LHMDS (3.00 mL, 3.00 mmol) in
THF was added to a stirring solution of 19 (100 mg, 0.768 mmol) in THF (7.8 mL) at 0°C. After
stirring at 0°C for 20 min, iodomethane (0.300 mL, 4.81 mmol) was added. After stirring for 4 h
while slowly warming to 23°C, the reaction was poured over sat. ag. NH,Cl (20 mL) and
extracted with hexanes (2 x 20 mL). The organics extracts were successively washed with
water (20 mL) / brine (20 mL), dried over MgSQO,, concentrated, and purified by flash silica
column chromatography (hexanes) to afford 4 as a yellow solid upon cooling to -20°C (108 mg,
0.683 mmol, 89%). mp: 31-34°C. 'H NMR (400 MHz, CDCl,) 6:1.53 — 1.62 (m, 4H, 4,5-CH,),
2.03 (s, 6H, CHj), 2.12 — 2.21 (m, 4H, 3,6-CH,). ®*C NMR (75 MHz, CDCl,) &: 4.79 (CH,), 22.1
(4,5-CH,), 30.4 (3,6-CH,), 80.6 (C=C), 89.4 (C=C), 125.1 (C=C). HRMS (El): Calcd for (C;,H4):

158.1090, found 158.1088.

\

=7
LHMDS; CHgl, THF, 0°C

X

/

H CH,

19
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1,2-Di(3-"3C-prop-1-yn-1-yl)cyclohex-1-ene (4-'°C). A 1 M solution of LHMDS (4.82 mL, 4.82
mmol) in THF was added to a stirring solution of 19 (126 mg, 0.964 mmol) in THF (10 mL) at
0°C. After stirring at 0°C for 20 min, 99% '3C-iodomethane (0.361 mL, 5.78 mmol) was added.
After stirring for 4 h while slowly warming to 23°C, the reaction was poured over sat. ag. NH,ClI
(30 mL) and extracted with hexanes (2 x 30 mL). The organics extracts were successively
washed with water (30 mL) / brine (30 mL), dried over MgSO,, concentrated, and purified by
flash silica column chromatography (hexanes) to afford 4-'*C as a yellow solid upon cooling to -
20°C (78 mg, 0.487 mmol, 51%). 'H NMR (400 MHz, CDCl,) 6:1.53 — 1.62 (m, 4H, 4,5-CH,),
2.03 (d, "Upy = 131 Hz, 6H, ®CH,), 2.12 — 2.21 (m, 4H, 3,6-CH,). HRMS (El): Calcd for (C-

10"°C,H,,): 160.1157, found 160.1159.

H 13CH,3

F

\

LHMDS; '3CHgl, THF, 0°C

/

X

13
19 4-°C

v. Procedures for NMR scale reactions.

General procedure enediyne cyclizations. A mixture of enediyne, 1,3,5-tri-tert-butylbenzene
(0.5 — 1 mg), and acid / H-atom donor (if applicable) in indicated solvent were degassed (3x
freeze / pump / thaw) and flame sealed in a Wilmad 504-PP or Wilmad 522-PP NMR tube under
0.010 torr vacuum. The contents were then heated at indicated temperature.

Reaction of 4 in CDCI; / 1,4-CHD @ 190°C. 4 (2.5 mg, 0.0158 mmol), 1,4-CHD (0.011 mL,
0.111 mmol), CDCl, (0.233 mL), 190°C.

Reaction of 4 in CDCI; / 1,4-CHD @ 165°C. 4 (5.5 mg, 0.035 mmol), 1,4-CHD (0.023 mL,

0.243 mmol), CDCl, (0.307 mL), 165°C.



308

Reaction of 4 in CDCI;. 4 (2.8 mg, 0.018 mmol), CDCI; (0.281 mL), 165°C.

Reaction of 4 in THF-d;. 4 (2 mg, 0.013 mmol), THF-d, (0.227 mL), 200°C.

Reaction of 4 with HCI. 4 (9.0 mg, 0.0569 mmol), 12 M HCI (0.002 mL, 0.0284 mmol), CDCl,
(0.450 mL), 150°C.
Reaction of 4-'3C. 4-'*C (7.8 mg, 0.0487 mmol), 12 M HCI (0.010 mL, 0.142 mmol), CDCl,
(0.250 mL), 140°C.

