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Introduction.

1- Organic Synthesis: Applications and challenges.

1.1 Introduction.

Defined as “The branch of science concerned with the substances of which matter is
composed, the investigation of their properties and reactions, and the use of such reactions to
form new substances”,! Chemistry is, arguably, one of the disciplines that have contributed
the most to the well-being of mankind. Since the discovery of the fire until age of plastics,
humans have modified molecules at their wish for their own benefit. By doing so, the art of
creating and breaking chemical bonds has evolved, allowing us to advance as society to
become what we currently are. This is the reason why the study of chemistry is of vital
importance to pave the road towards a better world.

Among the many branches of chemistry, Organic Synthesis has gained its privileged place
by its own merits. Its quest started on the beginning of the XIX century, when chemists
found out that there was no need of any “vital force” in order to create naturally occurring
molecules. The success of Organic Synthesis as main area of chemistry arises from the fact
that, starting from a relatively small variety of “bricks” (fundamentally C, H, O, N, P, S and
halogens) allows the obtention of a virtually infinite number of structures with varying
properties. By using this tool we are able; not only to mimic nature, but to create our own
molecules that, diverging from our environment, possess uses in medicine, biology,
cosmetics, food industry and much more. In fact, from the moment we wake up to when we
go to sleep, almost every object we lay our eyes on has been created or modified by using
Organic Chemistry to make our existence easier.

One of the basic needs of the modern society and, specifically, chemical industry is the
availability of relatively big amounts of diverse natural or synthetic molecules with
divergent properties, which can be studied and used to solve problems encountered in our
daily lives. To be able to obtain such quantities, it is mandatory to discover methods for the
synthesis and isolation of these products. Moreover, organic compounds present high
diversity and structural complexity, which leads to the necessity of highly selective
transformations that can incorporate different motifs in the presence of various functional
groups. During the past centuries, synthetic chemists have discovered and developed new
methods that have been used to synthesize extremely complex molecules.2

1 "Chemistry, n." OED Online. Oxford University Press, December 2015.

2 (a) Nicoulaou, K. C.; Sorensen, E. ]J. Classics in total synthesis: Targets, strategies, methods Ed. Wiley-
VCH, 1996. (b) Nicoulaou, K. C.; Sorensen, E. J. Classics in total synthesis II: More targets, strategies,
methods Ed. Wiley-VCH, 2003. (c) Nicoulaou, K. C.; Chen, J. S. Classics in total synthesis IlI: Further
targets, strategies, methods Ed. Wiley-VCH, 2011.
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X
COzMe
—N HO \/N
) MeO X
—
(+/-) Cocaine Wilstatter 1901 Quinine Woodward 1944 Strychnine Woodward
(20 steps, 0.75%) (21 steps < 0.01%) 1954 (29 steps <0.01%)
Stimulant Antimalarial Stimulant
Cytovaricin Evans 1990 Taxol Nicolau 1998
(76 setps <0.01%) (40 steps <0.01%)
Antibiotic Antitumoral

Fig 1. Example of classic total syntheses and their number of steps and total yield.

Despite these achievements are certainly impressing, they are somehow stained because,
until not so long ago, chemists only purchased the synthesis of a complex molecule without
stopping too much to evaluate the details of its obtention. Nowadays this vision has changed
towards the quest for short and efficient synthesis.?

1.2. Requirements for modern Organic Chemistry.

As it has been mentioned before, Organic Synthesis has moved from the purchase of the
synthesis of a given molecule to focus on the route needed for achieving that goal. This new
vision has given rise to several new concepts:* Atom economy, which is the efficiency of a
chemical transformation in terms of the maximizing the incorporation of the atoms present
in the reactants into the final product;5 redox economy meaning the use as few redox steps as
possible in the synthetic conquest of a target compound;® step economy, that refers to the
minimization of transformations performed in an synthesis;” pot economy meaning the use the
minimum amount of workups and purification steps as possible® and green chemistry which

3 Gaich, T.; Baran, P. S. J. Org. Chem. 2010, 75, 4657.

4 Newhouse, T.; Baran, P. S.; Hoffmann, R. W. Chem. Soc. Rev. 2009, 38, 3010.

5(a)Trost, B. M. Science 1991, 254, 1471. (b) Trost, B. M. Angew. Chem. Int. Ed. 1995, 34, 259. (c) Wender,
P. A. Tetrahedron 2013, 69, 7529.

¢ Burns, N. Z.; Baran, P. S.; Hoffmann, R. W. Angew. Chemie - Int. Ed. 2009, 48, 2854.

7(a)Wender, P. A.; Croatt,M. P.; Witulski, B. Tetrahedron 2006, 62,7505. (b)Wender, P. A;; Verma, V. A;
Paxton, T. J.; Pillow, T. H. Acc. Chem. Res. 2008, 41, 40. (c) Wender, P. A.; Miller, B. L. Nature 2009,
460,197.

8 Hayashi, Y. Chem. Sci. 2016, 7, 866.
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includes, but is not limited to, minimization of waste and the use of toxic or hazardous
chemicals®.

2- Organometallic Chemistry: The hammer in the reaction development

toolbox.

One way of lowering the amount of steps needed for a total synthesis is the use of new
reactions leading to different disconnections. In order to fulfill this goal, it is needed to find
novel reactivities that do not suffer the limitations associated to carbon-based Organic
Chemistry. This is why, from the late XIX century, chemists have been working with metals
to expand the amount of transformations available. During the dawn of the so-called
organometallic chemistry, the scientific community paid much of their attention into main
group metals such as Li, Mg or Bl. However, from the half of the XX century, the
development of reactions catalyzed with metals such as Pd, Ni, Rh or Ru among other has
given rise of a very productive era of transition metal-catalyzed chemistry, widening the
scope of transformations available for the Synthetic Chemist. The main advantages of
employing these reagents stem from their rich coordination chemistry and the possibility of
changing their oxidation states, which result in mechanistic pathways with lower activation

energies. 11

While organometallic stoichiometric reactions have been used from the very beginning of
this chemistry, it was soon realized that translating it into synthetically useful contexts
would require developing catalytic transformations.!? In this way, with small amounts of
organometallic precursor it is possible to transform large amounts of reactants.

2.2. Transition metal-catalyzed cycloadditions.

One of the fields in which transition metal catalysis has proven particularly useful is in the
cycloaddition chemistry. According to the IUPAC gold book, cycloadditions are reactions in
which two or more unsaturated molecules (or parts of the same molecule) are combined with
the formation of a cyclic adduct in which there is a net reduction of the bond multiplicity.13
The most representative example of this kind of transformations is the Diels-Alder, a (4+2)
reaction between a diene and a dienophile that generates cyclohexenes with a hundred

percent atom economy.!4

9 Anastas P.T.; Warner, ]J.C. Green chemistry: Theory and practice, Ed. Oxford university press, 1998.

10 Astruc, D. Organometallic chemistry and catalysis, Springer-Verlag, 2007.

11 (a) Hegedus, L.S. Transition metals in the synthesis of complex organic molecules, Ed. University Science
of books, 1994. (b) Crabtree, R.H. The organometallic chemistry of transition metals, Ed. Wiley, 2001.

12 Sabatier, P. Catalysis in organic chemistry, D. Van Nostrand Company, 1922.

13 McNaught, A. D.; Wilkinson, A. IUPAC. compendium of chemical terminology 2" Ed. (The “gold” book),
Oxford, 1997. XML on-line corrected version: http://goldbook.iupac.org (2006-) created by Nic, M.;
Jirat, J.; Kosata, B. updates compiled by Jenkins, A.

14 Diels, O.; Alder, K. Justus Liebigs Ann. Chem. 1928, 460, 98.
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2N
2 I —— O
Q\/
Scheme 1. Model of the Diels-Alder reaction.

These cycloadditions, work under the limitations of Woodward and Hoffmann rules, which
result on the need of specific substitution so the frontier orbitals could overlap keeping
orbital symmetry during the process.!> These structural requirements limit the scope of these
reactions to specific substrates that are appropriately matched from the electronic point of
view. One way of improving the scope of cycloadditions consists on the use of light or Lewis
acids as promoters, although, they only work with substrates with strategically located
substituents.’® Transition metals can be used to circumvent these limitations since they
operate via different mechanisms, resulting in reactions that could not be obtained by any
other means!” such as in this example by the group of Paul Wender, where they perform a
Nickel- catalyzed (4+4) cycloaddition, otherwise forbidden under thermal conditions.18

EtO,C 7 N\ Ni(cod), (11mol%), PPh3 (33 mol%) EtO,C
EtO,C N\ Toluene, 60°C EtO,C

70%

Scheme 2. Paul Wender’s Nickel-catalyzed (4+4) cycloaddition.

The use of transition metal complexes as promoters in this chemistry allows, not only to
perform classically forbidden transformations, but also to do it under milder conditions and,
in some cases, achieving highly enantioselective transformations such as demonstrated in
our research group with allenamides and gold catalysis.»®

. =N
\_ /7" 3equiv) n O [~ N-nd
o Au (1) cat. (Au1) (5 mol%) >\\o N
_/\N/z( AgNTf (5 mol%) 7N cy
= | o CH,Cly, -78°C, 3h Oo Au
88%, >99% ee - Ph Cl
Au1

Scheme 3. Enantioselective gold (I) catalyzed (4+2) cycloaddition.

15 (a) Woodward, R.; Hoffmann, R. J. Am. Chem. Soc. 1965, 87, 395. (b) Woodward, R.; Hoffmann, R. J.
Am. Chem. Soc. 1965, 87, 2046. (c) Woodward, R.; Hoffmann, R. J. Am. Chem. Soc. 1965, 87, 2511.

16 Carruthers, W. Cycloaddition reactions in organic synthesis, Pergamon press, 1990. Kobayashi, S.;
Jorgensen, K. A. Cycloaddition reactions in organic synthesis, Ed. Wiley-VCH, 2001.

17 Lautens, M.; Klute, W.; Tam, W. Chem. Rev. 1996, 96, 49.

18 Wender, P. A.; Ihle, N. C. J. Am.. Chem. Soc. 1986, 8, 4678.

19 Francos, J.; Grande-Carmona, F.; Faustino, H.; Iglesias-Sigtienza, J.; Diez, E.; Alonso, I.; Fernandez,
R.; Lassaletta, . M.; Lopez, F.; Mascarenias, J. L. J. Am. Chem. Soc. 2012, 134, 14322.
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Another advantage of the use of transition metals as catalysts, is that it is also possible to
perform multicomponent annulations in a single step, as can be seen in a recent example
from our research group.2

/\/% [(PCF3Ph)sPIRNCI (10 moI%) 1oy

sN .
— Toluene, reflux, 90min
\—/,’/_\OJ/ 85%

T

Scheme 4. Rh (I)-catalyzed (3+2+2) cycloaddition.

Most of these transition metal catalyzed cycloadditions involve the generation of
metallacycles resulting from the oxidation of the metal centre and a subsequent reductive
elimination to regenerate the active catalyst as can be seen in this other example from our
research group.2!

H [~

/\/\\ i o, =
O\/\ \ RUH2C|2(P Pr3) (10 mol A)) 0 RUClz(PiPr3) o]
. DCE, 45°C, 3h
\/ H \ H \
72%

Scheme 5. (2+2) cycloaddition occurring via metallacycle.

This type of metal-catalyzed annulations are extremely attractive and have led to many
important discoveries in the last decades. However, since these reactions rely on the
transformation of pi into sigma bonds, they require the presence of functionalized,
unsaturated precursors and therefore, in many cases, the preparation of the precursors
involve a relatively large number of steps.

2.3. Cross coupling reactions.

While metal-catalyzed cycloadditions like those shown above are extremely important
reactions, transition metal catalysis has been also extensively used for many other
transformations, prominently cross coupling reactions. The Mizoroki-Heck reaction is one
elegant example of this approach?? which led Richard F. Heck to be awarded with the Nobel
Prize in Chemistry in the year 2010.23

20 Araya, M.; Gulias, M.; Fernandez, 1.; Bhargava, G.; Castedo, L.; Mascarefias, ]. L.; Lépez, F. Chem.
Eur. ]. 2014, 20, 10255.

21 Gulias, M.; Collado, A.; Trillo, B.; Lopez, F.; Ofate, E.; Esteruelas, M. A,; Mascarefias, J. L. |. Am.
Chem. Soc. 2011, 133, 7660.

22 (a) Mizoroki, T.; Mori, K; Ozaki, A. Bull. Chem. Soc. Jpn. 1971, 44, 581 (b) Heck, R. F.; Nolley, J. P. J.
Org. Chem. 1972, 37, 2320.

2 http:/ /www.nobelprize.org/nobel_prizes/chemistry/laureates/2010/
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| Pd(OAc), (0.1 equiv.) O
. F BuN3 (1 equiv.) _
100°C, 2h O
1.25 equiv 75%

Scheme 6. The Heck reaction.

One of the advantages of the use of transition metals is the possibility to tune their reactivity
by adding different ligands to improve the properties of the metallic centre.!2 For instance,
Heck demonstrated that the range of reactive alkenes of his reaction could be expanded by
adding phosphines to the reaction media.2*

Pd(OAc), (1 mol%)

B PPh3 (2 mol%)
r 0 ;
. /Y TMEDA (1 equiv.) @\/YO
OEt 125°C, 8h

OEt

1.25 equiv 85%

Scheme 7. Use of phosphines as ligands to improve the Heck reaction.

From the second half of the XX century, cross coupling reactions have been gaining relevance
for the construction of molecules, being nowadays widely used in industry.?> Indeed, the
well-known couplings developed by Suzuki and Negishi, which were also awarded with the
Nobel Prize in chemistry in 2010, can be considered among the most relevant metal-
catalyzed reactions discovered so far.

O® @ M- Ok @2

Scheme 8. Metal-catalyzed cross coupling reaction.

The mechanism of these reactions often starts with an oxidative addition of the metal to the
C-X bond (being X a halogen or pseudohalogen) followed by the transmetallation with
another metal-containing species (such as a borate in the case of the Suzuki coupling or
zincate in the case of a Negishi coupling). A final reductive elimination joins the two
hydrocarbons and regenerates the catalyst.26

2 Dieck, H. A.; Heck, R. F. J. Am. Chem. Soc. 1974, 96, 1133.

% (a) Magano, J.; Dunetz, J. R. Chem. Rev. 2011, 111, 2177. (b) Busacca, C. A.; Fandrick, D. R.; Song, J. J.;
Senanayake, C. H. Transition metal catalysis in the pharmaceutical industry Ed. John Wiley and sons, 2012.
2% (a) De Mejiere, A.; Diederich, F. Metal-catalyzed cross coupling reactions Ed. Wiley-VCH, 2004.
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1 2
R-R™ P4 (0)

R'-X
Reductive Oxidative
elimination addition
R'-Pd'-R? R'-Pd'-X
Transmetallation

M-X R2-M

Scheme 9. Classic mechanistic explanation of Pd catalyzed cross-couplings.

After the initial discovery of such processes, the scientific community demonstrated that the
coupling reactions could be carried out using other organometallic compounds (such as
magnesium in the Kumada coupling,? tin in the Stille coupling? or silicon in the Hiyama
coupling?) and remarkably reducing the catalyst loadings; therefore, turning them into a
tool which has been used in uncountable synthetic applications.’® In addition to the above
reactions, the Sonogashira coupling provides an excellent way of attaching alkynes to
different substrates. For instance, Thomas and co-workers at Abbot demonstrated the utility
of this transformation in the kilogram-scale synthesis of 1, an intermediate of Fenleuton a 5-

\/
OH F
1.2 equiv
F PdCI,(MeCN), (0.5 mol%) 0
Cul (1.0 mol%)
(0] PPh3 (1.1 mol%) s
i-Pro,NH, MBTE N
15-30°C, 2-3 h S
I quant. HoN N
2 ~
\n/ OH
(e}

Fenleuton (2)

lipoxigenase inhibitor.3!

(5.3 kg)

Scheme 10. Kilogram synthesis of Fenleuton intermediate 1.

While the above reactions were designed for the construction of carbon-carbon bonds, it is
also possible to make carbon-nitrogen bonds using the well-known Buchwald-Hartwig
amination,? or introduce other heteroatoms such as sulfur or oxygen® starting from

%7 (a) Corriu, R. J. P; Masse, J. P. |. Chem. Soc. Chem. Commun. 1972, No. 3, 144a. (b) Tamao, K;
Sumitani, K.; Kumada, M. . Am. Chem. Soc. 1972, 94, 4374.

28 Milstein, D.; Stille, J. K. . Am. Chem. Soc. 1978, 100, 3636.

2 Hatanaka, Y.; Hiyama, T. J. Org. Chem. 1988, 53, 918.

30 Nicolaou, K. C.; Bulger, P. G; Sarlah, D. Angew. Chemie. Int. Ed. 2005, 44, 4442.

31 Thomas, A. V.; Patel, H. H.; Reif, L. A.; Chemburkar, S. R.; Sawick, D. P.; Shelat, B.; Balmer, M. K;
Patel, R. R. Org. ProcessRes.Dev. 1997, 1, 294.

32Yang, B. H.; Buchwald, S. L. J. Organomet. Chem. 1999, 576, 125.
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(pseudo)halides. As in the case of cross-coupling carbon-carbon reactions, these hetero-
coupling processes have represented a breakthrough in our way of thinking of possible
disconnections, also finding their place in industry. For instance, the synthesis of Taranabant
(5), a cannabinoid-1 receptor inverse agonist for the treatment of obesity developed at Merck
by Wallace and co-workers, makes use of a Pd-catalyzed amination as key synthetic step.34

0}

O__N
H,oN | X CF3 CF3
=
7 CF, A X
1.05 equiv | N | N
OTs Pda(dba)s (2.5 mol%) Z Z
P dppb (10 mol%) (o) (@]
NC K,CO3 - .
O t-AmOH,100°C, 18 h O HN” S0 O HN™ 0
87%
cl NC 7 NC ©
Cl E Cl l
4
3 553 g taranabant (5)

Scheme 11. Multigram synthesis of Taranabant intermediate 4.

Despite their proven effectiveness, cross coupling reactions are still far from perfect since
they still present several limitations. Perhaps, the most important of those is the requirement
of specific functionalized reaction partners, which, often, results in the necessity of additional
steps to synthesize the corresponding precursors. They also generate stoichiometric amounts
of byproducts since the (pseudo)halide and the metal are not incorporated in the final

molecule.35

3- C-H functionalization, the “holy grail” of catalysis.3¢

3.1 C-H functionalization, an overview.3”

Although the above mentioned cross-coupling reactions represented invaluable milestones
for Organic Synthesis, there is yet much room to progress in terms of achieving fully atom
economical catalytic transformations. To fulfill this goal, it is critical to reduce the amount of
functional groups that are lost during the reaction course. An ideal solution for this challenge
is being able to generate transition metal organometallic species directly from hydrocarbons

3 Hartwig, J. F. Nature 2008, 455, 314.

3 Wallace, D. J.; Campos, K. R.; Schultz, C. S.; Klapars, A.; Zewge, D.; Crump, B. R.; Phenix, B. D,;
McWilliams, J. C.; Krska, S.; Sun, Y.; Chen, C.-y.; Spindler, F. Org. Process Res. Dev. 2009, 13, 84.

% Yu, J-Q.; Shi, Z. C-H activation, Ed. Springer-Verlag, 2010.

3% Arndtsen, B. a.; Bergman, R. G.; Mobley, T. A.; Peterson, T. H. Acc. Chem. Res. 1995, 28, 154.

37 For selected revews on C-H activation see: (a) Shilov, A. E.; Shul, G. B. Chem. Rev. 1997, 97, 2879. (b)
Jia, C.; Kitamura, T.; Fujiwara, Y. Acc. Chem. Res. 2001, 34, 633. (d) Bergman, R. G. Nature 2007, 446,
391. (e) Li, B.-J.; Shi, Z.-]. Chem. Soc. Rev. 2012, 41, 5588. (f) Hartwig, J. F. . Am. Chem. Soc. 2015, 138, 2.
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by replacing one hydrogen atom for a metal centre. This approach, known as C-H activation,
has been receiving increasing attention during the past decades. One of its main advantages
is that, since C-H bonds are ubiquitous in organic molecules almost any organic molecule
can participate in these transformations and therefore, it opens a wide range of opportunities
for developing unconventional coupling reactions.

Cross-coupling
[M] Highly versatile
+ :}R EEEE—— QR + :X: )  Prefunctionalized species
Generation of waste
C-H functionalization

No prefunctionalization
M
Selectivity issues

Scheme 12. Cross coupling vs. C-H functionalization.

To avoid confusions, it is important to define well the concepts of C-H activation and
functionalization. This task can be done using the organometallic point of view which states
that C-H functionalization reaction converts a C-H bond into a C-X bond (X#H) via the
formation of an organometallic intermediate.3® This intermediate is formed through the
metallation of the parent hydrocarbon, formally a C-H activation.?

C-H functionalization

C-H activation

—c::@ M] _c::@ FG _(::@

Scheme 13. Definitions of C-H activation and C-H functionalization.

C-H functionalizations, although very attractive, face several fundamental challenges. On
one hand, the nature of the C-H bond, strong and poorly polarized makes the metallation
step harder than for the case of halides (the bond strength of an aromatic C-H is around 110
kcal/mol while the corresponding for a C-I bond is only 65 kcal/mol). On the other hand,
the aforementioned ubiquity of C-H bonds requires regioselective metallations at the desired
position of the molecule. A general approach to face these problems consists on the use
directing groups capable of approximating the metal to the desired C-H bond.40

38 Godula, K.; Sames, D. Science. 2006, 312, 67.

% Hashiguchi, B. G.; Bischof, S. M.; Konnick, M. M.; Periana, R. A. Acc. Chem. Res. 2012, 45, 885.

40 For an exhaustive and comprehensive review on the use of directing groups in C-H
functionalization see: Chen, Z.; Wang, B.; Zhang, J.; Yu, W.; Liu, Z.; Zhang, Y. Org. Chem. Front. 2015,
2,1107.
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In fact, the beginning of the metal-promoted C-H activation field can be traced back to the
seminal work of Kleiman and Dubeck describing the metallation of diazobenzene with a Ni
(0) complex by using a nitrogen-based directing group.*!

=
©-. . N\\N/© 4 .
H

Ni ’{”\NﬁN
> @ O

Scheme 14. First example of stoichiometric C-H activation, achieved by the use of a directing group.

In the late 60’s Fujiwara demonstrated that organometallic species generated by C-H
activation could engage in standard organometallic steps such as in migratory insertion of
alkenes, which could lead to functional group-free cross coupling reactions.*2 These
processes could also be performed catalytically by using oxidants to regenerate the catalyst.
This seminal Heck-type addition across double bonds took place with low yields and
required the use of one of the substrates as solvent.*?

Pd(OAc) (10 mol%) O
- H Cu(OAG), (10 mol%) X
Benzene:AcOH, 8h, air, refl.

45%

Scheme 15. Fujiwara-Movitani reaction.

The mechanism proposed for this reaction involves an initial metallation of the arene,
insertion into the olefin and -hydride elimination to release the stilbene and regenerate the
catalyst.

41 Kleiman, J. P.; Dubeck, M. J. Am. Chem. Soc. 1963, 85, 1544.

42 (a) Moritani, I.; Fujiwara, Y. Tetrahedron Lett. 1967, 8, 1119. (a) Moritani, I.; Fujiwara, Y. Tetrahedron
Lett. 1968, 9, 4819.

4 Fujiwara, Y.; Moritani, I.; Danno, S.; Asano, R.; Teranishi, S. J. Am. Chem. Soc. 1969, 91, 7166.
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2 Cu'(OAc)
Pd(OA
d(OAC) C-H activation
2 Cu''(OAc), AcOH
Pd(OAc)
Pd(0) ©/
= R
AcOH + R R\/\R1
ﬂ_—h)./dric_le Pd(OAc) Migratory insertion
elimination
R'I
R

Scheme 16. Mechanism of the Fujiwara-Moritani reaction.

Despite being a very promising approach, the interest for C-H functionalization dropped due
to the lack of efficient catalytic processes. It was not until Murai published his
revolutionizing work on Ruthenium catalyzed selective ortho-directed C-H functionalization
of aryl ketones* that catalytic C-H activation was seriously considered as a plausible
alternative to traditional cross couplings chemistry.

fe) O

RuH,CO(PPha)s (2 mol%) o | Zsi(OEY);,
Toluene, 135°C R(] _
H L Si(OEt)s

75%

Scheme 17. Murai’s pioneering work on C-H functionalization.

This milestone in the field of C-H functionalization ignited further work in the field and
many other coupling processes, mainly involving palladium, have been described. Therefore,
currently, the carbon-hydrogen bond can be, in some way, thought as a functional group that
can be modified.*> For instance, by using palladium catalysis, Sanford et al. were able to
achieve the arylation of phenylpyridines with iodonium salts as shown below.

< <
Pd(OA 5 1%

S+ [PhglBFs (OAc); (5 moi%) Sy
AcOH/H,0 100°C, 8 h

H 88% Ph

Scheme 18. C-H arylation of 2-phenylpyridinnies with iodionium salts.

4 Shinji Murai, Fumitoshi Kakiuchi, Shinya Sekine, Yasuo Tanaka, Asayuki Kamatani, Motohito
Sonoda, N. C. Nature 1993, 366, 529.

4 Chen, X.; Engle, K. M.; Wang, D. H.; Jin-Quan, Y. Angew. Chemie. Int. Ed. 2009, 48, 5094.

46 Kalyani, D.; Deprez, N. R.; Desai, L. V.; Sanford, M. S. J. Am. Chem. Soc. 2005, 127, 7330.
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Although this kind of chemistry has been mainly applied for C(sp?)-H bonds, it is also
possible to functionalize C(sp®)-H bonds, such as demonstrated by the group of Daugulis
which was even able to discriminate between different C(sp®)-H bonds.#

. . 1
\N Pd(OAc), (5 mol%) \N
o + AgOAc (1.1 equiv) MeO o
Neat, 110°C, 5 min
H 92%
OMe

Scheme 19. Arylation of C(sp®)-H bond with aryl iodides.

Moreover, and albeit yet underdeveloped, there is the possibility of carrying out
enantioselective C-H functionalizations by making use of appropriate chiral ligands as can
be seen in the following example described by Shibata and co-workers.#

B
Br '
\ [Ir(cod),]BF 4 (10 mol%)
| N . (S)-toIBINAP (10 mol%)
=
N> DCE, 75°C, 48 h ~
H = 89%, 90% ee | N 2
8 equiv =\ Ar = 4-MeCgHg
H (S)-tolBINAP

Scheme 20. Asymmetric alkylation of C(sp3)-H bond with styrenes.

Nowadays metal-promoted C-H functionalization reactions are widely employed by
chemists in such a way that these transformations are now included in their portfolios
significantly shortening total syntheses.# One of the many examples of applications of
synthetic shortcuts can be seen in this example by Du Bois where the enantioselective
synthesis of Tetrodotoxin can be reduced in 35 steps by employing two different C-H
functionalization steps including as a key step Rh-catalyzed nitrene insertion into a carbon-
hydrogen bond.50

47 Zaitsev, V. G.; Shabashov, D.; Daugulis, O. J. Am. Chem. Soc. 2005, 127, 13154.

4 Pan, S.; Endo, K; Shibata, T. Org. Lett. 2011, 13, 4692.

4 (a) Gutekunst, W. R; Baran, P. S. Chem. Soc. Rev. 2011, 40 (4), 1976. (b) Yamaguchi, J.; Yamaguchi, A.
D.; Itami, K. Angew. Chemie. Int. Ed. 2012, 51, 8960.

%0 (a) Ohyabu, N.; Nishikawa, T.; Isobe, M. J. Am. Chem. Soc. 2003, 125, 8796. (b) Hinman, A.; Du Bois, J.
J. Am. Chem. Soc. 2003, 125, 11510.

40 Chen, Z.; Wang, B.; Zhang, J.; Yu, W,; Liu, Z.; Zhang, Y. Org. Chem. Front. 2015, 2, 1107.
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O O

o}
HO -OH OH
=>_ 0 RO-OR" Q or = HN-COCCls (=
OH RO
HO ) OR ‘1. Ly / RO/,'
"y~ NHOH O H,N OR RO /
+ o
H,N 2 ) ‘OR RO “'OR
Overman
(-)-Tetrodotoxin (TTX) rearrangement
OH o>< o
e} O N
HO > OH OH 2 OR?
HO ~4-OH = 0
HN NHOH OH
o
H2N ! HO™ “CO,H R'O \
I
. Stereospecific C-H Rh-catalyzed C-H
(-)-Tetrodotoxin (TTX) amination nitrene insertion

Du Bois (2003)
32 steps

Scheme 21. Step shortening in the synthesis of (-)- TTX by using C-H activation.

3.2 Use of directing groups in C-H functionalization.

As it has been mentioned before, the most widespread method to achieve selectivity in C-H
activation transformations, is the employment of directing groups capable of placing the
metal in a position close to the reactive centre. This approach, not only enhances selectivity,
but also lowers the entropic cost of the C-H activation thus facilitating the process. Also, the
possibility of tuning the electronic characteristics of the directing group further allows the
modulation of the reactivity of the metal centre, in the same way as ligands can do.

M] \ @
— M] \
cH) cHt) c—{iMI)

Scheme 22. Site selectivity controlled by the use of DG.

A great variety heteroatom-containing directing groups have been used for this end. These
directing groups differ on properties such as their coordinating strength or denticity, as seen
in the following examples.5!

51 (a) Vogler, T.; Studer, A. Org. Lett., 2008, 10, 129. (b) N. M. Neisius and B. Plietker, Angew. Chem.,
Int. Ed., 2009, 48, 5752 (b) Sonoda, M.; Kakiuchi, F.; Kamatani, A.; Chatani, N.; Murai, S. Chem. Lett.,
1996, 25,109 (c) Boebel, T. A.; Hartwig, J. F.J. Am. Chem. Soc., 2008, 130, 7534. (d) Yamada, S.; Obora, Y.;
Sakaguchi S.; Ishii, Y. Bull. Chem. Soc. Jpn., 2007, 80, 1194. (e) Nishino, M.; Hirano, K.; Satoh, T.; Miura,
M. Angew. Chem., Int. Ed., 2013, 52, 4457
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EtO 0

—0 [Pd]
[Ir] = ' [

|
Cul--Ny

=z

Fig 2. Diversity of directing groups.

While in most cases the directing groups have been used for functionalizing aryl C-H bonds
in ortho positions, there have been also elegant approaches that allow meta®? or even para°3
functionalizations.

3.3 Mechanisms for C-H activation.>*

C-H functionalization reactions may operate under different activation modes that are
strongly dependant on the choice of the metal catalyst and the different additives employed.
The different reaction pathways can be summarized into the following categories:

3.3.1 Oxidative addition.

Oxidative addition reactions usually occur with low-valent, electron-rich transition metals
and they are facilitated when they are coordinatively unsaturated. In this mechanism, the
metal “inserts” into the C-H bond, raising its oxidation state by two units.3”d

H
LM + RH —— Ln_M/n+2
Scheme 23. Mechanism of an oxidative addition into a C-H bond.

This mechanism of activation is the one proposed in this work by Hartwig where they
achieve the meta-selective borylation of anilines.?

52 Phipps, R. J.; Gaunt, M. J. Science, 2009, 323, 1953.

5 Bag, S.; Patra, T.; Modak, A.; Deb, A; Maity, S.; Dutta, U.; Dey, A.; Kancherla, R.; Maji, A.; Hazra, A.;
Bera, M.; Maiti, D. |. Am. Chem. Soc. 2015, 137, 11888.

54 For reviews on the different modes of C-H activation see: (a) Labinger, J. a; Bercaw, J. E. Nature 2002,
417, 507. (b) Lapointe, D.; Fagnou, K. Chem. Lett. 2010, 39, 1118. (c) Balcells, D.; Clot, E.; Eisenstein, O.
Chem. Rev. 2010, 110, 749. (d) Editor, G.; Mcgrady, ].; Boutadla, Y.; Davies, D. L.; Macgregor, S. A.;
Poblador-bahamonde, A. I; Balcells, D.; Moles, P.; Blakemore, J. D.; Raynaud, C.; Brudvig, G. W;
Crabtree, R. H.; Eisenstein, O.; Trans, D. Dalt. Trans. 2009, 5820.

87d Bergman, R. G. Nature 2007, 446, 391.

5% Larsen, M. A.; Hartwig, J. F. J. Am. Chem. Soc. 2014, 136, 4287.
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N
l =
Turnover limiting
0 oxidative addition N
COD | ! %
N/,l'r‘\BPin—> N..' \BPin
N~ I YBPin N | YBPi i
BPH BPin BPin
Reductive
elimination
. O
HBPin CN/,Il‘\BPin
N” Ir\H N
Transmetallation B,Pin, BPin CN = dtbpy or Me4Phen

Scheme 24. Example of C-H activation via oxidative addition.

In this reaction an initial dissociation of cyclooctadiene ligand from the Ir (I) complex
unsaturates the metal centre, which allows the oxidative addition into the C-H bond to
generate an Ir (III) intermediate. This species evolves upon reductive elimination leading to
the borylated picoline and the reduced catalyst, which undergoes transmetallation to reenter
the cycle.

3.3.2 Siema bond metathesis.

A different way of achieving metallation of C-H bonds, mainly promoted by early transition
metals with d° configuration like scandium, lanthanides or actinides and, in some cases,
other metals such as Ru,* relies on a concerted exchange of a metal-ligand sigma bond with
one carbon-hydrogen bond of an incoming substrate in a formal [20 + 20] transition state
structure.””

+
R

LM H
\RI

[L,M-R] + R-H [Ln\M-RT + R-H

Scheme 25. Mechanism of the o bond metathesis.

The group of Hou reported a rare earth-based C-H addition of pyridines to olefins that
proceeded via sigma bond metathesis. The mechanism starts with an initial C-H activation
followed migratory insertion generating a metallacyclic intermediate II which reacts with
another molecule of pyridine by a second metathesis that regenerates the catalyst and
delivers the proton to the C-M bond.>

% Hartwig, J. F.; Bhandari, S.; Rablen, P. R. |. Am. Chem. Soc. 1994, 116, 1839.
57 Waterman, R. Organometallics 2013, 32, 7249.

55 Labinger, J. a; Bercaw, J. E. Nature 2002, 417, 507.

5% Guan, B. T.; Hou, Z. ]. Am. Chem. Soc. 2011, 133, 18086.
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Scheme 26. Example of C-H activation via o bond metathesis.

3.3.3 Electrophilic substitution.

When the metal is in a higher oxidation state and the substrate is relatively electron-rich,
another metallation mode can take place. In this case, the nucleophilic hydrocarbon attacks
the metal generating a delocalized cationic species (Wheland intermediate, in the case of an
aromatic system) that now loses the acidic proton generating the metallated intermediate.>%

H [ML,] ML, ]
O oG S

Scheme 27. Mechanism of the electrophilic metallation.

This mechanism is invoked in the arylation of naphthalene performed by the group of
Melanie Sanford.>® The observation of a KIE value of 1.0 + 0.1 was interpreted in terms of the
cleavage of the carbon-hydrogen bond not being involved in the turnover-limiting step. This
result is consistent with an electrophilic palladation followed by a fast cleavage of the acidic
C-H bond from the Wheland intermediate.

% Hickman, A. J.; Sanford, M. S. ACS Catal. 2011, 1, 170.
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Ph
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X

. X

C-H activation b Ph _‘
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N~ 7 coordination
\ , ClI

%
Scheme 28. Pd-catalyzed arylation of naphthalene.

3.3.4 Concerted metallation-deprotonation (CMD).

Closely related to the electrophilic substitution mechanism is the CMD process. Both

mechanisms have been often mistaken and, in fact, CMD was proposed in order to justify

some experimental data that electrophilic substitution could not fully explain. In the latter,

the metal centre weakens the C-H bond while a base, generally coordinated to the metal,

abstracts the proton in a concerted manifold. 55060

0 Rl--H--4 o)

tm, L RH ——— | IS LMR" + I

0" "R "o R HO” "R

Scheme 29. Mechanism of the CMD.

Recently, the group of Larrosa, described this mode of activation in his Ru (II)- catalyzed

arylation of fluoroarenes with aryl halides. In their publication they also study this pathway

by DFT calculations, which helped them to propose a mechanism. Their hypothesis starts

with the in situ formation of the cationic species I which undergoes the CMD into the

fluoroarene leading to complex II. This intermediate arylruthenium species undergoes a

%b Lapointe, D.; Fagnou, K. Chem. Lett. 2010, 39, 1118
60 Ackermann, L. Chem. Rev. 2011, 111, 1315.
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formal oxidative addition/reductive elimination step with the aryl halide and complex III,
which, after halide abstraction regenerates I closing the cycle.6!

A F
(NMe),Br + 'BUCN [Ru(OPiv)('BUCN),]* '
|

(NMe),OPiv X
Fn@(

[RuBr(‘BuCN)s]*
I

+1

~H<
O

'BUCN),RU._/
(BuCN)sRu O)\‘Bu cMD

Ar-Arf
AF /( ‘BUCN + NMe,*

‘BUCN~ ~NCBu -
ArBr BUCN— | ~NCBu (NMe),4OPiv + H

NCBu
I

Scheme 30. Ru-catalyzed arylation of fluoroarenes.

3.4. Rhodium (I1I)-catalyzed C-H functionalizations.

In comparison to the widely used nickel, platinum and palladium catalysts; Rhodium
presents exciting divergent properties for catalytic processes involving C-H activations.s? In
particular, Rhodium has the ability to switch easily between oxidation states such as Rh (III)
and Rh (IV) or even Rh (V) which opens a window for new reactivities. It also allows
different coordination geometries, providing versatility in terms of ligand variability.6> A
pioneering example on the use of Rh (III) to activate C-H bonds was demonstrated by Maitlis
in 1987, presumably operating via 0 bond metathesis,®* and, later by Davies employing a
pentamethylcyclopentadienyl Rhodium dimer.65

61 Simonetti, M.; Perry, G. J. P.; Cambeiro, X. C; Julia, F.; Arokianathar, J. N.; Larrosa, 1. J. Am. Chem.
Soc. 2016, 138, 3596.

62 Evans, A. Modern Rhodium-catalyzed organic reactions, Ed. Wiley-VCH, 2005.

6 Housecroft, C. E.; Sharpe, A. G. Inorganic chemistry 2° Ed. Ed. Pearson Prentice Hall, 2006.

¢4 Kisenyi, ].M.; Sunley, G. J; Cabeza, J. A,; Smith, A. ]J.; Adams, H.; Salt, N. J.; Maitlis, P. M. J. Chem.
Soc., Dalton Trans., 1987, 2459.

¢ Davies, D. L.; Al-Duaij, O.; Fawcett, J.; Giardiello, M.; Hilton, S. T.; Russell, D. R. Dalt. Trans. 2003, 2,
4132.
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O

o)
Cp*RhMe,(DMSO) (1 equiv) @((o .
OH - R, + 2CH, (a)Maitlis 1987
CH,Cly, rt, 48h Rh.
520 DMSO

CH20|2, I't, 48h CI/ )

NPh  [Cp*RhCl;]; (0.5 equiv) N
i NPh
NaOAc (1.25 equiv) RE + 2AcOH (b) Davies 2003

95%

Scheme 31. First example of C-H activation by [Cp*RhCl;]».

Following the pioneering work of Miura, which demonstrated that a Cp*Rh complex could
be an efficient catalyst for C-H functionalization,% many other examples have been reported
in the literature.®” For instance, the group of Glorius developed an olefination of
acetilanilides using styrenes and a silver salt to activate the Rhodium (III) catalyst by
abstracting a chlorine atom from the active catalytic complex.t

[CP*RhCly], (0.5 mol%)

/k AgSbFg (2 mol%) /k

HN™ ~O Cu(OAc), (2.1 equiv) HN™ ~O

+ X Ph
N £-AmOH, ref, 16h X -Ph
80%

Scheme 32. Rh (I1])-catalyzed C-H olefination.

The most widely employed precatalyst in this chemistry is [Cp*RhCl,]> which dissociates in
presence of external ligands or additives to form the active monomers that perform the C-H
activation step. The presence of the Cp* ligand appears to be crucial for the reactivity which
can be explained in terms of the stabilization of the high oxidation states of the rhodium.®
After the metallation of the organic substrate, the complex adopts a characteristic piano stool
configuration as shown in Figure 3 where phenylpyridine is activated and one of the
chlorine atoms has been replaced by iodine to facilitate crystallization.”

% Ueura, K.; Satoh, T.; Miura, M. Org. Lett. 2007, 9, 1407.

67 (a) Satoh, T.; Miura, M. Chem. Eur. J. 2010, 16, 11212. (b) Song, G.; Wang, F.; Li, X. Chem. Soc. Rev.
2012, 41, 3651.

68 Patureau, F. W.; Glorius, F. |. Am. Chem. Soc. 2010, 132, 9982.

69 Maitlis, P. M. Acc. Chem. Res. 1978, 11, 301.

70 Luo, C. Z.; Gandeepan, P.; Jayakumar, J.; Parthasarathy, K.; Chang, Y. W.; Cheng, C. H. Chem. Eur. |.
2013, 19, 14181.
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Fig 3. Crystal structure of the Cp*Rh(ppy)l complex.

The mode of C-H bond activation by Cp*Rh (III) complexes, particularly for arenes, has been
mainly described as concerted metallation-deprotonation.”

4-Annulations based on C-H activation, an interesting match.

4.2. General overview.

As it has been explained before, one of the most prominent ways of performing successful C-
H functionalizations consists on the employment of directing groups.* However, despite the
considerable advantages of using such groups for achieving selectivity, there is still one
major drawback, which is that, in most of the cases, the directing group is only used as
coordinating motif and it is not needed in the final structure. This means that additional
steps are needed for the inclusion of such moiety in the backbone and for its subsequent
elimination after the reaction. The use of transient directing groups avoids the extra steps
needed for their elimination?2 but they still generate waste and present low atom economy.

However, given the fact that some directing groups can form metallacyciclic species after the
C-H activation, it is possible to envision the use of such intermediates for similar
transformations than those arising from already formed metallacycles, as the cycloadditions
seen before. In this way, at least some atoms of the directing group will become part of the
final cycle and therefore, it is not wasted. In addition, this approach provides a very
appealing way of making reactive metallacycles that does not require the presence of
unsaturations in the parent substrate. These reactions would imply an important increase in
the molecular complexity and could become a very interesting and atom economical
alternative to build cyclic molecules.

This methodology would also open a door for a straightforward access to a wide range of
heterocycles, which are very common skeletons present in countless naturally occurring

40 Chen, Z.; Wang, B.; Zhang, J.; Yu, W,; Liu, Z.; Zhang, Y. Org. Chem. Front. 2015, 2, 1107.
71 Li, L.; Brennessel, W. W.; Jones, W. D. Organometallics 2009, 28, 3492.
2 Wang, X.-C.; Gong, W.; Fang, L.-Z.; Zhu, R.-Y.; Li, S;; Engle, K. M.; Yu, J.-Q. Nature 2015, 519, 334.
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and/or biologically active products’, as well as molecules relevant for materials science such
as OLEDS.7#

While one could be tempted to include this approach to cyclic skeletons among the category
of formal cycloadditions, the name oxidative annulation might be more suitable, owing to
the oxidation state of the final product in comparison with the starting materials and the
IUPAC gold book definition of annulation: “A transformation involving fusion of a new ring
to a molecule via two new bonds”.13

Cycloadditions

___ R
= [M] R————R 100% atom economy
— | ™ :
e Predesign

R Limited to turn © bonds into &

M] R——== R Directed C-H functionalization
M] = Creates a new bond from C-H bond
H R Introduction/removal of DG
R

M] R——== R R Oxidative annulation
RN [M] P ——— DG included into final structrure
H R Creates two new bonds

Scheme 33. Oxidative annulations in contrast with cycloaddition and directed C-H functionalization.

4.2. General mechanistic aspects of oxidative annulations.

The most common mechanism of these transformations involves the formation of the
metallacyclic species which, after migratory insertion into an unsaturated partner generates a
new metallacycle that, upon reductive elimination leads to the final molecule. The metal
complex (usually from Pd, Rh, Ru or Ir) normally needs an additional reoxidation step in
order to complete the catalytic cycle.

13 McNaught, A. D.; Wilkinson, A. IUPAC. compendium of chemical terminology 24 Ed. (The “gold” book),
Oxford, 1997. XML on-line corrected version: http://goldbook.iupac.org (2006-) created by Nic, M.;
Jirat, J.; Kosata, B. updates compiled by Jenkins, A.

73 (a) Majumdar, K. C.; Chattopadyay, S. K. Heterocycles in natural product synthesis Ed. Wiley-VCH,
2011. (b) Lamberth, C.; Dinges, J. Bioactive heterocyclic compound classes: Pharmaceuticals Ed. Wiley-VCH,
2012.

74 Chen, D.; Su, S.-].; Cao, Y. . Mater. Chem. C 2014, 2, 9565.
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_ __R M] @ R
[\@? + P
2 H R/ Oxidant ‘ R

[M] Oxidant M

Scheme 34. General mechanism of oxidative annulations.

There is also the possibility that the directing group is not included in the final cycle if two
consecutive C-H activations occur however in this latter case, the utility of the directing
group would be just as auxiliary.

4.3. Some examples of oxidative annulations.

Oxidative annulations can be sorted according to different criteria. Herein we have chosen a
classification based on the number of atoms provided by the unsaturated reaction partner.
We have selected only a few representative examples among the vast number of reactions
that have been described in recent years.”

4.3.1 (n+1) oxidative annulations.

In these reactions, the coupling partner acts as a one-carbon surrogate. The most common
reagent for this purpose is carbon monoxide. An example of the use of this gas is sown in
scheme 35.76

Pd(OAc), (10 mol%)
Cu(OAc), (10 mol%)
NH CO/air 1 atm

Tol, 120°C
87%

Pd

(@]
<.
Q
I-z
T
/Q-\ >
(@} OO

Scheme 35. (3+1) Oxidative annulations of aliphatic amines with CO.

A key element for the success of this reaction is the use of highly hindered amines unable to
form inactive palladium diamine species. In the same communication the authors describe
the isolation of a trimeric palladium complex formed prior to the carbonylation, after the C-
H activation.

It is also possible to use other molecules to act as one-atom donors such as diazo compounds,
since they can generate carbenes by the loss of a nitrogen molecule such as can be seen in the

75 Gulias, M.; Mascarenas, J. L. Angew. Chem. Int. Ed. 2016, in Press.
76 McNally, A.; Haffemayer, B.; Collins, B. S. L.; Gaunt, M. J. Nature 2014, 510, 129.
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following example involving a Rh (Ill)-catalyzed reaction between imidamides and
diazocompounds for the synthesis of indoles.””

[CP*RNCl], (2.5 mol%)
NH N, CsOAc (30 mol%) CO,Et
HOAc (1 equiv
O Heom tewm

_ DCE, 80°C, 12h N
H 1.5 equiv 89% H

Scheme 36. Oxidative annulations of imidamides to diazocompounds.

In this case, the last step of the reaction involves a migratory insertion instead of the more
standard reductive elimination so the reaction can be carried out in the absence of external

oxidants.
[Cp*RhC|2]2
H
N 2 CsOAc H
- AcNH, A y
- e O, <
CO,Et EtO.C /Son
Cp*Rh(OAC),
AcOH AcOH

‘OAc . N

N
H
EtO,C 9 AcO Cp*
}\ N3
Ac)J\COZEt
\ND Y
EtOZC; <A cp* @

AC /) Cp*
COQEt

Scheme 37. (4+1) Oxidative annulations of imidamides with diazocompounds.

4.3.2 (n*+2) oxidative annulations.

In these transformations, the reaction partners are usually compounds featuring double or
triple carbon-carbon bonds. Frequently, these transformations present a higher catalytic
turnover when using rhodium (III) instead of palladium, probably due to the easier insertion
of alkynes.®%a The seminal work of Miura in oxidative annulations of benzoic®” acids opened
the door for these reactions usually performed with the standard Rh (III) complexes although
it has been later shown that it is possible to use other transition metals such as Ru”8 or Co.”

7Qi, Z.; Yu, S,; Li, X. Org. Lett. 2016, 18, 700.

68a Satoh, T.; Miura, M. Chem. Eur. J. 2010, 16, 11212.

67 Ueura, K.; Satoh, T.; Miura, M. Org. Lett. 2007, 9, 1407.

78 (a) Ackermann, L.; Wang, L.; Lygin, A. V. Chem. Sci. 2012, 3, 177. (b) Deponti, M.; Kozhushkov, S. L;
Yufit, D. S.; Ackermann, L. Org. Biomol. Chem. 2013, 142.
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o [CP*RhCly], (1 mol%) Q
Ph Cu(OACc)-H,0 (5 mol%) o
OH+ Z
Ph DMF, 120°C, 2h o,
93% Bh
1.2 equiv

Scheme 38. Miura’s oxidative annulation of benzoic acids and alkynes.

In this pioneering example, the carboxylic acid acts as the directing group and the annulation
involves the cleavage of an O-H and a C-H bond.

air + 2 HX

o
g PN

Cp*Rh
RhCp*X

& \
@@ e

/
R

Scheme 39. (4+2) oxidative annulations of benzoic acids to alkynes.

The group of Fagnou, reported an extremely relevant methodology to generate indoles by a
formal (3+2) annulation between anilides and alkynes. To obtain high yields a silver salt
must be added in order to generate a much more reactive cationic catalyst.8

* 0, Ph +
[Cp*RNhCl,], (2.5 mol%) cp* .

AgSbFg (2.5 mol%) N Rh
o Ph Cu(OAc), (2.1 equiv) Ph via
Ao+ = N )\
t-AmOH, 120°C

N Ph
H 81% o

Scheme 40. Synthesis of indoles pioneered by Fagnou and co-workers.

It is also possible to use alkenes as coupling partners in this type of annulations although the
number of reports is lower that with alkynes, probably due olefins having poorer

7 Sen, M.; Kalsi, D.; Sundararaju, B. Chem. Eur. J. 2015, 21, 15529.
80 (a) Stuart, D. R.; Bertrand-Laperle, M.; Burgess, K. M. N.; Fagnou, K. J. Am. Chem. Soc. 2008, 130,
16474. (b) Stuart, D. R.; Alsabeh, P.; Kuhn, M.; Fagnou, K. |. Am. Chem. Soc. 2010, 132, 18326.
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coordinating abilities. Despite this drawback, they can still be found in some cases like this
illustrative example by Prof Rovis and co-workers that relies on the use of oximes as
directing group.8!

A crucial step of this reaction is related to the increase in acidity of the f-hydrogen of the
imine in intermediate I owing to the coordination to the Rhodium. It is also noteworthy that
the B-hydrogen elimination in intermediate I is prevented, presumably due to the saturation
of the Rhodium coordination sphere by the oxygen of the pivalate.

[Cp*RhCl5], (2.5 mol%)
X, .OPiv AgOAc (2.1 equiv) Z N
N +  ZOCOLEt |
DCE/AcOH 85°C X
CO,Et
0
C-H activation 2 A‘g\ 2 AgOAc Bhydride
and migratory [Cp*Rh"(OAC),] [Cp*Rh'] iminati
insertion elimination
C-N bond formation (.:p
C-0 bond cleavage Z N'Rh’OPiv
Tautomerization
co,et I

Scheme 41. Synthesis of pyridines by oxidative annulation.

4.3.3 (n+3) oxidative annulations.

Although less common, there are also examples of annulations in which the reaction partner
participates in the final cycle with more than two atoms.. One example of this idea is the
synthesis of oxazepines by a (4+3) annulation. The reaction proceeds through two
consecutive migratory insertions of an alkene and a carbonyl. The final seven-membered
cycle is then released through a protodemetallation.

81 Esters, O.; Neely, J. M.; Rovis, T. . Am. Chem. Soc. 2013, 135, 66.
82 Duan, P.; Lan, X.; Chen, Y.; Qian, S.-S; Li, J. J; Lu, L;; Lu, Y.; Chen, B.; Hong, M.; Zhao, J. Chem.
Comm. 2014, 50, 12135.
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[Cp*RhCI2]2 (3 mol%)
AgOAc (10 mol%)

O.-Ac o 2 equiv PivOH O-N
+ =
H NG CH4CN, rt %OH

[Cp*RhXy]
C-H activation
and migratory
insertion

H+

O-NH e Ac
Migratory @(/)’ORhCP*X
insertion

Scheme 42. (4+3) oxidative annulation for the synthesis of benzoxazepines.

4.3.4. (n+n+n) oxidative annulations.

Several examples of multicomponent annulations have also been described. Miura and Satoh
reported in 2008 a trimerization of a phenylazol containing arene and two alkynes by using
the standard Cp* rhodium catalyst in presence of an additional tetraphenylcyclopentadiene
ligand.83

[Cp*RACI5]5 (1 mol%) / I\
Y CsHoPha(4 mol%) <N,N .
’ R Cu(OAc), (1 equiv)

N
+ 2 = o R
© R/ DMF 80°C OO

2 CuCl 2 Cu(OAc),
C-H i A Reductive
activation [Rh7(X)s] [Rh'X] elimination

{/ \ _R I\ _R
N’N\ / N R / R
RhX, _ R
Migratory AN R Migratory
insertion insertion
)Féh

Scheme 43. Synthesis of naphthalenes by (2+2+2) annulation.

Introducing in the system an additional coupling partner such as carbon monoxide allows
carrying out (n+2+1) annulations such as demonstrated by Wu and co-workers in the
following example.84

8 Umeda, N.; Tsurugi, H.; Satoh, T.; Miura, M. Angew. Chemie. Int. Ed. 2008, 47, 4019.
84 Chen, J.; Natte, K,; Spannenberg, A.; Neumann, H.; Beller, M.; Wu, X. F. Chem. Eur. J. 2014, 20, 14189.
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Pd(OAc), (10 mol%) Py

L-Proline (20 mol%) N__O
N~ Ph AgOAc (1 equiv)
N o _Z+ IMo(COy)] _
Ph
H

Benzoquinone (2 equiv) Ph
AcOH, 140°C Ph
80%

Py
N\ Il
Pd'L,

/Ph

via
Ph

Scheme 44. Synthesis of 2-quinolinones by a (3+2+1) oxidative annulation.

In addition to the above oxidative annulations, in recent years there have been many other

reports on related reactions so that, these once considered anomalous reactions can now be
added to the toolbox of metal-catalyzed cycloadditions.
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Chapter 11.

1- C-H functionalization of benzamides.

1.1 C-H functionalization of benzamides.

Benzamides, owing to the presence of an amide directing group, are able to participate in a
wide range of C-H functionalization reactions. In fact, a great variety of transformations has
been described using different metal complexes to introduce diverse functional groups.40

For instance, Sukbok Chang and co-workers developed an iridium-catalyzed ortho-amination
of benzamides. In their communication, they report the formation of a 5-membered
metallacycle coordinated to the azide which would form a nitrene intermediate that, upon
reductive elimination, generates the amidated product.s5

_t-Bu
0 N3 [Cp*IrCl,], (2 mol%) H
N/t-Bu + O AgNTf, (8mol%) NH
H DCE, rt, 24h
NO, 93% o
NO,
HN—t-Bu HN—{-Bu _t-Bu

HN

SR I {oy: \

via [Ir]llll —A> [IrQ/ —_— 9 m

] ) [
e e A

N

2 Ar o

Ar Ar

Scheme 45. Ir (11I)-catalyzed C-H amidation of benzamides.