Reaction of 4 with 7. 7 (6 mg, 0.012 mmol) was added to a J-young tube containing a solution
of 4 (1.7 mg, 0.011 mmol), 1,4-CHD (0.012 mL, 0.129 mmol) and 1,3,5-tri-tert-butylbenzene (1.5

mg) in CDCI; (0.78 mL) at 23°C in glove box.

vi. Preparation and characterization data for cycloaromatized products.

5-Chloro-8-ethyl-tetraline (5). After 68 h at 150°C, the NMR scale reaction mixture of 4 with
HCI was diluted CH,CI, (2 mL) and extracted with sat. ag. NaHCO; (2 x 2 mL). The aqueous
phase was backwashed with CH,Cl, (4 mL) and the combined organic extracts were washed
with brine (4 mL), dried over MgSQ,, concentrated, and successively purified by silica column
chromatography (5.75 inch glass pipette, hexanes) then high vacuum distillation to afford 5 as a
colorless oil. '"H NMR (400 MHz, CDCly) 8:1.18 (t, 3Jyy = 7.5 Hz, 3H, CH,CH,), 1.74 — 1.83 (m,
4H, 2,3-CH,), 2.56 (q, *Jyy = 7.5 Hz, 2H, CH,CHj,), 2.65 — 2.81 (m, 4H, 1,4-CH,), 6.94 (d, >y, =
8.0 Hz, 1H, 7-ArH), 7.15 (d, ®J, = 8.0 Hz, 1H, 6-ArH). *C NMR (100 MHz, CDCl,) 8:14.5 (CHj),
22.7 (CH,), 22.8 (CH,), 25.5 (ArCH,), 26.7 (ArCH,), 28.0 (ArCH,), 126.1 (CH=CH), 126.2

(CH=CH), 132.3 (C=C), 134.8 (C=C), 137.3 (C=C), 140.9 (C=C).
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Cl

CHj

(n*-Pentamethylcyclopentadienyl)(7°®6,7-dimethyl-tetralinyl)ruthenium (n
hexafluorophosphate (8). 7 (30 mg, 0.059 mmol) was added to a solution of 4 (10 mg, 0.065
mmol) in THF (1 mL) at 23°C in glove box. After 14 h at 23°C, the reaction mixture was
concentrated, dissolved in minimum amount of CH,CI,, and a brown solid was precipitated by
addition of Et,0. The resulting solid was purified by flash alumina column chromatography (2:8
then 7:3 EtOAc / hexanes) followed by crystallization (CH,CI, : ethyl ether) to afford 8 as a
colorless solid. decomp. 260°C. '"H NMR (400 MHz, CDCl,) 6: 1.60 — 1.86 (m, 4H, 2,3-CH,),
1.79 (s, 15H, Cp*), 2.08 (s, 6H, ArCH,), 2.32 — 2.43 (m, 2H, 1,4-CH%"), 2.66 — 2.77 (m, 2H, 1,4-
CH®"), 5,53 (s, 2H, ArH). "*C NMR (100 MHz, CDCl,) 8: 9.8 (CpCHj;), 16.2 (ArCH,), 21.8 (2,3-
CH,), 25.6 (1,4-CH,), 89.2 (CpCH,), 93.5 (C*H), 98.6 (C*), 101.1 (C"). Anal. Calcd for C-

»HsFsPRu: C, 48.80; H, 5.77. Found: C, 48.80; H, 5.61.

X

Ru ® PFg
) =

CHa

(n°-Pentamethylcyclopentadienyl)(7°-5-chloro-8-ethyl-tetralinyl)ruthenium ()
hexafluorophosphate (9). 7 (14 mg, 0.028 mmol) was added to a solution of 4 (3.6 mg, 0.019