Also, the group of Prof. Jin-Quan Yu has demonstrated the importance of an appropriate
choice of the directing group by using an electronically tuned pentafluorophenyl benzamide
to carry out several Palladium catalyzed reactions.8¢ One example of this directing group is
the palladium-catalyzed borylation of arenes.8

40 Chen, Z.; Wang, B.; Zhang, J.; Yu, W,; Liu, Z.; Zhang, Y. Org. Chem. Front. 2015, 2, 1107.

8 Ryu, J.; Kwak, J.; Shin, K,; Lee, D.; Chang, S. J. Am. Chem. Soc. 2013, 135, 12861.

86 (a) Wasa, M.; Engle, K. M; Yu, J.-Q. J. Am. Chem. Soc. 2010, 132, 3680. (b) Yoo, E. J.; Ma, S.; Mei, T ;
Chan, K. S. L.; Yu, J. J. Am. Chem. Soc. 2011, 133, 7652. (c) He, J.; Shigenari, T.; Yu, J.-Q. Angew. Chemie
Int. Ed. 2015, 54, 6545.

87 Dai, H.-X.; Yu, J.-Q. J. Am. Chem. Soc. 2012, 134, 134.
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. Pd(OAC), (10 mol%) F
. . AgsPO, (1 equiv) of F
(0] X KH2PO4 (1 eqUiV)
+ Boypin, N F
N F CH4CN, 100°C, 12h N
F
H F Bpin
2 equiv 1%

Scheme 46. C-H borylation of pentafluorophenyl benzamides.

For these reactions they report the use of the very electron poor pentafluorophenyl
benzamide as critical for the success of the reactions. Probably due to the delocalization of
the negative charge which makes it behave more as an L ligand while still keeping its
coordinating abilities.58

Rhodium catalysis has been predominantly used with this motif. An elegant example
reported by Glorius and coworkers describe the Rhodium-catalyzed cross dehydrogenative
coupling of benzamides and simple arenes with hexabromobenzene as additive.® Although
crucial for the success of the reaction, the role of the additive is still unclear. However, it was
suggested that it acts as an oxidant. This is due to the fact that pentafluorobenzene was
isolated from the reaction mixture, probably arising from an oxidative addition of the
reduced Rh (I) catalyst to the Ar-Br bond followed by protodemetallation. It is also supposed
to be somehow favoring the undirected C-H activation of the simple arene.

[Cp*RhCl,], (2.5 mol%) o
Cu(OAc), (2.2 equiv)

(0]
: | © CeBrg (2 equiv) O N(iPr),
N@Pr), * - :
PivOH (0.5 equiv)
CsOPiv (0.2 equiv) O
2-Cl-p-xylene, 140°C, 21 h

20 equiv 66%

Scheme 47. Rh (I11)-catalyzed C-H cross dehydrogenative coupling of benzamides with arenes.

Amide-directed C-H functionalizations can be also applied to vinylic substrates. For
instance, the group of Glorius was also able to carry out a similar arylation to the above one,
but using acrylamides instead of benzamides.

[Cp*RhCly], (2.5 mol%)
AgSbFg (10 mol%)

o Br Cu(OAc)z (2.2 eq.uiv) | N(iPr),
. . PivOH (1.1 equiv) Br
N(iPr), CsOPiv (0.2 equiv)
Br 140°C, 21 h

. 58%
40 equiv Br

O

Scheme 48. Rh (I11)-catalyzed C-H cross dehydrogenative coupling of acrylamides with arenes.

8 Chan, K. S. L.; Wasa, M.; Wang, X.; Yu, J. Q. Angew. Chemie. Int. Ed. 2011, 50, 9081.
8 Wencel-Delord, J.; Nimphius, C.; Wang, H.; Glorius, F. Angew. Chemie - Int. Ed. 2012, 51, 13001.
% Wencel-Delord, J.; Nimphius, C.; Patureau, F. W.; Glorius, F. Chem. Asian J. 2012, 7, 1208.
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1.2 Oxidative annulation of benzamides.

The first report of the use of benzamides in Rh(III) catalyzed C-H functionalizations was, in
fact an oxidative annulation. It was reported by the group of Fagnou as an extension for their
work on the synthesis of indoles.”! Inspired by Yu's work,” they used benzhydroxamic acid
derivatives and, interestingly, they found out that the N-O bond was cleaved after the
reaction, presumably by oxidative addition of the reduced Rh (I) into the N-O bond followed
by ligand exchange. This side reaction allowed them to get rid of the copper oxidant needed
to recover the catalyst.

[CP*RNCl,], (2.5 mol%)

O
N,OMe . /Ph Cs(OAc) (0.3 equiv) NH
H Ph MeOH, 60°C, 16h = Ph
90%

Ph
C-H [
activation, " .
Mlgratory [RhT] H
insertion
[Rh] o oM [Rh'] o Rpyii OMe
[Rh'"] - - e
Reductive & Ph Oxidative Z Ph
elimination Ph addition Ph

Scheme 49. Rh (I11)-catalyzed oxidative annulation of benzhydroxamic acid derivatives.

They further developed their work by establishing calculations on the mechanism, tuning the
internal oxidant and significantly expanding the scope including terminal alkynes and
olefins as coupling partners.?

le) [Cp*RhCI5]5 (0.5 mol%)
N,OPiv . /R Cs(OACc) (2 equiv) NH
H R = MeOH, rt, 16h 5 R
up to 99% R

R = Aryl, Alkyl, H

Scheme 50. Rh (I11)-catalyzed oxidative annulation of pivaloyl substituted benzhydroxamic acids.

The inclusion of an internal oxidant has been widely used since this work, not only cleaving
the N-O bond as in this case, but also switching the connection to release the R-NH% or using
N-N bonds.%

91 Guimond, N.; Gouliaras, C.; Fagnou, K. . Am. Chem. Soc. 2010, 132, 6908.

92 Wasa, M.; Yu, J.-Q. ]. Am. Chem. Soc. 2008, 130, 14058.

% Guimond, N.; Gorelsky, S. I; Fagnou, K. |. Am. Chem. Soc. 2011, 133, 6449.

% Zhang, Z.; Jiang, H.; Huang, Y. ACS Catal. 2015, 6999.

% Liu, B.; Song, C.; Sun, C.; Zhou, S.; Zhu, J. . Am. Chem. Soc. 2013, 135, 16625.
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Shortly after, the group of Miura® and the group of Hyster and Rovis published an extension
of this work where they managed to carry out the reaction without the need of the N-O
bond.?”

[CP*RhCl,], (2.5 mol%)

O
Ph . i -
N/ . / Cu(OAc)-H50 (2.1 equiv) N
H Ph t-AmOH, reflux, 16h % Ph
82%

Ph

Scheme 51. Rovis” Rh (I11)-catalyzed oxidative annulation of benzamides with alkynes.

After extensive mechanistic studies, they established a mechanistic hypothesis. Their
proposal involves the formation of the active catalytic species® by ligand exchange of the
chlorides with the acetates and a subsequent N-H cleavage leading to intermediate I. A CMD
step would deliver the metallacycle II that can undergo migratory insertion into the alkyne
followed by reductive elimination yielding the isoquinoline. The reduced catalyst is then
reoxidized by the copper acetate.

[Cp*RhCl,],
Cu(OAc) 0

2 CuOAc /
CuCIn(OAc
R Cp*Rh(OAc),
AcOH
2 Cu(OAc),
Rh Cp*

N/O
I - )>_CH3
|

Irreversible alkyne F I
insertion
Tt / Turnover limiting
/ C-H activation
R
Crie @ﬁ
Rh h\Cp,r

\
nocet ~ o P
CHs

Scheme 52. (4+2) oxidative annulations of benzamides with alkynes.

Inspired on Fagnou’s work on the annulation of benzamides and alkenes, the group of
Cramer sought for an enantioselective version of such coupling. Since the Cp* is essential for

% Mochida, S.; Umeda, N.; Hirano, K.; Satoh, T.; Miura, M. Chem. Lett. 2010, 39, 744.

9 Hyster, T. K.; Rovis, T. J. Am. Chem. Soc. 2010, 132, 10565.

% The ligand exchange between chlorines and acetates is detected by UV/Vis in: Li, L.; Brennessel, W.
W.; Jones, W. D. Organometallics 2009, 28, 3492.
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the reactivity and the other three positions have to be available for different mechanistic
steps, there is no possibility of adding any chiral ligand to obtain enantioselectivity. To solve
this problem they introduced the use of chiral cyclopentadienes that shield one face of the
benzamide favoring one orientation of the alkene.”

/\p-TOI (0] Om
0 Rh (1) cat. (Rh1) (5 mol%) Ph. SO
_OBoc ___DBPO (2 mol%) NH Y Rh,
N EtOH, rt, 16h L 4
89%, 92% ee P Rh1

Scheme 53. Rh (I1])-catalyzed enantioselective oxidative annulation of benzhydroxamic derivatives.

At the same time, the groups of Rovis and Ward published an alternative version for
achieving enantioselective annulations by engineering an artificial metallozyme based on

biotin-streptavidin interactions leading to yields up to 95% and enantiomeric excesses up to
86 % .100

Z>co,Me
o) Rh (lll) cat. (Rh2) (1 mol%) O

N’OPiv Streptavidin mutant (0.66 mol%) NH
H MOPS buffer:MeOH (4:1), 23°C

95%, 82% ee CO,Me

H
%, S H
NHH
p ° Cl’ljh/<2
Rh2 Cl

Scheme 54. Streptavidin/Rh (11)-catalyzed enantioselective oxidative annulation of benzhydroxamic acid
derivatives.

Acrylamides also undergo oxidative annulations under transition-metal catalysis. For
instance, Ackermann and co-workers described an oxidative annulation of acrylamides for
the synthesis of 2-pyridones using a ruthenium complex.101

o) [Rh(p-cymene)Cl,], (5 mol%)
Ph Cu(OAc)-H,0 (1 equiv) N~
Nt Z |
H Ph t-AmOH, reflux, 16h = Ph
92%
Ph

Scheme 55. Rh (III)-catalyzed oxidative annulation of benzamides with alkynes.

9 Ye, B.; Cramer, N. Science. 2012, 338, 504.
100 Hyster, T. K.; Ward, T. R.; Rovis, T. Science. 2012, 338, 501.
101 Ackermann, L.; Lygin, A. V; Hofmann, N. Org. Lett. 2011, 13, 3278.
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These annulations of benzamides and acrylamides were further studied by the groups of
Fagnou, Miura and Rovis as well as others. becoming a powerful and robust
transformation.102

102 For more reports on the oxidative annulation of benzamides see: (a) Ya Du, T. K. H.; Rovis, T. Chem.
Commun. 2011, 47, 12074. (b) Cui, S.; Zhang, Y.; Wu, Q. Chem. Sci., 2013, 4, 3421. (c) Cui, S;; Zhang, Y.;
Wu, Q. Chem. Sci., 2013, 4, 3912. (d) Hyster, T. K,; Ruhl, K. E.; Rovis, T. J. Am. Chem. Soc. 2013, 135,
5364. (e) Huckins, J. R,; Bercot, E. A; Thiel, O. R.; Hwang, T.; Bio, M. M. J. Am. Chem. Soc. 2013, 135,
14492. (f) Shi, Z.; Grohmann, C.,; Glorius, F. Angew. Chemie. Int. Ed. 2013, 52, 5393. (g) Yu, D,
Azambuja, F. De; Glorius, F. Angew. Chemie. Int. Ed. 2014, 53, 2754. (h) Yu, D.-G.; de Azambuja, F.;
Gensch, T.; Daniliuc, C. G.; Glorius, F. Angew. Chemie Int. Ed. 2014, 53, 1. (i) Peng, X.; Wang, W.; Jiang,
C,; Sun, D.; Xu, Z.; Tung, C.-H. Org. Lett. 2014, 16, 5354.
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2- Objectives

When we started our work in this research area, the reports in the oxidative annulations of
benzamides were scarce and limited to the initial reports of Rovis, Miura and Fagnou.
Therefore we considered that there were many aspects in this chemistry that would deserve
further attention.

Among others, we considered the possibility of achieving intramolecular annulations, given
that this would provide a nice way to obtain relatively complex polycycles from very simple
starting materials in an atom economical manner. Following these thoughts we considered
the development of a fully intramolecular oxidative annulation leading to tricyclic

isoquinolines.
0 0
Ll:l )n [M], oxidant | N N )
H H AN "
FZ
R R

Scheme 56. General objective.

This type of tricyclic cores is present in a wide range of biologically relevant products, such
as the ones shown in the figure and therefore, a practical access to these structures was
considered worthy.

OH

Berlambine Ungerimine

Fig 4. Natural products presenting a tricyclic isoquinoline core.

Although, this adaptation from inter to intramolecular reactions might seem obvious, a more
careful analysis on the basis of the proposed mechanism revealed that it could be not so
trivial. According to the hypothetical mechanism, consisting of a migratory insertion of the
alkyne into the C-Rh bond of the resulting species from the C-H activation, this step would
generate a bridged bicyclic intermediate such as I, that seems to be quite strained and, hence,
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might not be formed. Alternatively, the reaction could take place by migratory insertion into
the Rh-H bond, which would produce a much more comfortable species I1.103

o (0] (0]
Migratory N
insertion. . N
,N ............ > [Rh] or /
Rh —
) R
== R R
1l

Scheme 57. Possible intermediates after the migratory insertion.

On these bases there were a number of interesting challenges to be pursued:

e Study the effect of the intramolecularity, including changes on the reactivity and
regioselectivity.

e Easily access to biologically relevant tricyclic isoquinolines

e Study the mechanistic pathway through experimental and computational
calculations.

103 These two possibilites are described in: Li, B.; Feng, H.; Xu, S.; Wang, B. Chem. Eur. |. 2011, 17,
12573.
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3- Results and discussion.

3.1 Optimization of the reaction conditions.

To study the viability of the reaction we synthesized the model substrate 10. The preparation
of this alkyne-tethered benzamide was achieved by an initial Boc protection of benzamide
followed by a Mitsunobu type reaction with pentynol and deprotection. This sequence led to
the terminal alkyne-tethered benzamide 9. A final Sonogashira coupling with iodobenzene
provided 10 in a 17% overall yield without major optimization.

0
NaH, Boc,0 HO/\/\, PPh;, DIAD
©)LNH2 THF, 0°C - rt, 16h THF, 0°C - t, 16h
69% 57%
6

o]
. NH
Boc
7
lodobenzene, Pd(PPhj), o] o
Cul, EtzN TFA
@N @NW
=

DMF, 16h, 80°C CH,Cly, rt, 16h Boc
75% 58%
9 8

(@)

©)J\N

H

=

Ph
10

Scheme 58. Synthesis of model substrate 10.

With the model substrate in hand we screened several reaction conditions, varying the
solvent and the catalytic system. The results of these experiments are summarized in Table 1.
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Table 1 Screening of reaction conditions.

0 0
Catalyst (2.5 mol%)
N Oxidant (2.1 equiv) N
©)LQ Solvent >~
Z
Ph Ph
10 11
Entry Catalyst Oxidant Solvent Yield (%o)®
1 [Cp*RhClz)2 Cu(OAc)2 Toluene 57
2 [Cp*RhClz)2 Cu(OAc)2 t-AmOH 98
3 [Cp*RhClz)2 Cu(OAc)2 Acetone 35
4 [Cp*RhCL]2 Cu(OAc): DMF 58
5 [Cp*Rh(CH3CN) 2] (A ngFa)z Cu(OAC) 2 -AmOH -C
6 [Cp*RhCl2]2/ AgSbF Cu(OAc)2 t-AmOH -
7 [Ru(p-cymene)Clz]2 Cu(OAc)2 t-AmOH 50
8 [Cp*IrCl2]2 Cu(OAc)2 t-AmOH 23
9 Pd(OAc)> Benzoquinoned  +-AmOH -e

a Reaction conditions: 10 (0.25 mmol), catalyst (2.5 mol %), oxidant (2.1 equiv), solvent (2 mL), 110 °C, 12 h. b
Isolated yield. ¢ Complex mixture of products. 4 0.5 equiv of p-TsOH were added. ¢ Recovery of the starting
material.

As shown in table 1, the reaction proved to be more efficient in t~AmOH than in any other
solvent tested, affording the tricyclic product in an excellent yield of 98% (entry 2).
Interestingly, cationic Rhodium complexes, which have been reported to work in
intermolecular cases,®* led to a complex mixture of products (entries 5 and 6). We also
checked other metal catalysts to carry out the transformation, however, they both showed
much poorer performance. [Ru(p-cymene)Cl], yielded the isoquinoline albeit in lower yield
and with poor conversion (entry7). Even lower conversion was achieved with the [Cp*IrCl»].
catalyst, which yielded the isoquinoline in a 23% (entry 8). Palladium acetate failed to
promote any transformation of the substrates, recovering most of the starting material after
12h at a 110°C (entry 9).

3.2 Substrate scope.

With the optimized conditions in hand, we proceeded to study the scope of the
transformation. For this purpose we synthesized and tried a variety of substrates featuring
different electronic and steric properties. These results are summarized in Scheme 59.

104 Hyster T. K.; Rovis, T. Chem. Sci., 2011, 2, 1606.
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Q [Cp*RhCl5], (2.5 mol%) Q

< N ) Cu(OAc),'H,0 (2.1 equiv) 4 N

Ar| H " - | Arl )

S _ t-AmOH, reflux S >

z
R R
(0] e} 0
R
R” N\F ~F NG _

Ph Ph R'  Ph
11b, R = OMe, 96% 11e 85% 11f, R = OMe, R'=H
11c, R = CF3, 84% 11F R = H. R'=OMe
11d, R = Br, 76% 11£:11F = 1.44:1, 80%

(0] (0] 0O
| N N N
a4 P
o " 11k, R = OMe, 63%
11g, 82% 11h, A r= 2-Me, 96% ,R= e,0 b
' 11i, Ar = 3,5-diMe 84% 111, R = Me, 97%
11j, Ar = 1-Naphthyl 76% ! 11m, R = CF3. 65%
0 0 o
7, — P
R Ph Ph
11n, R = H, 0%° 11p, 67% 11q, 62%

110, R = Me, 65%

a Reaction conditions: Benzamide (0.25 mmol), [Cp*RhCl]> (2.5 mol%), CuOAc; H>O (2.1 equiv), +-AmOH (2 mL),
110 °C, 12 h. b Isolated yields. ¢ The starting material was mostly recovered.

Scheme 59. Scope of the intramolecular oxidative annulation of benzamides and alkynes.

As it can be deduced from the data included in scheme above, the reaction is quite robust
and tolerates a wide range of substituents in the benzamide, including electron donating
groups like OMe (11b) and electron functionalities such as CF; (11c). It is also noteworthy
that the annulation is compatible with the presence of aromatic C-Br bonds which is relevant
because they could be engaged in further modifications. When a methyl group is placed at
the meta position of the benzamide, the activation takes place regioselectively at the less
hindered C-H bond (11e). However, with the methoxy derivative, we observed the formation
of a 1.44:1 mixture of regioisomers (11f). This is probably due to the minor steric
differentiation or a competitive coordination of the oxygen to the metal centre.
Naphthaleneamides also participate in the annulation providing the regioselective
functionalization at the 2-position of the naphthalene. Different arene substituents with
varying steric properties can be added at the terminal position of the alkyne without
considerably affecting the yield (11h - 11j). Electronic variations of the aryl substituent of the
alkyne are also permitted, albeit in lower yields when those effects are drastic such as when
methoxy or trifluoromethyl moieties are included (11k - 11m). The reaction also proceeds
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with longer tethers (11p, 11q) and is not limited to aryl substituted alkynes, as alkyl
substituted alkyne 110 do also undergo the reaction. Nonetheless, terminal alkynes failed to
react, leading to the recovery of the starting materials.

Given the good reactivity obtained observed in the above annulation with benzamides, we
also thought of expanding the scope to acrylamides.l> These starting materials were
synthesized, as exemplified in the following scheme, by reaction of the corresponding
acryloyl chloride with 4-pentynamine followed by a Sonogashira coupling to introduce the
aryl moiety.

Phl, Pd(PPhs), o
(@] Et3N H2N/\/\ CUI, Et3N ’)J\N
ch' Et;N 60 °C. 5h |
| CH,Cl, tt / g Y
63% = ° Ph
12 13 14

Scheme 60. Synthesis of acrylamide 14.

As shown in Scheme 61, the reaction takes place in the above standard conditions albeit in
lower yields. However it is possible to improve the yields by adding 1.2 equiv of cesium
acetate. Although the role of this additive has not been extensively studied, it is possible that
its addition facilitates the carboxylate-assisted C-H activation.55b 61

1 Q [CP*RNCl,], (2.5 mol%) 1 W
R]AN ) Cu(OAc),-H,0 (2.1 equiv) R N,
H "
t-AmOH, reflux =
R? = . R?
7
Ph Ph
15a, 30%, 73%)c 15b, 62%° 15¢, 30%° 15d, 65%°

a Reaction conditions: Acrylamide (0.25 mmol), [Cp*RhCl;]> (2.5 mol%), CuOAcz HxO (2.1 equiv),
t-AmOH (2 mL), 110 °C, 12 h. b Isolated yields. 1.2 equiv of CsOAc were added.

Scheme 61. Scope of the intramolecular oxidative annulation of acrylamides.

The reaction tolerates substitution at both positions of the double bond to give the expected
products in yields around 60-70% (15a, 15b, 15d). However, when the p-hydrogen is
replaced by a phenyl group, the yield drops to a 30% (15c).

b apointe, D.; Fagnou, K. Chem. Lett. 2010, 39, 1118.

61 Ackermann, L. Chem. Rev. 2011, 111, 1315.

105 For related annulation with acrylamides see: (a) Su, Y.; Zhao, M.; Han, K.; Song, G.; Li, X. Org. Lett.
2010, 12, 5462. (b) Hyster, T. K.; Rovis, T. Chem Sci 2011, 2, 1606.
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3.3 Mechanistic investigations.

Despite the success of the reaction suggests that the migratory insertion step is probably
involving a N-metallation instead of a C-metallation, we carried out several studies to shed a
light into this question. Our co-worker, Dr. Rebeca Garcia Fandifio, performed DFT
calculations to compare the potential energy surface of the mechanisms involving the
formation of either intermediate I or I1.106107

o) . (@]
Migratory N
insertion. \ N
'N ------------ > [Rh] or /
@Q ~ [Rh]
R

R—==
| |

Scheme 62. Possible intermediates after the migratory insertion.

For these calculations, carried out with the model substrate 10 in methanol, coordinatively
unsaturated Cp*Rh(OAc). was considered as the active catalytic species. This species would
arise from the dissociation of the [Cp*RhCly]. complex and a posterior ligand exchange with
the acetates present in the media as has been described in previous studies.18

As expected, the catalytic cycle starts with the coordination of the active Rhodium complex
to the benzamide with concomitant loss of acetic acid. Next, the C-H activation step occurs
via a concerted metallation-deprotonation transition state (TS1) leading to intermediate B, in
which the acetic acid is still bound to the metal.1? TS1 exhibits a relative free Gibbs energy of
35.6 kcal mol! and structural features similar to the ones described in intermolecular
reactions (C-H and O-H distances for the proton transfer are 1.33 and 1.31 A respectively and
the Rh-C distance is 2.3 A).105i

106 Gas phase calculations were performed with Gaussian03 and Gaussian09 at DFT level. The
geometries of all complexes here reported were optimized using the B3LYP hybrid functional.
Optimizations were carried out using the standard 6-31G (d) basis set for C, H, O, and N. PCM
calculations (MeOH for stationary points were performed using the 6-311+G-(2df,2p) basis set for C,
H, O, and N, and SDD for Rh. Electronic energy values calculated with the smaller basis set have been
corrected using the residual energy at the zero point vibrational energy (ZPE).

107 For more DFT calculations in benzamide oxidative annulations see (a)Xing, Z.; Huang, F.; Sun, C,;
Zhao, X.; Liu, J.; Chen, D. Inorg. Chem. 2015, 54, 3958. (b) Guo, W.; Zhou, T.; Xia, Y. Organometallics
2015, 34, 3012. (c) Zhou, T.; Guo, W.; Xia, Y. Chem. Eur. ]. 2015, 21, 9209. % D.; Fagnou, K. Chem. Lett.
2010, 39, 1118.

108 Xu, L.; Zhu, Q.; Huang, G.; Cheng B.; Xia, Y. J. Org. Chem., 2011, 77, 3017.

109 Preliminary calculations were also conducted for the CMD step with the alkyne coordinated to
Rh(Ill) and the acetate monocoordinated. The energy found was very high and consequently this
pathway was ruled out.

103i Peng, X.; Wang, W; Jiang, C.; Sun, D.; Xu, Z.; Tung, C.-H. Org. Lett. 2014, 16, 5354.
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Scheme 63. DFT calculations for the mechanism of the intramolecular oxidative annulation.

From this point, release of the acetic acid and its substitution by the alkyne in the
coordination sphere leads to intermediate C. At this stage, two possibilities are opened,
either a carbometallation o aminometallation steps can happen. The first case, usually
invoked in intermolecular reactions, involves the insertion of the alkyne in the Rh-C bond
leading to intermediate Dy via TS2 (red line, AG = 22.3 kcal mol?). D; would undergo a
reductive elimination via TS3 (AG = 9.5 kcal mol?) releases the product and the reduced
Rh(I) complex which is further reoxidized to Rh (III) by the copper (II) acetate. It is
remarkable that the C-Rh-N angle in D4 (76.5°) is similar to the one in intermediate C (79.3°)
and in TS2 (74.2°) which suggests that the formation of a bridged system does not lead to a
high structural and angular distortion. The remaining tension could, on the other hand be
responsible to the lower barrier for the reductive elimination. In the second case (blue line),
the nitrometallation towards intermediate D; via TS2 has a 2.8 kcal mol! smaller barrier than
the above route. The distances of the bonds being broken and formed are relatively large
(Rh-N 2.148 A and alkyne-N 2.127 A respectively) suggesting an early transition state. As in
the previous case, reductive elimination, which may occur via TS4 or TS5, yields the
annulated product and the Rh(I) complex reoxidized by Copper acetate to recover the active
catalyst. These results suggest that the formation of the bridged Rhodium intermediate is
slightly disfavored, as might be expected.

When the same calculations are performed with a substrate presenting a longer tether,
namely one more methylene in the connecting chain, analogous results were obtained
although, in this case the differences in energy were of only 1.8 kcal mol-.
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Scheme 64. DFT calculations for the mechanism of the elongated intramolecular annulation.0

With those results in hand we were curious to know whether the insertion into the Rh-N
bond could also be considered in intermolecular cases. For that purpose we carried out
similar calculations omitting the alkyl tether. The results indicate that the carbometallation is
slightly favorable by 2.2 kcal mol!) which is consistent with the proposed mechanisms
although it does not completely rule out the possibility of a Rh-N bond insertion in some

cases.

Kealimal

Scheme 65. DFT calculations for the C-Rh and Rh-N insertion in the intermolecular annulation.

To complement these computational studies, we performed a series of experimental assays.
At first, we performed a study of the kinetic isotopic effect in a competition experiment to
find out whether the C-H activation step is influencing the reaction rate. Towards that end,

110 A conventional energy of 0 kcal mol! was assigned to intermediate H
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we synthesized the benzamide 10-Ds as described in scheme 58. We then run the reactions in
separate vessels under the optimized conditions taking aliquots every 5 minutes which were
quenched by diluting with dichloromethane and filtered through a florisil pad. NMR
analysis of the amount of isoquinoline present at each aliquot allowed calculating a KIE
value of 2.5. This is consistent with a moderate influence of the C-H cleavage in the reaction
rate, which is in agreement with the energetic profile resulting from the computational
studies.

Q [CP*RNCl,], (2.5 mol%) Q
‘©)‘\D Cu(OAc),-H,0 (0.5 equiv) N
H5/D5 H H5/D5
t-AmOH, reflux %
Z DKIE = 2.5
Ph Ph
10 (Ds) 11 (Ds)

Measurement of the KIE
0,06 y = 5E-05x - 0,0161
005 // y = 5E-05x - 0,0116
’ y = 2E-05x - 0,005
0,04 / / y = 2E-05x - 0,0067

0,03

10-runl

0,02

/ M 10-run2
0,01 /
0 / A 10-D5-runl

0 500 1000 1500 2000 2500 3000
Time (s)

Ammount of product (mmol)

® 10-D5-run2

Scheme 66. Study of the KIE

3.3 Further studies on the intramolecular oxidative annulation of anilides.

At this point of the research, we were curious about the possibility of extending the
intramolecularity in oxidative annulations to other precursors like anilides, as this would
lead to interesting polycyclic indoles. As commented in the introduction, Fagnou and co-
workers had previously developed a brilliant method for the obtention of indoles by a
rhodium-catalyzed intramolecular oxidative annulation between acetamides and alkynes
(scheme 40). 81 However, intramolecular versions had not been studied and, hence, we
decided to make the precursors 38 (scheme 68) to check their reactivity.

81 (a) Stuart, D. R.; Bertrand-Laperle, M.; Burgess, K. M. N.; Fagnou, K. . Am. Chem. Soc. 2008, 130,
16474. (b) Stuart, D. R.; Alsabeh, P.; Kuhn, M.; Fagnou, K. |. Am. Chem. Soc. 2010, 132, 18326.

48



Chapter 11.

A\ [Co*RCL]; (25 moi%)
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Scheme 67. Synthesis of indoles by oxidative annulation.

The synthesis of the alkyne tethered anilide 18a was done by the condensation of aniline
with 5-pentynoic acid followed by a Sonogashira coupling to yield the internal alkyne.

o)
)k/\ o 0
NH, O A Phl, Pd(PPhs), .
DCC, DMAP HN Cul, Et;N
CH,Cl, reflux, 16 h Il EtsN 60 °C, 5h © l
62% o
b 68% o P
16a 17a a

Scheme 68. Synthesis of anilide 18a.

Treatment of the anilide 18a under the same conditions described by Fagnou for the
intermolecular cases failed on yielding even traces of the tricyclic indole, either with or
without the silver salt and the a complex mixture or starting material was recovered
respectively. Although at the beginning we were a little surprised by this result, a close look
into the hypothetical intermediate resulting from the C-H activation (III), allows inferring
that it would not be easy for the alkyne to come close to the C-Rh bond and, thereby,
undergo the required migratory insertion step. So species III is likely a death intermediate
unable to further evolve which hampers the catalytic cycle.

o [CP*RhCly], (2.5 mol%)
HN AgSbFg (2.5 mol%) (w or wio) HN X0 >\\
Cu(OAc), (2.1 equiv) N A\ I[R/r;] on

| | t-AmOH, reflux, 16h Ph
Ph

m
18a

Scheme 69. Failed intramolecular version of the annulation of anilide 28a.

We also synthesized and tested the naphthaleneacetamide 18b, which was easily assembled
by an analogous procedure as stated before. Remarkably, in this case we did observe
reactivity but, instead of forming the indole resulting from a (3+2) annulation, we observed
the (4+2) adduct 19 in the absence of the chlorine scavenger while with the addition of the
silver salt, decomposition of the starting material was observed. The formation of tetracycle
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19 can rationalized assuming that the 5-membered rhodacycle IV resulting from the
activation of the C8-H bond, can evolve to the product by N-metallation and reductive

elimination.
o) Ph—==
[Cp*RhCl,], (2.5 mol%) "
HN Cu(OAc), (2.1 equiv) Ph SN0 [Rh—N" Y0
| | t-AmOH, reflux, 16h
e

Ph

18b 19 v

Scheme 70. Intramolecular (4+2) oxidative annulation of naphthaleneacetamide 18b.

Interestingly, a competition experiment between naphthaleneacetamide 18b and an external
alkyne in presence of a sliver salt, led to the preferential formation of the indole 20 in a 25%
yield. This result confirms the viability of activating the C-H bond at the position 8 of the
naphthalene, most probably in a reversible manner.

/\ Ph ) )

Ph /
gz
o [CP*RNCl,], (2.5 mol%) / o Ph/j\
AgSbFg (15 mol%) HN™ ™0
HN Cu(OAc), (2.1 equiv) N \ [Rh]
| | tAmOH, 120°C, 16h OO Ph OO
Ph L v .
18b 20 25%

Scheme 71. Competition between inter- and intramolecular annulations of naphthaleneacetamide 18b.

Overall, the above results confirm that a direct translation of intramolecular oxidative
annulations to intramolecular settings is not obvious and different factors can significantly
affect the reaction outcome.

3.4 Partially intramolecular oxidative annulation of benzhydroxamic derivatives.

During our investigations, and just before we submitted our work for publication, the group
of Park described an interesting strategy to control the regioselectivity of the annulation.
Their idea was based on connecting the alkyne tether to the benzamide using a cleavable N-
O bond. Although the reaction mechanism could be considered intramolecular, the required
cleavage of the N-O bond to regenerate the catalyst leads to products similar to those
obtained in intermolecular annulations.1!!

11 Xu, X.; Liu, Y.; Park, C. Angew. Chem. Int. Ed. 2012, 51, 9372.
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o o)
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Scheme 72. Rh (I1])-catalyzed semi-intramolecular oxidative annulation of benzhydroxamic acid derivatives.
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4- Conclusions.

In conclusion we have developed a fully intramolecular version of the oxidative annulation
of benzamides and alkynes and demonstrated that it presents a wide scope to make a great
variety of tricycles and that, this chemistry can be extended to more challenging acrylamides.

[CP*RhCl,], (2.5 mol%) 0

(@]
:,/,—\I])LH ), Cu(OAc),"H,0 (2.1 equiv) :,//\I N )
NP _ t-AmOH, reflux Ry A "
7
R

62-98%
R

Scheme 73. Oxidative annulation of acryl and benzamides.

Our mechanistic studies provide evidences pointing that the migratory insertion into the Rh-
N bond is more favorable than the insertion into the Rh-C bond, most probably because of
geometric reasons. Similar intermolecular processes prefer to proceed through
carbometallation instead of aminometallations.

) . L o
Migratory N
insertion. \ N
N—/  ------------ > [Rh] or
[R|"1] — /
R\ > [Rh]
I (favored when Il (favored when
intermolecular) intramolecular)

Scheme 74. Rh-C vs. Rh-N insertion.

We have also demonstrated how, in the case of anilides, tethering the two reactive moieties
can shut down the reactivity, while in naphthaleneacetamides that have other available C-H
bonds to be activated, the intramolecular annulation is possible, in this case leading to
products which arise from formal (4+2) annulations.!12

[CP*RNCl,], (2.5 mol%)
HN Cu(OAc), (2.1 equiv) Z N7 o
(;?~© If -AmOH, 120°C, 16h O O
1
k\\\ -

1l (disfavored, not
obtained) IV (favored)

Scheme 75. Oxidative annulation of naphthaleneacetamides.

112 This work was done in collaboration with Dr. Noelia Quifiones and published in: Quifiones, N.;
Seoane, A.; Garcia-Fandifio, R.; Mascareiias, J. L.; Gulias, M. Chem. Sci. 2013, 4, 2874.
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1- Introduction.

1.1 Relevance of the phenolic core: Benzoxepines and coumarins.

The phenolic skeleton is widely spread in a huge variety of natural products and derivatives,
either in its free form or protected as cyclic or acyclic ethers or esters. Many phenol-
containing products show highly relevant biological properties!’3 and therefore, the
development of synthetic access to these derivatives is a very appealing goal.14

o) NH,

)J\O (0]

HO
@OH N
N
H

Acetylsalcylic acid

Serotonin

(Aspirin)
OH
OMe
So CsHyq
a-Tocopherol (Vitamin E) Vainillin Tetrahydrocannabinol

Scheme 76. Naturally occurring phenols.

Among all the products with phenolic frameworks, benzoxepines and coumarins stand out
for their interesting properties. The former, have proven to have antiplasmodial,
antimycobacterium and anticancer activities as well as other others.!’5> On the other hand,
coumarins are a versatile scaffold for organic synthesis and present a wide range of
interesting properties, which result in their use in very different fields with varying purpose
such as fluorescence probes or anticancer and anticoagulant drugs.'1¢ These properties make
benzoxepines and coumarins quite interesting synthetic targets. 17

113 Gomes, C. A.; Girdo Da Cruz, T. G.; Andrade, J. L.; Milhazes, N.; Borges, F.; Marques, M. P. M. J.
Med. Chem. 2003, 46, 5395.

114 (a) Tyman, J. H. P Synthetic and natural phenols. Ed. Elsevier, 1996. (b) Rappaport, Z.The chemistry of
phenols. Ed. Wiley Interscience, 2003.

115(a) Sprogee, K.; Manniche, S.; Larsen, O.; Christophersen, C. Tetrahedron 2005, 61, 8718. (b) Narita,
K., Nakamura, K.; Abe, Y.; Katoh, T. Eur. J. Org. Chem. 2011, 4985.

116 For the synthesis and biological properties of coumarins see: (a) Borges, F.; Roleira, F.; Milhazes, N.;
Santana, L.; Uriarte, E. Curr. Med. Chem. 2005, 12, 887. (b) Musa, M. A.; Cooperwood, J. S.; Khan, M. O.
F. Curr. Med. Chem. 2008, 15, 2664. Wagner, B. D. Molecules 2009, 14, 210.

117 For the synthesis of oxepines see: Snyder, N. L.; Haines, H. M.; Peczuh, M. W. Tetrahedron 2006, 62,
9301.
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Bulbophyol B Bauhinoxepin J Heliannuol D
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OH F
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Warfarin DiFMU Disparinol D

Scheme 77. Benzoxepines and coumarins.

1.2 C-H functionalization directed by phenols.

The hydroxyl moiety of phenols has been used as a directing group for a number of C-H
functionalizations. For instance, Miura and co-workers developed a Palladium- catalyzed
arylation of salicyladehydes that involves an initial complexation between the Pd (II)
(generated from the oxidative addition of the in situ generated Pd (0) species into the
iodobenzende) and the OH group, followed by the activation of the C-H bond from the
aldehyde by another oxidative addition.118

PdCl; (2.5 mol%)
LiCl (20 mol%) OH O

OH O |
@)J\ Na,CO; (2 equiv)
H +
DMF, 100°C, 22 h ‘ ‘
93 %

Ligand PhPdI Phi Pdo Two-fcl)lq requctive
exchange m elimination
X
addition
Ph Ph
_Pd! Pg"V-H

O H o~
(o) Oxidative o
addition

Scheme 78. C-H arylation of salicyladehydes.

They later extended this kind of functionalizations to ortho-arylphenols and naphthols which
could be arylated regioselectively with iodoarenes.11?

118 Satoh, T.; Itaya, T.; Miura, M.; Nomura, M. Chem. Lett. 1996, 9, 823.
119 (a) Satoh, T.; Kawamura, Y.; Miura, M.; Nomura, M. Angew. Chem. Int. Ed. 1997, 36, 1740. (b) Satoh,
T.; Inoh, J.; Kawamura, Y.; Miura, M.; Nomura, M. Bull. Chem. Soc. Jpn. 1998, 71, 2239.
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OH | Pd(OAC), (2.5 mol%) OH ‘
. Cs,CO; (1.2 equiv)
O DMF, 100°C, 22 h
63% ‘

OH | Pd(OAc), (2.5 mol%) O
+ Cs,CO3 (1.2 equiv) OH
OO DMF, 110°C, 10h
w00

Scheme 79. C-H arylation of phenols and naphthols.

In their report, they demonstrate that the use of carbonate as base is essential for the
transformation, probably because the deprotonation of the phenol leading to the phenoxide
favors the reaction with the arylpalladium iodide intermediate species (I). The proposed
mechanism starts with the formation of a Pd (0) species, which oxidatively adds onto the aryl
halide generating the aforementioned arylpalladium intermediate I. This is followed by the
C-H activation leading to diarylpalladium complex III which, upon reductive elimination,
regenerates the catalyst and releases the product.

(, Pd(OAc),
[
oH™ " @(
// Pd(O) \&

O Pd]Ph ©
m O[ !
Cs
CsHCO’S\ ‘
Cs,CO
s O o [PdIPh

[Pd]

Scheme 80. Proposed mechanism of the arylation.

In their continuous efforts on pushing this chemistry forward, the same authors also
described an olefination of ortho-phenylphenols by means of Cu and Pd catalysis under air
(scheme 81). When using electron poor alkenes, there is a subsequent oxamichael reaction
that produces the cyclized benzochromene derivatives (21).120 The last cyclization reaction
can be avoided by using acetic acid as solvent such published in a recent report by the group

120 Miura, M.; Tsuda, T.; Satoh, T.; Nomura, M. Chem. Lett. 1997, 11, 1103.

59



Chapter 111.

of Sun.12! The proposed mechanism starts by the coordination of the phenolic oxygen to the
Pd (II) species followed by C-H activation to produce a six-membered palladacyclic
intermediate. Migratory insertion of the olefin followed by p-hydride elimination release the
alkenylated product and a Pd (0) species that is reoxidized by Cu (II).122

Pd(OAC); (5 mol%)
oH O Cu(OAc), (5 mol%) OH ‘ O
g MS 4 A .
O * DMF, 100-120°C R
X 0
R

21 R =Ph 22R=EWG

Scheme 81. C-H olefination of phenols and naphthols.

Sahoo and co-workers demonstrated the possibility of carrying out oxidative annulations of
phenols with alkynes under palladium catalysis to obtain benzofuran derivatives.12?

[Pdy(dba)s] (5 mol%)
Batophen (10 mol%)

4 Ph Ph
OH Cu(OAc),-H,0 (2 equiv)
Ph i u
. / AgOAc (2 equiv) o)
MeO Ph 1,4-dioxane, 130°C, 24h
92%
2 equiv ° MeO

Batophen

Scheme 82. Synthesis of furans by Pd-catalyzed oxidative annulation.

In this communication they hypothesize two different mechanistic possibilities, describing as
more likely the one that starts with the formation of the active Pd (II) catalyst I by
coordination of the ligand to the Pd (0) precatalyst and subsequent oxidation by the copper
(IT) salt. This complex can be attacked by the phenol forming the phenoxide species II
liberating acetic acid. A phenoxypalladation of the alkyne affords III which, upon base-
assisted intramolecular C-H activation, leads to metallacycle IV. Finally, reductive
elimination delivers the benzofuran and regenerates the Pd (0) species that reenters the cycle.

121 Zhang, C.; Ji, J.; Sun, P. ]. Org. Chem. 2014, 79, 3200.

12 1t is possible an alternative mechanism in which the palladium remains in the formal oxidation
state of Pd (II) such as Hosokawa, T.; Murahashi, S. I. Acc. Chem. Res. 1990, 23,49.

123 Kuram, M. R.; Bhanuchandra, M.; Sahoo, A. K. Angew. Chemie. Int. Ed. 2013, 52, 4607.
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Scheme 83. Mechanistic hypothesis.
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The group of Miura also demonstrated de possibility of using Iridium (I) catalysis to
promote the olefination of naphthols in a redox-neutral manner. After coordinating to the
hydroxyl, the Ir (I) activates the carbon-hydrogen bond by oxidative addition, which
generates an iridium-hydride complex. Migratory insertion of the alkyne and reductive
elimination affords the product and regenerates the catalyst.124

on |

IrCl(cod), (0.5 mol%)

activation l

o—ir'"]

R
OH . PBus (1.5 mol%) R.
Na,CO3(5 mol% OH
. / 2C03( 0) R
R Toluene, reflux OO
" TReductive
(ir] elimination
R R
H
=z R M
R HO " ir'
Migratory

insertion

Scheme 84. Regioselective addition of naphthols to alkynes.

Miura and co-workers also reported that, using a higher-oxidation state Rh (III)!? or Ru
(IT)126 precatalyst, under oxidative conditions allows a formal (4+2) annulation of naphthols
and alkynes to take place leading to naphthopyrans.

124 Gatoh, T.; Nishinaka, Y.; Miura, M.; Nomura, M. Chem. Lett. 1999, 7, 615.
125 Mochida, S.; Shimizu, M.; Hirano, K.; Satoh, T.; Miura, M. Chem. Asian ]. 2010, 5, 847.
126 Ackermann, L.; Pospech, J.; Potukuchi, H. K. Org. Lett. 2012, 14, 2146.
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[Cp*RNCly]5 (1 mol%)
R Cu(OAc), (5 mol%) (O
Z

R o-xylene, air, 100°C, 6h
02

2 CuCl 2 Cu(OAC)z
. N Reductive
[Cp*Rh"(OACc),] [Rh'X] elimination

R
—[Rh] / [Rh] S

R

Migratory
Scheme 85. Oxidative annulation of naphthols and alkynes

to
I
+

C-H
activation

-

R

¢

insertion

OO

Curiously, in the same report, the authors also showed that, when using ortho-phenylphenols
and diarylalkynes, a multicomponent formal (2+2+2) cycloaddition occurs.

OH O [Cp*RhCl5], (1 mol%)
Ph ;
. / Cu(OAc), (1 equiv)
O Ph o-xylene, air, 120°C, 8h
72%

2 equiv

Scheme 86. (2+2+2) Oxidative annulation of biphenols and alkynes.

The group of Liu has recently shown that using Pd (II) catalysts and specific ligands and
additives, 2-arylphenols are efficiently converted into dibenzofurans.’?” They were also able
to crystallize the palladacyclic intermediate when sodium pivalate was used as base. This
species evolves to the product by reductive elimination. The reduced catalyst is reoxidized
by air with mediation of the fluorenone. Copper is also able to promote this transformation,
but only when strongly electron withdrawing groups are attached on the phenol ring.

Pd(OAc), (5 mol%)
IPr (5 mol%)

OH MesCO,Na (0.5 equiv) o O
K,COj3 (2 equiv) MS 4 A
O 4,5-diazafluoren-9-one (10 mol%)
Mesitylene, 120°C, air, 24h

85%

Crystalyzed

Scheme 87. Pd-catalyzed synthesis of benzofurans by C-H activation/cyclization.

127 Xiao, B.; Gong, T.; Liu, Z; Liu, J.; Luo, D.; Xu, J.; Liu, L. . Am. Chem. Soc. 2011, 133, 9250.
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Carrying out a similar transformation in the presence of carbon monoxide yields highly
valuable dibenzopyranones in a formal (5+1) C-H process.1?8 This transformation can be also
carried out under ruthenium catalysis.!?

Pd(OACc), (5 mol%) o
OH Cu(OAc), (10 mol%)
PivOH (0.5 equiv) O O
O Na,COj3 (2 equiv) CO (1 atm)
Mesitylene, 120°C, air, 6h

89%

Scheme 88. Pd-catalyzed cyclocarbonylation of biphenols.

The group of Howard Alper has recently reported a related carbonylation using alkenyl-
instead of arylphenols, albeit the process requires the use of a high pressure of carbon
monoxide pressure (up to 100 psi) in order to obtain good conversions.13

Pd(OAc), (10 mol%) 0
OH ddpb (10%)
1-4 BQ (1-5 equiv) 0] |
CO (100 psi)
CH3CN, 110°C, 20h
75%

Scheme 89. Pd-catalyzed cyclocarbonylation of o-vinylphenols.

The proposed mechanism starts with the complexation of the palladium with the phenol
followed by the coordination of the carbon monoxide. Insertion of the carbonyl ligand into
the Pd-O bond and migratory insertion into the alkene leads to the cyclized product, which
undergoes 3-hydride elimination to release the product and the reduced form of the catalyst
that is further reoxidized by the benzophenone.

128 Luo, S.; Luo, F.; Zhang, X.; Shi, Z. Angew. Chem. Int. Ed. 2013, 52, 10598.
129 Inamoto, K.; Kadokawa, J.; Kondo, Y. Org. Lett. 2013, 15, 3922.
130 Ferguson, J.; Zeng, F.; Alper, H. Org. Lett. 2012, 14, 5602.
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Scheme 90. Oxidative carbonylation of o-vinylphenols.

In 2013, Iwasawa reported a related carbonylation using CO. instead of CO, while being able
to lower the gas pressure to 1 atm. In this work they describe the Palladium-catalyzed C-H
activation of the olefin one unit of vinylphenol followed by coordination by a second
molecule of vinylphenol. The reversible nucleophilic carboxylation of the metallacycle leads
to palladacyle II which reacts with another molecule of vinylphenol and base to afford the
coumarin with the regeneration of the cyclometallated intermediate I. 13

CO, (1atm) o
OH Pd(OAc), (10 mol%)
Cs,COg3 (3 equiv) O |
diglyme, 110°C, 10h
83%
Pd(OAc), +
Cs,C0; CsHCO3+ CsOH
OH

CsHCO;

+ Cs,CO4

Co,

-CO,

Scheme 91. Oxidative carbonylation of o-vinylphenols.

131 Sasano, K.; Takaya, J.; Iwasawa, N. J. Am. Chem. Soc. 2013, 135, 10954.
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From the above discussion it seems clear that, readily available phenols and derivatives can
be transformed into a variety of products, including several oxacycles, using catalytic
processes involving C-H activations, generally directed by the phenolic OH group. However,
the number of transformations is still limited, and many challenges related with synthetic
and mechanistic aspects of these transformations remain to be approached.
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2- Obijectives.

Considering the precedents on the C-H functionalization of phenols, it was uncertain for us

which would be the reactivity of o-vinylphenols in the presence of an alkyne when treated
under conditions that promote C-H activations. As indicated in scheme 92, vinylphenols
contain several potentially cleavable carbon-hydrogen bonds and depending on the process,

different possible annulation products could be formed. 120123132 [n particular, and taking into

account the precedent of carbonylation reactions, we were particularly attracted by the

possibility of activating the terminal C-H bonds and in this way, gaining access
benzoxepines, which had not been obtained using this chemistry.

to

In principle we envisioned to investigate the performance of these substrates in presence of

Rh (III) catalysts since they had proven their utility in other annulations with alkynes.

HO H R—
| [Rh], OX|dant
H Olefinic functionalization

23a 25 Desired product

R——R R

[Rh], oxidant o
RJ‘

Aromatic functionalization

26

Scheme 92. General objective.

Alternatively, the use of carbon monoxide as reaction partner might provide an attractive,
atom economical and mild entry to coumarins.

OH ‘ .
CO, [Rh], oxidant e) ‘
R
Olefinic functionalization R

27 28

Scheme 93. Synthesis of coumarins.

120 Miura, M.; Tsuda, T.; Satoh, T.; Nomura, M. Chem. Lett. 1997, 11, 1103.
123 Kuram, M. R.; Bhanuchandra, M.; Sahoo, A. K. Angew. Chemie. Int. Ed. 2013, 52, 4607.
152 Hu, J.; Hirao, H; Li, Y.; Zhou, J. Angew. Chemie. Int. Ed. 2013, 52, 8676.
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3- Results and discussion.

3.1 Optimization of the reaction conditions.

To study the viability of the reaction, we synthesized model the substrate 23a by a Wittig
reaction from commercially available salicylaldehyde in 96% yield.

PhsMeBr (2.3 equiv)

OH O OH
| t-BuOK (2.3 equiv) |
THF, 30°C, 16h

23a

Scheme 94. Synthesis of model substrate 23a.

With the model substrate in hand we started to explore its performance under different
conditions with diphenylacetylene as reaction partner. As shown in table 2, using Rh
catalysis we observed the formation of the benzoxepin product. The reaction works in a
variety of solvents (entries 1,4, 5) being acetonitrile the one that gives better yield rising from
51 to 91% even reducing the amount of copper (entry 6). It is also possible to reduce the
equivalents of alkyne oxidant to 1.5, which even allowed to slightly increase the yield to an
excellent 96% (entry 7). Decreasing the amount of Copper acetate to 10 mol% the reaction is
slower and the yield drops to an 87% (entry 8). Other metals failed to yield the oxepin, either
due to lack of conversion with an iridium Cp* complex (entry 2) or decomposition of the
vinylphenol with a Ru catalyst (entry 3). We also confirmed that the rhodium is crucial for
the reaction since its omission leads to no conversion of the starting materials.

Table 2. Screening of the reaction conditions

Ph Ph
OH oh C ((();\ot‘al)ys't_'(20.5(£n;)l%)_ ) =
u C)o" 1 equiv
©/\ * ph/ Szolv?ant, T : J
23a 29a 25aa
Entry Catalyst 38a (equiv) Solvent T (°C) Yield (%)®
1 [Cp*RhCl:)2 2 Toluene 100 52
2 [Cp*IxCl2]2 2 Toluene 100 Qc
3 [Ru(p-cymene)Clz]> 2 Toluene 100 Tracesd
4 [Cp*RhClz)2 2 DMF 100 72
5 [Cp*RhClz)2 2 t-AmOH 100 83
6 [Cp*RhClz)2 2 CH5;CN 85 91e
7 [Cp*RhClz)2 1.5 CH5;CN 85 97e
8 [Cp*RhClz)2 1.5 CH5;CN 85 87t
9 none 1.5 CH3CN 85 Qc

a Reaction conditions: 32a (0.33 mmol), catalyst (2.5 mol %), Cu(OAc), H>O (2.1 equiv), solvent (2 mL). b Isolated
yield. ¢ Recovery of the starting materials. ¢ Complex mixture. ¢ 0.5 equiv of Cu(OAc)> H>O/air balloon were
used. £0.1 equiv of Cu(OAc)2 H>O/ air balloon were used, 16h.
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3.2 Substrate scope.

With the optimized conditions in hand, we proceeded to study the scope of the reaction with
regard to the alkyne. Symmetrical alkynes bearing electron-rich or electron-poor substituents
efficiently participate in the reaction leading to the desired oxepines in good yields (25ab and
25ac), alkynes bearing aliphatic substituents can also be used, although the yield drops to
about 50% (25ad and 25ae). It is also possible to use alkynes with silyloxy substituents as
well with esters or free hydroxyl groups (25af, 25ah and 25ai). Interestingly unsymmetrical
alkynes afford the corresponding products with selectivities up to 14:1 (25ag).

R R
[Cp*RhCly]; (2.5 mol%)

OH
R : =
Cu(OAc),H,0 (0.5 equiv) (0]
\ + /
@A R/ CHaCN, air, 85°C /
23a

29 25
Ar Ar Ar Ar
o o o o
J x /7 J J
Ar = p-MeOPh Ar = p-CF3;Ph
25ab, 85% 25ac. 71% 25ad, 56% 25ae, 52%
TBSO OTBS Ph Ph OH Ph  CO,Et
o o o o
) (97 x /; x )
25af, (65%) 25ag, 85% (14:1) 25ah, 65% (11:1) 25ai, 99% (8:1)

a Reaction conditions: 23 (0.33 mmol), 29 (1.5 equiv), [Cp*RhCl]> (2.5 mol%), Cu(OAc), H>O (0.5 equiv), CH3CN (2
mL), 85°C. b Isolated yields based on 29.

Scheme 95. Scope of the alkynes.

To examine the scope with respect to the phenols, we synthesized several hydroxystyrenes
using the same procedure shown in scheme 94.133 As disclosed above, reaction tolerates
different electronically biased aromatic rings with substitution at different positions. When
electron-donating groups are placed at the para position of the hydroxyl, the expected
oxepines are obtained in good to excellent yields (25ba-25da). The same scenario happens for
electron-withdrawing substituents (25ea-25ga). The ortho position of the phenol can also be
substituted with no changes in the reactivity. Moreover, the reaction is also unaffected by
substitution at the para position of the double bond leading to products (25ha-25ka) in good
to excellent yields. However, when the internal position of the alkene is substituted with a
methyl group the oxepin is obtained in low yields in favor of two different byproducts

133 In collaboration with Noelia Casanova
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(25na). Interestingly the reaction is not efficient when there is substitution at the ortho
position of the olefin or at the double bond leading to an 8% yield and a complex mixture of
products respectively (25ma, 250a).

OH R’ [Cp*RNCl5]5 (2.5 mol%)
Cu(OAc),H,0 (0.5 equiv)

2
N~ 2 e
Ph CH3CN, air, 85°C

23 29
Ph  Ph Ph Ph Ph  pPh
o ) o ) o )
25ba, R = OMe, 96% 25ea, R=Cl, 78% 25ha, R = OMe, 88%
25ca, R = Me, 60% 25fa, R = Br, 80% R 25ia, R = Me, 90%
R 25da, R = Ph, 89% R 25ga, R = CO,Me, 69% 25ja, R = Br, 78%
oh 25ka, R = CF3, 86%
Ph Ph Ph Ph __ Ph Ph Ph Ph
— =" (0] — —
0 ) o) ) / o) ) o) )
i N
2 OoM
e Br
25la, 71% 25ma, 8%° 25fg, 71%(>20:1) 25na, 15%"¢ 250a, 0%°

a Reaction conditions: 23 (0.33 mmol), 29 (1.5 equiv), [Cp*RhClo]> (2.5 mol%), Cu(OAc)> ‘H2O (0.5 equiv), CH;CN (2
mL), 85°C. b Isolated yields based on 29.< Complex mixture. d Isolated with two different byproducts.

Scheme 96. Scope of the o-vinylphenols.

The structure of the products was unambiguously confirmed by X-Ray diffraction of oxepine
25aa as seen below.

Fig 5. Structure of 25aa obtained by X-Ray diffractometry.

To elucidate the regiochemistry of the products arisen from when unsymmetrical alkynes
where used, we carried out nOe experiments between the aliphatic side chain of the alkyne
and the hydrogen at C4, as exemplified below.
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Me H
H
‘> 2.3% nOe

H

25ag

Fig 6. Determination of the regiochemistry of 25ag by nOe.

In summary, we have described a new and attractive method of making a variety of
benzoxepines from trivial starting material.

3.3 (5+1) annulation towards coumarins.

After the good results of the (5+2) annulation, we wondered whether it was possible to use
carbon monoxide as coupling partner in order to obtain coumarins. Gratifyingly, when o-
vinylphenol was treated under the reaction conditions in an atmosphere of carbon monoxide
and 1.2 equivalents of copper acetate, the corresponding coumarin was obtained (28a). The
reaction also works efficiently with electron-poor or electron-rich substituents (28b and 28c).
Interestingly, in contrast to the annulations to alkynes, the carbonylation tolerates
substitution at the internal position and therefore, coumarin 28d can be isolated in an 84%

yield.
CO (balloon) o
OH R [Cp*RhCl5]5 (2.5 mol%)
Cu(OAc),-H50 (1.2 equiv) O |
@ CH5CN, 85°C @ R
27 28
o O
o] (0]
o] O
o™ | | o™
® [
P P
OMe CO,Me
28a, 69% 28b, 85% 28c, 78% 28d, 84%

a Reaction conditions: 27 (0.5 mmol), [Cp*RhCl;]> (2.5 mol%), Cu(OAc)2 HO (1.2 equiv),
CH3CN (2 mL), 85°C. overnight.

Fig 7. Scope of the carbonylation.

3.4 Mechanistic investigations.

In an effort to obtain mechanistic information about this transformation, we carried out
several experiments. First of all we performed a competition between phenols 23a and 23f.
When both are mixed together, the electron poor 23f reacts preferentially leading to an 8:1
mixture of both oxepines.
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Ph Pn Ph  Ph
o Mu o \H
Joo J

CO,Me
25fa 25aa
25fa
[ 25aa

T T T T T T T T T T T

T T
8.2 8.1 8.0 7.9 7.8 7.7 76 7.5 7.4 7.3 7.2 7.1 7.0
f1 (pom)

Scheme 97. Competition between 25aa and 25fa.

However, when the reactions are carried out in separate vessels the formation of 25aa is
faster. This divergence can be explained in terms of an irreversible formation of a phenoxide-
Rh complex that should be easier for more acidic protons while, further steps could be

favorable for more electron-rich substrates.

Ph  Ph
OH 3 [Cp*RhCl,], (2.5 mol%) —(,
Cu(OAc),°H,0 (0.5 equiv) (0] H
N + =
ph/ CH3CN, air, 85°C J
29a 10 min
23a (1.5 equiv) 25aa, 45%
Ph  ph
OH oh [Cp*RhCl,], (2.5 mol%) =4
Cu(OAc),H,0 (0.5 equiv) O H
N + =
ph/ CH3CN, air, 85°C J
29a 10 min
COzMe
COzMe
23f (1.5 equiv) 25fa, 28%

Scheme 98. Reaction yields after 10 min of reaction of 25aa and 25fa.

We also measured the relative reaction rates between standard vinylphenol and an electron-
poor counterpart, with a trifluoromethyl substituent para to the olefin. Like in the previous
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case, the electron rich substituent reacts preferentially, being over 7.5 times faster than the
other.

Ph
Ph/
29a Ph Ph Ph Ph
OH OH [Cp*RhCl,], (2.5 mol%) _ —(,
 or . __Cu(OAC);H;0 (0.5 equiv) o /4 H, O ) H
CH3CN, air, 85°C
FsC
FsC
23j (1.5 equiv) 23a (1.5 equiv) 25ja 25aa

Reaction rates
0,004 y = 6E-06x - 0,0005
0,0035 & y = 8E-07x - 1E-05

0,003 pd
0,0025 e

0,002 * 25
0,0015 *

0,001 / ®25aa
0,0005

0 200 400 600 800
Time (s)

Concentration of oxepine (mmol)

Scheme 99. Reaction rates of 25ja and 25aa.

KIE measurements using a competition experiment between 23aa and 23aa-D- gave a value
of 2.7 suggesting that the C-H bond cleavage is somehow influencing the reaction rate, but
not necessarily meaning that it is the turnover-determining step.134

Ph
Ph/
29a Ph Ph
OH OH [Cp*RhCl5]5 (2.5 mol%) _—
N H N D  Cu(OAc),-H,0 (0.5 equiv) o / H/D
CH3CN, air, 85°C
H D 5 min 25% conv. aprox.
23a 23a-D, k/kp = 2.7 23aa + 23aa-D

Scheme 100. Measurement of the KIE.

To explore the importance of the conjugation of the olefin with the aromatic ring, we carried
out the reaction using o-allylphenol 30 instead of o-vinylphenol. When 30 is treated with
diphenylacetylene under the usual conditions we observed almost no conversion, with
recovery of the majority of the starting phenol, suggesting that the conjugation of the vinyl
motif is crucial for a successful outcome.

134 Simmons, E. M.; Hartwig, J. F. Angew. Chemie. Int. Ed. 2012, 51, 3066.
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Ph Ph
OH [CP*RNCl], (2.5 mol%)
4 /Ph Cu(OAc), H,0 (0.5 equiv) 0
Ph CH4CN, air, 85°C
30 29a

Scheme 101. Reaction of allylphenol.

Considering all the data presented above, a plausible mechanistic hypothesis is presented in
scheme 102. The process could be initiated by the dissociation of the Cp*Rh dimer to
generate a rhodium-acetate complex, most probably the active catalytic species. A first O-H
cleavage of the phenol and coordination to the metal would give rise to the intermediate I
which can dearomatize to the quinone-type metallacycle II'%5. A base-assisted deprotonation
recovers the aromaticity leading to rhodacycle III which, by migratory insertion, affords
intermediate IV. This rhodacycle can now evolve by reductive elimination releasing the
oxepin and the reduced catalyst that is reoxidized by the copper acetate with air as the final
oxidant. The carbonylation leading to coumarins would follow a similar pathway via
insertion of the carbon monoxide in intermediate III followed by reductive elimination as in
the (5+2) mechanism. An alternative mechanism involving a concerted metallation-
deprotonation (CMD) C-H activation via transition state A is less consistent with the
experimental data>® but cannot be fully discarded.

%b Lapointe, D.; Fagnou, K. Chem. Lett. 2010, 39, 1118.
135 This kind of mechanism has been proposed for amines with Ir in Ye, K.-Y.; He, H.; Liu, W.-B.; Dai,
L.-X.; Helmchen, G.; You, S.-L. ]. Am. Chem. Soc. 2011, 133, 19006.
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[Cp*RAIIICI,],

Cu(OAc), S
CuCl, 23
2 CuOAc Cp*RhllI(OAc), HOAc
O, HOAc (':p*
Rh\OAc
o |
Cp*Rh 2 Cu(OAc), oll 0
*Cp\/l‘?h\ |‘,'| D izati
o \/ H I \ earomatization
+ *
Cp, R 3
L e, oI "I
d CMD or =
/
Ila b
\ % Rearomatization
©) .

Scheme 102. Mechanistic hypothesis.
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4- Conclusions.

In conclusion, we have developed a robust methodology to build benzoxepines and
coumarins from readily available o-vinylphenols by formal (5+1) and (5+2) annulations
either with alkynes or carbon monoxide.

OH [Cp*RACl,], (2.5 mol%)
R .
Cu(OAc),H,0 (0.5 equiv)
Nt /
@ R/ CH4CN, air, 85°C

23 29 25 52-99%
CO (balloon) o
OH R [CP*RhCl,], (2.5 mol%)
‘A Cu(OAC),"H,0 (1.2 equiv) 0™
@ CH3CN, 85°C @ R
27 28 69-84%

Scheme 103. (5+2) and (5+1) oxidative annulation of o-vinylphenols.

Experimental data are consistent with a mechanism in which the C-H activation involves a

non concerted dearomatization/rearomatization process instead of the more common
CMD.136

Scheme 104. Dearomatization/rearomatization-based C-H activation.

136 These results were published in Seoane, A.; Casanova, N.; Quifiones, N.; Mascarefias, J. L.; Gulias,
M. J. Am. Chem. Soc. 2014, 136, 834.
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1- Precedents.

1.1 Isolation of the spirocycle.

As commented before, while working on the annulation of o-vinylphenols and alkynes, we
observed that, when a methyl substituent was located at the internal position of the double
bond only a 15% of the benzoxepin was observed in favor of two different byproducts.
Isolation of those products allowed us to characterize the as the dearomatized spirocycle
31aa and the azulenone 32aa.

_ Ph
Ph/
29a Ph Ph Ph
OH [Cp*RhCl,]5 (2.5 mol%) — oPh o
S Cu(OAc),-H,0 (0.5 equiv) O / N O . Ph
CH,CN, air, 85°C O O
Ph
27a 25ma, 15% 31aa, 51% 32aa, 25%

Scheme 105. Different products arising from the oxidative annulation of alkenylphenols with alkynes.

This unexpected and intriguing reactivity prompted us to further investigate this
transformation to further optimize it and understand the mechanism.

1.2 Dearomatization of phenols.

Although energetically unfavorable, the dearomatization of aromatic rings is a powerful way
of obtaining new structures with increased molecular complexity form simple planar
structures.’?” In particular, phenols are common substrates for these transformations since
the lone pair of the heteroatom allows for an easier breaking of the aromaticity.’3 An
example of this approach is the synthesis of the core of Ryanodine by Deslongchamps in
1969.139

HO

j@@ NaOH (1 equiv) e}

0 NBS 1 equw ) MVK, reflux, 5 mln 0
KH/OH CHCN, H0 §f 2) NaOH,

]

0]

Scheme 106. Synthetic approach towards Ryanodine.

Among the many ways of inducing the dearomatization of phenols, the oxidation to
quinones'¥ and the generation of quinone methides!#! stand out for their versatility and

137(a) Mander, L. N. Synlett 1991, 134. (b) Roche, S. P.; Porco, J. A. Angew. Chemie. Int. Ed. 2011, 50, 4068.
138 Quideau, S.; Pouységu, L.; Deffieux, D. Synlett 2008, No. 4, 467.

139 Berney, D.; Deslongchamps, P. Can. J. Chem. 1969, 47, 515.

140 Magdziak, D.; Meek, S. J.; Pettus, T. R. R. Chem. Rev. 2004, 104, 1383.
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numerous products have been synthesized by using these methodologies. An example can
be seen in the total synthesis of Elisaebthin A by the group of Mulzer in 2003.142 Their
procedure involves the generation of a highly reactive dearomatized quinone that undergoes
a fast intramolecular Diels-Alder cycloaddition to produce the core of the natural product.

nBuyNF, then

FeCI3, Hzo
91%

%/

(+)-elisabethin A

Scheme 107. Key step in the total synthesis of Elisabethin A.

The use of ortho quinone methides is exemplified in the total synthesis of (+)-Alboatrin by
Baldwin and co-workers which also involves a Diels-Alder cyclization although in this case,
the quinone is the diene instead of the dienophile.!*> Other methods for the dearomatization
of phenols rely on photoisomerizations, oxidations or acid or base-mediated elimination.13

o
1)\@ (1 equiv)

Toluene, reflux, 36h

AcO OH HO AcO O

via

2) K,CO5 (3 equiv)
CH2CI2/MeOH/H20

(x)-Alboatrine
84% (2 steps)

Scheme 108. Key step in the total synthesis of (x)-Alboatrin.

141 Van de Water, R. W.; Pettus, T. R. R. Tetrahedron 2002, 58, 5367. Toteva, M. M.,; Richard, ]J. P. Adv.

Phys. Org. Chem. 2011, 45, 39

138 (a) Mander, L. N. Synlett 1991, 134. (b) Roche, S. P.; Porco, J. A. Angew. Chemie. Int. Ed. 2011, 50,
4068.

142 Heckrodt, T. J.; Mulzer, J. J. Am. Chem. Soc. 2003, 125, 4680.

143 Rodriguez, R.; Adlington, R. M.; Moses, ]. E.; Cowley, A.; Baldwin, J. E. Org. Lett. 2004, 6, 3617.
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In addition to the aforementioned methods, transition metals can also promote reactions that
involve the dearomatization of phenolic derivatives.!** In 2011, Buchwald and co-workers
developed an arylative dearomatization catalyzed by Pd (0). They also demonstrated that the
reaction could be performed in an enantioselective manner by using chiral phosphines.145

Pd(OAc), (4 mol%) Bu
H,O (16 mol%) P:;ph
(S,S)-L* (12 mol%)
NMe2
K,CO3; (1.5 equiv)
Dioxane, 80°C, 16 h
74% 81% ee

(S,S)-L*

Scheme 109. Pd(0)-catalyzed dearomatizing arylation of phenols.

Later, while we were working in the synthesis of the oxepines and coumarins, Luan and co-
workers published a Ru(II)-catalyzed dearomatizing oxidative annulation of naphthols with
alkynes. Although no explanation is given, in the same communication they report that,
when phenols are used instead of naphthols, the reaction delivers less than a 5% of the
spirocylel46

[RuCl,(p-cymene),] (2.5 mol%)
O Cu(OAc), (2.1 equiv)
. / K5>CO3 (2.0 equiv)
OH Ph 1,4-Dioxane, 90°C, 48h
O™ e e
1.5 equiv

Scheme 110. Ru(Il)-catalyzed dearomatizing annulation of naphthols.

Their mechanistic hypothesis starts with the formation of the active catalytic species
followed by a hydroxyl directed C-H activation. A migratory insertion of the alkyne leads to
the eight-membered metallacycle II which, to release the strain, evolves through keto
tautomerization towards the ruthenacyle III. A final reductive elimination yields the
spirocyle and the reduced catalyst which is further reoxidized by the copper acetate.

144 For selected examples see (a) Wiegand, S.; Schafer, H. J. Tetrahedron 1995, 51, 5341. (b) Nemoto, T.;
Ishige, Y.; Yoshida, M.; Kohno, Y.; Kanematsu, M.; Hamada, Y. Org. Lett. 2010, 12, 5020. (c) Wu, Q.
Liu, W.; Zhuo, C,; Rong, Z.; Ye, K; You, S. Angew. Chem. Int. Ed. 2011, 50, 4455.

145 Rousseaux, S.; Garcia-Fortanet, J.; Del Aguila Sanchez, M. A.; Buchwald, S. L. . Am. Chem. Soc.
2011, 133, 9282.

146 Nan, J.; Zuo, Z.; Luo, L; Bai, L.; Zheng, H.; Yuan, Y.; Liu, J.; Luan, X; Wang, Y. J. Am. Chem. Soc.
2013, 135, 17306.
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OH

2 CuOAc
’ AcO K actlvat:on
2 AcOH
Reductive 2 Cu(OAc),
eliminationR

m(p cymene) Ru(p-cymene)
OO °

1\

Tautomeriza tion\ /_\ Migratory

Ru(p-cymene) insertion
g ‘ ]

Scheme 111. Mechanistic hypothesis.

1.3 Hydroxyl-directed synthesis of spirocycles by oxidative annulation.

A related example was developed at the group of Lam by using ruthenium catalysis and 1,3
diketones that act as masked enols.#”

(0]

[RuCly(p-cymene),] (2.5 mol%) O o
Cu(OAc), (2.2 equiv)
+ / Q
Ph 1,4-Dioxane, 90°C, 4h -

O . 80% O
1.5 equiv Ph

Scheme 112. Ru(Il)-catalyzed dearomatizing annulation of designed diketones.

The proposed mechanism starts with a keto-enol tautomerization and hydroxyl-directed C-H
activation to give intermediate I. This ruthenacyle evolves via migratory insertion leading to
the oxa-m-allylruthenium, which can also be depicted as the C- or O- bound forms. Finally a
C-C reductive elimination affords the spirodiketone and the reduced Ruthenium catalyst.
Copper acetate may oxidize the Ru (0) to Ru (II) which is reincorporated into the catalytic
cycle

147 Chidipudi, S. R.; Khan, I.; Lam, H. W. Angew. Chem. Int. Ed. 2012, 51, 12115.

84



Chapter IV.

O ! O

UL I
2 CuOAc R
U\
AcO” C-H
OK activation

2 AcOH
Reductl 2 Cu(OAc),
elimination
(@)
(@)
R\ A ,
RQO I Ru™ I
(p-cymene) (p-cymene)
Migratory R
insertion /

R
Scheme 113. Mechanistic hypothesis.

The same group reported an interesting catalyst-dependant divergent reactivity. Using
slightly different substrates, they were able to assemble tricyclic chromenes with ruthenium
while a palladium-carbene based catalyst afforded the previously described spirocycles. In
their communication, the authors were unable to clarify the reason behind this catalyst-
dependant divergence.!48

O Q Me [Pd]

Cu(OA
o O <> Cu(OAc)

Ph

Scheme 114. Divergent oxidative annulation of specific diketones.

The group of Wang also reported a palladium-catalyzed (2+2+1) annulation between
hydroxycoumarins and alkynes leading to spirocyclopentadienechroman-2-4,diones. In their
report they explain the reaction in terms of the activation of the olefinic C-H bond of the
coumarin followed by two consecutive migratory insertions leading to intermediate I which,
after a cyclopalladation driven by the conversion of the enol into a ketone, yields the six-
membered intermediate III. This intermediate undergoes reductive elimination releasing the

148 Dooley, J. D.; Reddy Chidipudi, S.; Lam, H. W. J. Am. Chem. Soc. 2013, 135, 10829.
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spirocycle and reoxidation of the catalyst to reinitiate the cycle.!*® This methodology was
later applied by Luan using naphthols as the one-atom component.150

OH Pd(OAC), (10 mol%)
R Cu(OAc), (2 equiv
N . / (OAc); (2 equiv)
R DMSO, 80°C, 48h
O (6]

2 CuCl 2 Cu(OAc),

A o Reductive
[Pd’] elimination

C-H
activation [Pd"(OAC),]

R
OH 2 /
N Pd(OAc) R
Migratory
o” "0 insertion (x2)

Scheme 115. (2+2+1) oxidative annulation for the synthesis of spirocycles.

1.3 Spirocycles as a synthetic goal.

Spirocyclic compounds are relevant,!>! not only due to their unique structural properties
which have been used in order to build chiral ligands, 152 but also because of their presence in
several natural products. 15 In particular, spiro[5.4]nonane systems are quite common in
many terpenes of natural origin. This is why methods leading to them are of high interest.1>

o o)
0
\ /EROH
OH

Spirovirgafuran Acorenone B Spirovirgafuran

ipr. I "’/l Pr
ipr” o-N N-~g' ipr

iPr SPRIX

Scheme 116. Naturally occurring products and chiral ligand containing spirocycles.

149 Peng, S.; Gao, T.; Sun, S.; Peng, Y.; Wu, M. Adv. Synth. Catal. 2014, 356, 319.

150 Gu, S.; Luo, L.; Liu, J.; Bai, L.; Zheng, H. Org. Lett. 2014, No. Ii, 10.

151 (a) Krapcho, P. A. Synthesis. 1974, 383. (b) Sannigrahi, M. Tetrahedron 1999, 55, 9907.
152 Ding, K.; Han, Z.; Wang, Z. Chem. Asian. |. 2009, 4, 32.

153 Rios, R. Chem. Soc. Rev 2012, 41, 1060.

154 Quasdorf, K. W.; Overman, L. E. Nature 2014, 516, 181.
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2- Objectives.

Considering the precedents shown above, we aimed to further study dearomatizing (3+2)
oxidative annulation of o-alkenylphenols with alkynes, trying to enhance the selectivity of
the process towards the formation of the spirocycle.

R4

% R® R4

3 4
OH R2 R™ 29 — R F Q R
S [M], oxidant O / . O . Q R4
Solvent, T, t O
R2
R2 R‘l R3

R R’
27 25 31 32
Total selectivity

Scheme 117. Objective.

We also wanted to investigate the mechanistic pathway and the reason why the substituent
of the olefin changes the reactivity towards the spirocycle. Finally, we also need to provide
an explanation for the formation of the azulenone 32aa.
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3- Results and discussion.

3.1 Optimization of the reaction conditions.

To accomplish our goals we started with the synthesis of alkenylphenol 27a as described
earlier.

OH O PhsMeBr (2 eguiv) OH
NaH (4 equiv)
THF, rt, 3 days
91%

27a

Scheme 118. Synthesis of model substrate 47a.

With the model substrate in hand, we explored its reactivity against diphenylacetylene
under different conditions in order to improve the selectivity of the transformation. The
results of this screening are summarized in the table below.

Table 3. Screening of the reaction conditions.

Ph Ph

OH Catalyst (2.5 mol%) = oPh Ph o
Cu(OAc),-H,0 (0.5 equiv)
N J%Ph Solvent, air, T /o OO * Ph
Ph oh
27a  29a (1.5 equiv) 25ma 31aa 32aa
Yield (%o)®
Entry Catalyst Solvent T (°C) 50 53aa 54aa
1 [Cp*RhClz)2 CH;CN 85 15 51 25
2 [Cp*RhCl:)> t-AmOH 100 12 18 15
3 [Cp*RhCly]22 Toluene 100 8 19 17
4 [Cp*RhCL)> CHsCN rt 44 4
5 [Cp*RhCl:)2 CHsCN 40 97¢ Traces
6 [Cp*RhCL)> CHsCN 40 91d 8
7 [Ru(p-cymene)Cl>]» CHsCN 40 15 5e
8 Pd(OAc)2 CHsCN 40 <10 -e
9 none CHsCN 85 - - -t

a Reaction conditions: 27a (0.33 mmol), catalyst (2.5 mol %), alkyne (1.5 equiv), Cu(OAc)> H>O (0.5 equiv), solvent (2
mL), air balloon. b Isolated yield. ¢ In 2h. 4 0.1 equiv of Cu(OAc),H>O/air balloon were used, 16h. e
Decomposition of the alkenylphenol. b Starting materials were recovered.

As seen above, the reaction works productively in acetonitrile, and leads to lower overall
yields when other solvents are used (entries 1-3). The reaction also works at room
temperature although the yield drops to a 44% but, in this case, no benzoxepin is formed
(entry 4). When the reaction is carried out at 40 °C and stopped after two hours, only the
spirocycle 53aa is formed with traces of the azulenone 54aa (entry 5). It is even possible to
lower the amount of copper oxidant to 10 mol % by increasing the reaction time without
diminishing the overall yield, although a slightly higher proportion of the azulenone is
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formed (entry 6). Other metal catalysts do not participate efficiently in the reaction, being
ruthenium cymene complex slightly better that palladium (entries 7, 8). Finally, we
confirmed the necessity of the catalyst since in the absence of the rhodium complex, the
starting material is recovered (entry 9).

3.2 Substrate scope.

With the optimized conditions in hand, we proceeded to study the scope of the reaction with
regard to the alkyne. Symmetrical alkynes bearing electron-rich or electron-poor substituents
participate in the reaction leading selectively to the spirocycles in good yields (31ab and
3lac), aliphatic alkynes can also be used (31ad). Silylprotected hydroxyls are tolerated
without their deprotection (31ae). Interestingly, unsymmetrical alkynes afford the
corresponding products with higher selectivities than for the oxepines with selectivities
above 20:1 (31lag-31aj). The alkyne can be substituted with free alcohols (31ah) without
affecting the yield or regioselectivity. Enynes also undergo the annulation with in good yield
and nearly perfect regioselectivity (31aj).

OH R? [Cp*RCl,], (2.5 mol%) R R’
Cu(OAc),'H,0 (0.5 equiv) O
+ =
@* R1/ CH3CN, air, 40°C, 2h O
1

27a 29 3

OTBSOTBS
Ar Ar
OAr OAr o .
Ar = p-MeOPh Ar = p-CF3Ph
31ab, 93% 31ac, 71% R 31ae, 81%
\/ OH
Ph
(6] OPh OPh
31ag, 89% (>20:1) 31ai, 78% (>20:1) 31ah, 78% (>20:1) 31aj, 80% (> 20:1)

Reaction conditions: 27a (0.33 mmol), [Cp*RhCl]> (2.5 mol %), Cu(OAc)> ‘H2O (0.5 equiv), CH3CN (2 mL), 40°C air
balloon, 2h.

Scheme 119. Scope of the alkynes.

Next, we moved to investigate the effect of the substitution on the alkenylphenols by
synthesizing a variety of substrates with different substituents at the internal position of the
alkene, prepared also by a Wittig reaction from the 2’-hydroxyaxetophenones. As shown
below, it is possible to include different substitution patterns at the inner position of the
double bond such as an ethyl group (31ba) or aromatic rings with diverse electronic
properties although in these latter cases, heating to 60°C is needed in order to reach full
conversion and obtain good yields (31ca-31ea). Substituents in para to the hydroxyl are well
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tolerated (31fa-31ha). However, for the reactions with the alkenylphenols bearing a bromine
atom, we needed to raise the temperature to 60 °C to obtain decent yields which resulted in
the formation of an 18% of the azulenone 32ha (31ha) Substitution in para to the double bond
is allowed (31ia-31ka) despite the lower yield of 43% of the methoxy derivative (31ia) due to
stability issues. The presence of substituents at the ortho position of the hydroxyl does not
affect the reactivity (31na) unlike the substitution at the ortho position of the alkenyl
substituent which, shuts down the reactivity (31la) most probably due to the steric
interactions. Double substituted substrates can also be used (31ma, 31na) and, the reaction
can be also achieved when unsymmetrical alkynes are employed without loss of the excellent
regioselectivity as exemplified by 3klg.15

OH R? , [Cp*RhCly], (2.5 mol%)
R . i
. / Cu(OAc), H2.O (0.5 equiv)
Phi CHZCN, air, 40°C, 2h
R1
27 29
Ph
Ph Ph Ph
Ph O
o) O oP O
J X
R
31ba, 94% 31ca, Ar = Ph, 92%° 31fa, R = Me, 89% 31ia, R = OMe, 43%
H = 0,
31da, Ar = p-MeOPh, 70%° 31ga, R = OMe, 54% 3la, PN
31ea, Ar = p-CF3Ph, 98%° 31ha, R = Br, 67%%¢ ’ U
Ph
Ph Ph
Ph Ph
(6] OPh O 0 Oph
OMe I l cl ‘

31 la, < 5% 31ma, 78% 31na, 77% 31kg, 73% (> 20:1)

Reaction conditions: 27 (0.33 mmol), 29 (1.5 equiv), [Cp*RhClz]2 (2.5 mol %), Cu(OAc)2 H2O (0.5 equiv), CHsCN (2
mL), 40°C air balloon, 2h. P Isolated yield based on 29. ¢ At 60 °C. 4 Along with 18% of the azulenone. d
Decomposition of the alkenylphenol.

Scheme 120. Scope of the alkenylphenols.

The structure of the spirocycles was unambiguously confirmed by X-Ray crystallography,
resolving the structure of product 31la.

155 In collaboration with Noelia Casanova.
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/ A
20 /\/ S—7
T ’\
I\
\

Scheme 121. Structure of 311a obtained by X-Ray diffractometry.

To determine the regiochemistry when unsymmetrical alkynes where used, we carried out
nOe experiments. We observed nOe between the aliphatic side chain of the alkyne and the
hydrogen at C4, as exemplified below.

OP

Me

31ag

Scheme 122. Determination of the regiochemistry of 31ag by nOe.

3.4 Mechanistic investigations.

To shed light into the mechanism, we first synthesized the dideuterated alkenylphenols 27c-
D by using the trideuterated phosphonium iodide instead of the normal ylide. With the
substrate in hand, we carried out a competition experiment to elucidate if, under the new
conditions, there was an influence of the C-H activation in the reaction rate. Indeed, we
observed value of the kinetic isotopic effect of kn/Kp ~ 2.3 which, although relatively weak
indicates that the cleavage of the carbon-hydrogen might be influencing the reaction rate.

Ph
/
Ph™ 204 o
OH Ph OH Ph [Cp*RACl,], (2.5 mol%) oPh
N H , N D Cu(OAc)z-qu (0.5 equiv) O .
CH3CN, air, 40°C

H b 45 min 10% conv. aprox. Ph

27¢ 27c-D, k/kp =2.3 31ca + 31ca-D,

Scheme 123. Measurement of the KIE.

Interestingly, treatment of substrate 27a under the standard conditions with deuterated
water in the absence of alkyne, led to the deuteration of both terminal positions of the double
bond. This result seems to be consistent with the non-concerted dearomatization-
rearomatization mode of the C-H activation since, in this pathway, there is an intermediate
in which both protons are undistinguishable.

134Simmons, E. M.; Hartwig, J. F. Angew. Chemie. Int. Ed. 2012, 51, 3066.
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30% deuteration 30% deuteration
OH [CP*RNCl,], (2.5 mol%) nb!/P~ M0

Cu(OAc),-H,50 (0.5 equiv) |
CH3CN:D,0 (6:1) air, 40°C
45 min

27a 27a D4 39% recovered

Scheme 124. Deuteration experiments.

The mechanistic rationale behind this result relies on the formation of the Z-deuterated
alkenylphenols by protodemetallation of the six-membered rhodacycle III. This
monodeuterated species reenters in the cycle leading to the formation of both isomers.15

Cp* Cp*
H%)_Rh | D,O0  [Rh] HO| [Rh] (g_)Rh . HO
N A -~ | .
Proto- Dearomatizing =
demetallation C-H activation

Scheme 125. Mechanistic rationale for the E/Z deuteration.

Carrying out the same reaction in presence of the alkyne affords the starting material and the
product without deuterium suggesting that, in the presence of the alkyne, the rhodacycle is
prone to undergo the migratory insertion instead of the protodemetallation.

Ph

/ No deuteration detected
Ph™ 294
OH [CP*RhCly], (2.5 mol%) HS’ o H/ 2 h Ph
Cu(OAc),-H,0 (0.5 equiv)
CH4CN:D,0 (6:1) air, 40°C H/D
45 min Ph
27a 27a (D), 66% 31aa (D), 11°

No deuteration detected

Scheme 126. Reversibility experiment in presence of the alkyne.

A competition experiment between electron-deficient 29¢ and electron rich 29b alkynes
showed a preference for the formation of 29c¢ which can be explained in terms of a
preferential coordination and subsequent reaction of the electron-poor acetylene.!57

1% Control experiments indicate that the presence of [Cp*RhClz]>» Cu(OAc): or NaOAc alone is not
enough to induce deuteration.
157 Shriver, D.F.; Weller, M.T.; Overton, T.; Rourke, J. P.; Armstron, A. A. Inorganic Chemistry 6 ed. Ed.
Oxford University Press, 2014.
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OMe CF3
O O " o Ar
OH [Cp*RhCl5], (2.5 mol%) OAr
. | | . | | Cu(OAc),-H,0 (0.5 equiv) O
CH3CN, air, 40°C, 35 min.

O Ph
27a 31ab:31ac 1:7

OMe CF3
29b (2 equiv) 29c¢ (2 equiv)

Scheme 127. Competition experiments between electronically biased alkynes.

Control experiments using stoichiometric amount of [Cp*RhCl.]> showed that the complex
alone is not able to promote the reaction. However, when CsOAc is added to the mixture, a
clean formation of the spirocycles is observed. Interestingly, the reaction can be also carried
out with a monodentated base such as triethylamine, in the absence of any acetate source,
which is further indicating that the C-H activation mechanism is not a classical CMD in

which an acetate group acts as the proton shuttle.>

OH [CP*RhCl,], (1 equiv) ofh Fh
Ph Base (2 equiv) o
+ Z >
Ph/ CHSCN, air, 40°C, t O
27a 29a 31aa

Conditions A: no base, 1h, no reaction
Conditions B: CsOAc, 1h, 86% yield
Conditions C: Et3N, 4h, 64% yield

Scheme 128. Studies on the role of the base.

3.5 Mechanistic proposal.

With this data in hand we propose a mechanism similar to the one shown for the oxepines.
After the dissociation of the Cp*Rh dimer, ligand exchange with the O-H group cleavage
results in the open intermediate I. C-H activation, presumably, through a dearomatization-
rearomatization pathway, leads to rhodacycle IV. This intermediate might evolve by
reductive elimination towards the oxepines, only when the alkene is not substituted.
However, when the olefin is substituted at the internal position there is a repulsion in the
eight-membered rhodacycle between this substituent and the ortho-hydrogen from the
aromatic ring. Hence, this species is more prone to undergo a keto-tautomerization towards
metallacycle V. Reductive elimination and reoxidation of the catalysts deliver the desired
compound and the repetition of the catalytic cycle.

b Lapointe, D.; Fagnou, K. Chem. Lett. 2010, 39, 1118.
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OH R
[Cp*RAIIICI,],
Cu(OAc),
CUC|2
2 CuOAc Cp*Rh”l(OAC)z HOAG
0,, HOAc Cp*
PALNCINS
O
Cp*RA! 2 Cu(OAc), R

. H H
(1 R ) Favoured for o am (o) am
Rh™ ~,—R" steric reasons | or M

'R
strained when R4 H m
N

29

Scheme 129. Mechanistic hypothesis.

3.6 Formation of the azulenone.

As explained in the beginning of this chapter, at higher temperatures, along with the
formation of other products, the reaction also provides a small proportion of interesting
azulenone 32aa. We considered that they could arise from a side reaction suffered by the
spirocycles. In order to test our hypothesis we heated compound 31aa at 85 °C for 12 h. As
shown in scheme 130, the substrate evolves to a 1:1 mixture of both products, the spirocycle
and the azulenone. Remarkably, independent heating of the azulenone led to the same
mixture confirming that the reaction is an equilibrium.

Ph Ph o P
Q Ph A Q Ph
O T ()
31aa 1:1 mixture 32aa

Scheme 130. Proof of the equilibrium.
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This interconversion between spirocycle and azuleneone can be explain in terms of the
formation of a zwitterionic species and the subsequent ring-opening of the resulting

0 o}
o= D\
Ph . Ph
+
Ph Ph

Scheme 131. Formation of the azulenone.

tricycle.15

158 (a) a [1,5] sigmatropic rearrangement or a radical-based mechanism are also plausible: Spangler, C.
W. Chem. Rev. 1976, 76, 187. (b) For a recent, related rearrangement see: Li, X.-Y.; Yang, Y.-F.; Peng, X.-
R.; Li, M.-M,; Lj, L.-Q.; Deng, X.; Qin, H.-B.; Liu, J.-Q.; Qiu, M.-H. Org. Lett. 2014, 16, 2196.
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4- Conclusions.

In conclusion we have developed a mild formal (3+2) annulation between o-vinylphenols
and alkynes promoted by rhodium (III) catalysis that provides structurally interesting
spirocycles. This transformation conveys a cleavage of the O-H and a C-H bond, and the
dearomatization of the phenolic ring. The reaction takes place with excellent chemo and
regioselectivity generating chirality form simple, plain structures.

4
OH R? [CP*RhCl,], (2.5 mol%) R R
N, /R“ Cu(OAC),H,0 (0.5 equiv) o
s CH4CN, air, 40°C, 2h O
R1 R1 R2
27 29 32
Scheme 132. Oxidative annulation of o-vinylphenol.
[Rh], oxidant
r1 R
R=zH 9 ii>b
! R
31

Scheme 133. Divergence of outcomes depending on the substitution.

Our studies also suggest that from readily available substrates, namely o-alkenylphenols and

alkynes it is possible to obtain relevant and structurally unrelated products such as
azulenones.15

OH R? Q r2
4 .
S R [M], oxidant g R*
—
@2\ + Rg/ Solvent, T, t
R»] R1 R3
27 29 32

Scheme 134. Synthesis of azulenones form o-alkenylphenols.

159 These results were published in: Seoane, A.; Casanova, N.; Quifiones, N.; Mascarefias, J. L.; Gulias,
M. J. Am. Chem. Soc. 2014, 136, 7607.
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Chapter V.

1- Introduction

After developing the annulation chemistry of o-alkenylphenols, we wondered whether it was
possible to translate their chemistry to nitrogen-containing molecules. The motivations
behind this goal rely on the prevalence of nitrogen atoms in drugs and bioactive compounds.
In fact, if we could to replicate the same (5+2) annulation performed with phenols to anilines
we would be able to access to benzazepines, a common motif in several pharmaceuticals and
natural products.160

ZT

~"N
N
L
Tofranil Alsterpaullone Benzazepril

Scheme 135. Biologically active and naturally occurring [1] benzazepines.

1.2 Reactivity of o-alkenylanilines.

Unlike previously described o-vinylphenols, which where scarcely used in the literature,
there are several precedents for the use of o-alkenylanilines in synthesis. Their use started
with the pioneering work of Dewar and Dietz where they treated them with boron
trichloride which allowed the isolation of a cyclic compound isosteric to naphthalene. 61

H

NH, BCl; (2.1 equi N
©/v 3 (2.1 equiv) “BH

P Benzene, refl, 3h P

45%

Scheme 136. Synthesis of the naphthalene isostere.

Later, Hegedus and co-workers described that treatment of alkenylanilines, either free or
tosyl protected, under Palladium catalysis afforded indoles by cyclization. Their mechanistic
hypothesis starts with the coordination of the palladium to the olefin and nucleophilic attack

160 Shah, ]. H.; Hindupur, R. M.; Pati, H. N. Curr. Bioact. Compd. 2015, 11, 170.
161 Dewar, M. J. S.; Dietz, R. ]. Chem. Soc. 1959, 2728.
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by the nitrogen. Finally, a p-hydride elimination and reoxidation of the catalyst close the
cycle and yields the indoles in a moderate yield.162

PdCl,(MeCN), (10 mol%)
NH, | BQ (1 equiv) HN )\
LiCl (10 equiv)
THF, reflux, 25h
45%
HQ BQ
Coordination [Pd" A [Pd9]

[-hydride
elimination

7 HN

F'\'LPd”] _H+ [Pd"]

Scheme 137. Palladium-catalyzed cyclization of o-alkenylanilines.

The group of Larock improved the catalytic system by using Palladium acetate and oxygen
as oxidant. With those conditions, they were able to expand the scope to different amines
albeit in lower yields. Interestingly, when having a methyl at the inner position of the double
bond, the reaction can be performed at lower temperatures and the 3-methylene-2,3-
dihydroindole 34 is obtained instead of the expected indole.1%3

TsNH Pd(OAc), (5 mol%) TsN TsN
\
O, (1 atm) P R
DMSO, T *
33 34

33 R=H, 100°C 38%
34 R=Me, 25°C 58%

Scheme 138. Larock’s synthesis of indoles.

Following this work, other metals!¢* were used to carry out this synthesis. Photocatalyticl6>
and even metal-free conditions!¢® were also developed by different research groups.

Larock and co-workers also designed a method for synthesizing dihydroquinolinones by
using the same tosylanilides and vinylic (pseudo)halides in a formal (5+1) annulation.1¢”

162 (a) Hegedus, L. S.; Allen, G. F.; Bozell, J. J.; Waterman, E. L. J. Am. Chem. Soc. 1978, 100, 5800. (b)
Harrington, P. J.; Hegedus, L. S. . Org. Chem. 1984, 49, 2657.

163 Larock, R. C.; Hightower, T. R,; Hasvold, L. A.; Peterson, K. P. J. Org. Chem. 1996, 61, 3584.

164 (a) Coleman, C. M.; O’Shea, D. F. ]. Am. Chem. Soc. 2003, 125, 4054. (b) Liwosz, T. W.; Chemler, S. R.
Chem. Eur. J. 2013, 19, 12771. (c) Youn, S. W.; Ko, T. Y.; Jang, M. J; Jang, S. S. Adv. Synth. Catal. 2015,
357,227.

165 Maity, S.; Zheng, N. Angew. Chemie. Int. Ed. 2012, 51, 9562.

166 Jang, Y. H.; Youn, S. W. Org. Lett. 2014, 16, 3720.

167 (a) Larock, R. C.; Hightower, T. R.; Hasvold, L. A.; Peterson, K. P. J. Org. Chem. 1996, 61, 3584. (b)
Larock, R. C.; Pace, P.; Yang, H. Tetrahedron Lett. 1998, 39, 2515.
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Pd(OAc), (5 mol%) Ph
TsNH Na,COj3; (3.5 equiv)
. ph/\/Br n-BuyNCI (1.2 equiv) TsN |
DMF, 100°C, 8h
2 equiv. 59%

Scheme 139. Larock’s formal (5+1) annulation.

Their mechanistic explanation consists of an initial reduction of palladium acetate and
oxidative addition to the aryl (pseudo)halide. Subsequent migratory insertion and B-hydride
elimination lead to the diene II. From this intermediate, the palladium migrates to the outer
olefin, which undergoes a migratory insertion leading to m-allyl V. This species suffers a
nucleophilic attack from the amine releasing the product and the reduced catalyst, which is
now able to reenter the cycle by adding onto the C-X bond.

0 AR X
b TsN [Pd?] + pp X~
TsNH

Ph/\/de \

|
B-hydride
elimination

TsNH TSNH 1 Hpax
{ X Ph
1

Mlgratory\ TsNH HPdX /

insertion XX -Ph
1]

Scheme 140. Mechanistic hypothesis.

The group of Takemoto employed an oxidative addition to direct the palladium C-H
activation in the synthesis of indolinones. Their mechanistic hypothesis starts with the
oxidative addition of the Pd (0) into the C-CN bond on the anilide which is followed by the
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migratory insertion of the alkenyl unit. A final reductive elimination affords the indolinone
and releases the active catalyst.168

X P
NC~ “NH Pd(Ph3)4 (10 mol%) HN
CN
Xylene, reflux, 3h
68%
Oxidative ‘ PP T Reductive
addition l [Pd7] ‘ elimination
CN
(i HN 2
N _CN
HN o, _ [Pd]
Migratory
insertion

Scheme 141. Palladium-catalyzed synthesis of indolinones.

In 2010, Buchwald and co-workers also took advantage of an oxidative addition-directed
strategy to synthesize several nitrogen-containing heterocycles. They were able to control the
selectivity of the C-H activation by the use of different phosphines. In their communication,
they also explained the formation of the dibenzazepine 35 in terms of a palladium-induced
dearomatization/rearomatization mechanism.1¢?

168 Kobayashi, Y.; Kamisaki, H.; Takeda, H.; Yasui, Y.; Yanada, R.; Takemoto, Y. Tetrahedron 2007, 63,
2978.
169 Tsvelikhovsky, D.; Buchwald, S. L. J. Am. Chem. Soc. 2010, 132, 14048.
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Pd,(dba); (0.75 mol %)
L1 (2.25 mol %)

PCy2

L1= NaOt#-Bu (1.5 equiv)
NMe Dioxane, 110°C
99%
9y
NH
©/\
Pd,(dba)s (0.75 mol %)

HN L3 (2.25 mol %)

__ NaOt-Bu (1.5 equiv)
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g ‘ P(t-Bu),

P(t-Bu)s

L2 =

L3 =

Pd,(dba); (2.5 mol %)
L2 (7.5 mol %)
NaOt-Bu (1.5 equiv)

Dioxane, 110°C
94%

L

Toluene, 100°C

87%

Scheme 142. Divergent synthesis of heterocycles from (N-aryl)vinylanilines.

You et al. developed an interesting work on the allylation of vinylanilines by using Ir (I)

catalysis and allylic carbonates. They were also able to couple the allylation with an

intramolecular amination for the synthesis of dihydrobenzazepines.1”0

0CO,Me
Me0,CO__~u

Ph -"N0c0,Me
[ir(cod)Clal, (2 mol %)

NH, [Ir(cod)Cly], (4 mol %)
L (8 mol %) NH, L (4 mol %)
N DABCO (2.6 equiv) KgPO, (1.1 equiv)  HN
THF, 50°C, 12h ©/\ THF, 60°C, 2h /
95%, 91% ee 90%
Ph allylic vinylation vinylation/amination

Cl Yo
P-N
e

L=(S, S, Sa)

Scheme 143. Ir(I)-catalyzed allylation and tandem allylation-cyclization of o-vinylanilines with allylic

carbonates.

170 (a) He, H.; Liu, W. B.; Dai, L. X;; You, S. L. |. Am. Chem. Soc. 2009, 131, 8346. (b) He, H.; Liu, W. B.;
Dai, L. X;; You, S. L. Angew. Chemie. Int. Ed. 2010, 49, 1496. (c) (d) Ye, K.-Y.; Dai, L.-X.; You, S.-L. Asian

J. Org. Chem. 2013, 2, 244.
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Their proposed mechanism starts with the coordination of the iridium centre to the amine
and the double bond, which is followed by a C-H activation step based on a non-concerted
dearomatization/rearomatization pathway. The oxidative addition of the iridium into the
carbonate affords intermediate, which upon reductive elimination, yields the allylated
vinylaniline and regenerates the catalyst. When R is another carbonate, a second
coordination, oxidative addition and reductive elimination affords the cyclized benzazepine.

— [
- >
N~ R=CH,COMe NH, R ©\/\
/

NH
)/ i \ |
NN Wl

- .
CO, + MeOr )k B
BH
R™N-"0c0o,Me _ .
\ [r] \,}l/[lr']
" V H

Scheme 144. Mechanistic hypothesis.

Making use of these substrates, the group of Alper was able to carry out the translation of his
o-alkenylphenol carbonylation to nitrogen-containing compounds. By using palladium in
ionic liquids under high pressure of carbon monoxide and hydrogen (500 psi and 100 psi
respectively) they performed the cyclocarbonylation obtaining moderate selectivities when
unsubstituted olefins were used as substrates.17!

Pd,(dba);-CHCI; (2 mol %

) o]
NH, dppb (8 mol%) 2
CO (500 psi), H, (100 psi) HN HN
AN +
BMIM(PFg), 90°C, 45h

19% 76%

Scheme 145. Cyclocarbonylation of 2-aminostyrenes in ionic liquids.

The same group later described a related work. By blocking the internal position of the
double bond and changing the catalytic system for palladium acetate as catalyst and copper
acetate as an oxidant as well as acetonitrile as solvent, they were able to reduce the CO

130 Ferguson, J.; Zeng, F.; Alper, H. Org. Lett. 2012, 14, 5602.
71Ye, F.; Alper, H. Adv. Synth. Catal. 2006, 348, 1855.
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pressure to a more acceptable value of 30 psi.’”2 The proposed mechanism is analogous to the
one described when vinylphenols are used.130

Pd(OAc), (10 mol %)

o
)\ Cu(OAc), (50 mol %) )\
NH CO (30 psi), air (10 psi) N |
CH4CN, 110°C, 20h
97%

Scheme 146. Cyclocarbonylation of N-substituted 2-aminostyrenes.

More recently, the groups of Zeng'”® a Peng!”* developed the Palladium-catalyzed (4+2)
oxidative annulation of vinylanilines with isocyanides. The mechanism is supposed to occur
by the insertion of the cyanide in the Pd-N bond generating intermediate II which undergoes
C-H activation and isomerization of the double bond to palladacycle III. A further reductive
elimination releases the aminoquinoline and the reduced catalyst which is reoxidized by the
silver salt.17>

Bu
NH, Pd(OAC), (10 mol%) HN
Ag,CO3 (1.2 equiv z
oh + OBy 92605 (1.2 equiv) N
Dioxane, 110°C, 12 h
92% Ph
2Ag° 2AgOAc
" N 0 Reductive
L,Pd"(OAc), L,-Pd elimination
f L f
OA Bu~— B
L, \P/d\c ,\\l>_ld/OAc r}H_PéL”
HN 'C:N"Bu HN C-H activation _ N/
- Insertiof Tautomerization X /
Ph Ph

Scheme 147. Synthesis of aminoquinolines by oxidative annulation.

An interesting Palladium-catalyzed (5+2) annulation of 2-phenylanilines and alkynes was
developed by the group of Luan as an extension of their previous work on the
dearomatization of naphthols shown in scheme 111 (scheme 148). The mechanism is
supposed to involve the formation of metallacycle III which undergoes reductive elimination
and isomerization of the double bond towards the imine 36.176

172 Ferguson, J.; Zeng, F.; Alwis, N.; Alper, H. Org. Lett. 2013, 15, 1998.

173 Wang, L.; Ferguson, J.; Zeng, F. Org. Biomol. Chem. 2015, 13, 11486.

174 Zheng, Q.; Ding, Q.; Wang, C.; Chen, W.; Peng, Y. Tetrahedron 2016, 72, 952.

175 The work by Prof Peng invokes a migratory insertion form II into the olefin, a p-hydride
elimination and a [1,3]-H shift followed by rearomatization.

176 Zuo, Z.; Liu, J.; Nan, J.; Fan, L.; Sun, W.; Wang, Y.; Luan, X. Angew. Chemie. Int. Ed. 2015, 54, 15385.

107



Chapter V.

Ph  Ph

NH, O on Pd(OAc), (5 mol%) V
Cu(OAc),'H50 (2.1 equiv) N
= 2 Mo
+
O ph/ DMSO, 120°C, 5h O
36
O Ph
7 \Ph

via

/[Pd”]
N
o

Scheme 148. Pd-catalyzed (5+2) oxidative annulation of o-phenylanilines.
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2- Objectives

Taking into account the precedents shown above, which show that vinylanilines are reactive
towards transition-metal catalyzed transformations, our goal was to further study the
activation of the olefinic C-H bond of o-alkenylanilines by using a system similar to the one
we had described for alkenylphenols.

R']
NH R? R [Rh], oxidant
oxidan
Nt A ’
R3/ Solvent, T, t
37 29

Scheme 149. Oxidative annulation with alkenylanilines.

Additionally, we wanted to investigate the effect of the electronic nature of the substituent in
the amine in order to maximize the reactivity and see if the replacement of oxygen for
nitrogen would affect to the mechanism.
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3- Results and discussion.

3.1 Initial studies on the N-substituent.

Our first goal was to identify a functional group, that placed on the nitrogen, would provide
the electronic requirements needed for a good reaction performance. For this purpose, we
synthesized several N-protected o-alkenylanilines derived from commercially available 2-
isoprenylaniline. After having tested a variety of electronically tuned groups, only the triflate
(entry 7) reacted well enough to be able to isolate coupling products, tosyl and nosyl
protected anilines also led to traces of products presenting the aniline and the two phenyls
from the alkyne but in a lower yield and harder to purify (entries 6 and 8). However, instead
of the expected azepine or spiroimine, two different naphthylamines were isolated arising
from a formal (4+2) annulation.

Table 4. Screening of the electronics of the nitrogen centre.17

R. R.
[Cp*RhCly] (2.5 mol%) NH NH Ph
/ Cu(OAc),'H,0 (0.5 equiv) . Ph
CH4CN, 85°C, 16h OO OO
Ph
Ph
39 39"

Conversion 59 Conversion 29a Yield 39 Yield 39’

Pty % (%) (%) (%) (%)
1 H 35 100 0 0
2 i-Pr 0 0 - -
3 Boc 0 0 - -
4 Ac 0 0 - -
5 TFAc 0 0 -
6 Ts 39 62 Traces of coupling
products
7 Tt 38 75 17 8
3 Nis 48 38 Traces of coupling

products

a Reaction conditions: 37 (0.33 mmol), 29a (1 equiv), [Cp*RhCl;]> (2.5 mol %), Cu(OAc)2 H2O (0.5 equiv), solvent (2
mL). b Isolated yield.

At the beginning we were intrigued by this unusual reactivity, especially for the case where
an apparent 1,2-migration of the alkenyl substituent is happening prior to the annulation
(39’). To fully corroborate the structure of these products we crystallized them and submitted
them to X-Ray diffraction which unambiguously confirmed our proposed structures.

177 In collaboration with Xabier Diz.
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Fig 8. X-Ray structure of naphthylamides 39aa and 39aa’.

3.2 Optimization of the reaction conditions.

Once established that the triflate group was providing the appropriate electronics for the
reactivity, we started to investigate the best conditions to achieve this unusual
transformation.

Table 5. Screening of catalyst.

Tf< Tf

L Catalyst (5 mol%) NN “NH Ph
Ph Cu(0Ac),-H,0 (1 equiv) Ph
S = 2112
@J\ + Ph/ CH3CN, reflux, 16h OO on : OO
Ph
37a 29a 39aa 39aa’
Entry Catalyst Yield 61aa (%)® Yield 61aa” (%)®
1 [Cp*RhCl:)2 28 16
2 RhCl3 - xH2O 0 0c
3 Rh(PPhs);Cl Traces Tracese
4 [Cp*II‘Clz]z 0 0c
5 [(p-cymene) RuCl]» 0 Oc
6 Pd(OAc) 0 Qc

a Reaction conditions: 37a (0.33 mmol), 29a (1 equiv), catalyst (5 mol %), Cu(OAc)2 H2O (1 equiv), acetonitrile (2
mL). b Isolated yield. ¢ Starting material was mostly recovered.