mmol) and 1,3,5-tri-tert-butylbenzene (0.5 — 1 mg) in acetone-d;, (0.68 mL) at 23°C in glove box.
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After 14 h at 23°C, the reaction mixture was concentrated and purified by flash alumina column
chromatography (2:8 then 7:3 EtOAc / hexanes) followed by crystallization (CH,CI, : ethyl ether)
to afford 9 as a colorless solid. decomp. 205 - 215°C. 'H NMR (400 MHz, CDCl,) §: 1.24 (t, 3Jy,
= 7.5 Hz, 3H, CH,CH,), 1.66 — 1.95 (m, 4H, 2,3-CH,), 1.81 (s, 15H, Cp*), 2.23 (dq, 2Jyy = 14.6
Hz, 8Jyy = 7.5 Hz, 1H, C(H’)HCH,), 2.34 — 2.53 (m, 2H, 1,4-CH¥"), 2.39 (dq, 2Jyy = 14.6 Hz, Sy,
= 7.5 Hz, 1H, C(H)HCH,), 2.62 — 2.80 (m, 2H, 1,4-CH*™), 5.92 (d, 4y = 6.0 Hz, 1H, 7-ArH),
5.99 (d, 3Jyy = 6.0 Hz, 1H, 6-ArH). *C NMR (100 MHz, CDCl,) §: 9.6 (CpCH3), 14.0 (CH,CH,),
21.4 (2/3-CH,), 21.5 (2/3-CH,), 23.7 (1/4-CH,), 24.0 (1/4-CH,), 25.5 (CH,CHj), 87.9 (C*H), 88.9
(CAH), 95.3 (CpCH;), 100.0 (C*), 100.3 (C*), 103.9 (C*), 104.3 (C*). Anal. Calcd for C-

22H3,CIFsPRu: C, 45.88; H, 5.25. Found: C, 45.85; H, 4.90.

vii. 'H and *C NMR spectra for unknown compounds.
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viii. X-ray crystallographic summary and ORTEPS for characterized structures

General Experimental for X-Ray Structure Determinations.

A single crystal with general dimensions of a x b x ¢ was immersed in Paratone and
placed on a Cryoloop. Data were collected on a Bruker SMART (APEX) CCD diffractometer,
using a graphite monochromator with Mo or Cu Ka radiation (A = 0.71073 or 1.54178 A) at the
defined temperature. The data were integrated using the Bruker SAINT software program and
scaled using the SADABS software program. Solution by direct methods (SIR-2004) produced a
complete heavy-atom phasing model consistent with the proposed structure. All non-hydrogen
atoms were refined anisotropically by full-matrix leastsquares (SHELXL-97). All hydrogen atoms
were placed using a riding model. Their positions were constrained relative to their parent atom

using the appropriate HFIX command in SHELXL-97.

Figure 4-11. ORTEP of 4. Ellipsoids shown at 30% probability.

Table 4-2. Crystal data and structure refinement for 4.

Identification code dh3089
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Table 4-2. Crystal data and structure refinement for 4. (continued)

Empirical formula C12 H14

Formula weight 158.23

Temperature 90(2) K

Wavelength 154178 A

Crystal system Monoclinic

Space group Cc

Unit cell dimensions a=7.5706(7) A a = 90°.
b=12.0673(9) A B =91.117(5)°.
¢ =10.5905(8) A y = 90°.

Volume 967.33(14) A

z 4

Density (calculated) 1.086 Mg/m?®

Absorption coefficient 0.450 mm™

F(000) 344

Crystal size 0.25 x0.20 x 0.10 mm?®

Theta range for data collection 6.90 to 68.29°.

Index ranges -8<=h<=9, -14<=k<=14, -12<=I<=12

Reflections collected 3231

Independent reflections 1245 [R(int) = 0.0097]

Completeness to theta = 67.00° 98.6 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.9564 and 0.8958

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 1245/2/120

Goodness-of-fit on F2 1.060
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Table 4-2. Crystal data and structure refinement for 4. (continued)

Final R indices [I>2sigma(l)] R1=0.0272, wR2 = 0.0765
R indices (all data) R1=0.0275, wR2 = 0.0767
Absolute structure parameter 1.0(18)
Largest diff. peak and hole 0.105 and -0.125 e.A®
C22
C18

Figure 4-12. ORTEP of 9. Ellipsoids shown at 30% probability. Hydrogen atoms omitted for

clarity.

Table 4-3. Crystal data and structure refinement for 9.
Identification code dh3092

Empirical formula C22H30CIF6 P Ru

Formula weight 575.95
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Table 4-3. Crystal data and structure refinement for 9. (continued)

Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.00°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

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

R indices (all data)

100(2) K

0.71073 A

Monoclinic

P 21/c

a =8.9350(6) A o = 90°.
b =14.4160(9) A B = 93.2770(10)°.
c=17.5090(11) A vy =90°.
2251.6(3) A°

4

1.699 Mg/m?®

0.943 mm™

1168

0.50 x 0.25 x 0.10 mm?®

1.83 t0 28.13°.