We started by identifying the appropriate precatalyst for this transformation. To do so, we
tested several metal complexes with only [Cp*RhCl:]: leading to appreciable conversions
(entry 1). From the other precatalysts screened, Ir and Ru complexes as well as RhCl; - xH>O
did not lead to any product and starting materials were mostly recovered (entries 2, 4, 5).
Wilkinson’s catalyst worked slightly better providing traces of the cycloadducts along with
starting material, while palladium acetate led to the decomposition of the anilide and a
complex mixture of products.
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Table 6. Screening of conditions.®

Catalyst (5 mol%) Tf< Tf

LN . Cu(OAck(-;;izﬁc\)/ S equiv) \NH “NH Ph N
@J\\ * Ph/ Solvent, reflux, 16h OO oh ’ OO
Ph
37a 29a 39aa 39aa’
Entry Solvent Catalyst Additive Yield 39aa Yield 39aa’
(equiv) (%o)® (Y%o)®

1 Toluene [Cp*RhClz)2 - 32 12
2 EtOH [Cp*RhClz)2 - 32 14
3 TFE [Cp*RhClz)2 - 18 7
4 AcOH [Cp*RhClz)2 - 0 0
5 t+-AmOH [Cp*RhCl)2 - 30 16
6cd DMF [Cp*RhCl:]> - 35 17
7¢ DMF [Cp*RhCl:]> - Traces Traces
8 Dioxane [Cp*RhCl:]2 - 60 19
9 Dioxane [CpBuRhCl:]2 - 21 9
10 Dioxane [Cp™RhCl]2 - 38 29
11 Dioxane [Cp*RhCl:)2 AcOH (2) 57 20
12 Dioxane [Cp*RhCl:]> PivOH (2) 56 21
13 Dioxane [Cp*RhCl:]2 CsOAc (2) 35 17
14 Dioxane [Cp*RhCl;]> CsOPiv (2) 56 23
15 Dioxane [Cp*RhClz)2 AgSbFs (0.2) 0 0
16e Dioxane [Cp*RhClz)2 19 5
171 Dioxane [Cp*RhClz)2 57 24
181 Dioxane 0 0

a Reaction conditions: 37a (0.33 mmol), 29a (1 equiv), catalyst (5 mol %), Cu(OAc)> H>O (1 equiv), additive, solvent
(2 mL). b Isolated yield. ¢ Reaction performed at 110 °C, starting material was recovered. ¢ AgOAc (1 equiv) was
used instead of Copper acetate. ¢ Reaction performed at 60 °C. f 0.5 equiv of Copper acetate were used.

After finding the best catalyst for the transformation, we tested different solvents and
additives to further improve the reaction. Among the screened solvents, the best one proved
to be dioxane leading to a 79% overall yield in a 3:1 ratio of regioisomers (entry 8) under this
conditions, the replacement of the Cp*Rh precatalyst with the analogous Cp®u and Cp’r led
to lower yields (entries 9, 10). Also, the addition of either acids or bases did not affect the
performance of the reaction (entries 11-14) while the use of a silver salt as chlorine scavenger
afforded the decomposition of the anilide. Lowering the temperature to 60 °C resulted in the
overall yield dropping to a 24% (entry 16) and reducing the amount of copper acetate to 0.5
equivalents does not affect the reaction (entry 17). Finally we confirmed the requirement of
the catalyst since, in its absence, starting materials are mostly recovered (entry 18)

We next sought to check the requirement of the oxidant by omitting them from the reaction.
To our surprise the reaction could be carried out even in the absence of copper salts as
shown below.
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Table 7. Control experiments.®

LI Tf<
LA o [Cp*ghClz(] 5 m;)l%) NH NH Ph N
ase (equiv
S Ph/ Dioxane, reflux, 16h ~ OO oh " OO
Ph
37a 29a 39aa 39aa’
Entry Base (equiv) Yield 39aa Yield 39aa’ Observations
(%0)° (%0)°
1 Cu(OAc)2 (0.5) 57 24
2 CsOAc (2) 57 15
3 CsOAc (1) 54 16
4 CsOAc (1) 56 15 Under Ar atmosphere
5 NaOAc (2) 57 16
6 NaOAc (0.5) 53 15
7 CsCOs 0 0 Recovery of starting material
8 AcOH 0 0 Recovery of starting material
9 CsOAc (2) 0 0 No Rh, recovery of starting
material

a Reaction conditions: 37a (0.33 mmol), 29a (1 equiv), [Cp*RhCl,]> (5 mol %), Base, Dioxane (2 mL). b Isolated yield.

When copper was omitted from the reaction media and cesium acetate was used as base, the
reaction still took place catalytically affording the corresponding naphthylamides in similar
yield to the one obtained with copper (entries 1, 2). To rule out the possibility that oxygen
was acting out as an oxidant, we carried out the reaction with a careful extrusion of air in
deoxygenated dioxane, obtaining the same result as before. Sodium acetate was used due to
its lower hygroscopicity and, even in a catalytic way, reproduced the previous results
(entries 4, 5). Neither cesium carbonate nor acetic acid were able to promote the reaction
(entries 6, 7). Finally, when no rhodium catalyst is used under these new conditions, no
conversion is observed and the starting material is recovered.

We finally tried the reaction in THF under the copper-free conditions which allowed us to
reduce the temperature and still observe a slightly improvement of the yield. These
conditions were the ones considered as optimal for the study of the scope.

Tf< TT.

T\ [CP*RNCI,] (5 mol%) NH SNH Ph
Ph NaOAc (0.5 equiv Ph
X, / ( quiv) .
Ph THF, reflux, 16h
Ph
Ph
37a 29a 39aa 66% 39aa’' 25%

Scheme 150. “Copper free” oxidative annulation with alkenylanilides.
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3.3 Substrate scope.

For studying the scope of the reaction we synthesized different anilides. The synthetic route
used was as follows: When the 2’-aminoacetophenones were available, a Wittig reaction
followed by triflation afforded the corresponding annulation precursor. When the ketone
was not commercial we synthesized it by the addition of a Grignard to the corresponding
benzonitrile.

NH2 RZ_MgCI NH2 (@]
CN  THF, it, overnight PhsPMeBr, KO'Bu
then NH,CI THF, rt, overnight
R’ R' 40
TSN NH,
Tf,0, Etz;N
DCM, 0°C, 2h
1 R'

R' 37 41

Scheme 151. Synthesis of the triflylanilides.

When submitted to the optimized conditions, differently substituted alkynes undergo the
oxidative annulation with the model anilide to obtain the corresponding naphthylamides.
Electron-rich and electron-poor diarylacetylenes are well tolerated affording the
corresponding regioisomers (39ab and 39ac). Interestingly, unsymmetrical aliphatic and
aromatic alkynes provide only two of the four possible regioisomers, this preference,
probably taking place during the migratory insertion, is similar to the one observed for the
annulations with phenols in the previous chapters (39ai and 39ag). Aliphatic alkynes
participate in the reaction showing higher regioisomeric ratios, all of them above 10:1 (39ad
and 39ae). Despite the lack of copper in the reaction, which might react with terminal
alkynes, alkynes with a hydrogen substituent led to no conversion after 16h and the starting
materials were mostly recovered (39al).
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Tf Tf
Th [CP*RhCl,] (5 mol%) “NH SNH R
R? NaOAc (0.5 equiv
S . / ( q ) . +
R? THF, reflux, 16h
R2
R1
37a 29 39 39’
Tf. Tf
NH NH Ar NH SNH Ar
O ) e )
Ar Ar
Ar Ar
Ar = p-MeOPh Ar = p-MeOPh Ar = p-CF3;Ph Ar = p-CF3Ph
39ab, 74% 39ab’, 16% 39ac, 64% 39ac’, 31%
Tf. Tf
“NH  Ph NH 'NH Ph
6# : soWloe s
Et Vv,
Ph
39ag 59% 39ag' 29% 39ai 67% 39ai' 22%
Tf. Tf<
NH T'\H pr “NH SNH Et NH
CCL OOy O NS
Pr Et H
Pr Et R
39ad:39ad' 63% (>10:1) 39ae:39ae’' 61% (>12:1) R =Ph, Bu

39al 0%°

a Reaction conditions: 39a (0.33 mmol), 29 (1 equiv), [Cp*RhCl]> (5 mol %), CsOAc (0.5 equiv), THF (2 mL). b
Isolated yield. ¢ Starting material was recovered.

Scheme 152. Scope of the alkynes.

Regarding the anilides, the reaction requires substitution at the internal position of the olefin
since, when o-vinylanilide was submitted to the reaction conditions, no progress was
observed and starting material was mostly recovered (39bd). Mechanistically interesting,
when an isopropyl group is replacing the methyl of the alkene, no product is observed
instead, we could isolate the isomerized (42) in a 47% while when the substituent is an aryl
motif, regardless of its electronic nature, the naphthylamides are isolated in 66-90% yield
(39dd-39fd). If there is a methyl at the terminal position of the alkene, whether cis or trans
the reaction does not proceed at all and starting material is recovered (39gd). Same scenario
is observed when 2-phenylanilide is used. When the hydrogen at the para position of the
amide is replaced by a methyl group, the resulting naphthylamide is isolated in a 72% yield
(39id). Concerning the para position of the double bond, a methyl group affords a satisfactory
yield of 59% (39jd) and the strongly electron-withdrawing trifluoromethyl also yields 39kd
in a 61% yield although the regioisomeric proportion drops to 5:1. In all of the cases 4-octyne
was used as the coupling partner due to the easier identification of the products and the
obtention of higher regioisomeric ratios.
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T™S\NH R? [CP*RNCLL, (5 moi%)  NH R NH - Pr
Pr - NaOAc (0.5 equiv) Pr
NN 2
| Ar Pr THF, reflux, 16h
A Pr
37 29d 39'
Tfo Tfw N
NH H T NH R NH
“NH
O Sy O e
Pr Pr Pr
Pr pr 39dd R=Ph71% (>020:1.) Pr
39bd 0%° 42 47% 39ed R = p-C|Ph 90% (41) 399(‘ 0%°
39fd R = pMePh 66% (>20:1)
Tt Tt Tf Tt
SNH Z | “NH “NH “NH
POERS® O e e
Pr Pr Pr Pr F;C Pr
Pr Pr Pr Pr Pr
43 0%° 39hd 60% (>13:1) 39id 72% (>15:1)  39jd 59% (>10:1)  39kd 61% (5:1)

Reaction conditions: 37 (0.33 mmol), 29d (1 equiv), [Cp*RhClz]2 (5 mol %), CsOAc (0.5 equiv), THF (2 mL). b Isolated
yield. ¢ Starting material was recovered.

Scheme 153. Scope of the anilides.

3.4 Mechanistic hypothesis.

Although still more studies have to be made in order to establish a plausible mechanism, our
current working model consists of the formation of the active catalytic species by cleavage of
the rhodium dimer and ligand exchange with the acetates. Another ligand exchange with the
NH group followed by the C-H activation would lead to metallacycle I which, upon
migratory insertion of the alkyne and subsequent protodemetallation, delivers the open
alkenylrhodium complex II. A second protodemetallation affords the diene III which can be
coordinated to a Rh (IIl) species. This intermediate may undergo a nitrogen-mediated
nucleophilic attack to the rhodium affording imine IV which, after p-hydride elimination
yields spirocycle V. Rearrangement of this species might lead to both naphthylamines
depending on which bond migrates!”s. The rhodium hydride complex can now react with the
acetic acid formed in the reaction releasing hydrogen and regenerating the catalyst.17?

178 A similar rearrangement has been described in a Palladium-mediated stoichiometric reaction
regarding N,N-dimethylated o-phenylanilines: Dupont, J.; Pfeffer, M.; Theurel, L.; Rotveel, M. A.; De
Cian, A.; Fischer, J. New ]. Chem. 1991, 15, 551.

179 This protonation of hydrides is described for Manganese in He, R.; Huang, Z. T.; Zheng, Q. Y,;
Wang, C. Angew. Chemie. Int. Ed. 2014, 53, 4950.
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NHTfPh NHTf
Ph TfNH
“/ Ph

Cp*RhX,
HX/X=CI, OACN X Cp*

Tf
\N§h Ph LN Rh
(J Cp*XRh!"H |
| Ph
) v /
B-hydride Ph™ 29a
elimination
Migratory insertion
and
TN rotodemetallation
Ph Tf\NH P
F/zh-Cp* ==
Ph X /) Ph
v X-Rh
% o5y
HX

Protodemetalation

Scheme 154. Mechanistic hypothesis.

Other mechanisms could also be operating. Another possibility is the protodemetallation of
spirocycle IV that may release the catalyst and dihydronaphthylamides VI and VII which, in
presence of the oxygen during the workup, rapidly oxidize to the naphthylamides.

Ty
TN Ph HX Cp*RhX, i
/
_Cp* (r
Rh Ph
Ph X L Ph
v VI
NHTf Ph NHTF NHTfPh NHTf
Ph Ph
L —— - CC
Ph Ph
Ph
39aa’ 39aa Vil

Scheme 155. Alternative mechanistic hypothesis.

A third possibility is a mechanism analogous to the one of the obtention of spirocycles with
phenols (see in scheme 129 the previous chapter) leading directly to V which rearrangement
affords the naphthylamines. The reduced complex could be regenerated via oxidative
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addition to the acetic acid and protonation of the Rhodium hydride as seen in the first

mechanism.
Tf\ NHTfPh NHTf
Tfo
NH Ph
Ph
+Ph/ C Ph
C *Rh|||x * |
p 2 Rh Ph
Hy 39aa 39aa’
HX
. " OXIdatlve
XH  Cp"™XRh"H  ,qgition

Scheme 156. Oxidation of Rh(I) by copper acetate.
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4- Conclusions

In conclusion, we have developed an unprecedented Rh (IlI)-catalyzed (4+2) oxidative
annulation between triflyl-protected ortho-alkenyl anilides to afford naphthylamines. The
reaction requires appropriate substitution at the nitrogen and leads to the formation of
different regioisomers arising from an apparent 1,2 migration of the alkenyl unit prior to the

annulation.
Tf Tf
LI R [Cp*RNCI] (5 mol%) SNH R SNH R2
R NaOAc (0.5 equiv R3
S . % ( q ) . "
@ R2 THF, reflux, 16h
R3
R? R
37 29 39 39'

We have also proven that this transformation occurs even in the absence of oxygen or copper
salts and sodium acetate alone is able to accomplish this task. Finally, we have proposed
different plausible mechanistic pathways for the reaction, although more experiments have
to be done in order to distinguish among those possibilities.
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1- General experimental procedures

Reactions were conducted in dry solvents under Argon atmosphere unless otherwise stated.
Dry solvents were Aldrich and used without further purification. Dried acetonitrile was also
from Aldrich and dried with a solvent system (MBraun, SPS 800 manual), [RhCp*Clz]2 (99%)
[12354-85-7] was purchased in Aldrich, and [Ru(p-cymene)Cl;]> was purchased in TCI
[52562-29-0] (>95%). All other chemicals were purchased in Aldrich and used without
further purification.

The abbreviation “rt” refers to reactions carried out at a temperature between 21-25 °C.
Reaction mixtures were stirred using Teflon-coated magnetic stir bars. High reaction
temperatures were maintained using Thermowatch-controlled heating blocks. Thin-layer
chromatography (TLC) was performed on silica gel plates and components were visualized
by observation under UV light, and / or by treating the plates with p-anisaldehyde or
cerium nitrate solutions, followed by heating. Flash chromatography was carried out on
silica gel. Dryings were performed with anhydrous Na>SOs.

Concentration refers to the removal of volatile solvents via distillation using a Biichi rotary
evaporator followed by high vacuum.

Unless otherwise noted, all Rhodium-catalyzed reactions were carried out without particular
precautions to extrude moisture or oxygen.

1H NMR (300MHz) spectra were recorded at room temperature on a Varian 300MHz
spectrometer in CDCl; [using CHCl; (for 1H, & = 7.26) as internal standard]. 13C NMR (75
MHz) spectra on a Varian spectrometer in CDCls [using CDCl; (for 13C, 6 = 77.160) as
internal standard]. The following abbreviations were used to explain the multiplicities: s =
singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br s = broad singlet . Carbon types
and structure assignments were determined from DEPT-NMR and two dimensional
experiments (HMQC and HMBC, COSY and NOESY). NMR spectra were analyzed using
MestReNova© NMR data processing software (www.mestrelab.com). Mass spectra were
acquired using electronic impact (EI), chemical ionization (CI) and electrospray (ESI) and
were recorded at the CACTUS facility of the University of Santiago de Compostela.
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2- CHAPTER II: Intramolecular oxidative annulations of

benzamides and acrylamides.

2.1 Procedure for the synthesis of alkynylbenzamides (10-10p), exemplified
for 10.

o]

Br
1. PPh; DIAD 0 ©/
0 N
HO
8o N ©)Lu 10% Pd(PPhy), Cul, Et;N ©)\H
H P Z
=

THF, 0°C-rt, 16h
2. TFA, CH,Cl, rt, 16h DMF, 16h, 80°C
7 H o 10

To a solution of tert-butyl benzoylcarbamate 7a (4 g, 17.8 mmol), triphenylphosphine (5.60 g,
21.4mmol) and 4-pentyn-1-ol (10.0 g, 202 mmol) in THF (90 mL) at 0 °C was added
diisopropylazodicarboxylate (DIAD, 416 mL, 21.4 mmol) dropwise, very slowly. After
complete addition, the yellow solution was stirred at r.t. overnight. The reaction was
concentrated, water (40 mL) was added and the mixture was extracted with Et.O (3x20 mL).
The combined organic layers were dried over sodium sulfate and the solvent was evaporated
in vacuo to afford a viscous oil that was purified by flash chromatography
(hexanes:diethylether 1:3) to obtain the tert-butyl benzoyl(pent-4-yn-1-yl)carbamate (3.58 g,
70%).

To a solution of tert-butyl benzoyl(pent-4-yn-1-yl)carbamate (2.9 g, 10.1 mmol) in CH>Cl> (40
mL) at 0 °C was added trifluoroacetic acid (0.78 mL, 1 eq) dropwise. After complete addition,
the solution was stirred at r.t. overnight. Water (15 mL) was added and the mixture was
extracted with CH>Cl, (3x10 mL). The combined organic layers were dried over sodium
sulfate and the solvent was evaporated in vacuo to afford a yellow oil that was purified by
flash chromatography (hexanes:diethylether 1:1) to obtain the corresponding N-(pent-4-yn-1-
yl)benzamide 9a (1.10 g, 58%). Amorfous white solid. tH NMR (300 MHz, CDCls) 6 7.76 (dd,
] =11.3,4.3 Hz, 2H), 7.52 - 7.30 (m, 3H), 6.91 (s, 1H), 3.51 (dd, | = 12.8, 6.7 Hz, 2H), 2.25 (td, ]
= 6.9, 2.6 Hz, 2H), 1.97 (dd, | = 3.5, 1.8 Hz, 1H), 1.90 - 1.73 (m, 2H). 3C NMR (75 MHz,
CDCl;) 6 167.8 (C), 134.6 (C), 131.4 (CH), 128.5 (CH), 127.0 (CH), 83.7 (C), 69.2 (CH), 39.3
(CH), 28.1 (CHy), 16.3 (CHo).

To a solution of benzamide 9 (100 mg, 0.53 mmol), Pd(PPhs)s (48 mg, 10 mol%) and Cul
(10.17 mg, 10 mol%) in DMF (8 mL), bromobenzene (125 mg, 0.795 mmol) was added Et:N
(0.75 mL, 5.34 mmol). After complete addition, the solution was stirred at 80 °C overnight.
The reaction mixture was diluted with EtOAc (30 mL) and washed with water (10 mL) and
brine (10mL). The combined organic layers were dried over anhydrous sodium sulfate and
the solvents were evaporated in vacuo to afford a yellow oil that was purified by flash
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chromatography hexanes:ethyl acetate 1:3) to obtain the corresponding arene 10a (112 mg,
80%).

N-(5-Phenylpent-4-yn-1-yl)benzamide (10): white solid. tH NMR (300 MHz, CDCls) 6 7.86 -
7.60 (m, 2H), 7.51 - 7.13 (m, 8H), 6.53 (br s, 1H), 3.57 (dd, ] = 12.6,
6.4 Hz, 2H), 2.48 (t, | = 6.7 Hz, 2H), 1.99 - 1.77 (m, 2H). 3C NMR
©)‘\ /\/\© (75 MHZ CDC13) 6 167.5 (C), 134.5 (C), 131.5 (CH), 131.3 (CH),
1285 , 128.2 (CH), 127.8 (CH), 126.8 (CH), 123.4 (C), 89.2

81 6 ), 39.7 (CHa), 28.2 (CH,), 17.5 (CH,).LRMS (m/z, T) 263
(87), 262 (43) 235 (27) HRMS calculated for CisH1,NO 263.1310, found 263.1318.

4-Methoxy-N-(5-phenylpent-4-yn-1-yl)benzamide (10b): yellow solid. tH NMR (300 MHz,
CDCls) 6 7.74 - 7.54 (m, 2H), 7.42 - 7.09 (m, 5H), 6.83 - 6.66

(m, 2H), 6.51 (br s, 1H), 3.73 (s, 3H), 3.53 (dt, ] = 13.9, 6.9

/@ /\/\© Hz, 2H), 2.46 (t, ] = 6.8 Hz, 2H), 1.92 - 1.80 (m, 2H). 138C
NMR 75 MHZ CDCls) 6 167.2 (C), 162.1 (C), 131.7 (CH),

128.8 (CH), 128.4 (CH), 1279 (CH), 126.9 (C), 123.6 (C),

113.72 (CH), 89.5 (C), 81.7 (C), 55.4 (CH3), 39.8 (CH.), 284 (CH>), 17.6 (CH,). LRMS (m/z, I)
293 (16), 292 (25), 291 (291), 277 (4).

N-(5-Phenylpent-4-yn-1-yl)-4-(trifluoromethyl)benzamide (10c): yellow solid. 1H NMR (300
MHz, CDClz) 6 7.82 (d, ] = 8.6 Hz, 2H), 7.53 (d, ] = 8.5 Hz,

2H), 7.40 - 7.22 (m, 5H), 6.90 (br s, 1H), 3.65 (dd, ] =12.5, 6.3

/©)‘\ /\/\© Hz, 2H), 2.55 (t, | = 6.7 Hz, 2H), 2.08 - 1.83 (m, 2H). 13C
NMR (75 MHz, CDCl) 6 166.4 (C), 1379 (C), 133.1 (q, ] =

32.8 Hz, C), 131.6 (CH), 128.4 (CH), 128.1 (CH), 127.5 (CH),

125.6 (q, ] = 3.5 Hz, CH), 123.4 (C), 120.1 (q, ] = 272.4 Hz, C), 89.4 (C), 81.9 (C), 40.2 (CH>), 28.1

(CH2), 17.7 (CH.). LRMS (m/z, 1) 331 (74), 330 (27), 312 (13), 302 (23), 277 (15). HRMS
calculated for C19H16NOF5331.1184, found 331.1187

4-Bromo-N-(5-phenylpent-4-yn-1-yl)benzamide (10d): white solid. tH NMR (300 MHz,
CDCls) 6 7.66 - 7.06 (m, 8H), 6.80 (br s, 1H), 3.53 (dd, | =

0 12.5, 6.3 Hz, 2H), 2.46 (t, | = 6.7 Hz, 2H), 2.03 - 1.64 (m, 2H).
/©)J\” A 1BC NMR (75 MHz, CDCls) 66 166.7 (C), 133.5 (C), 131.7

Br (CH), 131.6 (CH), 128.6 (CH), 128.4 (CH), 128.0 (CH), 126.1
(C), 1234 (C), 894 (C), 81.8 (C), 40.0 (CH>), 28.2(CHy), 17.6

(CH2).LRMS (m/z, I) 341 (28), 313 (9). HRMS calculated for CisHisNOBr 341.0415, found
341.0428.

10d
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3-methyl-N-(5-phenylpent-4-yn-1-yl)benzamide (10e): white solid. 'H NMR (300 MHz,
CDCl;) & 7.60 - 7.47 (m, 1H), 7.40 - 7.30 (m, ] = 6.7, 3.1 Hz,
1H), 7.30 - 7.17 (m, 2H), 6.49 (s, 1H), 3.63 (dd, ] = 12.6, 6.4 Hz,
\©)L /\/\© 1H), 2.54 (t, ] = 6.8 Hz, 1H), 2.30 (s, 1H), 2.01 - 1.86 (m, ] = 6.7
Hz, 1H). 3C NMR (75 MHz, CDCl) 6 167.9 (C), 138.5 (C),
134.7 (C), 132.2 (CH), 131.7 (CH), 128.4 (CH), 128.4 (CH), 127.9

(CH), 127.7 (CH), 124.0 (CH), 123.6 (C), 894 (C), 81.7 (C), 39.8 (CHy>), 28.4 (CHy), 21.3 (CHa),
17.6 (CHo).

3-methoxy-N-(5-phenylpent-4-yn-1-yl)benzamide (10f): white solid . TH NMR (300 MHz,
CDCls) 6 7.40 - 7.30 (m, 3H), 7.30 - 7.15 (m, 5H), 7.02 - 6.95

(m, 1H), 6.61 (s, 1H), 3.79 (s, 3H), 3.62 (dd, ] = 12.6, 6.5 Hz,

©)L /\/\© ), 2.53 (t, ] = 6.8 Hz, 2H), 1.9 - 1.86 (m, 2H). 13C NMR
75 MHZ CDCls) & 167.6 (C), 159.9 (C), 136.2 (C), 131.7

, 129.6 (CH), 128.3 (CH), 127.9 (CH), 123.6 (C), 118.7
(CH), 117.7 (CH), 112.4 (CH), 89.3 (C), 817 (C), 55.5 (CHs), 39.8 (CHa), 28.4 (CH,), 17.5 (CHb).

N-( 5-Phenylpent-4-yn-1-y1)-l-naphthamlde (10g): white solid. tH NMR (300 MHz, CDCl;) 6

8.34 - 8.13 (m, 1H), 7.90 - 7.69 (m, 2H), 7.61 - 7.11 (m, 9H), 6.60

(br s, 1H), 3.59 (dd, ] = 12.6, 6.4 Hz, 2H), 2.50 (t, ] = 6.9 Hz,

2H 2.00 - 1.75 (m, 2H). 3C NMR (75 MHz, CDCls) 6 170.1

134 9 (C), 134.0 (C), 131.9 (CH), 130.8 (CH), 130.5 (C), 128.7

, 128.2 (CH), 1274 (CH), 126.8 (CH), 125.8 (CH), 125.3

(CH), 125.1 (CH),124.0 (C), 89.6 (C), 82.0 (C), 39.9 (CH,), 28.8(CH>), 17.8 (CH,). LRMS (m/z, I)
313 (57), 312 (90), 285 (40).

N-(5-(o-Tolyl)pent-4-yn-1-yl)benzamide (10h): brown oil. 1H NMR (300 MHz, CDCls) 6 7.77
- 7.52 (m, 2H), 7.48 - 6.89 (m, 8H), 6.53 (br s, 1H), 3.58 (dd, | =

12. 5 6. 7 Hz, 2H), 2.61 - 2.40 (m, 2H), 2.32 (s, 3H), 1.97 - 1.77 (m

©)‘\ /\/\© ). BC NMR (75 MHz, CDCls) 6 167.7 (C), 140.1 (C), 134.6 (O),
132 0 (CH), 131.5 (CH), 129.5 (CH), 128.6 (CH), 127.9 (CH), 127.0

, 125.6 (CH), 123.3 (C), 93.2 (C), 80.6 (C), 39.8 (CH), 28.6

(CH2), 209 (CHs), 17.7 (CHz). LRMS (m/z, 1) 277 (59), 259 (28). HRMS calculated for
CioH19NO 277.1467, found 277.1455.
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N-(5-(3,5-Dimethylphenyl)pent-4-yn-1-y1)benzamide (10i): brown solid. TH NMR (300
MHz, CDCls) 6 7.66 (dd, ] = 7.9, 6.7 Hz, 2H), 7.42 - 7.32 (m,

1H), 7.31 - 7.20 (m, 2H), 6.92 (s, 2H), 6.84 (s, 1H), 6.59 (brs,
1H), 3.56 (dd, ] = 12.6, 6.3 Hz, 2H), 2.46 (dd, ] = 8.4, 5.0 Hz,
2H), 2.18 (s, 3H), 1.92 - 1.78 (m, 2H). 3C NMR (75 MHz,

CDCls) 6 168.0 (C), 138.3 (C), 135.1 (C), 131.8 (CH), 130.3 (CH),
129.8 (CH), 129.0 (CH), 127.4 (CH), 123.6 (C), 89.0 (C), 82.5 (C), 40.3 (CH>), 28.8 (CHz), 21.6
(CHz), 18.1 (CHz). LRMS (m/z, I) 291 (55), 263 (20). HRMS calculated for Coo0H21NO 291.1623,
found 291.1622.

N-(5-(p-Tolyl)pent-4-yn-1-yl)benzamide (10j): brown solid. tH NMR (300 MHz, CDCl;) 7.66
(dd, ] = 6.2, 5.2 Hz, 2H), 7.37 (dd, ] = 10.6, 4.1 Hz, 1H), 7.31 -

7.16 (m, 4H), 7.00 (d, ] = 8.0 Hz, 2H), 6.54 (brs, 1H), 3.56 (q, | =

@ /\/\©\ 6.3 Hz, 2H), 2.53 - 2.39 (m, 2H), 2.26 (s, 3H), 1.95 - 1.78 (m,
2H).13C NMR (75 MHz, CDCl;) & 168.1 (C), 138.4 (C), 135.1

), 132.0 (CH), 131.9 (CH), 129.6 (CH), 129.0 (CH), 127.4 (CH),

120.9 (C), 89.0 (C), 82.3 (C), 40.3 (CHz), 28.8 (CH,), 22.0 (CHj), 18.0 (CHa). LRMS (m/z, 1) 277
(33), 262 (6) 249 (6) HRMS calculated for C1sH19NO 277.1467, found 277.1455.

N-(5-(4-Methoxyphenyl)pent-4-yn-1-yl)benzamide (10k): brown solid. ZH NMR (300 MHz,
o CDCL) 6 7.68 (dd, | = 8.3, 1.2 Hz, 2H), 7.47 - 7.11 (m, 5H),
©)LN “ 6.82 - 6.67 (m, 2H), 6.56 (brs, 1H), 3.69 (d, | = 23.8 Hz, 3H),
H/\/\©\ 3.55 (dt, ] = 22.2, 10.9 Hz, 2H), 2.48 (dd, ] = 12.6, 6.0 Hz,

10k ome 2H),2.03-1.77 (m, 2H). 3C NMR (75 MHz, CDCl;) & 167.6

(©), 159.3 (C), 134.7 (C), 133.1 (CH), 131.7 (C), 131.5 (CH),

128.6 (CH), 127.0 (CH), 114.0 (CH), 87.8 (C), 81.5 (C), 55.4 (CHz), 39.9 (CH>), 28.4 (CH>), 17.6

(CHz). LRMS (my/z, I) 293 (45), 262 (6). HRMS calculated for Ci9H19NO, 293.1416, found
293.1420.

N-(5-(Naphthalen-1-yl)pent-4-yn-1-yl)benzamide (101): brown solid. tH NMR (300 MHz,
CDCls) 6 8.24 (dd, ] =7.9,1.1 Hz, 1H), 7.96 - 7.00 (m, 11H), 6.64 (brs, 1H), 3.72 - 3.46 (m, 2H),
2.56 (dt, ] = 31.6, 6.8 Hz, 2H), 2.15 - 1.80 (m, 2H). 3C NMR (75

©)L MHZ, CDCl;) 6 167.7 (C),134.5 (C), 133.4 (C), 133.2 (C), 131.4
, 130.3 (CH), 128.5 (CH), 128.3 (CH), 127.0 (CH), 126.8

126 5 (CH), 126.4 (CH), 126.2 (CH), 125.3 (CH), 121.2 (C),

944 (C), 79.7 (C), 39.9 (CH»), 28 6 CHz 17.9(CHz2). LRMS (m/z, 1) 313 (47), 262 (7). HRMS
calculated for C22H19NO 313.1467, found 313.1470.
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N-(5-(4-(Trifluoromethyl)phenyl) pent-4-yn-1-yl)benzamide (10m): white solid. TH NMR
(300 MHz, CDCls) & 7.87 - 7.04 (m, 9H), 6.85 (s, 1H), 3.52
(dd, ] =12.7, 6.7 Hz, 2H), 2.44 (t, ] = 6.9 Hz, 2H), 2.00 - 1.70
©)L /\/\©\ (m, 2H). 3C NMR (75 MHz, CDCl) 6 167.8 (C), 134.5 (C),
131.8 (CH), 131.4 (CH), 1294 (q, ] = 32.6 Hz, C), 128.5 (CH),
127.5 (C), 127.0 (CH), 125.2 (q, ] = 3.8 Hz, CH), 124.0 (q, ] =

272.3 Hz, C), 92.1 (C), 80.3 (C), 39.6 (CHa), 28.3 (CHa), 17.4 (CHa). LRMS (m/z, I) 331 (44), 330
(33), 303 (8), 262 (9). HRMS calculated for C1oH1sNOF;331.1184, found 331.1182.

N-(Hex-4-yn—1—yl)benzamide (100)180: white solid. tH NMR (300 MHz, CDCl;) 6 7.88 - 7.65
(m, 2H), 7.55 - 7.30 (m, 3H), 6.55 (d, ] = 35.7 Hz, 1H), 3.56 (dd, | =

12.6, 6.5 Hz, 2H), 2.37 - 213 (m, 2H), 1.85-1.70 (m, 5H). 3C NMR

@ /\/\ (75 MHZ, CDC13) 6 167.5(C), 134.7(C), 131.3 (CH), 128.5 (CH),
126.9 (CH), 78.4 (C), 76.6 (C), 39.7 (CH>), 28.3 (CHs), 16.7 (CHb),

3.5(CH2). LRMS (m/z, I) 201 (24), 200 (93) 173 (38). HRMS
calculated for C13H15N0O201.1154, found 201.1114.

N-(6-Phenylhex-5-yn-1-yl)benzamide (10p): white solid. tH NMR (300 MHz, CDCl3) 6 7.76 -

7.61 (m, 2H), 7.53 - 7.01 (m, 8H), 6.48 (br s, 1H), 3.39 (dt, ] =
6.7, 3.8 Hz, 2H), 2.35 (dd, ] = 9.3, 4.2 Hz, 2H), 1.80 - 1.44 (m,
©)L 4H 13c NMR (75 MHz, CDCls) 6 167.7 (C), 134.8 (C), 131.7

, 131.5 (CH), 128.7 (CH), 128.3 (CH), 127.8 (CH), 127.0

10p (CH) 123.9 (C), 89.8 (O), 81.3 (C), 39.7 (CHy>), 29.0 (CH>), 26.2

(CH), 19.2 (CH2). LRMS (my/z, I) 277 (32), 261 (50), 249 (12). HRMS calculated for CioHi7NO
275.1310, found 275.1312

N-(7-Phenylhept-6-yn-1-yl)benzamide (10q): yellow oil. tH NMR (300 MHz, CDCls) 6 7.79 -
7.54 (m, 2H), 7.47 - 7.22 (m, 5H), 7.23 - 7.12 (m, 3H), 6.31 (br
s, 1H), 3.47 - 3.26 (m, 2H), 2.34 (t, ] = 6.7 Hz, 2H), 1.70 - 1.36
©)‘\ /\/\/\© (m, 6H 13C NMR (75 MHz, CDCls) & 167.7 (C), 134.9 (C),
131.6 ( 131.4 (CH), 128.6 (CH), 128.3 (CH), 127.6 (CH),
126.9 (CH), 124.0 (C), 90.0 (C), 80.1(C), 40.0 (CHz), 29.3

(CHa), 28.4 (CH2), 26.2 (CH2), 19.4 (CHz). LRMS (m/z, 1) 291 (36), 277 (16). HRMS calculated
for CaoH19NO 291.1623, found 291.1624.

180 This substrate was prepared using 4-hexyn-1-ol as starting material for the Mitsunobu reaction following the
general procedure for the synthesis of benzamides.
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2.2 Procedure for the synthesis of alkynylbenzamides (14a-14d), exemplified

for 14a.
|
oy i
Et3N
o Pd(PPhs), (5 mol%), HJ\N
HAN"ON Hj\ cul (5 mol%) | H
| Cl CH,Cl, rt, 5h EtsN, 5h, 60°C =7

14a

Acryloyl chloride (0.2 mL, 2.4 mmol) was stirred in CH>Cl> (10 mL) with triethylamine (0.46
mL, 0.36 mmol) at rt for 10 min. Addition of commercial available 4-pentynamine (200 mg,
2.40 mmol) was followed by stirring for 5 h. The CH>Cl, was removed in vacuo, and the
remaining residue was dissolved in ethyl acetate. The solution was washed with 10% HCl
and brine, dried over magnesium sulfate and filtered. The solvent was removed and the
product was purified by column chromatography (hexanes:EtOAc; 1:1) to afford N-(pent-4-
yn-1-yl)acrylamide (13) (208 mg, 63%).

In a Schlenk flask containing Pd(PPhs)s (87 mg, 5 mol %) and Cul (14 mg, 5 mol%) at rt, N-
(pent-4-yn-1-yl)acrylamide (206 mg, 1.5 mmol) and EtsN (10 mL) were added with stirring.
Then iodobenzene (0.16 mL, 1 equiv.) was added and the mixture was heated to 60 °C. After
5 hours the solvent was removed and the product was purified by column chromatography
(hexanes:ethyl acetate; 1:1) to afford the product 14a (262 mg, 82%).

N-(5-Phenylpent-4-yn-1-yl)acrylamide (14a): yellow oil. 1H NMR (300 MHz, CDCl;) 6 7.42 -

° 7.21 (m, 5H), 648 (s, 1H), 6.25 (d, ] = 17.0 Hz, 1H), 6.11 (dd, ] = 17.0,
HLN o 10 Hz, 1H), 557 (d, ] = 10.0 Hz, 1H), 3.47 (q, ] = 6.4 Hz, 2H), 2.45 (t, |
| H N = 6.9 Hz, 2H), 1.83 (m, 2H). 3C NMR (75 MHz, CDCl;) 5 165.7 (C),

142 131.4 (CH), 130.8 (CH), 128.1 (CH), 127.6 (CH), 126.1 (CH,), 123.5 (C),

88.9 (C), 81.3 (C), 38.8 (CHa), 28.2 (CHa), 17.0 (CH,). LRMS (m/z, I)
157 (50), 140 (69).

N-(5-Phenylpent-4-yn-1-yl)methacrylamide (14b): yellow solid TH NMR (300 MHz, CDCls)
0 744 - 734 (m, 2H), 7.33 - 7.22 (m, 3H), 6.14 (s, 1H), 5.71 - 5.64

\H)J\ (m, 1H), 5.33 - 5.26 (m, 1H), 3.49 (dd, ] =12.7, 6.7 Hz, 2H), 2.49 (t, |
/\/\© = 6.9 Hz, 2H), 1.99 - 1.92 (m, 3H), 1.86 (p, ] = 6.9 Hz, 2H).13C NMR

(75 MHZ, CDC13) 6 168.5 (C), 140.1 (C), 131.5 (CH), 128.2 (CH),

127.8 (CH), 123.5 (C), 119.3 (CHy), 89.0 (C), 81.5 (C), 39.1 (CH>),

28.2 (CHy), 18.6 (CHs), 17.3 (CHz). LRMS (m/z, 1) 212 (7), 199 (40). HRMS calculated for
C1sHizNO 227.1310, found 227.1312.

132



Chapter VI.

N-(5-Phenylpent-4-yn-1-yl)cyclohex-1-enecarboxamide (14d): yellow oil. TH NMR (300

° MHz, CDCls) & 7.41 - 7.34 (m, 2H), 7.31 - 7.24 (m, 3H), 6.66 -
O)LN o 6.54 (m, 1H), 6.03 (s, 1H), 3.49 (dd, ] = 12.6, 6.5 Hz, 2H), 2.49 (t, ]
H N = 6.8 Hz, 2H), 2.23 - 2.16 (m, 2H), 2.08 (dd, ] = 6.1, 2.4 Hz, 2H),

14d 1.85 (p, ] = 6.7 Hz, 2H), 1.67 - 1.50 (m, 4H).13C NMR (75 MHz,

CDCls) 6 168.6 (C), 133.3 (CH), 133.1 (C), 131.5 (CH), 128.2 (CH),
127.7 (CH), 123.5 (C), 89.2 (C), 81.5 (C), 39.1 (CH.), 28.3 (CHa), 25.3 (CH.), 24.3 (CHa), 22.1
(CH>), 21.5 (CH,), 17.4 (CHa). LRMS (m/z, I) 250 (11), 239 (30).

2.3 Procedure for synthesis of hexynamides 18a and 18b, exemplified for

18b.

o] P '
W
HO o] ©/ i
NH, DCC (1 equiv) Pd(PPhs), (5 mol%), HN
DMAP (10 mol%) HN Cul (5 mol%)
OO CH,Cly, reflux, 5h Il EtsN, 5h, 60°C | |
18b Ph

To a solution of hex-5-ynoic acid (1.1 mL, 10 mmol) in CH2Cl, (50 mL) at room temperature
under argon were added dimethylaminopyridine (DMAP, 12 mg, 0.10 mmol), N,N'-
Dicyclohexylcarbodiimide (DCC, 2.06 g, 10 mmol) and naphthalen-1-amine (1.43 g, 10.0
mmol). The mixture was stirred 10 min. at this temperature and then heated at reflux for 5
hours. CH>Cl> (20 ml) was added and the precipitate filtered off. The resulting homogeneous
solution was washed with 10% HCI (20 ml) and saturated NaHCOs3 (20 ml). The solvent was
evaporated and the crude product purified by flash chromatography (Hexanes:EtOAc; 3:1) to
give N-(naphthalen-1-yl)hex-5-ynamide (1.28 g, 54 %) as a white solid.

In a Schlenk flask containing Pd(PPhs)s (232 mg, 5 mol %) and Cul (37 mg, 5 mol%), N-
(naphthalen-1-yl)hex-5-ynamide (744 mg, 4 mmol) and EtsN (20 mL) were stirred at room
temperature. Then iodobenzene (0.43 mL, 1 equiv.) was added and the mixture was heated
to 60 °C. After 5 hours the solvent was removed and the crude product was purified by
column chromatography (hexanes:diethylether; 1:1) to afford the product 18b (511 mg, 59%).

N,6-Diphenylhex-5-ynamide (18a): TH NMR (300 MHz, CDCls) 6 7.67 (s, 1H), 7.60 - 7.21 (m,
o 9H), 7.16 - 6.96 (m, 1H), 2.68 - 2.41 (m, 4H), 2.09 - 1.95 (m, 2H).13C NMR (75
MHz, CDCls) 6 170.8 (C), 137.9 (C), 131.5 (CH), 128.9 (CH), 128.2 (CH), 127.7
(CH), 124.1 (CH), 123.6 (C), 119.9 (CH), 88.9 (C), 81.6 (C), 36.2(CH>), 24.2
(CH2), 18.8 (CH2).LRMS (m/z, I) 220 (18), 159 (34). HRMS calculated for

18a " CisHiyNO 263.1310, found 263.1309.

HN
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N-(Naphthalen-l-yl) 6-phenylhex-5-ynamide (18b): 1H NMR (300 MHz, CDCls) 6 8.04 (s,
1H), 7.89 - 7.79 (m, 2H), 7.71 (dd, ] = 33.9, 7.8 Hz, 2H), 7.53 - 7.21 (m, 8H),

2.59 (t, ] =7.2Hz, 2H), 2.50 (t, ] = 6.9 Hz, 2H), 2.07 - 1.95 (m, 2H).3C NMR

(75 MHz, CDCl3) 6 171.5 (C), 133.9 (C), 132.2 (C), 131.5 (CH), 128.4 (CH),

| 128 2 (CH), 127.7 (CH), 127.4 (C), 126.0 (CH), 125.8 (CH), 125.4 (CH), 123.6

), 121.3 (CH), 121.0 (CH), 89.0 (C), 81.7 (C), 35.8 (CH>), 24.4 (CH>), 18.7

(CHo). LRMS (m/z I) 183 (19), 128 (27). HRMS calculated for CpyHiyNO 313.1467, found
313.1465.

2.4 Procedure for catalytic reactions of alkynylbenzamides 11a-11q.

Q [Cp*RhCls], (2.5 mol%) Q

N ) Cu(OAc),'H,0 (2.1 equiv) @ N
H n Py
t-AmOH, reflux, 16h =
=
R
10 11

In a Schlenk flask equipped with a stir bar were added 10 (0.25 mmol), [Cp*RhCl;]> (3.9 mg,
2.5% mol) and Cu(OAc)2 (91 mg, 0.52 mmol) without any particular precautions to extrude
oxygen or moisture. ¢-AmOH (2.0 mL) was then added and the flask sealed and placed in a
pre-heated (110 °C) block. The reaction was stirred for 16 hours, cooled to room temperature
and checked by TLC. The solvent was removed in vacuo and the remaining residue was
purified by flash column chromatography on silica gel (hexanes:ethyl acetate) to afford the
corresponding product 11.

10-Phenyl-2,3-dihydropyrrolo[1,2-blisoquinolin-5(1H)-one (11a): white solid. tH NMR (300
MHz, CDCl;) 6 8.48 (ddd, ] =7.9,1.5, 0.5 Hz, 1H), 7.58 - 7.34 (m, 5H), 7.34 -
7.22 (m, 3H), 4.31 - 4.20 (m, 2H), 2.93 (t, ] = 7.6 Hz, 2H), 2.14 (dt, ] = 14.8, 7.5
Hz, 2H). 3C NMR (75 MHz, CDCl;) & 161.0 (C), 141.2 (C), 138.0 (C), 136.3
(©), 131.8 (CH), 130.5 (CH), 128.6 (CH), 127.5 (CH), 127.3 (CH), 125.5 (CH),
124.9 (C), 124.2 (CH), 113.6 (C), 48.5 (CH), 31.0 (CH>), 21.8 (CHz) .LRMS
(m/z, I) 261 (100), 260 (75) HRMS calculated for CisHisNO 261.1154, found

275.1160.

8-Methoxy-10-phenyl-2,3-dihydropyrrolo[1,2-blisoquinolin-5(1H)-one (11b): brown solid.
1H NMR (300 MHz, CDCls) 6 8.31 (d, ] = 8.9 Hz, 1H), 7.66 - 7.12 (m,
6H), 7.04 - 6.82 (m, 1H), 6.55 (d, ] = 2.5 Hz, 1H), 4.28 - 4.02 (m, 2H), 3.63
(s, 3H), 2.82 (t, ] = 7.6 Hz, 2H), 2.04 (dt, ] = 14.9, 7.5 Hz, 2H).13C NMR
(75 MHz, CDCls) 6 162.6 (C), 160.9 (C), 142.1 (C), 140.3 (C), 136.5 (C),
130.6 (CH), 129.5 (CH), 128.8 (CH), 127.6 (CH), 119.1 (C), 114.5 (CH),

O
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113.4 (C), 106.0 (CH), 55.3 (CHz), 48.4 (CH>), 31.2 (CH>), 21.9 (CH,).LRMS (m/z, I) 291 (100),
277 (30). LRMS (m/z, I) 341 (28), 313 (9), 212 (38). HRMS calculated for CioH17NO> 291.1259,
found 291.1266

10-Phenyl-8-(trifluoromethyl)-2,3-dihydropyrrolo[1,2-b]isoquinolin-5(1H)-one (11c): green
solid. tH NMR (300 MHz, CDCl;) 6 8.52 (d, ] = 8.4 Hz, 1H), 7.63 - 7.31
(m, 5H), 7.31 - 7.15 (m, 2H), 4.23 (t, ] = 7.2 Hz, 2H), 2.89 (t, ] = 7.6 Hz,
2H), 2.25 - 2.03 (m, 2H). 3C NMR (75 MHz, CDCl;) 6 160.3 (C), 143.2
(©),138.1 (C), 135.3 (C), 133.53 (q, ] = 32.1 Hz, C), 130.4 (CH), 129.1 (CH),
128.6 (CH), 128.1 (CH), 127.0 (C), 1239 (q, ] = 273.0 Hz, C), 121.6 (q, ] =
3.4 Hz, CH), 113.6 (C), 48.8 (CH>) , 31.3 (CH>), 21.8 (CH2). LRMS (m/z, )
329 ([M] 100), 328 (38) HRMS calculated for C19H14NOF5329.1027, found 329.1019.

8-Bromo-10-phenyl-2,3-dihydropyrrolo[1,2-blisoquinolin-5(1H)-one (11d): green solid 'H
NMR (300 MHz, CDCls) & 8.23 (d, ] = 8.6 Hz, 1H), 7.32 (ddd, | = 464,
25.7,6.7 Hz, 7H), 4.16 (t, ] = 7.2 Hz, 2H), 2.84 (t, ] = 7.6 Hz, 2H), 2.29 - 1.92
(m, 2H).13C NMR (75 MHz, CDCls) 6 160.6 (C), 143.0 (C), 139.7 (C), 135.6
(©), 130.5 (CH), 129.3 (CH), 129.0 (CH), 128.9 (CH), 127.9 (CH), 1274 (C),
126.8 (CH), 123.7 (C), 112.8 (C), 48.7 (CH>), 31.3 (CH>), 21.8 (CHz).LRMS
(m/z, 1) 341 (28), 313 (9), 212 (38) HRMS calculated for CisH1s2NOBr
339.0259, found 339.0259.

7-methyl-10-phenyl-2,3-dihydropyrrolo[1,2-blisoquinolin-5(1H)-one (11e): yellow solid. TH
NMR (300 MHz, CDCls) 6 8.28 (s, 1H), 7.53 - 7.22 (m, 6H), 7.18 (d, ] = 8.3
Hz, 1H), 4.30 - 4.22 (m, 2H), 2.92 (t, | = 7.6 Hz, 2H), 2.46 (s, 3H), 2.20 - 2.07
(m, 2H). 3C NMR (75 MHz, CDCl;) 6 161.1 (C), 140.4 (C), 136.6 (C), 135.9
(©), 135.7 (C), 133.5 (CH), 130.7 (CH), 128.8 (CH), 127.5 (CH), 127.1 (CH),
125.0 (C), 124.3 (CH), 113.7 (CH), 48.6 (CH>), 31.03 (CH), 22.1 (CH>), 21.3
(CHs).

7-methoxy-10-phenyl-2,3-dihydropyrrolo[1,2-blisoquinolin-5(1H)-one (11f): yellow solid.
1H NMR (300 MHz, CDCl;) 6 7.88 (d, | = 2.7 Hz, 1H), 7.58 - 7.33 (m,
3H), 7.33 - 7.10 (m, 4H), 4.32 - 4.23 (m, 2H), 3.93 (s, 3H), 292 (t, ] = 7.6
Hz, 2H), 2.21 - 2.09 (m, 2H). 3C NMR (75 MHz, CDCl;) 6 160.7 (C),
157.9 (C), 138.8 (C), 136.4 (C), 132.2 (C), 130.5 (CH), 128.6 (CH), 127.4
(©), 126.1 (C), 125.9 (CH), 122.3 (CH), 113.7 (C), 107.1 (CH), 55.6 (CHs),
48.6 (CH>), 30.7 (CHy), 22.0 (CHy).
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9-methoxy-10-phenyl-2,3-dihydropyrrolo[1,2-b]isoquinolin-5(1H)-one (11f’): yellow solid.

o 1H NMR (300 MHz, CDCls) 6 8.13 (dd, | = 8.1, 1.0 Hz, 1H), 7.47 - 7.12 (m,
6H), 6.97 (dd, ] = 7.8, 0.7 Hz, 1H), 4.37 - 411 (m, 2H), 3.35 (s, 3H), 2.79 (t, ] =
7.7 Hz, 2H), 2.22 - 1.98 (m, 2H). 3C NMR (75 MHz, CDCl;) 6 160.8 (C),
155.9 (C), 141.9 (C), 141.0 (C), 129.5 (CH), 128.5 (C), 127.5 (CH), 126.9 (C),
126.3 (CH), 126.2 (CH), 120.0 (CH), 114.1 (CH), 112.1 (C), 55.9 (CHs), 48.9
(CHb»), 31.6 (CH>), 21.7 (CH>).

Assignment of regioisomers by 1TH-NMR

The two regioisomers were assigned based on the coupling constants. As expected, in the 1H-
NMR spectrum of 11f, H, appears as a doublet (d) with a small J.. = 2.7 Hz characteristic of
this long distant couplings. Meanwhile, in the 'H-NMR spectrum of 11f’, H. is a double of
doublets (dd) with a J., = 8.1 Hz and a small J. = 1 Hz, which are also characteristic of these
couplings.

7-Phenyl-9,10-dihydrobenzo[h]pyrrolo[1,2-b]isoquinolin-12(8H)-one (11g): yellow solid. 1H
NMR (300 MHz, CDCls) 6 10.25 (d, | = 8.7 Hz, 1H), 8.02 - 6.98 (m, 10H),
444 - 413 (m, 2H), 2.84 (td, ] = 7.7, 2.5 Hz, 2H), 2.25 - 1.88 (m, 2H). 13C
NMR (75 MHz, CDCl) 6 161.6 (C), 143.2 (C), 139.5 (C), 136.8 (C), 133.1
(CH), 132.3 (C), 131.7 (C), 130.9 (CH), 128.8 (CH), 128.2 (CH), 128.0 (CH),
127.6 (CH), 127.4 (CH), 126.0 (CH), 122.8 (CH), 117.9 (C), 114.2 (C), 49.5
(CHz), 31.6 (CH2), 21.4 (CHz). LRMS (m/z, I) 313(57), 312 (89), 285 (40)
HRMS calculated for C»H17NO311.1309, found 311.1310

10-(0-Tolyl)-2,3-dihydropyrrolo[1,2-blisoquinolin-5(1H)-one (11h): pale yellow solid. 'H
NMR (300 MHz, CDCls) 6 8.54 - 8.38 (m, 1H), 7.71 - 7.20 (m, 5H), 7.16 (d, | =
7.0 Hz, 1H), 6.99 (dd, ] = 8.1, 0.9 Hz, 1H), 4.38 - 4.17 (m, 2H), 2.98 - 2.60 (m,
2H), 2.28 - 2.06 (m, 2H), 2.04 (s, 3H). 3C NMR (75 MHz, CDCls) 6 161.4 (C),
141.2 (C), 138.1 (C), 137.8 (C), 135.6 (C), 132.1 (CH), 131.0 (CH), 130.4 (CH),
128.2 (CH), 127.6 (CH), 126.4 (CH), 125.7 (CH), 125.0 (C), 124.2 (CH), 113.0
(C), 48.6 (CHy), 30.8 (CH>), 21.9 (CH2), 19.8 (CHs). LRMS (m/z, I) 275 (100),
260 (3), 246 (7). HRMS calculated for C1oH17NO275.1310, found 275.1316.
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10-(3,5-Dimethylphenyl)-2,3-dihydropyrrolo[1,2-blisoquinolin-5(1H)-one ~ (11i): yellow
solid. tH NMR (300 MHz, CDCls) 6 8.40 (d, | = 8.0 Hz, 1H), 7.72 - 7.11 (m,
3H), 6.93 (d, ] = 21.7 Hz, 1H), 6.84 (s, 2H), 4.35 - 4.08 (m, 2H), 2.87 (t, ] = 7.6
Hz, 2H), 2.54 - 2.17 (m, 6H), 2.07 (dt, ] =15.2, 7.5 Hz, 2H). 3C NMR (75 MHz,
CDCl) 6 161.2 (C), 141.1 (C), 138.3 (2xC), 136.2 (C), 131.9 (CH), 130.7 (C),
129.2 (CH), 128.3 (2xCH), 127.4 (CH), 125.6 (CH), 125.0 (C), 124.5 (CH), 114.1
(©), 48.6 (CH2), 31.2 (CH>), 22.0 (CHy), 21.5 (CHs3).LRMS (m/z, I) 289 (100), 274
(7). HRMS calculated for C2H19NO289.1467, found 289.1467.

10-(Naphthalen-1-yl)-2,3-dihydropyrrolo[1,2-blisoquinolin-5(1H)-one (11j): brown oil. H

o NMR (300 MHz, CDCls) & 8.58 - 8.47 (m, 1H), 7.95 (d, ] = 7.8 Hz, 2H), 7.63 -
732 (m, 7H), 6.98 - 6.88 (m, TH), 442 - 4.24 (m, 2H), 2.94 - 2.78 (m, H), 2.63
O P (ddd, ] = 17.0, 8.2, 6.8 Hz, 1H), 2.23 - 2.03 (m, 2H).13C NMR (75 MHz, CDCls)

1j 81619 (C), 1428 (C), 139.2 (C), 134.4 (C), 134.2 (), 133.2 (C), 1325 (CH),

OO 129.2 (CH), 129.0 (CH), 128.9 (CH), 127.9 (CH), 126.9 (CH), 126.6(CH), 126.3

(CH), 126.2 (CH), 126.1 (CH), 125.3 (C), 125.1 (CH), 111.9 (C), 49.1 (CH,), 31.3

(CHa), 22.2 (CH,). LRMS (m/z, T) 311 (100) 282 (5) HRMS calculated for CoH1NO311.1310,
found 275.1310

10-(p-Tolyl)-2,3-dihydropyrrolo[1,2-blisoquinolin-5(1H)-one (11k): yellow solid. TH NMR
(300 MHz, CDCls) 6 8.39 (d, ] = 7.9 Hz, 1H), 7.48 - 7.27 (m, 3H), 7.21 (dd, ] =
8.1,43 Hz, 2H), 711 (d, ] = 7.8 Hz, 2H), 4.19 (t, | = 7.2 Hz, 2H), 2.85 (t, = 7.6
Hz, 2H), 2.35 (s, 3H), 2.13-1.98 (m 2H). 3C NMR (75 MHz, CDCls) 6 161.2
(C), 141.3 (C), 1384 (C), 137.3 (C), 133.4 (C), 131.9 (CH), 130.5 (CH), 129.5
(CH), 127.5 (CH), 125.6 (CH), 125.1 (C), 124.4 (CH), 113.8 (C), 48.6 (CH>), 31.2
(CH»), 22.0 (CH,), 214 (CH3).LRMS (m/z, I) 275 (100), 261 (24) HRMS
calculated for C19H17N0O275.1310, found 275.1304.

10-(4-Methoxyphenyl)-2,3-dihydropyrrolo[1,2-blisoquinolin-5(1H)-one (111): yellow oil. 1H
NMR (300 MHz, CDCls) 6 8.40 (dd, | = 8.0, 1.4 Hz, 1H), 7.50 - 7.09 (m, 5H),
7.03 - 6.88 (m, 2H), 4.29 - 4.12 (m, 2H), 3.80 (s, 3H), 2.86 (t, ] = 7.6 Hz, 2H),
2.07 (dt, ] =15.3, 7.6 Hz, 2H).13C NMR (75 MHz, CDCl3) 6 161.2 (C), 159.1 (C),
141.5 (C), 138.5 (C), 131.9 (CH), 131.7 (CH), 128.5 (C), 127.5 (CH), 125.6 (CH),
125.0 (C), 1244 (CH), 114.2 (CH), 113.42 (C), 55.4 (CHz3), 48.6 (CHy), 31.2
(CH2), 22.0 (CH2). LRMS (m/z, 1) 275 (100), 261 (24) HRMS calculated for
C19H17N02 291.1250, found 291.1260.
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10-(4-(Trifluoromethyl)phenyl)-2,3-dihydropyrrolo[1,2-blisoquinolin-5(1H)-one (11m):
yellow solid. TH NMR (300 MHz, CDCls) 6 8.41 (dd, ] = 8.0, 1.3 Hz, 1H), 7.67
(d, J=8.2Hz, 2H), 7.51 - 7.32 (m, 4H), 7.13 (d, ] = 8.0 Hz, 1H), 4.24 - 4.16 (m,
2H), 2.85 (t, ] = 7.6 Hz, 2H), 2.17 - 2.03 (m, 2H).13C NMR (75 MHz, CDCl3) 6
161.1 (C), 141.8(C), 140.4 (C), 137.6 (C), 132.2 (CH), 131.2 (2xCH), 1299 (q, | =
33.0 Hz) (C), 127.7 (CH), 126.0 (CH), 125.8 (q, ] = 3.6 Hz) (2xCH), 125.1 (C),
120.7 (q, ] = 271.7 Hz) (C), 112.4 (C), 48.7 (CH), 31.2 (CH>), 22.0 (CHo).
LRMS (my/z, I) 329 (100), 328 (48), 310 (7) HRMS calculated for C1oH142NOF3
329.1027, found 329.1028.

10-methyl-2,3-dihydropyrrolo[1,2-blisoquinolin-5(1H)-one (110): white solid TH NMR (300

o MHz, CDCls) 6 8.37 (d, ] = 8.0 Hz, 1H), 7.57 (ddd, J = 12.8, 9.8, 4.7 Hz, 2H),
\ 7.45 - 7.28 (m, 1H), 4.26 = 4.04 (m, 2H), 3.03 (t, ] = 7.6 Hz, 2H), 2.41 - 2.02 (m,
_ 5H). 13C NMR (75 MHz, CDCl3) & 161.5 (C), 140.6 (C), 138.9 (C), 132.4 (CH),

110 1281 (CH), 1259 (CH), 125.7 (C), 122.9 (CH), 106.2 (C), 48.9 (CH»), 30.7
(CH2), 22.1 (CH>), 13.9 (CH3).LRMS (m/z, I) 199 (100), 184 (8), 170 (9) HRMS
calculated for C13H1:N0199.0097, found 199.0098.

11-Phenyl-3,4-dihydro-1H-pyrido[1,2-blisoquinolin-6(2H)-one (11p): orange solid 'H NMR
(300 MHz, CDCls) 6 8.47 (dd, | = 8.0, 1.4 Hz, 1H), 7.78 - 6.78 (m, 8H), 4.40 -
4.04 (m, 2H), 2.73 - 2.38 (m, 2H), 2.11 - 1.84 (m, 2H), 1.84 - 1.59 (m, 2H). 13C
NMR (75 MHz, CDCl;) 6 162.5 (C), 138.4 (C), 137.3 (C), 136.9 (C), 131.9 (CH),
131.1 (CH), 128.9 (CH), 127.8 (CH), 127.6 (CH), 125.7 (CH), 124.7 (CH), 124.0
(©), 116.3 (C), 41.2 (CH>), 26.8 (CH>), 22.0 (CH), 19.1 (CH.).LRMS (EI) m/z
275 (100), 260 (13) 246 (8) LRMS (m/z, I) 341 (28), 313 (9), 212 (38). HRMS
calculated for C19H17NO275.1310, found 275.1312.

12-Phenyl-8,9,10,11-tetrahydroazepino[1,2-blisoquinolin-5(7H)-one (11q): white solid. 1H
NMR (300 MHz, CDCls) & 8.60 - 8.25 (m, 1H), 7.58 - 7.02 (m, 7H), 7.02 - 6.77
(m, 1H), 4.62 - 4.25 (m, 2H), 2.77 - 2.44 (m, 2H), 1.66 (ddd, ] =17.1,15.4, 11.8
Hz, 6H). 3C NMR (75 MHz, CDCl;) 6 162.5 (C), 142.9(C), 137.8 (C), 137.6
(©), 132.0 (CH), 131.1 (CH), 128.9 (CH), 128.1 (CH), 127.5 (CH), 125.9 (CH),
125.2 (CH), 124.3 (C), 116.8 (C), 43.8 (CH>), 30.9 (CH), 29.3 (CH>), 28.6
(CH2), 27.8 (CHz). LRMS (m/z, I) 289 (100), 274 (9), 260 (25), 234 (26) LRMS
(m/z, I) 341 (28), 313 (9), 212 (38). HRMS calculated for C20H19NO289.1467, found 289.1466.
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2.5 Procedure for catalytic reactions of acrylamides 15a-15d.

[e) [Cp*RhCl5]5 (2.5 mol%) o)
R Cu(OAc),H50 (2.1 equiv) R
Ir/ \l H CsOAc (1 equiv) Ir” ‘l N
Seo- / t-AmOH, reflux, 16h LN~
Z
Ph Ph
14 15

[Cp*RhCL]2 (3.9 mg, 2.5 mol%), Cu(OAc), H2O (91 mg, 0.52 equiv.) and CsOAc (58 mg,
0.30mmol) were added to a Schlenk flask followed by the addition of --AmOH (2.0 mL) and
acrylamide 14 (0.25 mmol). The reaction was sealed and placed in a pre-heated (110°C) block.
The reaction was stirred for 14 hours, cooled to room temperature and checked by TLC. The
solvent was removed and the compound purified by flash column chromatography on silica
gel (hexanes:ethyl acetate; 1:1) to afford the product 15a-15d.

8-Phenyl-2,3-dihydroindolizin-5(1H)-one (15a): yellow solid. tH NMR (300 MHz, CDCl;) &

o 7.47 - 7.08 (m, 6H), 6.44 (d, ] = 9.2 Hz, 1H), 4.25 - 4.02 (m, 2H), 3.09 (t, ] = 7.6 Hz,
\ 2H), 2.09 (dt, ] = 14.8, 7.6 Hz, 2H).3C NMR (75 MHz, CDCL) 6 161.6 (C), 147.4
P> (C), 141.6 (CH), 137.6 (C), 128.6 (CH), 128.0 (CH), 127.0 (CH), 117.7 (CH), 116.2
L 1sa (©), 49.0 (CHy), 32.0 (CHb), 21.6 (CH:).LRMS (m/z, I) 210 (100), 181 (25) .HRMS

calculated for C14H13NO 211.0997, found 211.0997.

6-Methyl-8-phenyl-2,3-dihydroindolizin-5(1H)-one (15b): yellow liquid. TH NMR (300

o MHz, CDCls) 8 7.38 - 7.28 (m, 2H), 7.28 - 7.17 (m, 4H), 4.19 - 4.09 (m, 2H), 3.07
" (t, ] = 7.6 Hz, 2H), 2.12 (s, 3H), 2.11 - 2.05 (m, 2H).3C NMR (75 MHz, CDCls) &
> 161.7 (C), 144.3 (C), 139.0 (CH), 137.9 (C), 128.5 (CH), 128.0 (CH), 126.7 (CH),

b 15 126.6 (C), 1155 (C), 49.0 (CHy), 31.7 (CHa), 22.0 (CH.), 16.4 (CHs). LRMS (m/Z,
) 212 (8), 271 (3). HRMS calculated for Ci5HisNO 225.1154, found 225.1149.

10-Phenyl-2,3,6,7,8,9-hexahydropyrrolo[1,2-blisoquinolin-5(1H)-one (15d): yellow liquid.

o 1H NMR (300 MHz, CDCls) § 7.48 - 7.29 (m, 3H), 7.22 - 7.11 (m, 2H), 4.19 (t,
] =7.2Hz, 2H), 2.78 (t, ] = 7.7 Hz, 2H), 2.69 - 2.56 (m, 2H), 2.22 (t, ] = 6.1 Hz,
P 2H), 2.17 - 2.01 (m, 2H), 1.82 - 1.66 (m, 2H), 1.66 - 1.53 (m, 2H). 3C NMR (75

1s¢ MHz, CDCL) 6 161.2 (C), 146.7 (C), 143.1 (C), 137.0 (C), 130.0 (CH), 128.4

(CH), 127.2 (CH), 1244 (C), 117.0 (C), 48.9 (CH>), 31.1 (CH>), 28.3 (CH>), 23.8
(CH2), 22.3 (CH>), 22.0 (CH>), 21.4 (CH>). LRMS (m/z, I) 250 (21), 236 (5). HRMS calculated
for C1sH1sNO 265.1467, found 265.1461.

Ph
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2.6 Procedure for annulation of hexynamides 18a and 18b. exemplified for

18b.

[Cp*RhCl,], (2.5 mol%)

HN Cu(OAc), (2.1 equiv) Ph N0
| | t-AmOH, reflux, 16h
S e
Ph
18b 19

In a Schlenk flask, under argon atmosphere, [Cp*RhCl:]> (2.5 mg, 2.5 mol%), and Cu(OAc)
H20 (64 mg, 2.1 equiv.) were added with stirring followed by the addition of +-AmOH (1.12
mL) and hexynamide 18b (0.15 mmol, 47 mg) .The reaction was sealed and placed in a pre-
heated (110°C) block. The reaction was stirred for 6 hours and then cooled to room
temperature and checked by TLC. The solvent was removed and the remaining residue was
purified by flash column chromatography on silica gel (hexanes:ethyl acetate; 3:1) to afford
the product 19 (33 mg, 71%). Yellow solid. tH NMR (300 MHz, CDCls) 6 8.14 (d, ] = 7.4 Hz,
1H), 7.37 (ddd, ] = 14.9, 11.3, 4.7 Hz, 6H), 7.16 (dd, ] = 6.5, 5.1 Hz, 2H), 7.09 - 6.99 (m, 1H),
6.25 (d, ] = 7.2 Hz, 1H), 2.71 (t, ] = 6.6 Hz, 2H), 2.44 - 2.36 (m, 2H), 1.82 - 1.72 (m, 2H).13C
NMR (75 MHz, CDCl;) 6 170.2 (C), 137.3 (C), 134.9 (C), 134.2 (C), 133.8 (C), 131.5 (C), 130.2
(CH), 129.2 (CH), 127.5 (CH), 126.3 (CH), 126.2 (CH), 124.3 (CH), 122.8 (CH), 122.2 (C), 118.3
(CH), 118.0 (CH), 35.2 (CH>), 28.2 (CH>), 18.6 (CH). LRMS (m/z, I) 282 (57), 253 (69). HRMS
calculated for CoyH17NO 311.1310, found 311.1307.

To fully confirm the regiochemistry of the O,N
cycloaddition we have compared the NMR ‘ y ‘
N~ O

spectra of 19 (1H, 13C, COSY, COSY,

Z "N” ~0
HMBC and HMQC) with those of the O OO
19b 19¢

analogs 19b and 19c.

2.7 Kinetic studies.

In a Schlenk flask equipped with a stir bar were added 10 (120 mg, 0.456 mmol) or 10-D5
(122 mg, 0,456 mmol), [Cp*RhClz]> (7.0 mg, 0.011 mmol), and Cu(OAc)2 (91 mg, 0.52 mmol)
without any particular precautions to extrude oxygen or moisture. -~AmOH (2.0 mL) was
then added and the flask sealed and placed in a pre-heated (110 °C) block. Both reactions
were set at the same time in the same heater. Aliquots (0.1 mL) were taken every 5 min for 10
and every 15 min for 10-D5. The aliquots were diluted in 1 mL of CH>Cl> and immediately
filtered through a florisil pad. Volatiles were removed and 'H NMR of the crude residues
were taken. The yield was found by integrating the methylene peaks of the benzamide and
the isoquinolone.
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Measurement of the KIE
0,06 y =5E-05x - 0,0161
005 y = 5E-05x - 0,0116

X / y = 2E-05x - 0,005
0,04 y = 2E-05x - 0,0067
0,03 / //
0,02 % / 4 10-runl

0,01 % M 10-run2
5E-17

Ammount of product (mmol)

0,01 A 10-D5-runl
0 500 1000 1500 2000 2500 3000
' ® 10-D5-run2
Time (s)
DATA FOR 10a

Time Run1 Run 2

300 0,0004 0,0004
600 0,013 0,019
900 0,031 0,031

1200 0,046 0,043

Slope =4.96 x 105 M s

DATA for 10a-D5

Time Run1 Run 2
900 0,012 0,012
1800 0,030 0,033
2700 0,049 0,048

Slope =2.00 x 10> M s

KIE = 2.48
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2.8 DFT calculations
Methods:

Gas-phase calculations were performed with Gaussian03!8! and Gaussian 09182 at DFT level.
The geometries of all complexes here reported were optimized using the B3LYP hybrid
functional. Optimizations were carried out using the standard 6-31G(d) basis set for C, H, O,
and N. The LANL2DZ basis set, which includes the relativistic effective core potential (ECP)
of Hay and Wadt, and employs a split valence (double-zeta) basis set, was used for Rh.
Harmonic frequencies were calculated at the same level to characterize the stationary points
and to determine the zero-point energies (ZPE). The starting approximate geometries for the
transition states (TS) were located graphically. Intrinsic reaction coordinate (IRC) studies
were performed to confirm that all transition state structures connect the proposed reactants
and products. Single-point PCM calculations (methanol) were performed with Gaussian 09
using the 6-311+G- (2df,2p) basis set for C, H, O, and N, and SDD for Rh. Electronic energy
values calculated with the smaller basis set have been corrected using the residual energy at
the zero point vibrational energy (ZPE). The evaluation of enthalpy (H) and Gibbs free
energy (G) implies the use of the harmonic oscillator / rigid rotor approximation, which

introduces some uncertainty in the calculation of the vibrational entropy. Unless otherwise

81 Gaussian 03, Revision C.02, Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A;

Cheeseman, J. R.; Montgomery, Jr., J. A.; Vreven, T.; Kudin, K. N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.;
Tomasi, J.; Barone, V.; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.; Nakatsuji, H.; Hada,
M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.;
Klene, M.; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.;
Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma,
K.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.; Strain, M. C.;
Farkas, O.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.;
Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.; Martin, R. L.; Fox,
D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson, B.;
Chen, W.; Wong, M. W.; Gonzalez, C.; and Pople, J. A.; Gaussian, Inc., Wallingford CT, 2004.

182 Gaussian 09, Revision A.1, Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A_;
Cheeseman, J. R.; Scalmani, G.; Barone, V.; Mennucci, B.; Petersson, G. A.; Nakatsuji, H.; Caricato, M.; Li, X.;
Hratchian, H. P.; Izmaylov, A. F.; Bloino, J.; Zheng, G.; Sonnenberg, J. L.; Hada, M.; Ehara, M.; Toyota, K;
Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.; Montgomery,
Jr., J. A.; Peralta, J. E.; Ogliaro, F.; Bearpark, M.; Heyd, J. J.; Brothers, E.; Kudin, K. N.; Staroverov, V. N.;
Kobayashi, R.; Normand, J.; Raghavachari, K.; Rendell, A.; Burant, J. C.; lyengar, S. S.; Tomasi, J.; Cossi, M.;
Rega, N.; Millam, J. M.; Klene, M.; Knox, J. E.; Cross, J. B.; Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.;
Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Martin, R. L.; Morokuma,
K.; Zakrzewski, V. G.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Dapprich, S.; Daniels, A. D.; Farkas, O.;
Foresman, J. B.; Ortiz, J. V.; Cioslowski, J.; Fox, D. J. Gaussian, Inc., Wallingford CT, 2009.
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stated, the energy values included in the main text refer to the single point calculations in

methanol performed with the higher quality base on previously optimized structures.

MECHANISTIC PATHWAYS INVESTIGATED BY DFT CALCULATIONS OF THE
INTRAMOLECULAR REACTION FOR STANDARD SUBSTRATE 10a.

o i

N N\, Cp*

\/\/\ +AcOH C AP+ 2 AcoH o ¥
*----Rh-Cp* Ph - Rn
h \

L £ N
0 I ?
Kcal/mol A
o *
/
P

AGyeon

;

N Y
H
Ph 7.6 E
1a

+ 2AcOH
+ RhCp*(OAc),

A TS1 B
EEZS%_?}'Sy Rh-C6: 2.219 Rh-C6: 2.055
Rh-O1: 2.239 Rh-N: 2.069 Rh-N: 2.074
Rh-02- 2 181 Rh-O1: 3.163 Rh-O1: 3.530
CO-H1- 1.083 Rh-02: 2.153 Rh-02: 2.289
O1-H1: 2.224 C6-H1:1.334 C6-H1: 2.059
C39-01:1.269 O1-H1:1.312 01-H1: 0.991
©39-02- 1276 C39-01:1.268 €39-01:1.320

C39-02: 1.269 C39-02. 1234

Figure S1: Intermediates involved in the C-H bond cleavage via a concerted metallation-

deprotonation transition state. Geometries obtained with B3LYP/6-31G(d) and LANL2DZ
for Rh. Distances are given in A.
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c TS2 D,
Rh-C6: 2.051 Rh-C6: 2.141 Rh-C6: 2.530
Rh-N: 2.085 Rh-N: 2.101 Rh-N: 2.058
Rh-C12: 2.309 Rh-C12: 2.305 Rh-C12: 2.727
Rh-C13: 2.191 Rh-C13: 2.038 Rh-C13: 2.021
C12-C13:1.248 C12-C13: 1.204 C12-C13: 1.348
N-C13: 2.731 N-C13: 2.498 N-C13: 2.525

C6-C12: 1.952

Figure S2: Intermediates involved in the carbometallation step. Geometries obtained with
B3LYP/6-31G(d) and LANL2DZ for Rh. Distances are given in A.183

Rh-C6: 2.530 Rh-C6: 2.721 Rh-C6: 3.033
Rh-N: 2.058 Rh-N: 2.121 Rh-N: 2.365
Rh-C12: 2.727 Rh-C12: 2.613 Rh-C12: 2.260
Rh-C13: 2.021 Rh-C13: 1.987 Rh-C13: 2.042
C12-C13:1.348 C12-C13:1.377 C12-C13: 1.432
N-C13: 2.524 N-C13: 2.009 N-C13: 1.443

Figure S3: Intermediates involved in the reductive elimination after the carbometallation
step. Geometries obtained with B3LYP/6-31G(d) and LANL2DZ for Rh. Distances are given
in A. 184

183 Two different conformations were found for intermediate C: one of them (with a lower energy),
showing a “pseudo-chair” conformation, evolving through TS2, and another one with a “pseudo-
boat” conformation, reacting through TS4. All intends to find a transition state analogous to TS4
starting with a “pseudo-chair” conformation failed, however, if it would exist, the conclusions
presented in this paper would be even more enforced.
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Rh-C6: 2.042 Rh-C6: 2.035 Rh-C6: 2.024
Rh-N: 2.064 Rh-N: 2.148 Rh-N: 2.267
Rh-C12: 2.190 Rh-C12: 2.159 Rh-C12: 2.061
Rh-C13: 2.245 Rh-C13: 2.512 Rh-C13: 2.618
C12-C13:1.242 C12-C13:1.269 C12-C13: 1.331
N-C13: 2.678 N-C13: 2.127 N-C13: 1.497

Figure S4: Intermediates involved in the N-metallation step. Geometries obtained with
B3LYP/6-31G(d) and LANL2DZ for Rh. Distances are given in A.5

Rh-C6: 2.024 Rh-C6: 2.027 Rh-C6: 2.245
Rh-N: 2.267 Rh-N: 3.120 Rh-N: 2.948
Rh-C12: 2.061 Rh-C12: 2.112 Rh-C12: 2.136
Rh-C13: 2.618 Rh-C13:2.916 Rh-C13: 2.152
C12-C13: 1.331 C12-C13: 1.360 C12-C13: 1.450
N-C13: 1.497 N-C13: 1.408 N-C13: 1.443
C6-C12: 1.981 C6-C12: 1.455

Figure S5: Intermediates involved in the reductive elimination after the N-metallation step.
Geometries obtained with B3LYP/6-31G(d) and LANL2DZ for Rh. Distances are given in A.¢

184 Intermediate E; was the one obtained by IRC calculations, and has lower energy than E, (figure S5)
which is the only one showed in the main text.
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ENERGY PROFILESS FOR THE MIGRATORY INSERTION STEP OF THE
INTERMOLECULAR REACTION.

Kcal/mol
cal/mo G1

F TS6 G,
Rh-C6: 2.048 Rh-C6: 2.146 Rh-C6: 2.713
Rh-N: 2.088 Rh-N: 2.091 Rh-N: 2.063
Rh-C12: 2.404 Rh-C12: 2.392 Rh-C12: 2.794
Rh-C13: 2.154 Rh-C13: 2.036 Rh-C13: 2.008
C12-C13: 1.244 C12-C13: 1.280 C12-C13: 1.342
N-C13:2.730 N-C13: 2.700 N-C13:2.720

C6-C12: 2.083

Figure S6: Intermediates involved in the carbometallation step for the intermolecular version.
Geometries obtained with B3LYP/6-31G(d) and LANL2DZ for Rh. Distances are given in A.
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F TS7 G,
Rh-C6: 2.048 Rh-C6: 2.043 Rh-C6: 2.031
Rh-N: 2.088 Rh-N: 2.142 Rh-N: 2.247
Rh-C12: 2.404 Rh-C12: 2.176 Rh-C12: 2.098
Rh-C13: 2.154 Rh-C13: 2.391 Rh-C13: 2.609
C12-C13: 1.244 C12-C13:1.263 C12-C13:1.334
N-C13: 2.730 N-C13: 2.089 N-C13: 1.479

Figure S7: Intermediates involved in the N-metallation step for the intermolecular version.
Geometries obtained with B3LYP/6-31G(d) and LANL2DZ for Rh. Distances are given in A.
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ENERGY PROFILES FOR THE MIGRATORY INSERTION STEP OF THE
SUBSTRATE WITH AN ELONGATED CONNECTING CHAIN.

15.3

o t
N "
D N
Ph
TS8 Rh-

o
o
d:éN ©\)L N
Cpgh ~ \ Rh {
Ph
y 92 gy
"N cor I
Rh—CP" 11 2
Ph 14

H TS8 Iy
Rh-C6: 2.053 Rh-C6: 2.136 Rh-C6: 2.595
Rh-N: 2.097 Rh-N: 2.102 Rh-N: 2.070
Rh-C12: 2.303 Rh-C12: 2.308 Rh-C12: 2.743
Rh-C13: 2.206 Rh-C13: 2.056 Rh-C13: 2.031
C12-C13: 1.250 C12-C13:1.287 C12-C13: 1.346
N-C13: 2.824 N-C13: 2.607 N-C13:2.617

C6-C12: 2.008

Figure S8: Intermediates involved in the carbometallation step for the substrate with an
elongated chain. Geometries obtained with B3LYP/6-31G(d) and LANL2DZ for Rh.
Distances are given in A.
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Rh-C6: 2.053
Rh-N: 2.097
Rh-C12: 2.303
Rh-C13: 2.206
C12-C13:1.250
N-C13: 2.824

TS9

Rh-C6: 2.024
Rh-N: 2.109
Rh-C12: 2.119
Rh-C13: 2.685
C12-C13:1.254
N-C13: 2.386

Rh-C6: 2.029
Rh-N: 2.264
Rh-C12: 2.048
Rh-C13: 2.631
C12-C13:1.335
N-C13: 1.496
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Figure S9: Intermediates involved in the N-metallation step for the substrate with an
elongated chain. Geometries obtained with B3LYP/6-31G(d) and LANL2DZ for Rh.

Distances are given in A.
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Atomic Cartesian coordinates and computed energies (atomic units) for
the stationary points calculated with basis set [B3LYP/6-31G(d) (C, H, O,
N) LANL2DZ (Rh)

1a
Zero-point correction= 0.305399
(Hartree/Particle)
Thermal correction to Energy= 0.323629
Thermal correction to Enthalpy= 0.324574
Thermal correction to Gibbs Free Energy= 0.252629
Sum of electronic and zero-point Energies= -825.773279
Sum of electronic and thermal Energies= -825.755049
Sum of electronic and thermal Enthalpies= -825.754104
Sum of electronic and thermal Free Energies= -825.826049
Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Y Z
1 7 0 -2.444107 -1.392368 -0.312168
2 6 0 -1.237033 -2.127416 0.040854
3 6 0 -3.094706 -0.613775 0.612733
4 6 0 -4.273085 0.172581 0.107850
5 6 0 -4.984456 -0.157260 -1.054988
6 6 0 -4.680287 1.277550 0.867766
7 6 0 -6.071626 0.617970 -1.460341
8 6 0 -5.761059 2.055589 0.458824
9 6 0 -6.457409 1.729419 -0.708249
10 8 0 -2.741425 -0.565953 1.788497
11 6 0 0.042727 -1.285177 -0.062341
12 6 0 1.294157 -2.096823 0.336056
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.534181

.548493

.747679

.902496

.068021

.104165

.964469

.795485

. 613271

.369675

.171200

. 719643

.134346

. 622002

.063649

.302862

.053086

.164232

.359724

B SESEN

.871852

.951548

.014653

.986201

.908815

-1.331437

-0.675542

0.093029

-0.468800

0.284101

1.606592

2.173536

1.426790

-1.208752

-2.478101

-3.007675

-1.040716

1.504597

0.348346

2.915072

2.333807

-0.413459

-0.910845

-3.000895

-2.450379

-1.496634

-0.162997

2.191525

3.201440

1.864306

Chapter VI.

.213376

.102565

.024626

.603629

.726734

.277287

.298844

.426403

.290916

.067754

.610796

.630113

777526

.357660

.050862

.025943

.593110

.086779

.287251

.371132

.952216

.174684

.375298

.651048

.874954

13 6 0
14 6 0
15 6 0
16 6 0
17 6 0
18 6 0
19 6 0
20 6 0
21 1 0
22 1 0
23 1 0
24 1 0
25 1 0
26 1 0
27 1 0
28 1 0
29 1 0
30 1 0
31 1 0
32 1 0
33 1 0
34 1 0
35 1 0
36 1 0
37 1 0
RhCp*(OAc):

Zero-point correction=
(Hartree/Particle)

Thermal correction to Energy=

0.327269

0.351481
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Thermal correction to

Thermal correction to

Sum of

Sum of

Sum of

Sum of

Center

Number

10

11

12

13

14

15

16

17

18

19

20

electronic and

electronic and

electronic and

electronic and

Atomic

Number

Enthalpy= 0.352425

Gibbs Free Energy= 0.273184

zero-point Energies= -956.300144

thermal Energies= -956.275931

thermal Enthalpies= -956.274987

thermal Free Energies= -956.354229

Atomic Coordinates (Angstroms)

Type X Y 7
0 0.010241 0.216054 -0.092084
0 1.251742 -1.149599 1.088793
0 0.836594 -1.851442 2.344732
0 1.155407 -1.681973 -0.242964
0 0.607803 -3.028057 -0.603774
0 1.675575 -0.699200 -1.153448
0 1.797894 -0.830334 -2.641290
0 2.190771 0.416922 -0.364405
0 2.849282 1.633225 -0.942241
0 1.929160 0.140619 1.006467
0 2.256303 1.004326 2.186865
0 -1.868965 -0.417690 -0.669726
0 -2.489647 -1.362380 -0.018612
0 -2.031410 -2.047908 0.898510
0 -3.927928 -1.552147 -0.498049
0 -0.158879 -2.283184 2.215991
0 0.802771 -1.160326 3.191291
0 1.549158 -2.650800 2.591527
0 -0.252177 -3.273242 0.021783
0 1.385172 -3.791588 -0.462096
0 0.2910438 -3.064219 -1.649444

21
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22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

Chapter VI.

AcOH

Zero-point correction=
(Hartree/Particle)

Thermal correction to

Thermal correction to

Thermal correction to

Sum of

Sum of

Sum of

Sum of

electronic and

electronic and

electronic and

electronic and

0 1.687436
0 1.035701
0 2.782638
0 2.267872
0 3.851865
0 2.952830
0 3.088599
0 1.397341
0 2.545019
0 -4.548052
0 -3.986449
0 -4.319876
0 -1.274763
0 -0.678756
0 -1.117004
0 -2.187996
0 -3.201288
0 -2.217896
0 -1.865783
Energy=
Enthalpy=

Gibbs Free Energy=
zero-point Energies=
thermal Energies=
thermal Enthalpies=

thermal Free Energies=

0.139309 -3.135442
-1.500145 -3.047161
-1.235014 -2.913686

2.035015 -1.777675

1.385982 -1.315354

2.427055 -0.198744

0.571453 2.757000

1.090730 2.859044

2.013320 1.882946
-0.739896 -0.100917
-1.505991 -1.589466
-2.505019 -0.135679

2.405363 0.066718

2.092090 -1.012778

1.669903 1.094411

3.602994 0.118992

3.283292 -0.151144

4.018131 1.129325

4.361651 -0.598367
0.062022

0.066602

0.067546

0.034684

-229.015588
-229.011008
-229.010063
-229.042925
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Atomic

Type

Center Atomic
Number Number
1 8
2 8
3 6
4 6
5 1
6 1
7 1
8 1

A

Zero-point correction=
(Hartree/Particle)

Thermal correction to
Thermal correction to
Thermal correction to
Sum of electronic and
Sum of electronic and
Sum of electronic and

Sum of electronic and

Energy=
Enthalpy=
Gibbs Free

zero-point

thermal Energies=

thermal Enthalpies=

thermal Free Energies=

Atomic

Type

Center Atomic
Number Number
1 45
2 7
3 6
4 6

154

Coordinates (Angstroms)

X Y Z
0.645495 1.202079 0.000002
0.778870 -1.046544 -0.000004
0.092467 0.125600 -0.000008

-1.397568 -0.110018 0.000000
-1.685280 -0.691964 -0.881887
-1.685359 -0.691357 0.882263
-1.917537 0.848189 -0.000348
1.723861 -0.802641 0.000034
0.570386
0.608136
0.609080
Energy= 0.496621
Energies= -1553.031955
-1552.994205
-1552.993261
-1553.105719
Coordinates (Angstroms)

X Y Z
1.962382 -0.775810 0.176124
0.270829 0.372899 -0.335589

-0.744023 -0.421177 -1.045293
0.379400 1.654103 -0.802657



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

.264199

.547678

. 737335

.313989

.516352

.808454

.259275

.174136

.216567

.595572

. 734431

.248562

.728009

.885345

.573526

.079127

.937830

.660447

.567370

.164863

.462496

.516408

.882041

.404529

.358595

.278681

.994923

.115158

.898541

.751024

.251639

.627699

.521952

. 744660

.501360

.712106

.592123

.075622

.070278

.905986

.648346

.422655

.953072

.358979

.412120

.159584

.159455

.213396

.267873

.477082

.679472

.843675

.413907

.567684

.351807

.993485

.260193

.976436

.698734

. 777305

.559315

.435210

Chapter VI.

.060246

.308573

.767720

.946555

.134047

.228475

.782953

.604839

.379886

.966415

.613781

.556885

.589001

.223953

.170919

.207144

.163590

.131839

.827070

.871895

.813204

.011362

.696654

.728206

. 775996

.469718

.253883

.455286

.839181

.896046

.246456
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36 1 0 -6.916864 1.976091 -0.455346
37 1 0 -7.563092 -2.232204 0.137580
38 6 0 3.973138 -0.057229 -0.425002
39 6 0 4.148234 -1.338268 0.261400
40 6 0 3.441583 -2.323857 -0.467833
41 6 0 2.798289 -1.669941 -1.608360
42 6 0 3.206214 -0.288242 -1.613058
43 6 0 4.646981 1.217669 -0.020851
44 6 0 4.938836 -1.516942 1.522416
45 6 0 3.301564 -3.780197 -0.144249
46 6 0 2.024481 -2.366203 -2.686427
47 6 0 2.895960 0.705628 -2.690660
48 1 0 5.685788 1.221885 -0.380552
49 1 0 4.670893 1.326818 1.066648
50 1 0 4.140378 2.094749 -0.427368
51 1 0 4.644998 -0.780479 2.277191
52 1 0 6.011298 -1.385648 1.327322
53 1 0 4.795582 -2.510768 1.953404
54 1 0 3.699655 -4.015711 0.845476
55 1 0 3.841940 -4.389101 -0.880697
56 1 0 2.250502 -4.085583 -0.162260
57 1 0 1.445385 -3.202896 -2.284454
58 1 0 2.703241 -2.767691 -3.451898
59 1 0 1.329417 -1.681760 -3.179614
60 1 0 3.503994 0.485071 -3.578301
61 1 0 3.120697 1.725013 -2.372283
62 1 0 1.843219 0.681853 -2.985997
63 8 0 0.543026 -2.080826 1.194528
64 8 0 1.486095 -0.469912 2.342302
65 6 0 0.640051 -1.413817 2.278504
66 6 0 -0.267009 -1.722747 3.441420
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67 1
68 1
69 1
TS1

Zero-point correction=
(Hartree/Particle)

Thermal correction to
Thermal correction to
Thermal correction to
Sum of electronic and
Sum of electronic and
Sum of electronic and

Sum of electronic and

Chapter VI.

0 0.207506 -1.436712 4.383031
0 -1.190470 -1.141791 3.331386
0 -0.531400 -2.783007 3.452012
0.564943
Energy= 0.602174
Enthalpy= 0.603118
Gibbs Free Energy= 0.492197
zero-point Energies= -1553.007949
thermal Energies= -1552.970719
thermal Enthalpies= -1552.969774
thermal Free Energies= -1553.080695
Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Y Z
1 45 0 1.814789 -0.452572 0.135743
2 7 0 0.523278 0.580796 -1.106593
3 6 0 -0.550875 -0.036867 -1.871683
4 6 0 0.757760 1.901639 -1.308472
5 6 0 1.823219 2.433425 -0.394906
6 6 0 2.175037 1.654745 0.730278
7 6 0 2.441677 3.656021 -0.655308
8 6 0 3.189119 2.143857 1.579374
9 6 0 3.451259 4.112022 0.193703
10 6 0 3.823004 3.358940 1.315461
11 8 0 0.171168 2.616791 -2.133364
12 6 0 -1.936474 0.194500 -1.247292
13 6 0 -3.068228 -0.409881 -2.107296
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14 6 0 -4.386151 -0.280723 -1.485879
15 6 0 -5.462759 -0.163155 -0.938509
16 6 0 -8.775140 -1.014748 0.579712
17 6 0 -9.227445 0.246424 0.976228
18 6 0 -8.434719 1.371986 0.737264
19 6 0 -7.198941 1.241790 0.107454
20 6 0 -6.732317 -0.025098 -0.296182
21 6 0 -7.540343 -1.152965 -0.050212
22 1 0 -0.5430009 0.371330 -2.892006
23 1 0 -0.362234 -1.115210 -1.937081
24 1 0 2.122850 4.225344 -1.523860
25 1 0 3.446223 1.592696 2.481503
26 1 0 3.943132 5.060614 -0.007558
27 1 0 4.591360 3.731573 1.988904
28 1 0 -2.098891 1.271139 -1.135990
29 1 0 -1.958766 -0.254372 -0.249226
30 1 0 -2.859908 -1.474130 -2.295020
31 1 0 -3.075452 0.077309 -3.093051
32 1 0 -9.386841 -1.894562 0.761954
33 1 0 -10.190944 0.351482 1.467710
34 1 0 -8.780469 2.356098 1.042722
35 1 0 -6.581153 2.114883 -0.079252
36 1 0 -7.186735 -2.132076 -0.359067
37 6 0 3.812155 -0.810965 -0.760572
38 6 0 3.883419 -1.325717 0.603345
39 6 0 2.920154 -2.355338 0.726451
40 6 0 2.264428 -2.534916 -0.565226
41 6 0 2.865344 -1.619193 -1.486062
42 6 0 4.734045 0.212458 -1.356088
43 6 0 4.875744 -0.897087 1.643516
44 6 0 2.598727 -3.158466 1.951036
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45 6
46 6
47 1
48 1
49 1
50 1
51 1
52 1
53 1
54 1
55 1
56 1
57 1
58 1
59 1
60 1
61 1
62 8
63 8
64 6
65 6
66 1
67 1
68 1
69 1

.249788

.572278

.685042

.957174

.295127

.176265

.781335

.475176

.117499

.896495

.523067

.532691

. 733912

.684959

.322396

.595755

.590286

.121234

.180426

.312294

.518290

.457876

.417940

.603701

.163048

-3.598036

-1.500796

-0.249793

1.011845

0.675696

0.143340

-1.516394

-0.998087

-2.774286

-4.206612

-3.138776

-3.700552

-4.574079

-3.372939

-2.055704

-0.458806

-1.907662

-0.918427

1.103114

-0.056032

-0.422968

0.055607

-0.050294

-1.506553

1.241149

Chapter VI.

.865048

.951244

.655707

.644584

.243666

.504603

.581214

.656475

.833069

.816213

.156130

.044772

.009510

.773996

.530864

.280227

.203447

.380065

.352694

.203952

.043373

.023503

.539520

.146192

.494724

Zero-point correction=
(Hartree/Particle)

Thermal correction to

Thermal correction to

Energy=

Enthalpy=

0.569929

0.607018

0.607962
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Thermal correction to

Sum of

Sum of

Sum of

Sum of

electronic and

electronic and

electronic and

electronic and

022684

985595

984651

094848

Center

Number

Atomic

(Angstroms)

10
11
12
13
14
15
16
17
18
19
20
21

22

160

Gibbs Free Energy= 0.497764

zero-point Energies= -1553.

thermal Energies= -1552.

thermal Enthalpies= -1552.

thermal Free Energies= -1553.

Atomic Coordinates

Type X Y
0 1.917165 -0.373288
0 0.592945 0.388867
0 -0.470857 -0.370987
0 0.758571 1.674650
0 1.796172 2.375174
0 2.406500 1.622278
0 2.076313 S a2 112 C
0 3.277084 2.285696
0 2.972753 4.368999
0 3.559526 3.648167
0 0.106177 2.236122
0 -1.853867 -0.077137
0 -2.986680 -0.824596
0 -4.298679 -0.618970
0 -5.373523 -0.431560
0 -8.245236 1.295376
0 -9.135522 0.234190
0 -8.781188 -1.047467
0 -7.547276 -1.269807
0 -6.641210 -0.207467
0 -7.009847 1.081008
0 -0.493927 -0.130370

0.131874

-1.271351

-1.911868

-1.680417

-0.858010

0.163244

-1.033885

1.041920

-0.174995

0.869398

-2.572146

-1.305922

-2.042382

-1.429055

-0.897807

0.766353

0.949786

0.520672

-0.086407

-0.276333

0.159216

-2.984064



23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

.255861

.570719

.741054

.198723

.238598

.037891

.854974

.762972

.014289

.514935

.098882

.469471

.270545

.317682

.519434

.029353

.199660

.280963

.516663

.158969

.257637

.307706

.288485

.898358

.925412

.638422

.418892

.332536

.152412

.284439

.858667

.440308

.262041

. 754691

.424579

.146195

.000545

.371147

.901781

.495098

.295156

.405052

.877280

.264662

.904670

.340393

.141958

.879456

.694957

.408718

.835671

.357309

.971928

.656914

.059830

.536086

.133537

.707830

.565906

.959803

.091434

.124636

Chapter VI.

.810754

.836884

.869818

.302506

.558287

.355963

.249700

.068145

.090980

.096359

.422597

.658297

.421964

.013300

.944994

.402870

.280002

.470192

.880374

.206032

.754316

.773880

.052224

.080511

.567732

.045296

.000918

.174985

.544768

.814530

.191111
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54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

3.075821

3.241611

1.800729

1.548225

0.285010

-2.501851

-2.869293

-1.835929

1.693333

1.856059

2.120330

2.983925

1.255750

3.771445

2.359841

3.410622

Zero-point correction=
(Hartree/Particle)

Thermal correction to

Thermal correction to

Thermal correction to

Sum

Sum

Sum

Sum

of

of

of

of

electronic and

electronic and

electronic and

electronic and

0 3
0 2
0 0
0 1
0 0
0 2
0 1
0 0
0 0
0 -0
0 -0
0 -1
0 0
0 -1
0 £7
0 -1
Energy=
Enthalpy=

Gibbs Free Energy
zero-point Energi
thermal Energies=
thermal Enthalpie

thermal Free Ener

997559

966294

965350

058976

Cent

er

Number

162

Atomic

Number

Atomic

Type

.830115 -2.890442
.317975 -1.988532
.658333 -3.163558
.794952 -4.495858
.629797 -4.072621
.587997 -3.804510
.684932 -2.333130
.966166 -3.576371
.247077 -0.258828
.086268 1.966368
.388351 0.708406
.610644 0.553237
.701411 1.992301
.625069 1.310929
.500023 0.701226
.641562 -0.449865
0.506868
0.538133
0.539077
= 0.445450
es= -1323.
-1323.
s= -1323.
gies= -1324.
Coordinates

Y

(Angstroms)



Chapter VI.

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

.650891

.560665

.375337

.065264

.005224

.429611

.606605

.483405

.639691

.076995

.432191

.119531

.176928

.534727

.752099

.572011

.136171

.493589

.310073

.761189

.404063

.911827

.119107

.249691

.865038

.110063

.892479

.182045

.834969

.462363

.202761

.365937

.142801

.624987

.640395

.400968

.830267

.362670

. 789650

.555087

.632874

.544372

.576219

.746208

.565132

. 727559

.015308

.174378

.054221

.226432

.395104

.070973

.361861

. 764612

.416121

.709084

.514036

.620548

.560154

.399568

.030164

.999016

.179552

.813596

.222483

.714464

.642555

.632460

.578364

.068646

.432168

.992111

.330134

.402007

.185641

.004238

.904322

.633394

.458835

.561452

.829326

.403322

.974241

.217237

.006043

.917743

.788079

.280518

. 622341

.097966
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31 1 0 -0.123296 -0.775735 4.0602001
32 1 0 2.504618 -2.884854 1.060775
33 1 0 4.915045 -3.173679 0.564476
34 1 0 6.368825 -1.179101 0.248774
35 1 0 5.392187 1.101424 0.432238
36 1 0 2.977620 1.388487 0.906237
37 6 0 -1.273922 -0.800790 -2.174383
38 6 0 -0.462725 -1.858158 -1.646864
39 6 0 -1.191429 -2.461640 -0.549341
40 6 0 -2.416284 -1.768045 -0.376902
41 6 0 -2.447583 -0.696752 -1.350943
42 6 0 -1.021025 -0.021476 -3.431231
43 6 0 0.792666 -2.414672 -2.255441
44 6 0 -0.732306 -3.671698 0.209062
45 6 0 -3.539446 -2.139686 0.548471
46 6 0 -3.595403 0.244928 -1.566395
47 1 0 -1.454677 -0.548062 -4.292948
48 1 0 0.045593 0.113062 -3.623649
49 1 0 -1.472021 0.973119 -3.387257
50 1 0 1.274508 -1.687990 -2.915033
51 1 0 0.574468 -3.307612 -2.858665
52 1 0 1.524180 -2.704063 -1.494302
53 1 0 0.327187 -3.601390 0.474843
54 1 0 -0.854710 -4.578570 -0.398966
55 1 0 -1.300769 -3.814615 1.132102
56 1 0 -3.179480 -2.650493 1.447172
57 1 0 -4.248345 -2.817095 0.051450
58 1 0 -4.106931 -1.261879 0.870808
59 1 0 -4.369674 -0.221989 -2.191191
60 1 0 -3.272747 1.163501 -2.062905
61 1 0 -4.057488 0.533055 -0.618359
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TS2

Zero-point correction=
(Hartree/Particle)

Thermal correction to
Thermal correction to
Thermal correction to
Sum of electronic and
Sum of electronic and
Sum of electronic and

Sum of electronic and

Energy=

Enthalpy=

Gibbs Free Energy=

zero-point Energies=

thermal Energies=

thermal Enthalpies=

thermal Free Energies=

Center Atomic
Number Number
1 45
2 7
3 6
4 6
5 6
6 6
7 6
8 6
9 6
10 6
11 8
12 6
13 6

0.506154
0.536416
0.537361
0.446224

-1323.968903
-1323.938640
-1323.937696
-1324.028833
Coordinates (Angstroms)

X Y Z
.862977 -0.124952 0.018270
.919370 1.574852 1.251649
.418490 1.477837 2.618012
.008960 2.558436 1.002855
.770758 2.284386 -0.242012
.851607 0.945748 -0.685967
.400795 3.310103 -0.948993
.522800 0.678379 -1.895175
.060415 3.031565 -2.146809
.105602 1.714983 -2.623838
.192274 3.555546 1.710039
.389231 -0.528776 1.574771
.327612 -0.340733 0.703368
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14 6 0 -0.416928 0.754162 3.541184
15 6 0 0.009605 -0.637195 3.001720
16 6 0 3.759421 0.021906 0.197151
17 6 0 5.055558 -0.475674 0.084091
18 6 0 5.302804 -1.843985 0.230287
19 6 0 4.245480 -2.714350 0.500951
20 6 0 2.947444 -2.218633 0.624940
21 6 0 2.687374 -0.844676 0.475257
22 1 0 -1.586629 2.488521 3.006411
23 1 0 -2.379192 0.951289 2.615024
24 1 0 1.335245 4.319446 -0.552092
25 1 0 1.620494 -0.344937 -2.248078
26 1 0 2.533689 3.831418 -2.710196
27 1 0 2.614859 1.492952 -3.558855
28 1 0 -0.841363 0.635733 4.547530
29 1 0 0.474607 1.384337 3.631928
30 1 0 -0.816766 -1.351269 3.115076
31 1 0 0.854853 -1.017949 3.592483
32 1 0 3.569654 1.084124 0.086226
33 1 0 5.876717 0.207011 -0.117071
34 1 0 6.314822 -2.228255 0.134469
35 1 0 4.429580 -3.779234 0.616255
36 1 0 2.121043 -2.890051 0.839659
37 6 0 -2.037571 -0.507339 -1.994192
38 6 0 -1.497206 -1.756082 -1.486193
39 6 0 -2.150828 -2.059443 -0.244679
40 6 0 -2.988568 -0.954796 0.083848
41 6 0 -2.924578 0.004574 -1.021256
42 6 0 -1.707393 0.094318 -3.328564
43 6 0 -0.589071 -2.681180 -2.246418
44 6 0 -1.990101 -3.322601 0.550706
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45 6
46 6
47 1
48 1
49 1
50 1
51 1
52 1
53 1
54 1
55 1
56 1
57 1
58 1
59 1
60 1
61 1

.972067

.738170

.208946

.631551

.024191

.068751

.169454

.043234

.982107

.694622

.179009

.620245

.933887

.172165

.797105

.392601

.675778

-0.885145

1.263502

-0.452660

0.070719

1.138938

-2.131767

-3.387925

-3.271041

-3.738459

-4.094737

-3.156061

-1.426510

-1.329548

0.148126

1.036571

1.919406

1.830573

Chapter VI.

.216007

.094876

.138849

.530284

.387726

.926432

.856853

.575606

.453077

.211173

.615831

.099680

.921712

.513649

.280621

.898048

.160548

Zero-point correction=
(Hartree/Particle)

Thermal correction to
Thermal correction to
Thermal correction to
Sum of electronic and
Sum of electronic and
Sum of electronic and

Sum of electronic and

0 -3
0 -3
0 -2
0 -0
0 -2
0 0
0 -1
0 0
0 -0
0 -2
0 -2
0 -3
0 -4
0 -4
0 -4
0 =3
0 =3
Energy=
Enthalpy=

Gibbs Free Energy
zero-point Energi
thermal Energies=
thermal Enthalpie

thermal Free Ener

es=

sS=

gies=

0.508498

0.538850

0.539794

0.448500

-1324.011068

-1323.980716

-1323.979771

-1324.071066

Center Atomic

Atomic

Coordinates

(Angstroms)
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Number

Number

168

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

.986001

.373250

.110952

.461667

.436887

.088501

.063545

.204500

.040762

.684000

.173759

.809160

.715223

.068290

.019460

.132277

.340826

.152247

.667584

.361494

.581774

.974666

.562704

.856921

.106161

.182793

.732972

.114282

.975615

.183280

.622464

.980490

.382665

.476103

.262873

.760890

.358070

.804860

.601826

.479361

.071504

.077822

. 644807

.514499

.820539

.489877

.910040

.446025

.356754

.211823

.489223

.712483

.901474

.533132

.184683

.046873

.152640

.388311

.030688

.945659

.403752

.298460

.224746

.034833

.535550

.924653

.630957

.605834

.297219

.239298

.328678

.657062

.107362

.537556

. 734652

LTT77791

.527829

.174676

.202045

.792269

.901239

.212420

.464899

.519113

.484339

.646521

.856287



30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

.442598

.062325

.119143

.026575

.505544

.734323

.344859

.791517

.121555

.995487

.221603

.968781

.288715

.736000

.077204

.544962

.861107

.244644

.856198

.350163

.028560

.881787

.059091

.808443

.956169

.496884

.456230

.065457

.518138

.051839

.104334

.481890

.585445

.956334

.570392

.921012

.209249

.788295

.429665

.706590

.172240

.147426

.891045

.588925

.909430

.253422

.396211

.791028

.082288

.122587

.067428

.592212

.080348

.517705

.265375

.216767

.417320

.950106

.621288

.824349

.466641

.077727

Chapter VI.

.098193

.264307

.476014

.275148

.515056

.861666

.886908

.302135

.934877

.000681

.301267

.294764

.953563

.173261

.771566

.353800

.367909

.497407

.492079

.580790

.530903

.867035

.636722

.627152

.339274

.838027

.243121

.121152

.400038

.985602

.721749
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3.

1.024810

TS3

Zero-point correction=
(Hartree/Particle)

Thermal correction to
Thermal correction to
Thermal correction to
Sum of electronic and
Sum of electronic and
Sum of electronic and

Sum of electronic and

Energy=

Enthalpy=

Gibbs Free Energy=

zero-point Energies=

thermal Energies=

thermal Enthalpies=

thermal Free Energies=

991913

961808

960864

052162

(Angstroms)

Center Atomic
Number Number
1 45
2 7
3 6
4 6
5 6
6 6
7 6
8 6
9 6
10 6
11 8
12 6
13 6

170

656369 1.246939

0.507061
0.537165

0.538110

0.446812
-1323.
-1323.
-1323.
-1324.