-11<=h<=11, -18<=k<=18, -23<=I<=23
45885

5221 [R(int) = 0.0307]

100.0 %

Semi-empirical from equivalents
0.9116 and 0.6499

Full-matrix least-squares on F2
5221 /0 /286

1.033

R1 =0.0236, wR2 = 0.0526

R1=0.0313, wR2 = 0.0565
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Table 4-3. Crystal data and structure refinement for 9. (continued)

Largest diff. peak and hole 0.566 and -0.492 e.A®

VI. References.

10.

11.

12.

13.

Jones, R.R.; Bergman, R.G. J. Am. Chem. Soc. 1972, 94, 660.

(a) Basak, A.; Kar, M. Chem. Rev. 2007, 107, 2861. (b) Rawat, D.S.; Zaleski, J.M. SynLett,
2004, 3, 393. (c) Grissom, J.W.; Gunawardena, G.U.; Klingberg, D.; Huang, D. Tetrahedron,
1996, 52, 6453. (d) Smith, A.L.; Nicolaou, K.C. Acc. Chem. Res. 1992, 25, 497.

(a) O’Connor, J.M.; Friese, S.J. Organometallics, 2008, 27, 4280. (b) O’Connor, J.M.;
Friese, S.J.; Rodgers, B.L. J. Am. Chem. Soc. 2005, 127, 16342. (c) O’Connor, J.M.; Friese,
S.J.; Tichenor, M. J. Am. Chem. Soc. 2002, 124, 3506. (d) O’Connor, J.M.; Lee, L.1;
Gantzel, P. J. Am. Chem. Soc. 2000, 122, 12057. (e) Friese, S.; PhD. Dissertation,
University of California, San Diego 2004.

Kato, Y.; Miki, K.; Nishino, F.; Ohe, K.; Uemura, S. Org. Lett. 2003, 5, 2619.
Steinmetz, B.; Schenk, W. Organometallics. 1999, 18, 943.

G.L. Thompson, W.E. Heyd, L.A. Paquette. J. Am. Chem. Soc. 1974, 96, 3177.
Lo, C-Y.; Kumar, M.P.; Chang, H-K.; Lush, S-F.; Liu, R-S. J. Org. Chem. 2005, 70, 10482.

(a) Aitken, R.A.; Boeters, C.; Morrison, J.J. J. Chem. Soc., Perkin Trans. 1 1997, 2626. (b)
Lian, J.; Lin, C.; Chang, H.; Chen, P; Liu, R. J. Am. Chem. Soc. 2006, 128, 9661. (c) Yang,
C.; Liu, R. Tetrahedron Leftt. 2007, 48, 5887. (d) Jacobi, P.A.; Kravitz, J.l. Tetrahedron
Letters, 1988, 29, 6873.

AH¢° obtained from: (a) CRC Handbook of Chemistry and Physics; Lide, D.R., Ed.; CRC
Press: New York, 1996; 77" ed. (b) National Institute of Standards and Technology
Chemistry Webbook. http://webbook.nist.gov/ (accessed April 2, 2011).

Calculation for the CHBr; reaction was not possible due to lack of thermodynamic data for
CH,Br..

(a) Crawford, S.D.; Kropp, P.J. J. Org. Chem. 1994, 59, 3102. (b) Kropp, P.J.; Daus, K.A;;
Crawford, S.D.; Tubergen, M.W.; Kepler, K.D.; Craig, S.L.; Wilson, V.P. J. Am. Chem. Soc.

1990, 712, 7433. (c) Marcuzzi, F.; Melloni, G. J. Am. Chem. Soc. 1976, 98, 3295. (d) Fahey,
R.C.; Lee, D.J. J. Am. Chem. Soc. 1966, 88, 5555.

Still, W.C.; Khan, M.; Mitra, A. J. Org. Chem. 1978, 43, 2923.

Williams, D. B. G.; Lawton, M. J. Org. Chem. 2010, 75, 8351.



326

14. See Chapter 3, Section IX.
15. Odedra, A.; Wu, C-J.; Pratap, T.B.; Huang, C-W.; Ran, Y-F.; Liu, R-S. J. Am. Chem. Soc.
2005, 127, 3406.)

VII. Acknowledgements.
The material of Chapter 4, in part, is currently being prepared for submission for

publication with the following authors: Hitt, D.M.; Raub, A.G.; O’Connor, J.M. The dissertation

author was the primary investigator and author of this material.



	Title.pdf
	signature page.pdf
	ContentTables.pdf
	Acknowledge_final.pdf
	Chpt1_Final.pdf
	Chpt2_Final.pdf
	Chpt3_Final.pdf
	Chpt4_Final.pdf