Coordinates
X Y

Y 02E -0.203704
.415993 0.493839
.623980 -0.277921
.122019 1.758122
.628635 2.233799
.261800 1.329489
.528618 3.594487
.707630 1.863997
.973516 4.090836
.558366 3.212185
.202711 2.426308
.705413 -0.803138
.629753 -0.067447

-0.014176

1.910014

3.131240

1.990256

0.668381

-0.244332

0.360137

-1.476903

-0.861737

-1.782967

3.023986

0.863366

0.156103



14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

.544550

.859567

.686049

.881378

.153138

.911549

.311339

.723279

.110379

. 721999

.525417

.214068

.966912

.114349

.377017

.531692

.405143

.139055

. 656621

.581538

.087307

.199372

.870357

.911682

.334332

.428865

.170775

.879225

.219661

.714015

.262518

.272232

.892697

.306699

.894770

.885928

.229755

.107764

.523654

.085665

.323445

.893312

.043087

.602253

.214362

.300334

.643636

.464171

.947575

.409916

.806368

.248578

.202665

.146473

.584601

.051821

.720342

.720168

.294827

.307648

.882900

.347047

Chapter VI.

.266732

.877183

.661930

.961185

.977919

.056934

.438431

.538242

.235674

.996339

.254341

.310711

.200435

.140673

.425030

.780807

.856656

.579883

.981424

.071757

.106350

.184400

.096582

. 741593

.009618

.606615

.665539

.872549

.494489

.772723

.062295
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45 1
46 1
47 1
48 1
49 1
50 1
51 1
52 1
53 1
54 1
55 1
56 1
57 1
58 1
59 1
60 1
61 1

-3.516881

-4.067813

-3.146541

-1.544880

-1.481227

0.015254

2.080070

1.616271

1.005785

0.337885

-0.150186

1.348351

0.145354

-0.359803

-1.003788

-1.147339

-0.673788

E1

Zero-point correction=
(Hartree/Particle)

Thermal correction to
Thermal correction to
Thermal correction to
Sum of electronic and
Sum of electronic and
Sum of electronic and

Sum of electronic and

0 -0.574229 -0.173743
0 -1.782753 -1.339805
0 -0.374714 -1.890291
0 -0.784154 -3.455537
0 -2.477762 -3.957755
0 -1.571179 -3.714082
0 -3.660724 -1.188111
0 -2.913840 -2.725275
0 -4.517663 -2.297292
0 -5.244829 0.663269
0 -4.238468 2.034253
0 -3.886008 1.171232
0 4.010178 1.256751
0 6.246787 0.348627
0 6.517680 -2.042279
0 4.508126 -3.506766
0 2.264127 -2.585381
0.509924
Energy= 0.540110
Enthalpy= 0.541054
Gibbs Free Energy= 0.450189
zero-point Energies= -1324.
thermal Energies= -1324.
thermal Enthalpies= -1324.
thermal Free Energies= -1324.

047336

017151

016207

107071
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Center

Number

Atomic

Number

Atomic

Type

Chapter VI.

(Angstroms)

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

Coordinates
X Y
.857330 -0.059080
.218498 1.584712
.040682 1.755694
.209613 2.741031
.329260 2.545216
.898221 1.260017
.820663 3.671127
.999087 1.178389
.893537 3.558815
.478923 2.304027
.336880 3.813573
.447202 0.306632
.349502 0.081863
.992163 0.377206
.330126 -0.246263
.641164 -1.043044
.663147 -1.958892
.684367 -1.513419
.114211 -0.243240
.508707 0.017858
.874442 -1.263361
.012193 -3.311065
.189193 -2.266988
.149470 0.641420
.833215 1.198156
.101716 -3.090401
.296661 -1.952036
.178973 -1.171081

.034731

.476090

.697408

.794400

.147812

.341352

.815059

.215873

.694368

.884119

.023541

.482209

.379504

.378669

.886343

.011120

.860774

.053822

.409376

.720917

.282994

.823205

.250321

.224831

.591266

.822647

.789264

.373133
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29 6 0 2.921042 -1.566952 1.498264
30 6 0 3.716076 -2.715546 1.475565
31 6 0 3.809439 -3.484424 0.315614
32 1 0 -0.580505 2.541633 3.306345
33 1 0 -2.047794 2.084602 2.435691
34 1 0 1.341635 4.625544 -0.621450
35 1 0 3.488884 0.224472 -1.371829
36 1 0 3.272736 4.432397 -2.216437
37 1 0 4.327639 2.197314 -2.555515
38 1 0 -1.834185 -0.236672 3.048046
39 1 0 -1.038462 0.464958 4.468048
40 1 0 0.333475 -1.337883 2.914197
41 1 0 1.167752 0.107682 3.507957
42 1 0 -1.462243 -1.853719 -4.001329
43 1 0 0.055037 -1.812586 -3.106229
44 1 0 -0.613479 =0 oglls 5 1l 2} -3.769659
45 1 0 w=(0) RS ) 3] -3.661515 0.205037
46 1 0 -0.026382 -3.305386 -1.293363
47 1 0 -1.628197 -4.054532 -1.350614
48 1 0 -2.388559 -2.822100 1.750457
49 1 0 -3.960305 -2.998682 0.966722
50 1 0 -3.640921 -1.598782 1.990928
51 1 0 -4.257141 0.438142 1.294987
52 1 0 -5.135917 0.494068 -0.237967
53 1 0 -3.896682 1.701342 0.110060
54 1 0 -3.803924 1.069656 -3.092514
55 1 0 -2.078889 1.342851 -3.370391
56 1 0 -2.890984 2.127140 -2.013616
57 1 0 3.172660 -3.673097 -1.737855
58 1 0 1.748143 -1.649186 -1.675542
59 1 0 2.892636 -0.961855 2.398985

174



60

61

4.

4.

Chapter VI.

Cz

Zero-point correction=
(Hartree/Particle)

Thermal correction to

Thermal correction to

Thermal correction to

Sum of

Sum of

Sum of

Sum of

electronic

electronic

electronic

electronic

and

and

and

and

Energy=

Enthalpy=

Gibbs Free Energy=

zero-point Energies=

thermal Energies=

thermal Enthalpies=

thermal Free Energies=

Center

Number

Atomic

Number

10

11

12

13

273850 -2.999537 2.364482
431559 -4.375174 0.294668
0.507267
0.538257
0.539201
0.445987
-1323.991468
-1323.960478
-1323.959533
-1324.052748
Coordinates (Angstroms)

X Y Z
.592862 -0.200204 0.004959
.452661 1.351988 1.105769
.253820 1.176436 2.313037
.050542 2.623377 0.818737
.005603 2.645421 -0.228850
.470898 1.412427 -0.700265
.559352 3.848578 -0.675324
.530203 1.397119 -1.610789
.596726 3.829226 -1.605436
.083440 2.602118 -2.065182
.479432 3.637754 1.384285
.259463 -0.631242 1.209034
.293999 -0.488558 1.992850
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14 6 0 -1.968069 -0.139358 3.043036
15 6 0 -0.466034 -0.375259 3.255406
16 6 0 2.663748 -0.776193 0.898338
17 6 0 3.126257 -1.406892 -0.267958
18 6 0 4.491716 -1.560969 -0.499375
19 6 0 5.421234 -1.083129 0.426715
20 6 0 4.974121 -0.448755 1.588686
21 6 0 3.610426 -0.294639 1.825025
22 1 0 -3.330487 1.229843 2.090678
23 1 0 -2.039733 2.021843 2.979434
24 1 0 0.164121 4.775872 -0.268941
25 1 0 1.949319 0.462912 -1.969765
26 1 0 2.034787 4.758578 -1.960542
27 1 0 2.906547 2.575780 -2.776458
28 1 0 -2.470653 -0.118306 4.018001
29 1 0 -2.381091 -0.989064 2.489297
30 1 0 w=(0) S SXemP7 3)'5) -1.289418 3.844413
31 1 0 -0.043274 0.454195 3.840560
32 1 0 2.404507 -1.773476 -0.988165
33 1 0 4.830946 -2.053396 -1.406913
34 1 0 6.485692 -1.200113 0.243166
35 1 0 5.689807 -0.068256 2.312476
36 1 0 3.263089 0.204695 2.724302
37 6 0 -0.850527 -1.214682 -2.069603
38 6 0 -0.790925 -2.289760 -1.130564
39 6 0 -1.951674 -2.217124 -0.270490
40 6 0 -2.698526 -1.077523 -0.650051
41 6 0 -1.996400 -0.408172 -1.731398
42 6 0 0.000543 -1.046906 -3.293883
43 6 0 0.163271 -3.450178 -1.136498
44 6 0 -2.318029 -3.265388 0.741544
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45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

.033211

.527113

.472651

.994475

.135491

.989950

.358192

.588166

.460687

.672782

.116239

.252977

.831096

.087927

.263304

.724951

.017017

.643275

.756159

.543972

.486972

.005822

.298769

.367195

.636537

.548304

.180594

.928999

.079240

.956219

.444608

.427002

.278839

.484895

-0.

-2.

Chapter VI.

121641

517279

.152411

.170339

.552153

.834904

.444197

.144391

.362389

.246686

.408993

.856405

.809504

.029387

.264399

.044279

.864792

TS4

Zero-point correction=
(Hartree/Particle)

Thermal correction to

Thermal correction to

Thermal correction to

Sum of

Sum of

Sum of

Sum of

electronic and

electronic and

electronic and

electronic and

0 -4
0 -2
0 -0
0 0
0 0
0 0
0 -0
0 0
0 -1
0 -2
0 -3
0 -4
0 -4
0 -4
0 -3
0 =1
0 =3
Energy=
Enthalpy=

Gibbs Free Energy
zero-point Energi
thermal Energies=
thermal Enthalpie

thermal Free Ener

es=

s=

gies=

0.506380

0.

0.

0.

536787

537731

446474

-1323.976009

-1323.945601

-1323.944657

-1324.035914
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Center

Number

Atomic

Number

Atomic

Type

(Angstroms)

178

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

Coordinates
X Y
.457446 -0.371446
.658754 0.426571
.268235 -0.312601
.038407 1.755099
.432346 2.373712
.641226 1.564969
.659594 3.725144
.071924 2.156285
.093530 4.295416
.297648 3.505991
.792072 2.350092
.146163 0.367352
.365988 0.407343
.194936 -0.737478
.074566 0.311931
.575490 0.456131
.503013 -0.275962
.870035 -0.186196
.336849 0.640547
.424861 1.373164
.055795 1.278418
.803393 -1.191233
.995506 0.353184
.285794 4.298817
.562326 1.576541
.264831 5.342669
.155054 3.943931
.612297 -0.790631

.177873

.413657

.511845

.262357

.058726

.774694

.231367

.911859

.367751

.205256

.037610

.063893

.063463

.539570

.464355

. 768437

.534559

.273446

.249096

.514566

.265466

.130661

.985127

.44644¢6

.577795

.602437

.092832

.550884



29

30

31

32

33

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

. 782356

.786763

.447941

.142389

.570838

.382479

.417348

.904263

.792539

.534433

.558203

.669233

.355344

.292181

.657698

.864533

.508131

.356524

.797247

.455811

.481036

.019109

.510733

.540070

. 732491

.168079

.696342

.729537

.647889

.724086

.025960

.281909

.916079

.759135

.596035

.515440

. 733555

.958764

.608768

.275165

.137989

.664109

.981853

.313975

.186432

.152015

.411200

.120032

.050244

.408494

.943206

.572581

.916014

.607359

.233501

.859117

.090702

.028658
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.296628

.082566

.817216

.334990

.875168

.872003

. 745329

.302928

.155556

.371784

.751198

.200443

.785869

.087273

.205737

.707062

.175058

.391279

.413490

.166627

.119763

.861479

.790957

.470499

.366155

.380089

.612585

.545628

.053670
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|D))

Zero-point correction=
(Hartree/Particle)

Thermal correction to
Thermal correction to
Thermal correction to
Sum of electronic and
Sum of electronic and
Sum of electronic and

Sum of electronic and

Energy=

Enthalpy=

Gibbs Free Energy=

zero-point Energies=

thermal Energies=

thermal Enthalpies=

thermal Free Energies=

011344

980985

980040

071220

(Angstroms)

Center Atomic
Number Number
1 45
2 7
3 6
4 6
5 6
6 6
7 6
8 6
9 6
10 6
11 8
12 6
13 6
14 6
15 6
16 6
17 6

180

0.508604

0.538964

0.539908

0.448728
-1324.
-1323.
-1323.
-1324.

Coordinates
X Y

.457031 0.495321
.840069 -1.300397
.981533 -1.405215
.748864 -2.178964
.656598 -2.016625
.033740 -0.859265
.215175 -2.998497
.943112 -0.755123
.122554 -2.863798
.475843 -1.742055
.504468 -2.931415
.162335 -0.749579
.604985 -1.623096
.075283 -2.597056
.992051 -2.719768
. 622521 -0.591412
.940895 -0.499335

-0.077740

-1.407022

-2.879489

-0.667980

0.794162

1.311025

1.628665

2.707582

3.008924

3.542621

-1.256266

-0.353768

-1.189603

-3.287829

-2.154949

-0.806997

-0.359760



18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

.220012

.167137

.848273

.551491

.617040

.027726

.712492

.446754

.541419

.385136

.674560

.382673

.014893

.941881

.412215

.751692

.247071

.374346

.029594

.465228

.011574

.496799

.596439

.818282

.400757

.794681

.933980

.565292

.204715

.464922

.072580

.472600

.531067

.613301

.658715

.465729

.550651

.851627

.099969

.621018

.635998

.508325

.424079

.591179

.709699

.602359

.447669

.402674

.511451

.659635

.395391

.420345

.604348

.534385

.393926

.411485

.637386

.862194

.679278

.378933

.421109

. 735037
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.008312

.925768

.480986

.105019

.303880

.149084

.175413

.159217

.665792

.621919

.351483

.266576

.519560

.683095

.873158

.082292

.356470

.992853

.192913

.817007

.898167

.455047

.339467

.549189

.990099

.147147

.800823

.833915

.128191

.419404

.784939
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1.703198

3.028325

2.330614

2.079019

-0.206505

-0.610082

-1.855766

-3.240924

-3.140460

-3.320815

-1.408176

-0.418497

-2.033011

49 1
50 1
51 1
52 1
53 1
54 1
55 1
56 1
57 1
58 1
59 1
60 1
61 1
TS5

Zero-point correction=
(Hartree/Particle)

Thermal correction to
Thermal correction to
Thermal correction to
Sum of electronic and
Sum of electronic and
Sum of electronic and

Sum of electronic and

987655

957610

956666

047551

(Angstroms)

Center Atomic
Number Number
1 45
2 7

182

0 -3.411651 2.108803
0 0.286715 2.233873
0 0.959518 3.709446
0 1.776614 2.158485
0 2.612344 2.243465
0 2.193828 3.913209
0 2.141096 2.659432
0 0.429148 2.473143
0 -0.840719 3.698414
0 -1.273050 1.999259
0 -3.527868 3.391834
0 -3.937136 1.984280
0 -3.258977 1.763802
0.507423
Energy= 0.537468
Enthalpy= 0.538412
Gibbs Free Energy= 0.447527
zero-point Energies= -1323.
thermal Energies= -1323.
thermal Enthalpies= -1323.
thermal Free Energies= -1324.
Atomic Coordinates
Type X Y
0 0.825921 -0.094480
0 -0.950028 2.184922

-0.169353

-1.346943



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

.447978

.222544

.138323

.211285

.063923

.341178

.156064

.319072

.190159

.278879

.709430

.508403

.978379

.676753

.645189

.696386

.543990

.129242

.091309

.963936

.006539

.890891

.132257

.181502

.329704

.193504

.926804

. 798664

.943184

.625719

.865335

.886836

.941218

.373299

.971349

.288283

.560754

.857608

.486995

.057668

.075520

.033370

.927394

.124834

.013881

.977161

.164114

.181550

.438702

.682138

.918185

.261848

.920034

.666506

.046974

.145093

.198013

.183831

.098557

.039074

.090328

.854139
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.546731

.413855

.946628

.207564

.012300

.558852

.328862

.593803

. 734144

.200281

.064724

.113870

.883487

.871965

.500385

.962314

.464441

.326433

.274451

.448715

.714782

.900800

.485432

.168061

.700706

.396881

.792319

.660636

.349858

.238025

.245444
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34 1 0 0.035478 4.341415 1.767390
35 1 0 -0.446259 -0.496407 2.783927
36 1 0 -0.123841 3.574411 4.144339
37 1 0 -0.409797 1.142403 4.622010
38 1 0 -3.320218 2.462793 -3.614290
39 1 0 -2.051979 1.249027 -3.844060
40 1 0 -3.398924 0.148161 -2.131690
41 1 0 -3.746889 1.687184 -1.330631
42 1 0 3.637454 -1.517891 2.733274
43 1 0 2.226948 -0.459721 2.910589
44 1 0 3.747332 0.192560 2.299658
45 1 0 -0.040670 -3.181901 1.104782
46 1 0 0.877230 -2.482590 2.448264
47 1 0 1.539851 -3.850577 1.544732
48 1 0 0.029993 -3.498189 -1.283425
49 1 0 1.602933 -4.185762 -1.687250
50 1 0 0.856470 -3.003066 -2.767845
51 1 0 2.907802 0.152720 -3.123407
52 1 0 2.175096 -1.390239 -3.581522
53 1 0 3.888593 -1.311938 -3.145799
54 1 0 5.110809 0.272265 -0.794641
55 1 0 4.273727 1.220568 0.446245
56 1 0 3.818710 1.385169 -1.250821
57 1 0 -1.767653 -2.154375 -1.629905
58 1 0 -3.296249 -4.028521 -1.091253
59 1 0 -4.596241 -4.005045 1.034176
60 1 0 -4.375763 -2.067879 2.581612
61 1 0 -2.866423 -0.192105 2.023678
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E

Zero-point correction=
(Hartree/Particle)

Thermal correction to
Thermal correction to
Thermal correction to
Sum of electronic and
Sum of electronic and
Sum of electronic and

Sum of electronic and

Energy=

Enthalpy=

Gibbs Free Energy=

zero-point Energies=

thermal Energies=

thermal Enthalpies=

thermal Free Energies=

Chapter VI.

Atomic

Type

Center Atomic
Number Number
1 45
2 7
3 6
4 6
5 6
6 6
7 6
8 6
9 6
10 6
11 8
12 6
13 6
14 6
15 6
16 6
17 6

0.509084
0.539501
0.540445
0.448728
-1324.054768
-1324.024351
-1324.023407
-1324.115124
Coordinates (Angstroms)

X Y Z
.602860 -0.246958 -0.064514
.163108 2.367867 -1.189780
.171307 2.934222 -2.535693
.665750 2.778534 -0.185550
.568389 1.904175 1.033357
.599226 1.082208 1.286976
.435879 2.218558 2.120336
.857848 0.667389 2.635941
.179707 1.762388 3.390609
.0102438 0.993864 3.648177
.396430 3.763693 -0.260255
.342651 0.613086 0.127350
.749981 1.051220 -1.121651
.498363 1.717053 -3.419529
.344720 0.812749 -2.501099
.979518 -1.256700 -0.402453
.262164 -1.801698 -0.334370
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18 6 0 -5.271521 -1.144638 0.372048
19 6 0 -4.987041 0.066763 1.004855
20 6 0 -3.706235 0.615040 0.928961
21 6 0 -2.677323 -0.038669 0.226542
22 1 0 0.795674 3.398355 -2.746517
23 1 0 -0.944016 3.710984 -2.619303
24 1 0 2.270253 2.880804 1.913015
25 1 0 -1.747254 0.079403 2.838125
26 1 0 1.844249 2.021506 4.210310
27 1 0 -0.201420 0.665891 4.662788
28 1 0 -1.018919 1.995543 -4.340331
29 1 0 0.428987 1.202686 -3.695482
30 1 0 -1.324445 -0.236456 -2.800991
31 1 0 -2.396782 1.134357 -2.512791
32 1 0 -2.197409 -1.784195 -0.938532
33 1 0 -4.470613 -2.747511 -0.828194
34 1 0 -6.268659 -1.572646 0.429284
35 1 0 =" ©3095(] 0.591051 1.555339
36 1 0 -3.496725 1.565517 1.412528
37 6 0 1.928590 -2.012938 0.927023
38 6 0 0.997875 -2.627639 0.074447
39 6 0 1.169849 -2.051835 -1.256735
40 6 0 2.317724 -1.172684 -1.229926
41 6 0 2.719014 -1.076106 0.133333
42 6 0 2.121516 -2.251903 2.397071
43 6 0 0.018693 -3.707543 0.433565
44 6 0 0.501394 -2.562446 -2.501771
45 6 0 3.005376 -0.554912 -2.414633
46 6 0 3.876421 -0.287431 0.673680
47 1 0 3.042284 -2.819490 2.593882
48 1 0 1.289140 -2.818821 2.824524
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49 1
50 1
51 1
52 1
53 1
54 1
55 1
56 1
57 1
58 1
59 1
60 1
61 1

Chapter VI.

2a

Zero-point correction=
(Hartree/Particle)

Thermal correction to
Thermal correction to
Thermal correction to
Sum of electronic and
Sum of electronic and
Sum of electronic and

Sum of electronic and

Energy=

Enthalpy=

Gibbs Free Energy=

zero-point Energies=

thermal Energies=

thermal Enthalpies=

thermal Free Energies=

Atomic

Type

Center Atomic
Number Number
1 7

2.196466 -1.309765 2.951989
-0.247522 -3.675530 1.494496
0.433938 -4.705195 0.229015
-0.910933 -3.623658 -0.137467
-0.543224 -2.836433 -2.322376
1.010893 -3.460719 -2.879385
0.518817 -1.818480 -3.303924
2.319576 -0.422210 -3.257454
3.834346 -1.185375 -2.768975
3.421246 0.428571 -2.174742
4.746004 -0.937702 0.846203
3.626227 0.184308 1.630108
4.184233 0.503050 -0.016679
0.286555
0.301718
0.302662
0.243386
-824.663563
-824.648401
-824.647457
-824.706732
Coordinates (Angstroms)
X Y Z
-1.657605 -1.430834 0.084401
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2 6 0 -2.093958 -2.830861 0.169651
3 6 0 -2.572002 -0.383593 0.070660
4 6 0 -1.949490 0.948368 -0.014012
5 6 0 -0.537113 1.105510 -0.047541
6 6 0 -2.795245 2.068808 -0.067598
7 6 0 -0.022766 2.418695 -0.149292
8 6 0 -2.265762 3.345965 -0.159364
9 6 0 -0.871200 3.513936 -0.202650
10 8 0 -3.781898 -0.605423 0.119596
11 6 0 0.320884 -0.069125 0.009265
12 6 0 -0.280181 -1.290990 0.072927
13 6 0 -0.826511 -3.606184 -0.226186
14 6 0 0.328580 -2.670800 0.192915
15 6 0 2.564104 -0.315707 -1.115158
16 6 0 3.956980 -0.219956 -1.106973
17 6 0 4.620386 0.250438 0.027830
18 6 0 3.882583 0.624108 1.153332
19 6 0 2.490709 0.522269 1.145161
20 6 0 1.809914 0.047712 0.011869
21 1 0 -2.948553 -2.989284 -0.490989
22 1 0 -2.420093 -3.052810 1.193792
23 1 0 -3.865950 1.894672 -0.036674
24 1 0 1.051625 2.564155 -0.188008
25 1 0 -2.921961 4.210719 -0.200803
26 1 0 -0.449435 4.512850 -0.281059
27 1 0 -0.773837 -4.588900 0.249572
28 1 0 -0.808646 -3.756507 -1.311439
29 1 0 1.228856 -2.789045 -0.413715
30 1 0 0.619930 -2.851773 1.237359
31 1 0 2.048843 -0.667314 -2.005424
32 1 0 4.522663 -0.506601 -1.989753
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33
34

35

F

Zero-point correction=
(Hartree/Particle)

Thermal correction to

Thermal correction to

Thermal correction to

Sum of

Sum of

Sum of

Sum of

Center

Number

10

11

electronic

electronic

electronic

electronic

Atomic

Number

and

and

and

and

Chapter VI.

0 5.704324 0.327944 0.034549
0 4.391050 0.991072 2.041154
0 1.920121 0.808479 2.024854
0.467853

Energy= 0.498968

Enthalpy= 0.499912

Gibbs Free Energy= 0.405593

zero-point Energies= -1246.598040

thermal Energies= -1246.566924

thermal Enthalpies= -1246.565980

thermal Free Energies= -1246.660299

Atomic Coordinates (Angstroms)

Type X Y z

0 0.683165 -0.240669 -0.217272
0 1.692371 1.216530 -1.321110
0 2.698587 0.922775 -2.320364
0 1.384154 2.522104 -1.092972
0 0.303205 2.651430 -0.072995
0 -0.216157 1.468719 0.464699
0 -0.174021 3.899547 0.335146
0 -1.235713 1.546060 1.418120
0 -1.181121 3.974676 1.297576
0 -1.709244 2.797768 1.836755
0 1.919182 3.491092 -1.647980
0 -1.341520 -0.501593 -1.487712

12
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13 6 0 -0.276041 -0.493164 -2.129440
14 6 0 -2.698090 -0.576523 -1.034424
15 6 0 -3.324291 -1.833273 -0.898410
16 6 0 -4.658161 -1.917349 -0.507095
17 6 0 -5.386987 -0.753729 -0.246143
18 6 0 -4.776750 0.495614 -0.385104
19 6 0 -3.443050 0.591529 -0.775722
20 1 0 2.436402 0.020852 -2.889210
21 1 0 3.693661 0.751649 -1.879211
22 1 0 2.787516 1.768974 -3.009486
23 1 0 0.263169 4.787244 -0.114500
24 1 0 -1.682476 0.646491 1.834857
25 1 0 -1.555796 4.940977 1.625805
26 1 0 -2.498812 2.848093 2.584023
27 1 0 0.286800 -0.485178 -3.043343
28 1 0 -2.760102 =2 gaeis ”) ) -1.123479
29 1 0 =5 TR 7 -2.890934 -0.411155
30 1 0 -6.427802 -0.820483 0.058478
31 1 0 -5.342333 1.402397 -0.189969
32 1 0 -2.966902 1.558672 -0.883883
33 6 0 1.330051 -0.898280 1.896149
34 6 0 0.429218 -1.892665 1.401756
35 6 0 1.068608 -2.538852 0.267852
36 6 0 2.328508 -1.934189 0.046703
37 6 0 2.470866 -0.865099 1.018910
38 6 0 1.186606 -0.105921 3.161661
39 6 0 -0.839749 -2.350806 2.062097
40 6 0 0.502787 -3.704861 -0.488525
41 6 0 3.363617 -2.377105 -0.946608
42 6 0 3.691309 -0.015306 1.220772
43 1 0 1.611899 -0.666159 4.006183
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44 1
45 1
46 1
47 1
48 1
49 1
50 1
51 1
52 1
53 1
54 1
55 1
56 1
57 1

TS6

Zero-point correction=
(Hartree/Particle)

Thermal correction to
Thermal correction to
Thermal correction to
Sum of electronic and
Sum of electronic and
Sum of electronic and

Sum of electronic and

Energy=

Enthalpy=

Gibbs Free Energy=

zero-point Energies=

thermal Energies=

thermal Enthalpies=

thermal Free Energies=

Atomic

Type

Center Atomic
Number Number
1 45

0.141889 0.110368 3.396490
1.711299 0.850708 3.098906
-1.224397 -1.594651 2.751803
-0.671327 -3.268210 2.643690
-1.630620 -2.562974 1.335881
-0.587783 -3.739798 -0.415464
0.887031 -4.651653 -0.084453
0.767095 -3.670001 -1.549892
2.905622 -2.828748 -1.832428
4.032354 -3.129908 -0.505803
3.987243 -1.545377 -1.283836
4.351756 -0.462456 1.976763
3.427721 0.990419 1.558645
4.265631 0.089593 0.297328
0.467773
0.497641
0.498585
0.408184
-1246.574583
-1246.544716
-1246.543772
-1246.634172
Coordinates (Angstroms)
X Y Z
0.904209 -0.147940 -0.244726
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2 7 0 0.844405 1.593693 -1.401094
3 6 0 1.645044 1.782742 -2.594384
4 6 0 -0.068020 2.546365 -1.093621
5 6 0 -0.880934 2.160158 0.102916
6 6 0 -0.840501 0.823903 0.539905
7 6 0 -1.607233 3.117819 0.816092
8 6 0 -1.508426 0.472424 1.725124
9 6 0 -2.263322 2.761356 1.994796
10 6 0 -2.199858 1.439712 2.455662
11 8 0 -0.234512 3.623945 -1.684580
12 6 0 -0.350670 -0.807792 -1.705434
13 6 0 -1.348056 -0.542778 -0.948037
14 6 0 -3.741507 0.091554 -0.556881
15 6 0 -5.077393 -0.281226 -0.436079
16 6 0 -5.438105 -1.632313 -0.446011
17 6 0 -4.454657 = 2 degls 520 -0.583728
18 6 0 2 o, TMISNG(0)15) -2.246036 -0.713212
19 6 0 -2.744579 -0.888933 -0.705074
20 1 0 1.200886 2.569063 -3.213191
21 1 0 2.677117 2.088059 -2.359875
22 1 0 1.698615 0.850848 -3.172238
23 1 0 -1.617398 4.135405 0.435379
24 1 0 -1.520706 -0.561992 2.059882
25 1 0 -2.819582 3.506678 2.557499
26 1 0 -2.707667 1.158863 3.375476
27 1 0 -0.140663 -1.205823 -2.686862
28 1 0 -3.459251 1.138854 -0.544360
29 1 0 -5.840864 0.484978 -0.333791
30 1 0 -6.481848 -1.917848 -0.345875
31 1 0 -4.728530 -3.665141 -0.591431
32 1 0 -2.345286 -3.003061 -0.826945
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.129658

.651838

.275958

.055048

.967964

.807640

.820302

.152409

.991821

721778

.356847

.740003

.078179

.168207

.457114

.188621

.162026

.890837

.321291

.634163

.986567

.119350

777319

.307020

.689932

-0.450583

-1.731352

-1.991321

-0.847454

0.105914

0.139021

-2.706794

-3.260344

-0.733728

1.401756

-0.382389

0.065367

1.196952

-2.196681

-3.394920

-3.315756

-3.712637

-4.002321

-3.087593

-1.299953

-1.123321

0.305091

1.225400

2.070622

1.931919

Chapter VI.

. 740736

.256893

.009730

.362625

. 742596

.082651

.040199

.802864

.530253

.810638

.878611

.312900

.132015

.754927

.614390

.385961

.690954

.469006

.869870

.395614

.270111

.845069

.059982

.569011

.145490

33 6
34 6
35 6
36 6
37 6
38 6
39 6
40 6
a1 6
42 6
43 1
44 1
45 1
46 1
47 1
48 1
49 1
50 1
51 1
52 1
53 1
54 1
55 1
56 1
57 1

G1

Zero-point correction=
(Hartree/Particle)

Thermal correction to

Thermal correction to

Energy=

Enthalpy=

0.470625

0.500723

0.501667
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Chapter VI.

Thermal correction to

Sum of

Sum of

Sum of

Sum of

electronic and

electronic and

electronic and

electronic and

-1246.628247

-1246.598150

-1246.597206

-1246.689021

Center

Number

Atomic

(Angstroms)

10
11
12
13
14
15
16
17
18
19
20
21

22

194

Gibbs Free Energy= 0.409852

zero-point Energies=

thermal Energies=

thermal Enthalpies=

thermal Free Energies=

Atomic Coordinates

Type X Y
0 -0.970149 -0.242097
0 -0.534069 0.424201
0 -0.718817 -0.251044
0 0.338896 1.443297
0 0.574666 1.858010
0 1.342672 1.071474
0 0.141305 3.140993
0 1.644184 1.610799
0 0.425925 3.636762
0 1.190523 2.866527
0 0.886229 2.061533
0 0.816050 -1.149063
0 1.817356 -0.314624
0 4.237779 0.331569
0 5.595280 0.013035
0 6.009142 -1.289347
0 5.050059 -2.271439
0 3.693913 -1.952922
0 3.260960 -0.647952
0 -0.455071 0.431272
0 -1.761517 -0.565923
0 -0.082016 -1.145253

.175103

.078738

.347145

.995033

.543578

.361409

.145285

.632294

.118588

.010900

.913200

.317442

.003762

.189388

.161832

.124848

.386619

.362804

.064603

.161842

.471604

.428239



23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

.396654

.256847

.085268

.439646

.956767

.927423

.331346

.067228

.360144

.955200

.035767

.137840

.967809

.599070

.350531

.485623

.646014

.289567

.793128

.232174

.117884

.630979

.060947

.265458

.457642

.839994

.531761

.021307

.795348

.943872

.694069

. 748124

.024741

.627943

.259029

.180878

.344620

. 785136

.536068

.286582

.716513

.324410

.511700

.756350

.642172

.375696

.695681

.122244

.980471

. 765250

.058578

.649598

.339992

.186299

.904726

.179697

.778358

.725699

.645567

.550858

.454352

.344740

Chapter VI.

.867989

.311992

.406274

.993580

.638021

.429199

.370991

.149406

.622199

.591511

.966590

. 784692

.137347

.172370

.197258

.375843

.147734

.678641

.147981

.329734

.272771

.613780

.586644

.159016

.886649

.486726

.424471

.157494

.886729

.140813

.898526
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Chapter VI.

913245

116385

581207

703407

-2.391897

-0.588099

1.086061

0.010453

2.169045

1.407983

1.198890

2.287452

54 1
55 1
56 1
57 1
TS7

Zero-point correction=
(Hartree/Particle)

Thermal correction to
Thermal correction to
Thermal correction to
Sum of electronic and
Sum of electronic and
Sum of electronic and

Sum of electronic and

0 -2.
0 -5.
0 -4.
0 -3.
Energy=
Enthalpy=

Gibbs Free Energy
zero-point Energi
thermal Energies=
thermal Enthalpie

thermal Free Ener

es=

s=

gies=

0.468360

0.498208

0.499152

0.408855

-1246.575463

-1246.545614

-1246.544670

-1246.634967

(Angstroms)

Center Atomic
Number Number
1 45
2 7
3 6
4 6
5 6
6 6
7 6
8 6
9 6
10 6
11 8

196

Atomic
Type

0 0

0 1

0 2

0 2

0 1

0 0

0 1

0 0

0 1

0 0

0 2

Coordinates
X Y
.494025 -0.385879
.639572 0.470306
.276672 -0.234670
.018457 1.787354
.424917 2.382983
.664894 1.547314
. 643501 3.729728
.117287 2.104711
.097454 4.268479
.333526 3.451328
.780810 2.371791

-0.077050

-1.672304

-2.772310

-1.497513

-0.275600

0.559833

0.038305

1.723421

1.200078

2.040165

-2.270890



12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

.203994

.386728

.612778

.567190

.922028

.349669

.411402

.053170

.918027

.366211

.064375

.247810

.492288

.260799

.101177

.122286

.234346

.644636

.406319

=) SEIE

.323933

.130451

.261834

.327632

.980099

.888728

.696603

.408357

.590114

.395163

.384359

.371830

.363920

.453412

.264112

.188431

.610384

.330045

.248544

.266023

.233375

.244230

.324842

.503030

.312790

.863794

.374734

.878201

.749045

. 672747

.958921

.810606

.372374

.656456

.548618

741171

.976044

.673847

.369049

.173073

.635233

.964997

Chapter VI.

.206710

.169935

.847202

.595191

.275859

.212652

.531154

.225222

.800347

.652977

.740515

.641196

.392924

.452746

.948614

.212024

.426908

.863013

.032900

.355349

.797929

.868421

.621561

.474380

.020803

.817276

.069534

.549504

.042388

.154078

.688568
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Chapter VI.

43 1 0 1.845300 -1.390905 3.889013
44 1 0 1.036813 0.116268 3.435296
45 1 0 2.663884 -0.213826 2.850262
46 1 0 -1.183077 -0.532594 3.217392
47 1 0 -1.627842 -2.240160 3.183687
48 1 0 -2.323488 -1.119226 2.003524
49 1 0 -2.415651 -2.454918 -0.066555
50 1 0 -1.900954 -4.005507 0.604300
51 1 0 -1.462909 -3.572161 -1.052882
52 1 0 0.585603 -3.781175 -1.875758
53 1 0 1.688480 -4.628559 -0.786130
54 1 0 2.255007 -3.230007 -1.696721
55 1 0 3.828376 -2.833052 1.196251
56 1 0 3.819008 -1.064455 1.130744
57 1 0 3.698872 -2.002422 -0.3584098

G2

Zero-point correction= 0.471814

(Hartree/Particle)

Thermal correction to Energy= 0.501193

Thermal correction to Enthalpy= 0.502137

Thermal correction to Gibbs Free Energy= 0.413067

Sum of electronic and zero-point Energies= -1246.628427

Sum of electronic and thermal Energies= -1246.599048

Sum of electronic and thermal Enthalpies= -1246.598104

Sum of electronic and thermal Free Energies= -1246.687174
Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Y 4

1 45 0 0.428111 -0.394764 -0.072082
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10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

.835028

.242580

.693786

.546526

.938392

.052885

.814005

.922959

.294373

.451575

.186048

.599536

.592738

.623540

.962776

.301527

.288977

.949779

.601123

.286713

.145447

.540629

.330204

.300105

.175569

.986306

.362413

. 743546

.345186

.544027

.160466

.731993

.054198

.873305

.306160

.419582

.555669

.865009

.967610

.119028

.341444

.579373

.093024

.678924

.444549

.545361

.883078

116127

.005607

.818236

.257927

.722975

.180813

.238467

.936488

.438879

.711058

.173345

.357673

.960061

.383785

.192523

Chapter VI.

.973383

.215915

.634041

.233071

.684403

.158912

.009126

.480062

.399588

.461488

.871131

.953238

.479028

.409516

.032888

.279369

.214328

.843025

.351321

.137459

.078814

.584045

.753994

.795185

.432990

.765485

.428900

. 765739

.572326

.236657

.564390
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Chapter VI.

33 6 0 1.461211 =1.772777 1.516069
34 6 0 0.008523 -1.788547 1.594526
35 6 0 -0.484790 -2.485113 0.416396
36 6 0 0.618407 -2.754855 -0.420248
37 6 0 1.828822 -2.304026 0.261596
38 6 0 2.381345 -1.311153 2.607370
39 6 0 -0.801428 -1.521738 2.831862
40 6 0 -1.917022 -2.870068 0.185492
41 6 0 0.600854 -3.486213 -1.732494
42 6 0 3.222378 -2.495589 -0.267151
43 1 0 2.419646 -2.050146 3.419780
44 1 0 2.055375 -0.360578 3.040414
45 1 0 3.401664 -1.169343 2.240685
46 1 0 -0.316619 -0.784259 3.478658
47 1 0 -0.926568 -2.439304 3.425612
48 1 0 -1.801034 -1.148382 2.588686
49 1 0 -2.604505 -2.078451 0.497213
50 1 0 -2.170910 -3.773553 0.757761
51 1 0 -2.115125 -3.082399 -0.869141
52 1 0 -0.382090 -3.439041 -2.210945
53 1 0 0.848856 -4.548689 -1.598035
54 1 0 1.333510 -3.076259 -2.435954
55 1 0 3.567764 -3.526998 -0.107695
56 1 0 3.937859 -1.829038 0.222406
57 1 0 3.278223 -2.303755 -1.344360
H
Zero-point correction= 0.536345

(Hartree/Particle)
Thermal correction to Energy= 0.568566

Thermal correction to Enthalpy= 0.569510
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Thermal correction to

Sum of

Sum of

Sum of

Sum of

electronic and

electronic and

electronic and

electronic and

Chapter VI.

-1363.269276

-1363.237055

-1363.236111

-1363.331229

Center

Number

Atomic

Number

(Angstroms)

10

11

12

13

14

15

16

17

18

19

20

21

22

Gibbs Free Energy= 0.474392

zero-point Energies=

thermal Energies=

thermal Enthalpies=

thermal Free Energies=

Atomic Coordinates

Type X Y
0 -0.603708 -0.195052
0 -1.557735 1.450262
0 -2.887958 0.421916
0 -1.000961 2.681004
0 0.219971 2.605763
0 0.610755 1.343666
0 0.930604 3.754837
0 1.736640 1.237904
0 2.043273 3.648466
0 2.441390 2.389304
0 -1.440912 3.751290
0 0.096242 -0.507639
0 1.169309 -0.543004
0 -1.659710 0.462634
0 -0.620531 -0.620961
0 -2.823370 1.401310
0 2.586858 -0.699875
0 3.150056 -1.991453
0 4.526372 -2.161848
0 5.363690 -1.047992
0 4.816423 0.236827
0 3.440782 0.416012

.143345

.740027

.633449

.549895

.299521

.754545

.659223

.576274

.492938

.952117

.994150

.924885

.284182

.555772

.219442

.451890

.071374

.035043

.900092

.801602

.845688

.977360
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Chapter VI.

23 1 0 -3.795237 0.663844 3.203280
24 1 0 -3.024076 -0.606094 2.274927
25 1 0 0.582331 4.711026 -0.277977
26 1 0 2.092066 0.269301 -1.917002
27 1 0 2.599171 4.536446 -1.783326
28 1 0 3.312616 2.295406 -2.597307
29 1 0 -1.967455 0.286643 4.594138
30 1 0 -1.190764 1.452641 3.524865
31 1 0 -1.118802 -1.600816 3.256885
32 1 0 0.155474 -0.639034 3.998219
33 1 0 -3.650328 1.166079 0.760813
34 1 0 -3.005651 2.417245 1.818264
35 1 0 2.500533 -2.855907 1.136833
36 1 0 4.945202 -3.164377 0.878740
37 1 0 6.437177 -1.180647 0.697817
38 1 0 5.463659 1.106896 0.778085
39 1 0 3.016829 1.412700 1.011409
40 6 0 -0.921743 -0.914570 -2.328295
41 6 0 -0.290197 -1.975401 -1.606600
42 6 0 L AZON K -2.449267 -0.604544
43 6 0 -2.408189 -1.670468 -0.686304
44 6 0 -2.191188 -0.660564 -1.708657
45 6 0 -0.429056 -0.260437 -3.585011
46 6 0 0.997842 -2.658029 -1.966888
47 6 0 -0.977215 -3.621047 0.298097
48 6 0 -3.714513 -1.925114 0.008457
49 6 0 -3.218291 0.315800 -2.203264
50 1 0 -0.830899 -0.789354 -4.460770
51 1 0 0.660075 -0.275344 -3.660160
52 1 0 -0.747566 0.782890 -3.650878
53 1 0 1.639033 -2.013467 -2.574392
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Chapter VI.

54 1
55 1
56 1
57 1
58 1
59 1
60 1
61 1
62 1
63 1
64 1
TS8

Zero-point correction=
(Hartree/Particle)

Thermal correction to
Thermal correction to
Thermal correction to
Sum of electronic and
Sum of electronic and
Sum of electronic and

Sum of electronic and

Energy=

Enthalpy=

Gibbs Free Energy=

zero-point Energies=

thermal Energies=

thermal Enthalpies=

thermal Free Energies=

Center Atomic
Number Number
1 45
2 7
3 6
4 6
5 6

.806994 -3.571398 -2.548362
.570492 -2.945524 -1.080673
.010314 -3.530693 0.805543
.960749 -4.559058 -0.273078
.748439 -3.714867 1.067414
.588022 -2.517774 0.918571
.393889 -2.482477 -0.652171
.222007 -0.996356 0.281990
.818295 -0.128655 -3.010011
.751251 1.223174 -2.5952438
.904521 0.616081 -1.407572
0.535264
0.566707
0.567651
0.474529
-1363.250406
-1363.218963
-1363.218019
-1363.311141
Coordinates (Angstroms)

X Y Z
.806223 -0.155924 -0.102786
.022227 1.661313 0.930359
.018597 0.884891 3.131987
.148197 2.661672 0.640090
.804308 2.267934 -0.441597
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Chapter VI.

6 6 0 0.917224 0.906800 -0.782907
7 6 0 1.514145 3.240148 -1.151474

8 6 0 1.714592 0.549422 -1.885736

9 6 0 2.303401 2.875325 -2.242194
10 6 0 2.388730 1.528085 -2.616325
11 8 0 -0.119410 3.788054 1.159461
12 6 0 0.336006 -0.467808 1.578068
13 6 0 1.324912 -0.296339 0.771853
14 6 0 -0.643701 0.505416 3.707376
15 6 0 0.010195 -0.707303 3.004702
16 6 0 -1.996596 1.909159 1.980790
17 6 0 2.719030 -0.731493 0.654811
18 6 0 3.028938 -2.091314 0.836508
19 6 0 4.354812 -2.525658 0.827078
20 6 0 5.388792 -1.606804 0.640692
21 6 0 5.091085 -0.252114 0.462290
22 6 0 3.768492 0.184240 0.460670
23 1 0 -2.639139 1.320999 3.926874
24 1 0 -2.533116 -0.032630 2.821103
25 1 0 1.403449 4.275213 -0.840695
26 1 0 1.844539 -0.497023 -2.148858
27 1 0 2.845660 3.631875 -2.803373
28 1 0 2.999750 1.236400 -3.467499
29 1 0 -0.751024 0.238559 4.766746
30 1 0 0.037583 1.363617 3.663117
31 1 0 -0.667324 -1.568245 3.090633
32 1 0 0.938552 -0.976741 3.530033
33 1 0 -3.012395 1.964854 1.554786
34 1 0 -1.773074 2.902394 2.385487
35 1 0 2.219789 -2.800298 0.987289
36 1 0 4.578366 -3.579996 0.966939
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37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

422274

.893713

.537131

.739717

.191462

.956804

.893980

. 752315

.320002

.167339

.803646

.027564

.625956

.691613

.231076

.713632

.492551

.651719

.458291

.754820

.353567

.186747

.824359

.947434

.240587

.609244

.181154

.791406

.942834

.467308

.234870

. 722915

.904335

.170879

.109819

.209515

.185758

.823368

.378100

.055825

.984527

.828561

.128793

.819911

.290632

.628957

.295368

.678831

.236467

.195940

.654109

.450347

.032885

.676548

.664136

.555294

Chapter VI.

.634990

.324545

.320855

.193029

.554908

.368765

.205194

.349373

.529634

.158321

.511042

.778118

.600476

.339498

.623813

.699054

.848661

. 728686

.394204

.603047

.100678

.519386

.670586

.322609

.101581

.982798

.331846

.682017
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Chapter VI.

I1

Zero-point correction=
(Hartree/Particle)

Thermal correction to
Thermal correction to
Thermal correction to
Sum of electronic and
Sum of electronic and
Sum of electronic and

Sum of electronic and

Energy=

Enthalpy=

Gibbs Free Energy=

zero-point Energies=

thermal Energies=

thermal Enthalpies=

thermal Free Energies=

.296162

.264383

.263439

.358000

(Angstroms)

Center Atomic
Number Number
1 45
2 7
3 6
4 6
5 6
6 6
7 6
8 6
9 6
10 6
11 8
12 6
13 6
14 6
15 6
16 6
17 6
18 6

206

0.537209

0.568988

0.569933

0.475371

-1363

-1363

-1363

-1363

Coordinates
X Y

.997637 -0.111832
.455526 -0.756779
.221700 -3.249648
.343937 0.194446
.442593 1.388741
.15444¢6 1.321921
.025851 2.641977
.367222 2.522337
.169924 3.795841
.879364 3.734725
.935127 0.212251
.807813 -0.954199
.728429 0.020608
.101226 -3.183790
.054122 -2.424739
.523463 -2.064388
.199483 -0.078167
.742258 -0.588936

.030169

.860664

.558312

.371593

.423815

.187092

.882050

.532815

.141696

.073490

.456693

.422436

.300707

.772289

.580541

.491549

.510597

.701908



19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

.123694

.990513

.464737

.084754

.211735

.049537

.512755

.944763

.190892

.062557

.421974

.887226

.283762

.014836

.521128

.190997

.071071

.522558

.066385

.131479

.680930

.193774

.050350

.680091

.382998

.067242

.714646

.413504

.975270

.250355

.510312

.677701

.245687

.276124

.361860

.146497

.393311

.684016

.477696

.751360

.643693

.209825

.742718

.885563

.588071

.221371

.057201

.903324

.075247

.311280

.612295

.752443

.926117

.448842

.184888

.213308

.064443

.086914

.050467

.656398

.587358

.385091
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.880172

.874550

.310441

.490399

.193859

.853741

.852257

.452262

.513386

.641068

.546619

.398515

.213920

.086401

.931592

.324137

.496946

.810236

.013920

.100476

.421064

.700063

.998505

.914841

.062506

.521633

.520522

.217129

.928719

.102800

.035299
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50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

TS9

Zero-point correction=
(Hartree/Particle)

Thermal correction to

Thermal correction to

Thermal correction to

Sum

Sum

Sum

Sum

of

of

of

of

electronic and

electronic and

electronic and

electronic and

0 -2
0 -0
0 -1
0 -0
0 -2
0 -0
0 -2
0 -3
0 -3
0 -3
0 -5
0 -4
0 -4
0 -2
0 -4
Energy=
Enthalpy=

Gibbs Free Energy=

zero-point Energi
thermal Energies=

thermal Enthalpie

thermal Free Energies=

Cent

er

Number

Atomic

Number

Atomic

Type

.545835 2.528253 -3.088309
.945812 1.785418 -3.237001
.290338 2.875535 -1.890271
.645700 -0.394343 -3.636583
.164710 -1.227592 -3.999486
.939924 -2.010981 -2.993969
.154016 -3.235455 -1.360486
.872481 -2.856668 -1.533048
.166836 -3.040351 0.076979
.757041 -1.319922 1.749937
.195051 -1.032794 0.761671
.495895 0.281727 1.718647
.184857 2.898239 -0.663768
.659389 3.052304 0.214516
.043003 2.265643 0.982499
0.535093
0.566756
0.567700
0.473558
es= -1363.256829
-1363.225166
s= -1363.224222
-1363.318364
Coordinates (Angstroms)
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10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

45

.223965

.865484

.642136

.653312

.997813

.803601

.553916

.162278

.910271

.710811

.771982

.981995

.059875

.347383

.648471

.443057

.274487

.172487

.691894

.325149

.416085

.908430

.082374

.367605

.487690

772128

.332140

.196173

.572815

.643783

.137422

-2

-2.

-1

-3.

.530402

.456740

.181722

.204711

.441272

.750267

.326190

.989916

.548999

.883013

.642793

.104180

.621438

.915626

.547799

.042250

.833693

.676000

.321785

.129185

.279523

.629498

.759722

.887784

.821143

.490376

.236372

.057618

722915

.239170

243142

-0.

-1.

-1.

-0.
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.067630

.880515

.170746

.042903

.272608

.539044

.203168

.761736

.418369

.690895

.345232

. 743863

424441

.532301

.309031

.158628

.947956

110849

373124

577512

513978

.755121

.084870

.756112

.949311

.007632

.147062

.633859

.240299

.036961

.650048
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32 1 0 -1.368137 -3.143544 -1.733421
33 1 0 -1.775180 0.708362 -2.593362
34 1 0 -3.415526 0.438698 -1.977840
35 1 0 4.638502 -2.115743 1.932468
36 1 0 6.236493 -1.829972 0.046073
37 1 0 5.380327 -1.201032 -2.205494
38 1 0 2.951275 -0.862407 -2.561788
39 1 0 2.210749 -1.752233 1.576433
40 6 0 -0.133594 2.341488 1.424303
41 6 0 1.183137 2.116501 0.898556
42 6 0 1.142216 2.423555 -0.525376
43 6 0 -0.180084 2.757575 -0.876692
44 6 0 -0.998937 2.646332 0.320470
45 6 0 -0.522291 2.385918 2.872792
46 6 0 2.440365 1.917847 1.696293
47 6 0 2.344887 2.444214 -1.421633
48 6 0 -0.664179 3.237973 -2.214407
49 6 0 -2.455673 2.999075 0.410514
50 1 0 LI> NSl TNk 2.102972 3.022395
51 1 0 -0.392648 3.405789 3.261655
52 1 0 0.087842 1.718187 3.484919
53 1 0 3.144522 1.252103 1.188622
54 1 0 2.226333 1.483395 2.677088
55 1 0 2.954066 2.874923 1.868795
56 1 0 2.065113 2.412091 -2.478812
57 1 0 3.011868 1.599865 -1.223208
58 1 0 2.927148 3.362885 -1.262694
59 1 0 -0.043020 2.863879 -3.034467
60 1 0 -0.644398 4.335917 -2.265308
61 1 0 -1.695314 2.928905 -2.409178
62 1 0 -2.997373 2.696691 -0.490654
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63

64
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I>

Zero-point correction=
(Hartree/Particle)

Thermal correction to

Thermal correction to

Thermal correction to

Sum of

Sum of

Sum of

Sum of

electronic

electronic

electronic

electronic

and

and

and

and

Energy=
Enthalpy=
Gibbs Free

zero-point

thermal Energies=

thermal Enthalpies=

thermal Free Energies=

Center

Number

Atomic

Number

10

11

12

13

-2.593813 4.083160 0.531433
-2.934806 2.506310 1.260825
0.537935
0.569211
0.570155

Energy= 0.477334
Energies= -1363.304802
-1363.273526
-1363.272582
-1363.365403
Coordinates (Angstroms)

X Y Z
0.499684 -0.497577 -0.166395
0.726803 1.675808 -0.759561
0.468779 3.492285 -2.482748
1.609440 2.259445 0.245592
1.478484 1.626085 1.572542
0.943299 0.320927 1.636100
1.944135 2.299254 2.712589
0.846476 -0.266325 2.906299
1.837747 1.693000 3.959607
1.280984 0.411419 4.050254
2.398485 3.140618 -0.045617

-1.205151 0.630244 -0.045965
-0.731947 1.809324 -0.457289
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14 6 0 -1.034473 3.593497 -2.178782
15 6 0 -1.327964 3.161952 -0.725175
16 6 0 1.026788 2.098280 -2.153160
17 6 0 -4.956959 0.140722 -0.192925
18 6 0 -3.655670 0.496099 -0.550641
19 6 0 -2.576221 0.270444 0.325884
20 6 0 -2.846503 -0.337910 1.567367
21 6 0 -4.148511 -0.683318 1.926202
22 6 0 -5.210182 -0.447853 1.047549
23 1 0 0.659147 3.701820 -3.543390
24 1 0 1.021645 4.237372 -1.901225
25 1 0 2.383436 3.286705 2.599659
26 1 0 0.420227 -1.260046 3.016615
27 1 0 2.180747 2.207244 4.853063
28 1 0 1.184325 -0.065273 5.023788
29 1 0 -1.386729 4.618196 -2.350176
30 1 0 _>.Co65 2.941908 -2.864268
31 1 0 -2.404565 3.134717 -0.528941
32 1 0 -0.892625 3.905743 -0.038783
33 1 0 0.570050 1.345311 -2.803760
34 1 0 2.110660 2.070471 -2.289523
35 1 0 -5.774035 0.322425 -0.886781
36 1 0 -3.463168 0.942933 -1.522396
37 1 0 -2.021448 -0.517904 2.249775
38 1 0 -4.336124 -1.139345 2.895146
39 1 0 -6.223469 -0.724924 1.325824
40 6 0 1.698895 -2.501167 0.020468
41 6 0 0.254936 -2.679932 0.077736
42 6 0 -0.270101 -2.418213 -1.254089
43 6 0 0.792336 -1.949478 -2.052998
44 6 0 2.016977 -1.993970 -1.256688
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45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

.657734

.496143

.689906

.733026

.382977

.802281

.297847

.638982

.001460

.561729

.517902

.397188

.851784

.949380

.277415

.036061

.404745

.796583

.088249

.358128

-2.

-3.

-2.

-1.

=2 -

=0,

=25

=1,

839814

393380

658995

578791

.649324

.927104

.493065

.386107

.281505

.471695

.013521

.373669

. 723811

.093619

.287146

421177

745669

470807

448008

.762108

0.

1

-0.

-1.

-2

-3.

-4,

-3.

Chapter VI.

.124272

.166193

.675695

.507209

.779261

.192550

.097769

.959010

.135766

958800

.265554

891926

896029

.575643

809618

145293

741273

.381478

.968087

.421257
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Single Point energies (atomic units) in solution (methanol) calculated with

PCM and the basis set [B3LYP/6-311+G(2df,2p) (C, H, O, N) SDD (Rh)] for

the stationary points calculated with basis set [B3LYP/6-31G(d) (C, H, O,
P) LANL2DZ (Rh)]

1a

SCF Done: E(RB3LYP)

-826.383854445

RhCp*(OAc)2
SCF Done: E(RB3LYP) = -958.034208475
AcOH

SCF Done: E(RB3LYP) -229.184617354

A

SCF Done: E(RB3LYP) -1555.20491705

TS1

SCF Done: E(RB3LYP)

-1555.17823861

SCF Done: E(RB3LYP) -1555.19747310

C

SCF Done: E(RB3LYP) = -1326.01092398
TS2

SCF Done: E(RB3LYP) = -1325.97607810
D,
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SCFEF Done:

TS3

SCFEF Done:

E:

SCFE Done:

C

SCF Done:

TS4

SCF Done:

|D))

SCF Done:

TS5

SCF Done:

E

SCF Done:

2a:

SCFEF Done:

F:

SCFEF Done:

E (RB3LYP)

E (RB3LYP)

E (RB3LYP)

E (RB3LYP)

E (RB3LYP)

E (RB3LYP)

E (RB3LYP)

E (RB3LYP)

E (RB3LYP)

E (RB3LYP)

-1326.01578781

-1325.99167880

-1326.04167573

-1326.00656776

-1325.98087699

-1326.00869134

-1325.98637592

-1326.05323034

-825.235899617

-1248.55309852
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TSé6:

SCF Done:

G1

SCF Done:

TS7:

SCF Done:

G2

SCF Done:

H

SCF Done:

TSS8:

SCF Done:

I1

SCF Done:

TS9:

SCF Done:

I>

SCF Done:

216

E (RB3LYP)

E (RB3LYP)

E (RB3LYP)

E (RB3LYP)

E (RB3LYP)

E (RB3LYP)

E (RB3LYP)

E (RB3LYP)

E (RB3LYP)

-1248

-1248

-1248

-1248

-1365

-1365

-1365

-1365

-1365

.52655976

.57956030

.52362053

.56847424

.32606176

.30182313

.34481675

.30375982

.34370592
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3- CHAPTER III: Assembly of benzoxepines and coumarins by

oxidative annulations of o-vinylphenols.

3.1 General considerations.

2-(prop-1-en-1-yl)phenol (E:Z = 14:1) was prepared according to the procedure described by
Hanessian, Stephen et al in Organic Letters 2006, 8, 5481-5484.

Alkynes 29b (1,2-bis(4-methoxyphenyl)ethyne) and 29c (1,2-bis(4-(trifluoromethyl)
phenyl)ethyne) were prepared according to the procedure reported in Tetrahedron 2005, 61,

9878-9885. Alkyne 29e was prepared according to the procedure from Wender et. al. Angew.
Chem. Int. Ed. 2004, 43, 3076-3079. All the other alkynes were purchased from Aldrich.

3.2 Procedure A for the synthesis of o-vinylphenols exemplified for 23a.
OH OH

[PhzPCH;3]Br (2.3 equiv)
©Ao fBUOK (2.3 equiv) ©/\
THF, 30 °C, 16h

23a

To a solution of methyltriphenylphosphonium bromide (2.04 g, 2.3 equiv) and potassium
tert-butoxide (0.699 g, 2.3 equiv) in THF (26 mL) under Ar atmosphere was added the
aldehyde derivative (0.50 g, 4.09 mmol). The reaction was heated at 30 °C and stirred for 12
hours and then cooled to room temperature. Solvents were removed in vacuo and the
resulting mixture was extracted with diethyl ether. The combined organic layers wer washed
with brine, and dried over anhydrous sodium sulfate. Evaporation of the solvent followed
by purification by flash chromatography on silica gel (hexanes:diethylether; 4:6) gave the 2-
hydroxystyrene (23a) (1,89 g, 96%), as a yellow liquid. TH NMR (300 MHz, CDCls)
d(ppm):7.60 - 7.50 (m, 1H), 7.32 - 7.21 (m, 1H), 7.18 - 7.02 (m, 2H), 6.92 - 6.86 (m, 1H), 5.94 -
5.83 (m, 1H), 5.61 (s, 1H), 5.47 (dd, ] = 11.2, 4.3 Hz, 1H). 3C NMR (75 MHz, CDCls) 6152.7
(C), 131.5 (CH), 129.0 (CH), 127.3 (CH), 125.1 (C), 121.1 (CH), 116.1 (CH), 115.8 (CH>). LRMS
(m/z, EI): 225 (100), 121 (87), 107 (37). HRMS calculated for CsHsO: 121.0653, found 121.0653.

4-methoxy-2-vinylphenol (23b): 56% yield, yellow liquid. TH NMR (300 MHz, CDCls)

OH S(ppm): 7.24(dd, ] =18.7,10.1 Hz, 2H), 7.02 (d, ] = 1.4 Hz, 1H), 6.04 (d, ] = 17.7 Hz,

x 1H), 5.69 - 5.62 (m, 2H), 5.40 (s, 1H), 4.09 (s, 3H). 3C NMR (75 MHz, CDCls)

6153.8 (C), 147.1 (C), 131.5 (CH), 125.7 (C), 116.9 (CH), 115.9 (CH»), 114.8 (CH),

OMe 112.0 (CH), 56.0 (CHs).LRMS(m/z, El): 150 (100), 135 (52), 107 (13). HRMS
23b calculated for CoH1002: 150.0681, found 150.0684.
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4-methyl-2-vinylphenol (23c): 65% yield, yellow liquid. H NMR (300 MHz, CDCl;) 6(ppm):

7.26(s, 1H), 6.98 (m, 2H), 6.71 (d, ] = 8.2 Hz, 1H), 5.85 - 5.72 (m, 1H), 5.48 - 5.41

(m, 1H), 5.39 - 5.33 (m, 1H), 2.31 (d, ] = 5.2 Hz, 3H).13C NMR (75 MHz, CDCl;)

6150.5 (C), 131.5 (CH), 130.2 (C), 129.5 (CH), 127.5 (CH), 124.7 (C), 116.0 (CH),

Me 115.4 (CH>), 20.5 (CHs3). LRMS(m/z, EI): 134 (100), 121 (33). HRMS calculated for
23¢  CoHyo0O: 134.0732, found 134.0729.

Qg
/

4-cloro-2-vinylphenol (23e): 71% yield, white solid.'H NMR (300 MHz, CDCls) &(ppm): 7.42
- 732 (m, 1H), 7.15 - 7.03 (m, 1H), 6.95 - 6.80 (m, 1H), 6.73 (dd, ] = 8.6, 4.8 Hz,
1H), 5.75 (ddd, | = 17.7, 4.6, 1.0 Hz, 1H), 5.41 (ddd, ] = 11.1, 4.7, 1.0 Hz, 1H), 5.04
(s, 1H). 3C NMR (75 MHz, CDCls) 6151.4 (C), 130.5 (CH), 128.6 (CH), 127.1 (CH),
126.5 (C), 126.1 (C), 117.3 (CH), 117.2 (CHz). LRMS(m/z, EI): 154 (37), 153 (100).
2% HRMS calculated for CsH,ClO: 154.0186 found, 154.0185.

QQQ
/

4-bromo-2-vinylphenol (23f): 97% yield, white solid. tH NMR (300 MHz, CDCls) &(ppm):
749 (d, ] = 2.4 Hz, 1H), 7.23 (dd, ] = 8.6, 2.4 Hz, 1H), 6.85 (dd, ] = 17.7, 11.2 Hz,
1H), 6.68 (d, ] = 8.6 Hz, 1H), 5.74 (dd, | = 17.7, 1.1 Hz, 1H), 540 (dd, ] = 11.2, 1.1
Hz, 1H), 5.06 (s, 1H). 3C NMR (75 MHz, CDCls) 6152.0 (C), 131.5 (CH), 130.4
(CH), 130.0 (CH), 127.1 (CH), 117.7(C), 117.3 (C), 113.3 (CH>). LRMS(m/z, EI):

23f 197(100), 199 (96), 117 (14). HRMS calculated for CsH7BrO: 197.9680, found
197.9686.

QQ
/

Br

Methyl-4-hydroxy-3-vinylbenzoate (23g): 88% yield,yellow solidH NMR (300 MHz,

CDCls) 8(ppm): 8.11 (d, ] = 1.5 Hz, 1H), 7.88 - 7.78 (m, 1H), 6.85 (d, ] = 8.4 Hz,

2H), 6.25 (s, 1H), 5.82 (d, ] = 17.6 Hz, 1H), 5.41 (d, ] = 11.1 Hz, 1H), 3.90 (s, 3H). 3C

NMR (75 MHz, CDCl;) 6 157.1 (C=0), 130.8 (CH), 129.6 (CH), 125.0 (C), 123.0 (C),

coMe 1171 (CHz), 115.9 (CH), 111.9 (C), 52.2 (CHs). LRMS(m/ z, EI): 178 (95), 147 (100),
23g 118 (34), 91 (82). HRMS calculated for CioH100s: 178.0630, found 178.0634.

QQ
/

5-bromo-2-vinylphenol (23j): 70% yield, white solid.'H NMR (300 MHz, CDCl;) 6(ppm): 6

7.30 - 7.26 (m, 1H), 7.07 (dd, ] = 8.3, 1.9 Hz, 1H), 7.00 (d, ] = 1.8 Hz, 1H), 6.96 -

6.83 (m, 1H), 5.77 (dd, ] = 17.7, 0.9 Hz, 1H), 5.41 (dd, ] = 11.2, 1.0 Hz, 1H). 13C

NMR (75 MHz, CDCls) 6153.6 (C), 130.8 (CH), 128.6 (CH), 124.2 (C), 124.2 (C),

B 23j 121.8 (CH), 119.1 (CH), 116.5 (CH>). LMBR (m/z, EI): 199 (100), 185 (36), 120
(20). HRMS calculated for CsH7OBr: 197.9684, found 197.9680.

OH
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3.3 Procedure B for the synthesis of o-vinylphenols exemplified for 25d.

OH OH
Xo [PhsPCH3]Br (1.9 equiv) X
nBuLi (1.9 eq)
THF, rt, 4h
Ph Ph
25d

To a solution of methyltriphenylphosphoniumbromide (0.7 g, 1.9 equiv) in THF (15mL) was
added butyllithium solution in THF (1.1 mL, 2.3M) dropwise to -78 °C. The resulting mixture
was stirred 15 minutes, allowed to reach rt and added dropwise to 4-hydroxy-[1.1"]biphenyl-
3-carbaldehyde!ss (0.25 g, 1.26 mmol) at -78°C. The reaction was stirred for 4 hours at rt and
quenched with saturated NH4Cl aqueous solution. The solvent was removed in vacuo and the
resulting mixture was extracted with diethyl ether. The combined organic layer was washed
with brine, and dried over anhydrous Na,SOs. Evaporation of the solvents followed by flash
column chromatography purification on silica gel (hexanes:diethylether; 8:2) yielded the 3-
vinylbiphenyl-4-ol (25d) (0.22g, 88%), as a white solid. tTH NMR (300 MHz, CDCls) 8(ppm):
7.66 - 7.54 (m, 1H), 7.47 - 7.30 (m, 6H), 7.00 (dd, ] =17.7,11.2 Hz, 1H), 6.87 (d, ] = 8.3 Hz, 1H),
5.83 (dd, ] =17.7,1.2 Hz, 1H), 5.43 (dd, ] =11.2, 1.2 Hz, 1H), 5.09 (d, ] = 5.0 Hz, 1H). 3C NMR
(75 MHz, CDCls) 8(ppm): 3C NMR (75 MHz, cdcls) 6 152.5(C), 140.9(C), 134.3(C), 131.7(CH),
1299(CH), 1289(CH), 127.8(CH), 126.9(CH), 126.8(CH), 125.8(C), 116.4(CH),
116.4(CH2).LRMS (m/z, EI): 196 (100), 167 (41), 152 (25), 115 (10).HRMS calculated for
C1sH120: 196.0888 found, 196.0887.

5-methoxy-2-vinylphenol (25h): 92% yield,white solid. TH NMR (300 MHz, CDCls) 6 7.33 -
7.29 (d, 1H), 6.93 - 6.81 (m, 1H), 6.52 - 6.48 (m, 1H), 6.37 (d, ] = 2.5 Hz, 1H),

' 5.66 - 5.60 (m, 1H), 5.47 (s, 1H), 5.28 ~ 5.22 (m, 1H), 3.77 (s, 3H).3C NMR(75
J@/\ MHz, CDCl3)5160.3 (C), 154.0 (C), 1312 (CH), 128.3 (CH), 118.0 (C), 113.8
MeO (CH,), 106.9 (CH), 101.8 (CH), 55.5 (CHs). LRMS (m/z, EI): 150 (100), 137

2sh (34), 121 (9). HRMS calculated for CoHigOs: 150.0661 found, 150.0681.

5-methyl-2-vinylphenol (25i): 72% yield, yellow solid.'H NMR (300 MHz, CDCls) 6 7.28 (d, |

= 7.8 Hz, 1H), 6.91 (dd, | = 17.7, 11.2 Hz, 1H), 6.74 (ddd, | = 5.1, 2.8, 0.5 Hz,

OH 1H), 6.60 (d, ] = 9.8 Hz, 1H), 5.70 (dd, ] = 17.7, 1.3 Hz, 1H), 531 (dd, ] = 11.2,

/©/\ 1.3 Hz, 1H), 5.14 (s, 1H), 2.30 (s, 3H).).13C NMR(75 MHz, CDCl;) 6152.8 (C),

Me 139.3 (C), 131.5 (CH), 127.3 (CH), 122.1 (CH), 121.9 (C), 116.6 (CH), 114.9

25i (CH>), 21.3 (CH3).LRMS (m/ z, EI): 134 (100), 121 (51), 105 (67), 91 (99). HRMS
calculated for CoH100: 134.0732 found, 134.0732.

185 The synthesis of 4-hidroxybiphenyl-3-carbaldehyde was carried out following the procedure reported in Bioorg. Med. Chem.
2010, 18, 358-365. All spectral data obtained was according to the previously reported.
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5-(trifluoromethyl)-2-vinylphenol# (25k): 94% yield, orange liquid.'H NMR (300 MHz,

OH CDCl;) 67.48 (d, ] =8.0Hz, 1H), 7.17 (d, ] = 8.0 Hz, 1H), 7.05 (s, 1H), 6.94 (dd,
J=17.8,11.2 Hz, 1H), 5.87 - 5.79 (m, 1H), 5.52 - 5.45 (m, 1H). LRMS (m/ z,
EI): 188 (100), 169 (16), 159 (27), 119 (18). HRMS calculated for CoH7OF:
188.0449 found, 188.0449. This compound is inestable and start to decompose
quite readily. It was used just after preparation.

FsC

2-methyl-6-vinylphenol (251): 46% yield,yellow solid. tTH NMR(300 MHz, CDCl;) 6 7.24 -

7.20 (m, 1H), 7.05 (d, ] =7.4 Hz, 1H), 6.93 (dd, ] =17.7,11.2 Hz, 1H), 6.82 (t, | =

OH 7.6 Hz, 1H), 5.71 (dd, ] = 17.7, 1.4 Hz, 1H), 5.38 (dd, ] = 11.2, 1.4 Hz, 1H), 4.96

Me\©/\ (s, 1H), 2.26 (s, 3H).13C NMR(75 MHz, CDCls) 6151.3(C), 132.1 (CH), 130.4

(CH), 1254 (CH), 1245 (C), 1238 (C), 120.5 (CH), 116.3 (CH), 16.0

(CH3).LRMS (m/z, EI): 134 (100). HRMS calculated for CoHi10O: 134.0731
found, 134.0732.

251

3.4 General procedure for the Rh-catalyzed reaction leading to oxepines 25.

OH R4
[Cp*RhCl5], (2.5mol%),
S .
Cu(OAc),-H,0 (0.5 equiv)
R, CH3CN, air, 85 °C
23 29 25

To a solution of [Cp*RhCl:]> (5.2 mg, and Cu(OAc), ‘H>O (33 mg, 0.5 equiv, 0.165 mmol) in
CH:CN (2 mL) under air atmosphere was added the alkyne 29 (0.333 mmol) followed by the
addition of corresponding orto-vinylphenols 25 (0.50 mmol, 1.5 equiv). The reaction was
sealed with a rubber septum and an air atmosphere was injected in the flask with a balloon
and a needle. The reaction was heated at 85 °C, stirred overnight and then cooled to room
temperature. The reaction was filtered through celite and washed first with hexanes and then
with diethyl ether. The solvents were removed in vacuo and the remaining residue was
purified by flash column chromatography on silica gel to afford the corresponding oxepines
25.

186 The corresponding aldehyde precursor for the Wittig reaction was prepared by treatment of the 2-methoxy-4-

(trifluoromethyl)-1-vinylbenzene with 3 equivalents of LiCl in DMF at 130 °C (53% yield).
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2,3-Diphenylbenzo[b]oxepine (25aa): 97% yield, yellow solid. TH NMR (300 MHz, CDCls) &

P Ph

h
[E%i;i>

25aa

7.51 - 742 (m, 2H), 7.40 - 7.11 (m, 11H), 7.05 - 6.91 (m, 2H), 6.46 (d, ] = 11.1 Hz,
1H). NMR (75 MHz, CDCls) 6 154.9 (C), 148.5 (C), 139.4 (C), 135.7 (C), 132.5 (CH),
131.7 (C), 131.0 (CH), 130.6 (CH), 130.4 (CH), 130.1 (CH), 128.6 (CH), 128.4 (CH),
127.8 (CH), 127.6 (C), 127.5 (CH), 124.9 (CH), 121.34 (CH). LRMS (m/z, 1) 296 (82)
194 (80) HRMS calculated for C»H160296.1201, found 296.1203.

2,3-Bis(4-methoxyphenyl)benzo[b]oxepine (25ab): 85% yield, yellow liquid.'"H NMR (300

MHz, CDCl;) 6 7.42 (d, ] = 8.9 Hz, 2H), 7.34 (dd, ] = 7.5, 1.3 Hz, 1H), 7.26

154.6 (C), 1474 (C), 132.7 (CH), 131.9 (C), 131.6 (C), 131.4 (CH), 130.3
(CH), 130.1 (CH), 128.3 (CH), 125.6 (CH), 124.6 (CH), 121.2 (CH), 113.9

MeO OMe
(td, ] =7.9,1.6 Hz, 1H), 7.20 - 7.09 (m, 3H), 6.93 (dd, ] = 14.9, 9.5 Hz, 2H),
O Q 6.80 (d, ] = 8.7 Hz, 2H), 6.73 (d, ] = 8.9 Hz, 2H), 6.42 (d, ] = 11.1 Hz, 1H),
_ 3.79 (d, ] = 3.7 Hz, 6H). 3C NMR (75 MHz, CDCLy) 6 159.3 (C), 158.9 (C),
o]
/

25ab

(CH), 113.1 (CH), 55.3 (CHs), 55.2 (CHs). LRMS (m/z, T) 356 (79), 341 (8),
224 (100) HRMS calculated for Co4H2003356.1412, found 356.1412

2,3-Bis(4-(trifluoromethyl)phenyl)benzo[b]oxepine (25ac): 71% yield, yellow solid. tH NMR

(300 MHz, CDCls) 8 7.60 - 7.41 (m, 6H), 7.40 - 7.17 (m, 5H), 7.06 (d, ] = 11.2

J =291.3 Hz), 125.7 (CH, q, ] = 3.6 Hz), 125.3 (CH) , 125.0 (CH, q, ] = 3.6
Hz), 122.3 (C, q, ] = 10.8 Hz), 121.1 (CH). LRMS (m/z, I) 432 (64), 363 (8),

FsC
“Fs Hz, 1H), 6.89 (d, ] = 8.0 Hz, 1H), 6,37 (d, ] = 11.1 Hz, 1H). *C NMR (75
O Q MHz, CDCls) & 154.7 (C), 147.6 (C), 142.5 (C), 138.5 (C), 132.5 (CH), 131.
_ (CH), 131.1 (CH), 130.6 (CH), 130.2 (CH), 128.8 (CH), 128.1 (C), 127.9 (C, q,
O
/

25ac

334 (14), 262 (78) HRMS calculated for CosH14OF3432.0949, found 432.0951.

2,3-Dipropylbenzo[b]oxepine (25ad): 56% yield, yellow liquid. tH NMR (300 MHz, CDCls) &

nPr. npr
e
(9

25ad

7.30 - 7.20 (m, 1H), 7.17 - 7.04 (m, 2H), 6.98 (d, ] = 8.0 Hz, 1H), 6.65 (d, ] = 11.2
Hz, 1H), 6.12 (s, 1H), 2.34 (t, 2H), 2.05 (t, ] = 7.4 Hz, 2H), 1.83 - 1.65 (m, 2H), 1.48
- 1.32 (m, 2H), 0.99 (t, ] = 7.4 Hz, 3H), 0.86 (t, ] = 7.4 Hz, 3H). C NMR: (75 MHz,
CDCly) 6 156.4 (C), 154.7 (C), 132.3 (CH), 131.9 (C), 129.5 (CH), 129.3 (CH), 128.3
(CH), 124.4 (CH), 122.8 (C), 121.1 (CH), 33.9 (CH,), 33.6 (CH,), 22.8 (CH,), 20.9
(CH.), 14.1 (CHs), 13.9 (CHs). LRMS (m/z, I) 228 (100), 199 (90), 185 (27) HRMS

calculated for C16H200228.1514, found 228.1511
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2,3-Diethylbenzo[b]oxepine (25ae): 52% yield, yellow liquid. TH NMR (300 MHz, CDCls) 6
B g /-32-720(m, 1H), 7.18 - 7.04 (m, 2H), 6.99 (dd, ] = 8.4, 0.8 Hz, 1H), 6.66 (d, | =
e 11.2 Hz, 1H), 6.10 (d, ] = 11.2 Hz, 1H), 2.37 (q, ] = 7.5 Hz, 2H), 2.07 (q, ] = 7.5 Hz,

[ 2H),1.24 (t, ] = 7.5 Hz, 3H), 0.99 (t, ] = 7.5 Hz, 3H). 3C NMR (75 MHz, CDCl;) 6

156.5 (C), 155.7 (C), 131.9 (CH), 129.5 (CH), 128.4 (CH), 124.4 (CH), 123.5 (C), 121.2

2502¢  (CH), 25.2 (CH), 24.8 (CH>), 14.3 (CH3), 12.6 (CHs). LRMS (m/z, I) 198 (79) HRMS
calculated for C14H160O 200.1201, found 200.1202

((Benzo[b]oxepine-2,3-diylbis(methylene))bis(oxy))bis(tert-butyldimethylsilane) (25af): 1H
NMR (300 MHz, CDCls) 6 7.26 (td, | = 6.4, 3.3 Hz, 1H), 7.09 (m, 3H), 6.75

— (d, ] =113 Hz, 1H), 6.28 (d, | = 11.3 Hz, 1H), 4.37 (s, 2H), 4.27 (s, 2H),
° y/ 0.92 (s, 9H), 0.88 (s, 9H), 0.11 (s, 6H), 0.04 (s, 6H). 13C NMR (75 MHz,
CDCls) 6 156.6 (C), 154.0 (C), 131.5 (C), 131.2 (CH), 130.0 (CH), 129.7
(CH), 1284 (CH), 124.7 (C), 124.7 (CH), 121.7 (CH), 61.5 (CH), 60.8
(CHy2), 26.1 (CHs), 26.0 (CHa), 18.6 (C), 18.4 (C), -5.07 (CH3).LRMS (m/z, I)
432 (24), 375 (26), 300 (48), 287 (72), 243 (76) HRMS calculated for C2yH40035i2432.2516, found
432.2517.

TBSO OTBS

25af

3-Ethyl-2-phenylbenzo[bJoxepine (25ag): 85% yield, 14:1 inseparable mixture of
ph g regioisomers, pale yellow oil. Major regioisomer: tH NMR (500 MHz, CDCls) 6
— 7.64 - 7.58 (m, 2H), 7.45 - 7.34 (m, 3H), 7.28 - 7.21 (m, 2H), 7.15 (td, ] = 7.5, 1.2 Hz,

S ) 1H), 689 (dd, ] = 9.6, 5.7 Hz, 2H), 6.35 (d, ] = 11.2 Hz, 1H), 2.29 (q, | = 7.5 Hz, 2H),
1.10 (t, ] = 7.5 Hz, 3H). 13C NMR (126 MHz, CDCl:) 6 155.8 (C), 149.5 (C), 136.2 (C),
psag 1318 (CH), 1317 (O), 130.9 (CH), 130.0 (CH), 129.0 (CH), 128.4 (CH), 12833 (CH),

128.1 (CH), 127.1 (C), 124.5 (CH), 121.2 (CH), 25.3 (CHb), 14.4 (CHs) LRMS (m/z, I)
248 (100), 194 (52), 191 (53) HRMS calculated for CisH160248.1201, found 248.1202.

Me H Assignment of the regiochemistry.

H

HA> 2:3%n0¢  The major regioisomer was assigned based on the HMBC,
HSQC, COSY experiments, nOe between the ethyl chain and

the hydrogen of the C4 of the oxepine unit.

25ag

2-Phenylbenzo[b]oxepin-3-yl)metanol (25ah) (major regiosomer): 65% yield, 11:1
inseparable mixture of regioisomers, brown oil. Major regiosomer: 1TH NMR

_ (300 MHz, CDCls) 6 7.80 - 7.59 (m, 2H), 7.50 - 7.00 (m, 6H), 6.90 (dd, | = 15.8,
Q / 9.4 Hz, 2H), 6.46 (d, | = 11.2 Hz, 1H), 4.28 (d, ] = 3.2 Hz, 2H), 1.66 (brs, 1H). 13C
NMR (75 MHz, CDCl;) 6 155.3 (C), 152.9 (C), 135.1 (C), 132.0 (CH), 131.5 (C),
130.4 (CH), 130.4 (CH), 129.2 (CH), 129.2 (CH), 128.6 (CH), 128.2 (CH), 124.9
(CH), 124.6 (C), 121.3 (CH), 63.3 (CHz). LRMS (m/z, I) 250 (100), 191 (46)

Ph OH

25ah
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HRMS calculated for C17H140,250.0994, found 250.0992.

HO H
Ph H
1 )b )2.1%nOe
o) b H
5

25ah

Assignment of the regiochemistry.

The major regioisomer was assigned based on the HMBC,
HSQC, COSY experiments, as well as by the observation of nOe
between the CH2OH chain and the hydrogen of the C; of the
oxepine unit.

Ethyl 2-phenylbenzo[b]oxepine-3-carboxylate) (25ai): 99% yield, 8:1 inseparable mixture of

Ph  CO,Et

e

regioisomers, yellow oil. Major regiosomer: (300 MHz, CDCl;) 6 7.58 (dd, | =
7.8, 1.6 Hz, 2H), 7.48 - 7.27 (m, 5H), 7.21 (m, 2H), 6.99 (d, ] = 8.1 Hz, 1H), 6.88

? / H  (d,]=11.3Hz, 1H), 6.61 (d, ] = 11.3 Hz, 1H), 4.05 (q, ] = 7.1 Hz, 2H), 1.00 (t, ] =
7.1 Hz, 3H). 3C NMR (75 MHz, CDCl;) 6 167.8 (C), 161.2 (C), 155.6 (C), 136.2

25ai (), 131.3 (C), 131.2 (CH), 130.5 (CH), 129.7 (CH), 129.0 (CH), 128.8 (CH), 128.1

(C), 128.0 (CH), 127.6 (CH), 125.5 (CH), 121.4 (CH), 61.1 (CH»), 13.6 (CHs).

LRMS (my/z, I) 292 (100), 219 (28), 191 (59) HRMS calculated for Ci19H1603 292.1099, found

292.1100

Assignment of the regiochemistry.

The major regioisomer was assigned based on bidimensional experiments including HMBC,

HSQC, COSY.

7-Methoxy-2,3-diphenylbenzo[bJoxepine (25ba): 84% yield, yellow cristals. tTH NMR (300

Ph  Ph

MHz, CDCls) 6 7.46 - 7.37 (m, 2H), 7.27 - 7.10 (m, 8H), 6.93 (d, ] = 11.1 Hz, 1H),

— 6.86 - 6.76 (m, 3H), 6.43 (d, ] = 11.1 Hz, 1H), 3.78 (s, 3H). 3C NMR (75 MHz,
/| CDCls) 6 156.5 (C), 148.8 (C), 139.3 (C), 135.5 (C), 132.8 (CH), 132.0 (C), 130.7
(CH), 130.3 (CH), 130.0 (CH), 128.4 (CH), 128.3 (CH), 127.7 (CH), 127.4 (CH),
127.2 (C), 121.8 (CH), 116.2 (CH), 112.3 (CH), 55.7 (CHs). LRMS (m/z, I) 326 (100),

25ba 224 (48), 221 (53) HRMS calculated for Co3H1s02326.1307, found 326.1307

O

OMe

Fig 1. 3-D structure of oxepine 25ba obtained by X-Ray diffractometry
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7-Methyl-2,3-diphenylbenzo[b]oxepine (25ca): 63% yield, pale yellow oil.TH NMR (300
Ph  pn MHz, CDCl;) 6 7.48 - 7.39 (m, 2H), 7.28 - 7.02 (m, 10H), 6.94 (d, ] = 11.1 Hz, 1H),
o 6.81 (d, ] = 8.2 Hz, 1H), 6.41 (d, ] = 11.1 Hz, 1H), 2.34 (s, 3H). 3C NMR (75 MHz,

J CDCl) 6 152.8 (C), 148.5 (C), 1394 (C), 135.6 (C), 134.3 (C), 1324 (CH), 131.2

(CH), 130.9 (CH), 130.3(CH), 130.0 (CH), 128.8 (CH), 128.4 (CH), 128.2 (CH), 127.7

Me (CH), 127.4 (CH), 120.8 (CH), 20.9 (CHs). LRMS (m/z, I) 310 (79), 208 (69) HRMS
25ca calculated for C23H1s0310.1358, found 310.1359.

2,3,7-Triphenylbenzo[b]loxepine (25da): 89% yield, yellow cristals. 'TH NMR (300 MHz,
en pn CDCL) 8 7.63 - 7.33 (m, 9H), 7.31 - 7.15 (m, 8H), 7.03 (dd, ] = 16.2, 9.7 Hz, 2H),
—( 649 (dd, ] = 11.1, 0.7 Hz, 1H). 3C NMR (75 MHz, CDCL) § 154.3 (C), 148.4 (C),
/1404 (C), 139.2 (C), 138.0 (C), 135.4 (C), 132.7 (CH), 131.6 (C), 130.8 (CH), 130.2
(CH), 129.9 (CH), 129.2 (CH), 128.8 (CH), 128.4 (CH), 128.3 (CH), 127.6 (CH), 127.4
(C), 127.4 (CH), 127.3 (CH), 127.1 (CH), 127.0 (CH), 121.4 (CH).LRMS (m/z, I) 372

Posda  (90), 270 (100).HRMS calculated for CasH0372.1514, found 372.1514.

7-Chloro-2,3-diphenylbenzo[b]oxepine (25ea): 78% yield, yellow oil. tH NMR (300 MHz,
P pp CDCl) 8749 - 7.37 (m, 2H), 7.36 - 7.13 (m, 10H), 6.88 (dd, ] = 17.5, 9.9 Hz, 2H),
— 6.49 (d, ] = 11.1 Hz, 1H). 3C NMR (75 MHz, CDCls) 6 153.2 (C), 148.7 (C), 138.9

(0]
/] (C), 1352 (C), 133.6 (CH), 132.8 (C), 130.2 (CH), 130.1 (CH), 130.0 (CH), 130.0
(CH), 129.6 (CH), 128.5 (CH), 127.9 (CH), 127.8 (CH), 127.6 (CH), 127.4 (C), 122.5
(CH). LRMS (m/z, I) 330 (100) 228 (83).HRMS calculated for CxH;sOCI330.0811,

(¢]]

250a found 330.0812

7-Bromo-2,3-diphenylbenzo[b]oxepine (25fa): 80% yield, pale yellow solid.'H NMR (300
Ph ph MHz, CDCl;) 6 7.50 - 7.31 (m, 4H), 7.30 - 7.10 (m, 8H), 6.90 (d, ] = 11.2 Hz, 1H),
o 6.78 (d, ] = 8.6 Hz, 1H), 6.47 (d, ] = 11.2 Hz, 1H). 3C NMR (75 MHz, CDCls) &

I 1537 (C), 148.7 (C), 138.9 (C), 135.2 (C), 133.7 (CH), 133.4 (C), 133.1 (CH), 130.9

(CH), 130.2 (C), 130.0 (CH), 129.5 (CH), 128.6 (CH), 127.8 (CH), 127.6 (CH), 127.5

Br (CH), 123.0 (©), 117.7 (CH). LRMS (m/z, I) 374 (81) 272 (67) HRMS calculated for
3fa C22H150Br374.0306, found 374.0296.
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Methyl 2,3-diphenylbenzo[b]oxepine-7-carboxylate (25ga): 69% yield, yellow solid. H

P Ph

NMR (300 MHz, CDCLy) & 8.06 (d, ] = 2.1 Hz, 1H), 7.95 (dd, ] = 8.4, 2.1 Hz, 1H),

(C), 138.9 (C), 135.2 (C), 133.2 (CH), 131.8 (CH), 131.4 (C), 130.3 (CH), 130.1 (CH),
129.9 (CH), 128.5 (CH), 127.8 (CH), 127.7 (CH), 127.6 (CH), 126.9 (C), 121.4 (CH),

CO,Me
25ga

h
=X 747 -737 (m, 2H), 7.27 - 713 (m, 8H), 6.97 (dd, ] = 16.9, 9.8 Hz, 2H), 647 (d, ] =
/| 11.1 Hz, 1H), 391 (s, 3H). 3C NMR (75 MHz, CDCl) & 166.5 (C), 1583 (C), 148.2

52.2 (CHs). LRMS (m/z I) 354 (100), 252 (82) HRMS calculated for CoyHisOs

354.1256, found 354.1258

8-Methoxy-2,3-diphenylbenzo[b]oxepines (25ha): 88% yield, yellow oil.1H NMR (300 MHz,

P

Ph
=
19
MeO

25ha

+ CDCls) & 7.47 - 7.39 (m, 2H), 7.28 - 7.13 (m, 9H), 6.93 (d, ] = 11.1 Hz, 1H),

6.74 (dd, ] = 8.5, 2.5 Hz, 1H), 6.47 (d, ] = 2.4 Hz, 1H), 6.31 (d, ] = 11.1 Hz, 1H),
3.72 (s, 3H). 13C NMR (75 MHz, CDCl3) § 162.0 (C), 156.0 (C), 147.2 (C), 139.5
(C), 135.6 (C), 130.6 (CH), 130.3 (CH), 130.2 (CH), 130.0 (CH), 129.2 (CH),
128.4 (CH), 128.2 (CH), 127.8 (C), 127.7 (CH), 127.4 (CH), 124.7 (C), 110.9
(CH), 1064 (CH), 55.6 (CHs). LRMS (m/z, I) 326 (72), 310 (13), 224 (60)

HRMS calculated for C»H150,326.1307, found 326.1308

8-Methyl-2,3-diphenylbenzo[b]oxepine (25ia): 90% yield, yellow solid. 1H NMR (300 MHz,

Ph  Ph
e
&
Me

25ia

CDCls) 6 7.52 - 7.43 (m, 2H), 7.32 - 7.15 (m, 9H), 7.01 (dd, ] = 12.3, 6.0 Hz, 2H),
6.78 (s, 1H), 6.40 (d, ] = 11.1 Hz, 1H), 2.31 (s, 3H). 3C NMR (75 MHz, CDCls) 6
154.8 (C), 148.0 (C), 141.1 (C), 139.5 (C), 135.6 (C), 131.5 (CH), 130.8 (CH),
130.3 (CH), 130.0 (CH), 128.8 (C), 128.4 (CH), 128.2 (CH), 128.2 (CH), 127.6
(CH), 127.4 (CH), 125.7 (CH), 121.6 (CH), 21.3. (CH:). LRMS (m/z, I) 310 (87),
265 (26), 208 (89) HRMS calculated for CasHi50310.1358, found 310.1356

8-Bromo-2,3-diphenylbenzo[b]oxepine (25ja): 78% yield, brown solid. tH NMR (300 MHz,

Ph

Ph
ﬁ;
Br

25ja

CDCly) & 7.48 - 7.37 (m, 2H), 7.34 - 7.13 (m, 10H), 7.08 (d, ] = 1.9 Hz, 1H), 6.90
(d, ] = 11.1 Hz, 1H), 6.43 (d, ] = 11.2 Hz, 1H). C NMR (75 MHz, CDCls) &
155.0 (C), 148.4 (C), 139.0 (C), 135.1 (C), 132.9 (CH), 130.6 (C), 130.2 (CH), 129.9
(CH), 129.4 (CH), 128.6 (CH), 128.5 (CH), 128.1 (CH), 127.8 (CH), 127.7 (C),
127.6 (CH), 124.5 (CH), 123.3 (C). LRMS (my/z, I) 374 (94), 272 (100).HRMS
calculated for C»H150Br374.0306, found 374.0305
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2,3-diphenyl-8-(trifluoromethyl)benzo[b]oxepine (25ka): 86% yield, yellow oil. tTH NMR
Ph  pp (300 MHz, CDCls) 6 7.46 - 7.40 (m, 4H), 7.29 - 7.13 (m, 9H), 6.97 (d, ] = 11.2
— Hz, 1H), 6.52 (d, | = 11.2 Hz, 1H). 3C NMR (75 MHz, CDCl;) & 154.6 (C),
J  149.2 (C), 138.9 (C), 135.0 (C), 134.8 (C), 134.5 (CH), 132.2 (C, q, ] = 33.1 Hz),
130.2 (CH), 129.9 (CH), 129.6 (CH), 128.9 (CH), 128.8 (CH), 128.6 (CH), 127.9
FsC S5k (CH), 127.7 (CH), 127.5 (C), 123.8 (C, q, ] = 272.2 Hz), 121.72 (CH, q, ] = 3.7
Hz) 118.6 ( CH q, | = 3.6 Hz). LRMS (m/z, I) (364) 25, 259 (100) HRMS

calculated for C3H150F3364.1075, found 364.1078

0]

9-Methyl-2,3-diphenylbenzo[b]oxepine (25la): 78% yield, yellow solid. tH NMR (300 MHz,

Ph pn CDCls) & 7.45 - 7.39 (m, 2H), 7.27 - 7.02 (m, 11H), 6.97 (d, ] = 11.2 Hz, 1H),

— 6.38 (d, ] = 11.1 Hz, 1H), 1.97 (s, 3H). 3C NMR (75 MHz, CDCl;)  154.4 (C),

/) 149.6 (C), 139.2 (C), 136.3 (C), 131.7 (CH), 131.6 (CH), 131.6 (CH), 130.9 (C),

130.4 (CH), 130.3 (CH), 128.3 (CH), 128.1 (CH), 127.6 (C), 127.5 (CH), 127.1

(CH), 126.2 (CH), 124.4 (CH), 17.23 (CHs).LRMS (m/z, I) 310 (92), 273 (20), 208
(95).HRMS calculated for C23H180310.1358, found 310.1358

(0]
Me

25la

7-bromo-3-ethyl-2-phenylbenzo[b]oxepine (25fg): 80% yield, brown solid. tH NMR (300
pn g MHz CDCL) 8 7.59 - 7.51 (m, 2H), 7.44 - 7.27 (m, 5H), 6.74 (m, 2H), 6.35 (d, | =
o= 11.2 Hz, 1H), 2.25 (q, ] = 7.5 Hz, 2H), 1.07 (t, ] = 7.5 Hz, 3H). 3C NMR (75 MHz,

/| CDCls) & 154.7(C), 149.8 (C), 135.8 (C), 133.5 (C), 133.1 (CH), 132.6 (CH), 130.9
(CH), 129.6 (CH), 129.0 (CH), 128.6 (CH), 128.2 (CH), 127.2 (C), 122.9 (CH), 117.4
(©), 25.3 (CHz), 144 (CHs). LRMS (m/z, I) 326 (100), 311 (14), 272 (28) HRMS

Br25fg calculated for Co3Hi150Br 326.0306, found 326.0306

3.5 General procedure for the Rh-catalyzed synthesis of coumarines 28.

0
[CP*RNCl], (2.5mol%) |
- (o) "

Cu(OAc),'H50 1.2 equiv
MeCN, 85 °C

To a solution of [Cp*RhCl:]> (7.7 mg, 0.0125 mmol, 2.5 mol%) and Cu(OAc). H2O (120 mg,
0.60 mmol, 1.2 eq) in MeCN (2 mL) purged with CO was added 2-alkenyl phenols 25 (a, b, c)
or 27 (0.5 mmol, 1.0 equiv). The reaction was sealed with a rubber septum and a CO
atmosphere was injected in the flask with a balloon and a needle. The reaction was heated at
85 °C and stirred for 16 hours and then cooled to room temperature. The reaction was
filtered through celite and washed first with hexanes and then with diethyl ether. The
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solvents were removed in vacuo and the remaining residue was purified by flash column
chromatography on silica gel to afford the corresponding coumarin products 28.

2H-Chromen-2-one (28a): 60% yield, white solid.'H NMR (300 MHz, CDCls) 6 7.68 (d, ] = 9.6

Hz, 1H), 7.56 - 7.37 (m, 2H), 7.34 - 7.16 (m, 2H), 6.37 (d, ] = 9.6 Hz, 1H). 13C NMR

75 MHZ, CDCls) 6 160.8 (C), 154.0 (C), 143.5 (CH), 131.8 (CH), 127.9 (CH), 124.4

| ), 118.8 (C), 116.8 (CH), 116.6 (CH). LRMS (m/z, I) 146 (100), 127 (18), 118 (88)
HRMS calculated for CoHeO,146.0368, found 146.0366

6-Methoxy-2H-chromen-2-one (28b): 85% yield, brown solid.'H NMR (300 MHz, CDCl;) 6
7.64 (d, ] =9.5Hz, 1H), 7.22 (d, ] = 9.1 Hz, 1H), 7.07 (dd, ] = 9.1, 2.9 Hz, 1H), 6.89

o (d, ] =29 Hz, 1H), 6.39 (d, ] = 9.5 Hz, 1H), 3.82 (s, 3H). 3C NMR (75 MHz,

| CDCl) 6 161.1(C), 156.1 (C), 148.5 (C), 143.3 (CH), 119.5 (CH), 119.2 (C), 117.9

: (CH), 117.1 (CH), 110.1 (CH), 55.9 (CHs). LRMS (m/z, I) 176 (100), 161 (12), 148

I (69), 133 (82) HRMS calculated for C1oHsO5176.0473, found 176.0473
e

28b

Methyl 2-ox0-2H-chromene-6-carboxylate (28¢):78% yield, brown solid.'H NMR (300 MHz,
CDCls) 6 8.21 - 8.11 (m, 2H), 7.74 (d, ] = 9.6 Hz, 1H), 7.34 (d, ] = 8.5 Hz, 1H), 6.46
(d, ] =9.6 Hz, 1H), 3.93 (s, 3H). 3C NMR (75 MHz, CDCls) 6 165.7 (C), 160.0 (C),
156.9 (C), 143.2 (CH), 132.9 (CH), 130.0 (CH), 126.6 (C), 118.6 (C), 117.6 (CH),
117.2 (CH), 52.5 (CHs). LRMS (m/z, I) 204 (85), 173 (100) 145 (55) HRMS

calculated for C11HgO4204.0423, found 204.0425
CO,Me

8c

4-Methyl-2H-chromen-2-one (28d): 84% yield, red solid.'H NMR (300 MHz, CDCl;) 6 7.63 -
7.48 (m, 2H), 7.37 - 7.24 (m, 2H), 6.28 (d, ] = 1.1 Hz, 1H), 2.44 (d, ] = 1.2 Hz, 3H).
13'C NMR (75 MHz, CDCls) 6 160.9 (C), 153.6 (C), 152.5 (C), 131.9 (CH), 124.7
| ), 124.3 (CH), 120.1 (C), 117.2 (CH), 115.2 (CH), 18.7 (CHs). LRMS (m/z, I)
160 100 132 (92) HRMS calculated for C10HsO2160.0524, found 160.0523
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3.6 Competition experiment between 23a and 23f.

Ph P Ph Ph

OH oH Ph T\

. —\4 (0] H
[Cp*RhCl5], (2.5mol%), (0] H y/
N+ N _ J .
Cu(OAc),-H50 (0.5 equiv)
Ph CH3CN, air, 85 °C
COzMe
COgMe
23a 23f 23aa 23fa

To a solution of [Cp*RhCl]> (5.2 mg, 2.5 mol%) and Cu(OAc). H2O (33 mg, 0.165 mmol, 0.5
equiv) and diphenylacetylene (59 mg, 0,333 mmol) in MeCN (1.5 mL) under air atmosphere
was added 2-vinylphenol (23a) (80 mg, 2 equiv, 0,66 mmol) and methyl 4-hydroxy-3-
vinylbenzoate (23f) (119 mg, 2 equiv, 0.66 mmol) dissolved in MeCN (0.5 mL). The reaction
was sealed with a rubber septum and an air atmosphere was injected in the flask with a
balloon and a needle. The reaction was heated at 85 °C and stirred at that temperature. After
105 min an aliquot was filtered through silica, washing with diethylether; the solvents were
evaporated in vacuo and the residue was analyzed by 'H NMR in CDCls. The ratio of
oxepines 23fa and 23aa of the crude mixture was determined to be 8:1 by integration of the
H, of the oxepines.

3.7 Procedure for comparing reaction rates.
Ph Ph
OH OH 29a (1 equiv) A Ph
X X 25mol% [Cp*RhCl,], = O /4 H o p H

0.5 equiv Cu(OAC),"H,0 o
air, CH5CN, 85 °C
10 min

CO,Me

23a 23f
H CO,Me

1.5 equiv 1.5 equiv 45%, 28%

RATE of 25aa: To a solution of [Cp*RhCl:]2 (5.2 mg, 0.125 mmol2.5 mol%) and Cu(OAc).
H>O (33 mg, 0.165 mmol, 0.5 equiv) and diphenylacetylene (59 mg, 0,333 mmol) in MeCN (2
mL) under air atmosphere was added 2-vinylphenol (60 mg, 0.50 mmol). The reaction was
sealed with a rubber septum and an air atmosphere was injected in the flask with a balloon
and a needle. The reaction was heated at 85 °C. After 10 minutes an aliquot of 0.2 mL of the
reaction mixture was taken filtered through silica (washing with diethylether) and the
solvents were evaporated in vacuo. 0.75 mL of a solution of 3 pL of dioxane (as internal
standard) in 5 mL of CDCl; was added and the residue analyzed by H NMR. The yield was
found by integrating the H, of the oxepine 25aa.

RATE of 25fa: To a solution of [Cp*RhClL]> (5.2 mg, 0.125 mmol2.5 mol%) and Cu(OAc):
‘H>0O (33 mg, 0.165 mmol, 0.5 equiv) and diphenylacetylene (59 mg, 0,333 mmol) in MeCN (2
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mL) under air atmosphere was added 4-hydroxy-3-vinylbenzoate (89 mg, 0.50 mmol). The
reaction was sealed with a rubber septum and an air atmosphere was injected in the flask
with a balloon and a needle. The reaction was heated at 85 °C. After 10 minutes an aliquot of
0.2 mL of the reaction mixture was taken filtered through silica (washing with diethylether)
and the solvents were evaporated in vacuo. 0.75 mL of a solution of 3 pL of MeOH (as
internal standard) in 5 mL of CDCl; was added and the residue analyzed by H NMR. The
yield was found by integrating the Hj of the oxepine 25fa.
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4- CHAPTER 1V: Dearomatizing (3+2) oxidative annulations of

o-alkenylphenols and alkynes for the synthesis of spirocycles.

4.1 General considerations.

Alkenylphenols  27j  2-(1-(4-(fluoromethyl)phenyl)vinyl)phenol ~and 27i  2-(1-(4-
methoxyphenyl) vinyl)phenol were prepared according to the procedure reported by Sasano,
K, Takaya, J.; Iwasawa, N.,. J. Am. Chem. Soc. 2013, 135, 10954. All the data recorded match
with the reported data.

All Alkenylphenols substrates were kept under Argon at -60 °C and used freshly within 2-3
days after made.

4.2 Procedure A for the synthesis of o-vinylphenols exemplified for 27a.

OoH O [PhsPCH]Br (2 equiv) OH
©/u\ NaH (4 equiv)
THF, rt, 3 days

27a
To a solution of sodium hydride (0.588 g, 14.7 mmol) in THF (15 mL) under Ar atmosphere
was added methyltriphenylphosphoniumbromide (2.62 g, 7.35 mmol) at 0 °C. The reaction

mixture was stirred for 1h at that temperature. Then 1-(2-hydroxyphenyl)ethanone (0.50 g,
3.67 mmol) was added at 0 °C and the reaction was stirred for 3 days at room temperature
and quenched with saturated NH4Cl aqueous solution. The solvent was removed in vacuo
and the resulting mixture was extracted with diethyl ether. The combined organic layer was
washed with brine, and dried over anhydrous sodium sulfate. Evaporation of the solvent
followed by purification by flash chromatography on silica gel (hexanes:diethylether; 8:2)
gave 2-(prop-1-en-2-yl)phenol (27a) (0.44 g, 91%), yellow liquid. tH NMR (300 MHz, CDCls)
0 7.25-7.15 (m, 2H), 7.01 - 6.87 (m, 2H), 5.76 (s, 1H), 5.47 - 5.40 (m, 1H), 5.21 - 5.15 (m, 1H),
215 (dd, ] = 1.6, 0.9 Hz, 3H). 3C NMR (75 MHz, CDCl;) 6 152.0 (C), 142.2 (C), 129.0 (C), 128.7
(CH), 1279 (CH), 120.3 (CH), 115.9 (CH»), 115.7 (CH), 24.3 (CHs). LRMS (CI) (m/z, I):
135(100). HRMS calculated for CoH1:O 135.0810, found 135.0810.

2-(but-1-en-2-yl)phenol (27b): 68%, pale yellow liquid. tH NMR (300 MHz, CDCls) 6 7.25 -

OH 7.07 (m, 2H), 7.02 - 6.86 (m, 2H), 5.70 (dd, ] = 1.9, 1.1 Hz, 1H), 5.41 (dd, ] = 1.6,
@)& 0.8 Hz, 1H), 5.16 (dd, ] = 1.8, 0.9 Hz, 1H) 2.45 (q, ] = 7.4 Hz, 2H), 1.10 (t, ] = 7.4
Hz, 3H). 3C NMR (75 MHz, CDCls) & 152.3 (C), 148.1 (C), 128.6 (CH), 128.0

7b (CH), 120.2 (CH), 115.5 (CH), 114.1 (CH.), 30.8 (CH.), 12.6 (CHs). LRMS (CI)

(m/z, 1): 149 (100), 133 (59), 107 (83). HRMS calculated for CioH130 149.0966,
found 149.0965.
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2-(1-phenylvinyl)phenol (27c): 91% yield, yellow liquid. tH NMR (300 MHz, CDCl;) 8(ppm):
7.45-7.33 (m, 5H), 7.28 (dd, | = 6.2, 4.4 Hz, 1H), 7.20 - 7.16 (m, 1H), 6.98 (ddd,
J=8.6,5.8,21Hz 2H),5.91 (d, ] =1.2 Hz, 1H), 5.46 (d, ] = 1.2 Hz, 1H), 5.24 (d,
J = 1.2 Hz, 1H). 8C NMR (75 MHz, CDCl;) 6 153.2 (C), 145.4 (C), 139.5 (O),

27c 130.6 (CH) , 129.6 (CH), 128.8 (CH), 128.8 (CH), 127.7 (C), 127.2 (CH), 120.6
(CH), 116.9 (CH>), 116 (CH). LRMS (CI) (m/z, I): 197 (98), 195 (92), 181 (96), 103 (100). HRMS
calculated for C14H1,0 195.0810 found, 195.0809.

:Q

2-(1-phenylvinyl)phenol-d, (27c-d,, 88% deuteration):18” 94%, pale yellow liquid. TH NMR
D._D (300 MHz, CDCl3) 6 7.51 - 7.24 (m, 6H), 7.19 (dd, | = 4.1, 3.4 Hz, 1H), 7.07 -

| 6.93 (m, 2H), 5.90 (s, 0.12H), 5.46 (s, 0.12H), 5.27 (s, 1H). 3C NMR (75 MHz,
O CDCls) 6 153.2(C), 145.2 (C), 139.5 (C), 130.5 (CH), 129.6 (CH), 128.8 (CH),
128.7 (CH), 127.6 (C), 127.1 (CH), 120.6 (CH), 115.9 (CH) LRMS (CI) (m/z, 1):
199(100), 181 (27). HRMS calculated for C14H10D20198.1014, found 198.1016.

.
Was

27¢-d,

4-methyl-2-(prop-1-en-2-yl)phenol (27f): 80%, yellow liquid. tH NMR (300 MHz, CDCls)

(ppm): 6 7.09 - 6.98 (m, 2H), 6.94 - 6.86 (m, 1H), 5.79 (s, 1H), 5.48 - 5.36 (m, 1H),

519 (dd, ] = 1.9, 0.9 Hz, 1H), 2.34 (d, ] = 0.5 Hz, 3H), 2.23 - 2.16 (m, 3H). 13C

NMR (75 MHz, CDCl;) 6 149.7 (C), 142.4 (C), 129.3 (C), 129.1 (CH), 128.8 (C),

27¢  128.3 (CH), 115.6 (CHy), 115.5 (CH), 24.16 (CHs), 20.5 (CHs). LRMS (EI) (m/z, I):

Me 148 (100), 133 (50), 105 (61). HRMS calculated for C;oH:2O: 148.0888 found,
148.0889.

OH

4-bromo -2-(prop-1-en-2-yl)phenol (27h): 79% yield, red liquid. 1H NMR (300 MHz, CDCls)

OH d(ppm):7.29 - 7.24 (m, 2H), 6.83 (dd, ] = 6.8, 2.3 Hz, 1H), 5.70 (s, 1H), 5.44 (d, | =

1.3 Hz, 1H), 5.18 (s, 1H), 2.12 (s, 3H). 3C NMR (75 MHz, CDCl;)151.2 (C), 141.2

(©), 131.5 (CH), 131.0 (C), 130.6 (CH), 117.5 (CH), 116.9 (CH>), 112.4 (C), 24.2

27h  (CHs). LRMS (EI) (m/z, 1): 212 (16), 149 (64), 118 (23), 5 (100). HRMS calculated
for CoHyOBr: 211.9837 found, 211.9820.

5-fluoro-2-(prop-1-en-2-yl)phenol (27j): 36% yield, yellow liquid. *H NMR (300 MHz,

OH CDCl;) 6(ppm): 7.09 (ddd, ] = 8.3, 6.5, 1.5 Hz, 1H), 6.69 - 6.58 (m, 2H), 5.91 (s,
1H), 5.41 41 (dt, ] = 3.0, 1.5 Hz, 1H), 5.12 (dd, ] = 1.7, 0.8 Hz, 1H), 2.10 (d, ] = 0.9
Hz, 3H). 3C NMR (75 MHz, CDCl;) 6 162.7 (C, d, ] = 245.5 Hz), 1533 (Cd, | =
11.7 Hz), 141.6 (C), 128.8 (CH, d, ] = 9.9 Hz), 125.0 (C, d, | = 3.1 Hz), 116.0

5

27i

187This compound was synthesized using trideutedated methyltriphenylphosphoniumiodide instead
of methyltriphenylphosphoniumbromide.
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(CH,), 107.3 (CH, d, ] = 21.7 Hz), 103.1 (CH ,d, ] = 24.9 Hz), 24.4(CHs). LRMS (EI) (m/z, I): 148
(73), 139 (38), 85 (75), 57 (100).

5-chloro-2-(prop-1-en-2-yl)phenol (27k): 73%, yellow liquid. tH NMR (300 MHz, CDCls)
(ppm): 7.06 (d, ] = 8.2 Hz, 1H), 6.95 (d, ] = 2.1 Hz, 1H), 6.90 - 6.85 (m, 1H), 5.82
(s, 1H), 5.43 - 5.40 (m, 1H), 5.15 - 5.13 (m, 1H), 2.11 - 2.08 (m, 3H). 3C NMR
(75 MHz, CDCl;) 152.8 (C), 141.4 (C), 133.8 (C), 128.8 (CH), 127.5 (C), 120.6
cl 27k (CH), 116.4 (CH>), 116.0 (CH), 24.3 (CHs). LRMS (EI) (m/z, I): 168 (45), 155
(50), 104 (64), 91 (100). HRMS calculated for CoHyOCl: 168.0342 found, 169.0344.

OH

2-(prop-1-en-2-yl)-5,6,7,8-tetrahydronaphthalen-1-ol (27m): 62 %, yellow liquid. TH NMR
OH (300 MHz, CDCls) 6 (ppm): 6.93 (d, ] = 7.8 Hz, 1H), 6.68 (d, ] = 7.8 Hz, 1H),
C@J\ 5.85 (s, 1H), 5.43 - 5.40 (m, 1H), 5.15 (s, 1H), 2.80 - 2.70 (m, 4H), 2.14 - 2.12 (m,
27m  3H), 1.90 - 1.76 (m, 4H). 3C NMR (75 MHz, CDCl;) 6 149.6 (C), 142.8 (C), 138.1

(C), 125.3 (C), 124.3 (CH), 124.1 (CH), 120.6 (C), 115.3 (CH), 29.7 (CH>), 24.6 (CH>), 23.5 (CHs),

23 (CH2), 22.9 (CH), 22.9 (CHz). LRMS (EI) (m/z, I): 188 (100), 173 (90), 160 (32), 145(67).
HRMS calculated for C13H160: 188.1201 found, 188.1200.

4, 5-dimethyl-2-(prop-1-en-2-yl)phenol (27n): 25% yield, white solid. 'H NMR (300 MHz,
CDCL) 8(ppm): 6.92 (d, ] = 4. 6 Hz, 1H), 6.76 (d, ] = 4.8 Hz, 1H), 5.54 (dd, |
=41, 2.5 Hz, 1H), 5.37 (ddt, ] = 4.8, 3.3, 1.6 Hz, 1H), 5.13 (s, 1H), 2.25 - 2.22
(m, 3H), 2.22 - 219 (m, 3H), 2.12 (dd, | = 3.3, 1.3 Hz, 3H). 3C NMR (75
Me 27n - MHz, CDCl) 6 149.9 (C), 142.3 (C), 137.2 (C), 128.7 (CH), 128.1 (C), 126.1
Me (©), 116.8 (CH), 115.3 (CHy), 77.1 (C), 24.4 (CHzs), 19.7 (CHs), 18.9 (CHa).
LRMS (CI) (m/z, 1): 163 (100), 162 (79), 147 823). HRMS calculated for Ci1Hi50: 163.1123
found, 163.1125.

OH

4.3 Procedure B for the synthesis of o-vinylphenols exemplified for 27g.

OH O OH
[PhsPCH]Br (2 equiv)
BulLi (2 eq)
THF, rt, 4h 279
OMe OMe

To a solution of methyltriphenylphosphoniumbromide (2.10 g, 6.02 mmol) in THF (25mL)
was added dropwise a butyllithium solution in THF (2.6 mL, x 2.3 M, 6.02 mmol) at -78 °C.
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The resulting mixture was stirred 15 minutes and allowed to reach rt. After cooling the
mixture again to -78 °C, 1-(2-hydroxy-4-methoxyphenyl)ethanone (0.5 g, 3.01 mmol) was
added and the reaction was stirred for 4 hours at room temperature and quenched with
saturated NHiCl aqueous solution. The solvent was removed in vacuo and the resulting
mixture was extracted with diethyl ether. The combined organic layer was washed with
brine, and dried over anhydrous sodium sulfate. Solvent evaporation followed by flash
column chromatography purification on silica gel (hexanes:diethylether; 8:3) yielded 4-
methoxy-2-(prop-1-en-2-yl)phenol (27g) (0.16 g, 32%), yellow liquid. 1H NMR (300 MHz,
CDCls) 6 (ppm): 7.07 (d, ] = 7.9 Hz, 1H), 6.58 - 6.48 (m, 2H), 5.94 (s, 1H), 5.35 (dt, ] = 3.2, 1.5
Hz, 1H), 5.11 (dd, ] = 1.8, 0.9 Hz, 1H), 3.79 (d, | = 3.4 Hz, 3H), 2.11 - 2.10 (m, 3H). 3C NMR
(75 MHz, CDCl;) 6160.0 (C), 153.2 (C), 142.1 (C), 128.5 (CH), 121.5 (C), 114.9 (CH>), 106.4
(CH), 101.1 (CH), 55.3 (CH3), 24.5 (CHs). LRMS (EI) (m/z, I): 164 (100), 149 (23), 137 (10).
HRMS calculated for C10H1202: 165.0916 found, 165.0916.

5-methoxy-2-(prop-1-en-2-yl)phenol (27i): 42 %, yellow liquid. 1H NMR (300 MHz, CDCl;) &
(ppm): 7.06 (d, ] = 8.3 Hz, 1H), 6.52 - 6.44 (m, 2H), 591 (s, 1H), 5.37 - 5.32

OH
(m, 1H), 5.13 - 5.07 (m, 1H), 3.78 (s, 3H), 2.10 (dd, ] = 1.4, 0.9 Hz, 3H). 5C
et o NMR (75 MHz, CDCL:) 6 160.1 (C), 153.2 (C), 142.1 (C), 1285 (CH), 1215 (C),
114.9 (CH,), 106.5 (CH), 101.1 (CH), 55.4 (CHs), 24.6 (CHs). LRMS (CI) (m/z,
1): 164 (100), 152 (85), 149 (72), 108 (64).HRMS calculated for C1oH1.0»: 164.1 found, 164.1.

4.4 Procedure A for the Rh-catalyzed annulations.
HO Ry o Re g,
R 2.5 mol% [Cp*RhCly],
R 2+ | | >
1 0.5 equiv Cu(OAc),-H,O R4
R, air, CHsCN, 40 °C, 1-16h R,
27 29 31

To a solution of [Cp*RhCl]> (5.2 mg, 2.5 mol%) and Cu(OAc). ‘H2O (33 mg, 0.5 equiv, 0.165
mmol) in CH3CN (2 mL) under air atmosphere was added the alkyne 2 (0.333 mmol)
followed by the addition of corresponding ortho-alkenylphenols 27 (0.50 mmol, 1.5 equiv).
The reaction was sealed with a rubber septum and an air atmosphere was injected in the
flask with a balloon and a needle. The reaction was heated at 40 °C, stirred until full
conversion as followed by TLC and then cooled to room temperature. The solvents were
removed in vacuo and the remaining residue was purified by flash column chromatography
on silica gel to afford the corresponding spirocycles 31. In some cases we also isolated small
proportions of products 25 and 32.
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4-methyl-1,2-diphenylspiro[4.5]deca-1,3,7,9-tetraen-6-one (31aa): 97% yield, brown solid. TH
NMR (500 MHz, CDCls) 6 7.39 - 7.33 (m, 2H), 7.32 - 7.23 (m, 3H), 7.22 - 7.17

0 Ph (m, 1H), 7.16 - 7.11 (m, 3H), 7.10 - 7.04 (m, 2H), 6.63 - 6.59 (m, 1H), 6.55 - 6.49
OC (m, 1H), 6.29 (dd, ] = 9.9, 0.5 Hz, 1H), 6.11 - 6.07 (m, 1H), 1.89 - 1.74 (m, 3H).

Ve 13C NMR (126 MHz, CDCls) & 197.3 (C), 145.6 (C), 143.3 (CH), 141.9 (CH),
31aa 1412 (C), 1359 (C), 1357 (C), .
135.6 (CH), 128.7 (CH), 1286 )\ VY

(CH), 128.4 (CH), 128.3 (CH), 1283 (CH), 127.6 \
(CH), 127.0 (CH), 122.8 (CH), 77.2 (C), 13.1 c\\,ﬁ/?\ /7 bh—o
(CHs). LRMS (CI) (m/z, I): 311 (29), 137 (100). /< —< ‘LZ __/

HRMS calculated for CxHiO 3111436, found ¢ / 7 0
311.1438. A/
The structure of this compound was further / )

confirmed by XR-anaylysis. CCDC 995495
contains the crystallographic data of 3laa, which can be obtained via
www.ccde.cam.ac.uk/data_request/ cif.

3a-methyl-1,2-diphenylazulen-4(3aH)-one (32aa): yellow oil. tH NMR (500 MHz, CDCl;) 6
Q Me  pn 7.27 - 7.20 (m, 4H), 7.16 - 7.09 (m, 3H), 7.05 - 6.99 (m, 4H), 6.72 (d, ] =11.2 Hz,
1H), 6.62 (dd, | = 12.3, 8.3 Hz, 1H), 6.07 (dd, ] = 11.1, 8.3 Hz, 1H), 5.70 (d, ] =
O ph  12.3 Hz, 1H), 1.32 (s, 3H). 3C NMR (126 MHz, CDCl) 6 199.7 (C), 150.3 (C),
33aa 145.4 (C), 144.0 (CH), 140.9 (C), 137.1 (CH), 134.9 (C), 134.4 (C), 132.0 (CH),
130.5 (CH), 128.4 (CH), 128.3 (CH), 128.0 (CH), 127.5 (CH), 123.1 (CH), 122.7

(CH), 67.7 (C), 24.6 (CHs). LRMS (EI) (m/z, 1): 310 (100), 295 (10), 282 (53), 267 (71) HRMS
calculated for C»xH150 310.1358, found 310.1359.

1,2-bis(4-methoxyphenyl)-4-methylspiro[4.5]deca-1,3,7,9-tetraen-6-one (31ab): 93% yield,
MeO brown solid. tH NMR (300 MHz, CDCl;) 6 7.32 - 7.23 (m, 2H), 7.19 -
OMe 7.12 (m, 1H), 7.04 - 6.94 (m, 2H), 6.83 - 6.75 (m, 2H), 6.70 - 6.61 (m, 2H),

O Q 6.55 (d, ] = 1.5 Hz, 1H), 6.47 (dd, ] =9.2, 6.0 Hz, 1H), 6.24 (d, ] = 9.8 Hz,

Q 1H), 6.08 - 6.01 (m, 1H), 3.77 (s, 3H), 3.71 (s, 3H), 1.78 (d, ] = 1.4 Hz,

OC 3H).3C NMR (75 MHz, CDCLy) 6 197.7 (C), 1589 (C), 1583 (C), 144.5
Ve (C), 143.8 (C), 143.4 (CH), 142.3 (CH), 139.5 (C), 135.6 (CH), 129.7 (CH),
31aa 129.4 (CH), 128.5 (CH), 128.3 (C), 122.5 (CH), 113.7 (CH), 113.7 (CH),

77.1 (C), 55.2 (CHas), 55.1 (CHzs), 13.0 (CHs3). LRMS (CI) (m/z, 1): 371
(100) HRMS calculated for C2sH2303371.1647, found 371.1647
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4-methyl-1,2-bis(4-(trifluoromethyl)phenyl)spiro[4.5]deca-1,3,7,9-tetraen-6-one (31ac): 71%
FsC yield, brown solid. ZH NMR (300 MHz, CDCls) 6 7.55 (d, ] = 8.1 Hz, 2H),
CF; 7.45-7.35 (m, 4H), 7.26 - 7.18 (m, 1H), 7.13 - 7.07 (m, 2H), 6.60 - 6.51

O Q (m, 2H), 6.29 (d, ] = 9.9 Hz, 1H), 6.08 - 6.01 (m, 1H), 1.83 (d, ] = 1.6 Hz,

Q 3H). 3C NMR (75 MHz, CDCl;) 6 196.4 (C), 147.6 (C), 146.1 (C), 143.5

OC (CH), 141.2 (C), 140.7 (CH), 139.0 (C), 138.7 (C), 134.9 (CH), 130.0 (C, q, |
" = 31.9 Hz), 128.9 (CH), 128.8 (CH), 128.4 (CH), 125.7 (CH, q, ] = 3.7 Hz),
31ac 1255 (CH, q, ] = 3.7 Hz), 124.1 (q, ] = 272.0 Hz), 123.5 (CH), 13.1 (CH>)

LRMS (CI) (m/z, I): 447 (99), 427 (100). HRMS calculated for CosHiyOFe
447.1194, found 447.1194.

1,2-diethyl-4-methylspiro[4.5]deca-1,3,7,9-tetraen-6-one (31ad): 93% yield, yellow oil. 1H

NMR (300 MHz, CDCls) 6 7.20 - 7.11 (m, 1H), 6.41 (dd, ] = 9.1, 5.9 Hz, 1H),

o 6.24 - 6.14 (m, 2H), 5.73 (dd, ] = 9.1, 1.1 Hz, 1H), 2.26 (q, ] = 7.6 Hz, 2H), 2.05

C (9, ] =7.6 Hz, 2H), 1.64 (d, ] = 1.3 Hz, 3H), 1.06 (t, ] = 7.6 Hz, 3H), 0.88 (t, | =

7.6 Hz, 3H). 3C NMR (75 MHz, CDCls) 6 198.8 (C), 146.4 (C), 143.3 (CH),

143.2 (C), 142.7 (CH), 141.9 (C), 134.1 (CH), 128.3 (CH), 122.1 (CH), 76.1 (C),

20.6 (CHy), 20.0 (CH>), 14.7 (CHa), 13.9 (CHzs), 13.2 (CHs). LRMS (CI) (m/z, 1):
215 (100), 199 (17), 185 (98). HRMS calculated for Ci5sH190215.1436, found 215.1439.

Me
31ad

1,2-bis(((tert-butyldimethylsilyl)oxy)methyl)-4-methylspiro[4.5]deca-1,3,7,9-tetraen-6-one

oTBS (31ae): 81% yield, yellow oil. tTH NMR (300 MHz, CDCls) 6 7.14 - 7.05 (m,

0 OTBS 1H), 6.38 (dd, ] = 9.2, 5.9 Hz, 1H), 6.27 (d, ] = 1.6 Hz, 1H), 6.17 (d, ] = 9.8
C Hz, 1H), 5.84 - 5.74 (m, 1H), 4.46 (q, ] = 13.5 Hz, 2H), 4.25 (q, ] = 13.2 Hz,
O 2H), 1.67 (d, ] = 1.3 Hz, 3H), 0.90 (s, 9H), 0.81 (s, 9H), 0.07 (d, ] = 3.3 Hz,
Me 6H), -0.05 (d, ] =4.1 Hz, 6H). 13C NMR (75 MHz, CDCl;) 6 197.3 (C), 145.0

3lae (C), 144.8 (C), 142.6 (CH), 141.6 (CH), 141.2 (C), 1325 (CH), 128.4 (CH),

121.8 (CH), 74.9 (C), 59.0 (CH>), 58.2 (CH>), 26.04 (CHz), 26.00 (CH3),18.5 (C), 13.0 (CH3), -5.1
(CHs), -5.49 (CHs), -5.53 (CHs). LRMS (CI) (m/z, 1): 446 (7), 389 (13), 314 (19), 301 (63). HRMS
calculated for CsH4O55i,446.2673, found 446.2673.

2-ethyl-4-methyl-1-phenylspiro[4.5]deca-1,3,7,9-tetraen-6-one (31ag): 89% yield, yellow oil.

oPh H NMR (300 MHz, CDCl3) 6 7.27 - 7.07 (m, 6H), 6.48 - 6.34 (m, 2H), 6.22 (d, ]
= 9.8 Hz, 1H), 5.99 - 5.91 (m, 1H), 2.49 (q, ] = 7.5 Hz, 2H), 1.74 (d, ] = 1.4 Hz,
O 3H), 1.18 (t, | = 7.6 Hz, 3H). 3C NMR (75 MHz, CDCls) § 197.9 (C), 148.8 (C),
Me 145.2 (C), 143.3 (CH), 142.6 (CH), 140.0 (C), 135.7 (CH), 134.9 (CH), 1285
31ag (CH), 128.2 (CH), 128.0 (CH), 126.6 (CH), 122.4 (CH), 76.5 (C), 21.7 (CH>), 13.8

(CHs), 12.9 (CHs). LRMS (EI) (m/z, ): 262 (100), 247(67), 233 (27), 219 (28), 205 (58). HRMS
calculated for C19H150262.1358, found 262.1358.
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H Assignment of the regiochemistry

H

) 1.2% nOe  The major regioisomer was assigned based on the HMBC,
HSQC, COSY experiments, as well as by the observation of
nOe between the ethyl chain and the C3 hydrogen of the

spiro unit.

2-cyclopropyl-4-methyl-1-phenylspiro[4.5]deca-1,3,7,9-tetraen-6-one (31ai): 78%

oPh N yield,yellow oil. tH NMR (300 MHz, CDCls) 87.35 - 7.23 (m, 4H), 7.22 - 7.13

(m, 2H), 6.50 - 6.43 (m, 1H), 6.27 (dd, ] = 9.8, 0.6 Hz, 1H), 6.05 - 5.95 (m, 2H),

OC 2.03 -1.91 (m, 1H), 1.74 (d, ] = 1.6 Hz, 3H), 0.99 - 0.81 (m, 3H), 0.79 - 0.63 (m,

Me 1H). 3C NMR (75 MHz, CDCl;) 6 197.9 (C), 148.5 (C), 1454 (C), 143.3 (CH),

31ai 142.8 (CH), 139.8 (C), 1359 (C), 131.2 (CH), 128.6 (CH), 128.3 (CH), 128.0

(CH), 126.5 (CH), 122.4 (CH), 76.6 (C), 13.0 (CHs), 10.5 (CH), 7.7 (CH>), 7.6 (CH>2). LRMS (EI)

(m/z, 1): 274 (100), 259 (48), 246 (27), 231 (47), 215 (79). HRMS calculated for CxH1s0274.1349,
found 274.1358.

Assignment of the regiochemistry

Ph N ’
The major regioisomer was assigned based on the \)
HMBC, HSQC, COSY experiments, as well as by the 31ai O ) H
observation of nOe between the cyclopropyl chain and Me 1.9% nOe

the hydrogen of the C3 of the spiro unit.

2-(hydroxymethyl)-4-methyl-1-phenylspiro[4.5]deca-1,3,7,9-tetraen-6-one (31ah): 78% yield,

oPh on yellow oil. TH NMR (500 MHz, CDCls) & 7.27 - 7.17 (m, 4H), 7.09 - 7.04 (m,
2H), 6.57 (q, ] = 1.5 Hz, 1H), 6.50 (dd, ] = 9.2, 5.9 Hz, 1H), 6.29 (d, ] = 9.7 Hz,
O 1H), 6.01 - 5.97 (m, 1H), 4.53 (dd, J = 51.2, 13.0 Hz, 2H), 3.00 (br s, 1H), 1.73
Me (d, ] = 1.5 Hz, 3H). 3C NMR (75 MHz, CDCls) § 197.7 (C), 146.2 (C), 145.5
31ah (C), 143.8 (CH), 142.2 (C), 141.9 (CH), 134.4 (C), 133.8 (CH), 128.2 (CH),

127.7 (CH), 127.0 (CH), 122.5 (CH), 76.3 (C), 58.5 (CH.), 12.7 (CHs). LRMS (EI) (m/z, I): 264
(100), 247 (30), 234 (31), 219 (27), 202 (50). HRMS calculated for CxHi60264.1150, found
264.1150

Assignment of the regiochemistry

H

H) 13% noe The major regioisomer was assigned based on the HMBC,
HSQC, COSY experiments, as well as by the observation of
nOe between the CH>OH chain and the hydrogen of the C3.

31ah
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2-ethyl-4-methyl-1-(prop-1-en-2-yl)spiro[4.5]deca-1,3,7,9-tetraen-6-one (31aj): 80% yield,
yellow oil. 1TH NMR (300 MHz, CDCl;) 6 7.21 - 7.11 (m, 1H), 6.47 - 6.38 (m,

o 1H), 6.27 - 6.21 (m, 2H), 5.89 - 5.80 (m, 1H), 4.77 (s, 1H), 4.46 (s, 1H), 2.63 -
OC 2.38 (m, 2H), 1.86 - 1.81 (m, 3H), 1.64 (d, ] = 1.3 Hz, 3H), 1.12(dd, ] = 7.8, 7.3

" Hz, 3H). 3C NMR (75 MHz, CDCls) & 197.9 (C), 148.8 (C), 144.2 (C), 143.9

31aj (CH), 143.0 (CH), 142.0 (C), 139.1 (C), 135.7 (C), 128.4 (CH), 121.8 (CH), 114.1

(CH), 75.6 (C), 23.4 (CHs), 22.3 (CH>), 14.2 (CHs), 12.5 (CHs). LRMS (EI) (m/z,

I): 226 (67), 211 (65), 198 (100), 183 (72). HRMS calculated for CicHisO 226.1358, found
226.1356.

Assignment of the regiochemistry.

H

D 07% noe Lhe major regioisomer was assigned based on the HMBC,
HSQC, COSY experiments, as well as by the observation of
nOe between the CH>CHj3 chain and the hydrogen of the

4-ethyl-1,2-diphenylspiro[4.5]deca-1,3,7,9-tetraen-6-one (31ba): 94% yield, brown solid. H
oPh NMR (300 MHz, CDCls) § 7.40 - 7.33 (m, 2H), 7.30 - 7.21 (m, 3H), 7.20 - 7.01
C (m, 6H), 6.62 (t, ] = 1.9 Hz, 1H), 6.48 (dd, ] = 9.1, 6.0 Hz, 1H), 6.25 (d, ] = 9.8 Hz,
O 1H), 6.15 - 5.98 (m, 1H), 2.21 - 2.00 (m, 2H), 1.16 (t, ] = 7.4 Hz, 3H). 3C NMR
Et (75 MHz, CDCls) 6 197.4 (C), 152.1 (C), 145.4 (C), 143.3 (CH), 142.1 (CH), 140.9
31ba (C), 135.9 (C), 135.6 (C), 133.2 (CH), 128.7 (CH), 128.6 (CH), 128.4 (CH), 128.3
(CH), 128.2 (CH), 127.6 (CH), 127.0 (CH), 122.7 (CH), 77.1 (C), 20.6 (CH>), 12.1 (CHs). LRMS
(ED) (m/z, I): 324 (100), 309 (45), 296 (21), 279 (18), 267 (86). HRMS calculated for
C24H»00324.1514, found 324.1523.

Ph

4,9-dimethyl-1,2-diphenylspiro[4,5]deca-1,3,7,9-tetraen-6-one (31fa): 89% yield, Red oil. TH
oPh o NMR (300 MHz, CDCl;) 6 (ppm): 7.31 (dt, | = 8.5, 4.4 Hz, 2H), 7.27 - 7.2 (m,
. 3H), 7.14 - 7.08 (m, 3H), 7.01 (dd, ] = 6.3, 3.4 Hz, 3H), 6.53 (d, ] = 1.6 Hz, 1H),
O 6.20 (d, ] = 9.9 Hz, 1H), 5.73 (s, 1H), 2.03 (d, ] = 1.4 Hz, 3H), 1.79 (d, ] = 1.5 Hz,
Me 3H).13C NMR (75 MHz, CDCL) 8(ppm): 197.5 (C), 147.6 (CH), 146.3 (C), 145.1
Me 31fa (), 1415 (C), 136.0 (C), 135.8 (C), 135.4 (CH), 134.9 (CH), 130.6 (C), 128.6 (CH),
128.4 (CH), 128.3 (CH), 128.2 (CH), 127.5 (CH), 126.9 (CH), 765 (C), 21.2 (CHa), 13.2 (CH).
HRMS (m/z, ESI) for C2sH»1O [M+H]* 325.1639.
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9-methoxy-4-methyl-1,2-diphenylspiro[4,5]deca-1,3,7,9-tetraen-6-one (31ga): 43% yield,

oPh yellow solid. TH NMR (300 MHz, CDCl;) 6 (ppm) 7.37 (d, ] = 1.4, 2H), 7.33 -

G 7.25 (m, 3H), 7.19 - 7.10 (m, 5H), 6.67 - 6.63 (m, 1H), 6.43 - 6.37 (m, 1H), 6.13 -

O 6.05 (m, 1H), 5.74 (d, ] = 1.8 Hz, 1H), 3.83 (s, 3H), 1.90 - 1.83 (m, 3H). 3C NMR

Me (75 MHz, CDCl3) 6 (ppm):195.5 (C), 173.0 (C), 145.8 (C), 145.5 (C), 142.3 (CH),

OMe 3193 1414 (C), 135.8 (C), 135.2 (CH), 128.6 (CH), 128.4 (CH), 128.3 (CH), 128.3 (CH),

1275 (CH), 127 (CH), 122.9 (CH), 102.9 (CH), 75.4 (C), 56.0 (CHs), 13.1(CHs). HRMS (m/z,
ESI) calculated for CosH2102 [M+H]* found, 341.1638.

8-methoxy-4-methyl-1,2-diphenylspiro[4,5] deca-1,3,7,9-tetraen-6-one (3lia): 43% yield,
Ph yellow solid. TH NMR (300 MHz, CDCl;) 6 (ppm): 7.39 - 7.33 (m, 2H),

o Ph 731-7.23 (m,3H),7.17 - 7.09 (m, 5H), 6.63 (d, ] = 1.6 Hz, 1H), 6.41 - 6.36

(m, 1H), 6.08 (d, ] = 9.8 Hz, 1H), 5.73 (d, ] = 1.8 Hz, 1H), 3.82 (s, 3H), 1.85

MeO Mo (d, ] = 1.5 Hz, 3H). 3C NMR (75 MHz, CDCls) 6(ppm): 195.6 (C), 173.1
3tia  (C), 145.8 (C), 145.5 (C), 142.4 (CH), 141.4 (C), 135.8 (C), 135.3 (CH), 128.6

(CH), 128.4 (CH), 128.3 (CH), 128.3 (CH), 128 (C), 127.5 (CH), 127 (CH), 123 (CH), 103 (CH),

75.4 (C), 56.0 (CHa), 13.1 (CHa). HRMS (m/z, ESI) calculated for CosHnO, [M+H]* 341.1533
found, 341.1536.

8-fluoro-4-methyl-1,2-diphenylspiro[4,5]deca-1,3,7,9-tetraen-6-one(31ja): 97% yield, red oil.
1H NMR (500 MHz, CDCls) 8(ppm):7.38 - 7.30 (m, 2H), 7.31 - 7.22 (m, 3H),
? Ph 719 -7.12 (m, 3H), 7.08 - 7.02 (m, 2H), 6.65 (q, ] = 1.5 Hz, 1H), 6.55 - 6.48 (m,
1H), 6.24 - 6.20 (m, 1H), 6.04 (dd, ] = 12.5, 2.0 Hz, 1H), 1.84 (t, ] = 2.0 Hz, 3H).
F Me 13C NMR (500 MHz, CDCls) 6(ppm): 196.1 (C, d, ] =18.1 Hz), 175 (C, d, | =
3la  279.2 Hz), 146.2 (C), 145.2 (CH, d, | = 13.8 Hz), 144.9 (C), 140.7 (C), 136.3

(CH), 135.4 (C), 135.3 (C), 128.6 (CH), 128.5 (CH), 128.3 (CH), 127.8 (CH), 127.3 (CH), 119.7

(CH, d, ] = 33.1 Hz), 109.8 (CH, d, | = 12.6 Hz), 76.5 (C), 13.1 (CHs). HRMS (m/z, ESI)
calculated for CxH1sFO [M+H]* 329.1336 found, 329.1342.

8-chloro-4-methyl-1,2-diphenylspiro[4,5]deca-1,3,7,9-tetraen-6-one (31ka): 85% yield, red
solid. tH NMR (300 MHz, CDCl;) 6 (ppm):7.29 (dd, | = 5.2, 3.3 Hz, 1H),

o Ph 724 (dd, ] = 5.1, 2.0 Hz, 3H), 7.11 W,
OC (t, ] = 3.2 Hz, 3H), 7.00 (dd, ] = 6.6, /\//\ S
cl e 3.0 Hz, 3H), 6.60 (d, ] = 1.5 Hz, I —_7/

stka  1H), 6,51 (dd, J = 9.6, 1.3 Hz, 1H), /\/< 3
6.44 (s, 1H), 6.07 (s, 1H), 1.81 (d, ] = 1.4 Hz, 3H). 13C d r\ 7
NMR (75 MHz, CDCl3) §(ppm): 194.2 (C), 152.9 (C), a\ l"
146.1 (C), 145.2 (C), 142.4 (CH), 140.9 (C), 136.2 (CH), ™\
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135.5 (C), 135.4 (C), 128.6 (CH), 128.5 (CH), 128.3 (CH), 127.8 (CH), 127.3 (CH), 126.8 (CH),
126.3 (CH), 75.9 (C), 13.2 (CHs). HRMS (m/z, ESI) calculated for C»H1sCIO [M+H]* 345.1047
found, 345.1041.

confirmed by XR-analysis. CCDC 995496 contains the crystallographic data of 31ka, which
can be obtained via www.ccdc.cam.ac.uk/data_request/cif.

8-chloro-2-ethyl-4-methyl-1-phenylspiro[4,5]deca-1,3,7,9-tetraen-6-one (31kg): 73% yield,
yellow oil. 'TH NMR (300 MHz, CDCl;) 6 (ppm): 7.30 - 7.19 (m, 3H), 7.10 -

oPh 7.06 (m, 2H), 6.49 - 6.45 (m, 1H), 6.43 - 6.40 (m, 2H), 6.01 - 5.97 (m, 1H),

247 (q, ] =7.3 Hz, 2H), 1.76 (d, ] = 1.6 Hz, 3H), 1.18 (t, ] = 7.2 Hz, 3H).13C
O NMR (75 MHz, CDCl;) 6 (ppm): 194.7 (C), 152.9 (C), 149.5 (C), 144.9 (O),
e31kg 143.1 (CH), 139.9 (C), 135.5 (CH), 135.4 (C), 128.4 (CH), 128.0 (CH), 127.0

(CH), 126.7 (CH), 125.9 (CH), 75.2 (C), 21.7 (CH>), 13.8 (CHs), 13.1 (CHa).
HRMS (m/z, ESI) calculated for C10H1sC1O [M+H]* 297.1036 found, 297.1041.

Assignment of the regiochemistry
) 5% nOe The major regioisomer was assigned based on the HMBC,
HSQC, COSY experiments, as well as by the observation of

Me  31kg nOe between the CH>OH chain and the hydrogen of the C3.

Cl M

5-methyl-2,3-diphenyl-5°, 67, 7, 8'-tetrahydro-1"H-spiro[cyclopenta[2,4]diene-1,2-

naphthalen]1’-one (31ma): 78% yield, Yellow oil. ZH NMR (300 MHz, CDCL) 6 (ppm): 7.39 -

Ph 7.34 (m, 2H), ), 7.28 (t, ] = 2.2 Hz, 1H), 7.27 - 7.25 (m, 2H), 7.16 - 7.11 (m,

0 PR 3H), 7.07 - 7.02 (m, 2H), 6.57 (q, ] = 1.4 Hz, 1H), 6.28 (d, ] = 9.3 Hz, 1H),

592 (d, ] = 9.3 Hz, 1H), 2.47 - 2.33 (m, 4H), 1.81 (d, ] = 1.5 Hz, 3H), 1.71

M (dt, ] = 11.5, 4.6 Hz, 4H). 3C NMR (75 MHz, CDCls) 6(ppm): 196.2 (C),

31tma 150.7 (C), 146.1 (C), 144.9 (C), 141.6 (C), 136.6 (CH), 136.2 (C), 135.9 (C),

134.7 (CH), 133.6 (C), 128.6 (CH), 128.4 (CH), 128.3 (CH), 128.1 (CH), 127.4 (CH), 127.3 (CH),

126.8 (CH), 76.0 (C), 30.8 (CH>), 22.1 (CHy), 22.0 (CH>), 13.2 (CHs). LRMS (CI) (m/z, 1): 346
(69), 344 (69), 173 (100).

4,8,9-Trimethyl-1,2-diphenylspiro[4,5] deca-1,3,7,9-tetraen-6-one (31na): 77% yield, yellow
solid. TH NMR (300 MHz, CDCls) & (ppm): 7.37 - 7.28 (m, 2H), 7.24 (ddd, |

Ph =65,3.7,1.1 Hz, 3H), 7.16 - 7.07 (m, 3H), 7.07 - 7.00 (m, 2H), 6.59 - 6.51

OC (m, 1H), 6.15 (s, 1H), 5.76 (s, 1H), 2.13 (s, 3H), 2.03 (d, ] = 1.0 Hz, 3H), 1.81

- 1.78 (m, 3H). 3C NMR (75 MHz, CDCls) 6(ppm):197.1 (C), 157.3 (C),

Me 31na  146.3 (C), 145.0 (O), 141.6 (C), 136.1 (C), 136 (CH), 135.9 (C), 134.8 (CH),
132.4 (C), 128.6 (CH), 128.4 (CH), 128.2 (CH), 127.4 (CH), 127 (CH), 126.8 (CH), 21.7 (CH3),
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19.2 (CHs), 13.2 (CHs). LRMS (CI) (m/z, I): 339 (60), 338 (39), 275 (71), 257 (100), 246 (86), 149
(91). HRMS calculated for CasH20: 339.1749, found, 339.1749.

4.5 Procedure B for the Rh-catalyzed annulations.

HO Ph oPh  pn
R 2.5 mol% [Cp*RhCly],
R 2+ || >
1 0.5 equiv Cu(OAc),-H,0 Ry
Ph air, CH3CN, 60 °C, 1-16h R,
27 29 31

To a solution of [Cp*RhCl]2 (5.2 mg, 2.5 mol%) and Cu(OAc). H20O (33 mg, 0.5 equiv, 0.165
mmol) in CHsCN (2 mL) under air atmosphere was added the alkyne 2 (0.333 mmol)
followed by the addition of corresponding ortho-vinylphenols 27 (0.50 mmol, 1.5 equiv). The
reaction flask was sealed with a rubber septum and an air atmosphere was injected in the
flask with a balloon and a needle. The reaction was heated at 60 °C, stirred until completion
followed by TLC and then cooled to room temperature. The solvents were removed in vacuo
and the remaining residue was purified by flash column chromatography on silica gel to
afford the corresponding spirocycles 31.

1,2,4-triphenylspiro[4,5]deca-1,3,7,9-tetraen-6-one (31ca): 92% yield, orange solid. 1H NMR
(300 MHz, CDCls) &(ppm):7.51 (s, 1H), 7.36 - 7.32 (m, 6H), 7.28 - 7.18 (m,
Q Ph 7H), 7.17 - 7.09 (m, 3H), 6.53 (dd, ] =9.2, 6.0 Hz, 1H), 6.33 (d, ] = 9.9 Hz, 1H),
6.28 - 6.23 (m, 1H). 3C NMR (75 MHz, CDCls) 6(ppm): 196.5(C), 148.2(C),
Ph  31ca 145.7(C), 143.1(CH), 142.3(C), 141.5(CH), 135(C), 134.9(C), 134.1(CH),
133.6(C), 129.4(CH), 129.2(CH), 128.8(CH), 128.5(CH), 128.3(CH), 128.1(CH),

127.7(CH), 127.7(CH), 125.7(CH), 123.2(CH), 75.5(C). HRMS (m/z, ESI) calculated for
CasH210 [M+H]* 373.1587 found, 373.1577.

4-(4-methoxyphenyl)-1,2-diphenylspiro[4.5]deca-1,3,7,9-tetraen-6-one (31da): 70% yield,
oPh  p, brown foam.TH NMR (300 MHz, CDxCl) 6 7.35 - 7.15 (m, 11H), 7.14 - 7.06
C (m, 3H), 6.89 - 6.80 (m, 2H), 6.48 (dd, ] = 9.0, 6.0 Hz, 1H), 6.27 - 6.17 (m, 2H),
3.78 (s, 3H). 3C NMR (75 MHz, CD,Cl») 6 196.8 (C), 159.8 (C), 148.6 (C), 146.3
31da  (C), 143.6 (CH), 142.1 (CH), 141.9 (C), 135.7 (C), 135.6 (C), 132.5 (CH), 129.8
O (CH), 129.5 (CH), 128.9 (CH), 128.8 (CH), 128.5 (CH), 128.1 (CH), 128.0 (CH),
MeO 127.4 (CH), 127.1 (C), 123.6 (CH), 114.7 (CH), 75.9 (C), 55.8 (CH3). LRMS (CI)
(m/z, 1): 403 (49), 271 (50), 228 (100). HRMS calculated for CooH20,403.1698,

found 403.1712

241



Chapter VI.

1,2-diphenyl-4-(4-(trifluoromethyl)phenyl)spiro[4.5]deca-1,3,7,9-tetraen-6-one (31ea): 98%

oPh  p, Vield, brown foam. 'H NMR (300 MHz, CDCls) 6 7.62 - 7.51 (m, 3H), 7.39 (d,
C ] = 8.2 Hz, 2H), 7.36 - 7.16 (m, 8H), 7.16 - 7.07 (m, 3H), 6.52 (dd, ] = 9.2, 6.0
O Hz, 1H), 6.34 - 6.28 (m, 1H), 6.24 - 6.18 (m, 1H). 3C NMR (75 MHz, CDCl;) 6

31ea 196.0 (C), 146.5 (C), 145.6 (C), 143.7 (C), 143.2 (CH), 140.8 (CH), 136.8 (C),
O 136.5 (CH), 134.6 (C), 134.5 (C), 129.21 (CH), 129.19 (CH), 128.5 (CH), 128.4
(CH), 128.2 (CH), 127.9 (CH), 125.7 (CH), 124.2 (q, ] = 271.8 Hz, C) 123.6 (CH),
75.3 (C). LRMS (CI) (m/z, I): 440 (100), 421 (50), 412 (58). HRMS calculated
fOI‘ C29H200F3 441.1480, found 4.4.1.1466.

F3;C

8-bromo -4-methyl-1,2-diphenylspiro[4,5] deca-1,3,7,9-tetraen-6-one (31ha): 67% yield, red

o oil. 1TH NMR (300 MHz, CDCl3) & (ppm): 7.32 - 7.22 (m, 4H), 7.17 - 7.13 (m,

o Ph 4H),7.11 (d, ] = 2.7 Hz, 1H), 7.04 - 7.01 (m, 2H), 6.58 (t, ] = 1.6 Hz, 1H), 6.30 (d,
OC ] =2.6 Hz, 1H), 6.15 (d, J = 10.1 Hz, 1H), 1.86 (d, ] = 1.6 Hz, 3H).13C NMR (75
" MHz, CDCl;) 8 (ppm):194.9 (C), 146.7 (CH), 145.7 (C), 145.0 (C), 140.4 (C),

Br  31ha 139.6 (CH), 135.7 (CH), 135.4 (C), 135.2 (C), 130.0 (CH), 128.5 (CH), 128.5 (CH),
128.3 (CH), 127.8 (CH), 127.3 (CH), 114.5 (C), 78.7 (C), 13.4 (CHs). HRMS (m/z, ESI)
calculated for C;3H1sBrO [M+H]* 389.0536 found, 389.0551.

1,2-triphenylazulen-7-bromo-4(3aH)-one (32ha):188 18% yield, red solid. tH NMR (300 MHz,

0 Me CDCls) 6(ppm): 7.41 - 7.35 (m, 2H), 7.30 (dd, | = 2.9, 2.3 Hz, 2H), 7.27 - 7.24
(m, 3H), 7.20 (d, ] = 0.7 Hz, 1H), 7.15 - 7.08 (m, 4H), 7.00 - 6.94 (m, 1H), 5.68
O on  (d, ] =129 Hz, 1H), 1.46 (s, 3H). 3C NMR (75 MHz, CDCls) § (ppm): 197.8
5 a7na (©), 151.2 (C), 145.8 (C), 143.9 (CH), i
140.8 (CH), 139.4 (C), 134.5 (C), 133.9 . s L
(C), 133.8 (CH), 1304 (CH), 128.8 (CH), 128.4(CH), /\,_/o L ’(\,},g
128.3 (CH), 128.2 (CH), 127.8 (CH), 122.2 (CH), 117.1 f__}/ \/\ /
(©), 67.6 (C), 24.3 (CHs). LRMS (CI) (m/z, 1): 390 (52), - J ‘ ( //\
311 (68), 310 (100). calculated for CxsHisBrO [M+H]* A A \,JV\
389.0536 found, 389.0530. ! © ] -
; o
The structure of this compound was further confirmed \ /[\

by XR-anaylysis. CCDC 995497 contains the
crystallographic data of 5ha, which can be obtained via
www.ccdc.cam.ac.uk/data_request/cif.

188This compound was isolated as minor product in the reaction of xx and xx following general
procedure B.
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4.6 Mechanistic experiments.

4.1 KIE measurements.

Ph Ph

H H D D Ph i e i o
HO | HO | | | [Cp*RhCl], (2.5 mo%) 3 3
+ + *
Ph Ph Cu(OAc),H,0 (0.5 equiv) O : ‘ Y
Ph  CH4CN, air, 40°C g Ph o Ph
31aa 31aa-d

27a 27a-d, 29a

To a solution of [Cp*RhCl] (4.5 mg, 2.5 mol%) and Cu(OAc)> H>O (29 mg, 0.146 mmol, 0.5
equiv) and diphenylacetylene (52 mg, 0,293 mmol) in MeCN (1 mL) under air atmosphere
was added a equimolar solution of 27 and 27-d2 (0.386 mmol each) in MeCN (1 mL). This
solution was prepared by mixing 75 mg of 31 and 99 mg of 31-d2 (88% deuterated). The
reaction mixture was heated at 40 °C. After 45 minutes the reaction was poured in to Et.O
(10mL), the solvents were evaporated in vacuo and the remaining residue was purified by
flash column chromatography on silica gel to remove the remaining starting material. The
residue was analyzed by H NMR. The KIE value (approx 2.3) was obtained by integrating
the H3 of the spiro 31 and the H9 of the spiro 31 and 31-d. The conversion (approx 10%) was
determined based on the starting material (27) recovered.

\

] Lo &

* ] 5

T T
6.2 6.1

H H H/D H/D

[CP*RhCly], (2.5 mo%)
Me = Cu(0AC), H,0 (0.5 equiv) Me
CH3CN-D,0 (6:1) air, 40°C
27a 27a-d,
To a solution of [Cp*RhCl]> (5.2 mg, 2.5 mol%) and Cu(OAc). H2O (33 mg, 0.5 equiv, 0.165

mmol) in CH3CN (1.7 mL) under air atmosphere was added 2-(prop-1-en-2-yl)phenol 27a
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(0.50 mmol, 1.5 equiv) and DO (0.3 mL). The reaction was sealed with a rubber septum and
an air atmosphere was injected in the flask with a balloon and a needle. The reaction was
heated at 40 °C, stirred for 4 h and then cooled to room temperature. The solvents were
removed in vacuo and the remaining residue was purified by flash column chromatography
on silica gel to give 27a and 27a-d, (26 mg, 39% recovery). 30% deuteration on both olefinic
protons based on TH-NMR.189

1) 1-H-NMR of starting material 27a

H H B
HO
/ J { Me
U -

T T T T T T T T T T T T
7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0

2) 1H-NMR of the starting material 27a-d, -recovered (30% deuteration)

OH H H H/D_ _H/D
HO —

i -

M 27aa-d,-recovered
A

3.02] /—

) Y TR

T T T T T T T T T T
7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0

189No deuteration was observed in absence of the either the rhodium catalyst or copper acetate.
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4.2 Deuterium exchange (with alkyne).

Ph
o 5 Ph o Ph
| [Cp*RhCl,], (2.5 mo%) C
ve + | o Ui
Cu(OAc),-H50 (0.5 equiv)
Ph  CH3CN-D,O (6:1) air, 40°C Me
27a 29a 31aa

To a solution of [Cp*RhCl]2 (5.2 mg, 2.5 mol%) and Cu(OAc). H20 (33 mg, 0.5 equiv, 0.165
mmol) in CH3CN (1.7 mL) under air atmosphere was added diphenylacetylene (59 mg, 1
equiv, 0.333 mmol) followed by the addition of 2-(prop-1-en-2-yl)phenol 27a (0.50 mmol, 1.5
equiv) and D>O (0.3 mL). The reaction was sealed with a rubber septum and an air
atmosphere was injected in the flask with a balloon and a needle. The reaction was heated at
40 °C, stirred for 4 h and then cooled to room temperature. The solvents were removed in
vacuo and the remaining residue was purified by flash column chromatography on silica gel
to afford the 4-methyl-1,2-diphenylspiro[4.5]deca-1,3,7,9-tetraen-6-one 31aa (12 mg, 11%),
diphenylacetylene 29a (49 mg, 83% recovered) and 2-(prop-1-en-2-yl)phenol 27a (44 mg, 66%
recovered).

3) 1-H-NMR of product 31aa recovered

H3 H9 H7 H10
oPh  pp
N GBE
H
9 Me
31aa
) 3 Ey b
6.‘65 6.‘60 6.‘55 6.‘50 6.‘45 6.‘40 6.‘35 6.‘30 6.‘25 6.‘20 6.‘15 6.‘10 6.‘05 6.‘00 5.‘95
4) 1H-NMR of 27a-recovered
H H
HO
- [
27aa-recovered ~ \
g 5 £y g Sy
73 72 71 70 69 68 67 66 65 64 63 62 61 60 59 58 57 56 55 54 53 52 51
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4.3 Competition between alkynes 29b and 29c.

OMe CF; MeO FsC
OR® SRt ONa
OH 0 Q 0 Q
Me + | | + | | 2.5 mol% [Cp*RhCl,], . G N C
0.5 equiv Cu(OAc),'H,O
o7a 2o 2 air, CH3CN, 85 °C, 35 min Mo Me
¢ 31ab ~1:7 31ac

OMe  CF;,
2equiv 2 equiv
To a solution of [Cp*RhCl]2 (4.6 mg, 2.5 mol%) and Cu(OAc),-H>O (30 mg, 0.150 mmol, 0.5
equiv) and alkynes 29b (143 mg, 2 equiv, 0.6 mmol) and 29¢ (189 mg, 2 equiv, 0.6mmol) in
MeCN (2 mL) under air atmosphere was added 2-(prop-1-en-2-yl)phenol (27a) (40 mg, 1
equiv, 0,3 mmol). The reaction was sealed with a rubber septum and an air atmosphere was

injected in the flask with a balloon and a needle. The reaction was heated at 40 °C and stirred
at that temperature. After 2h, the resulting mixture was filtered through silica, washing with
diethylether; the solvents were evaporated in vacuo and the residue was analyzed by 'H
NMR in CDCl; indicating ~ 1:7 mixture of 31ab:31ac and a conversion of approx 35%, based
on the amount of starting materials recovered.

4.4 Stoichiometric experiment.

OH Ph 1) [CP*RNClo], (0.5 equiv) 45 min o Ph
. | | 2) Base (2 equiv) OC
CH3CN, air, 40°C H
Ph Me
27a 29a 31aa

To a solution of [Cp*RhCl]2 (50 mg, 0.5 equiv) in CH3CN (1 mL) under air atmosphere was
added diphenylacetylene (29 mg, 1 equiv, 0.162mmol) followed by the addition of 2-(prop-1-
en-2-yl)phenol 27a (22 mg, 1 equiv. 0.162 mmol). The reaction was sealed with a rubber
septum and an air atmosphere was injected in the flask with a balloon and a needle. The
solution was stirred for 45 min at 40 °C and no conversion was observed through TLC, after
that, CsOAc (62 mg, 2 equiv) was added and the mixture stirred 1h. The solvents were
removed in vacuo and the remaining residue was purified by flash column chromatography
on silica gel to afford the 4-methyl-1,2-diphenylspiro[4.5]deca-1,3,7,9-tetraen-6-one 31aa (43
mg, 86%).
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A similar experiment was carried out using EtsN (41 pL, 2 equiv) instead of CsOAc to afford
the 4-methyl-1,2-diphenylspiro[4.5]deca-1,3,7,9-tetraen-6-one 31aa (32 mg, 64%) after 5h of
reaction.

4.7 Thermal rearrangement.

Me O
o Me
@ -
O Ph  CH4CN, 85°C, 12h QQ
Ph
31aa 32aa Ph

A solution of 31aa (31 mg, 0.10 mmol) or 32aa (31 mg, 0.10 mmol) in CH3CN (2 mL) was refluxed for
12h. The solvents were removed in vacuo and the product was isolated in quantitative yield without
further manipulation. Analysis of the TH-NMR shows aprox. 1:1 mixture of 31aa and 32aa.
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5- CHAPTER V: Oxidative annulations of o-alkenylanilines

5.1 General considerations

All non commercial vinylanilines were synthesized from the corresponding ketone via Wittig
reaction, if the ketone was not available, then an addition of the corresponding Grignard
reagent was done to the appropriately substituted 2-aminobenzonitrile.! Bocl9, acetyl,
tosyl, isopropyl'73, trifluoroacetyl’2 and nosyl'® protected o-alkenylanilines were
synthesized as previously described in the literature. All spectral data recorded was in
agreement with those in the corresponding communication.

5.2 Procedure for the synthesis of triflyl protected o-alkenylanilides (37a-
37k) exemplified for 37a.

NH, Tf,0 (1.2 equ!v) Tf\NH
EtzN (1.2 equiv)
CH,Cl,, 0°C, 1-5h
37a

To a solution of o-isopropenylaniline (1 mL, 7.34 mmol) in dichloromethane (25 mL) under
Ar atmosphere was added triethylamine (1.228 ml, 1.2 equiv) at 0 °C. Then
trifluoromethanesulfonic anhydride (1.489 ml, 1.2 equiv) was added dropwise. The reaction
was stirred at 0 °C for 1.5 hours and quenched with saturated NH4Cl aqueous solution. The
resulting mixture was extracted with dichloromethane and dried over anhydrous sodium
sulfate. Evaporation of the solvent followed by purification column flash chromatography on
silica gel (hexanes:diethylether; 8:2) affording 1,1,1-trifluoro-N-(2-(prop-1-en-2-
yl)phenyl)methanesulfonamide (37a), (1.84g, 94%), as a white solid upon freezing. 'TH NMR
(300 MHz, CDCls) 6 7.49 (d, ] = 7.9 Hz, 1H), 7.25 - 7.09 (m, 4H), 5.36 (dd, ] = 2.7, 1.2 Hz, 1H),
4.92 (s, 1H), 2.00 (d, ] = 1.0 Hz, 3H). 3C NMR (75 MHz, CDCl) 6 142.2 (C), 135.9 (C), 130.8
(C), 128.7 (CH), 128.6 (CH), 126.4 (CH), 121.1 (CH), 119.9 (q, ] = 323.4 Hz, C), 118.1 (CH>), 24.5
(CHs).

1,1,1-trifluoro-N-(2-vinylphenyl)methanesulfonamide (37b): 59% yield, pale yellow solid.
T 1H NMR (300 MHz, CDCl;) 6 7.49 - 7.37 (m, 1H), 7.35 - 7.10 (m, 3H), 6.79 (dd, |

NH | =17.3,11.1 Hz, 1H), 6.59 (brs, 1H), 5.63 (d, ] = 17.4 Hz, 1H), 5.37 (d, ] = 11.0 Hz,
@J 1H). 3C NMR (75 MHz, CDCls) 6 134.4 (C), 131.1 (CH), 130.8 (C), 129.2 (CH),

37b

10 Jana, S.; Ashokan, A.; Kumar, S.; Verma, A.; Kumar, S. Org. Biomol. Chem. 2015, 13, 8411.

191 Kobayashi, K.; Fukamachi, S.; Nakamura, D.; Morikawa, O.; Konishi, H. Heterocycles 2007, 75, 95.
173 Ferguson, J.; Zeng, F.; Alwis, N.; Alper, H. Org. Lett. 2013, 15, 1998.

192 Kobayashi, K.; Miyamoto, K.; Morikawa, O.; Konishi, H. Bull. Chem. Soc. Jpn. 2005, 78, 886.

19 Liwosz, T. W.; Chemler, S. R. Synlett 2015, 26, 335.
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128.7 (CH), 127.3 (CH), 1265 (CH), 119.9 (q, ] = 322.9 Hz, C), 119.6 (CH.).

1,1,1-trifluoro-N-(2-(3-methylbut-1-en-2-yl) phenyl)methanesulfonamide (37c): 76% yield,
white solid. TH NMR (300 MHz, CDCls) 6 7.61 (d, ] = 8.2 Hz, 1H), 7.37 - 7.08
m, 4H), 5.44 (s, 1H), 5.04 (s, 1H), 2.68 - 2.43 (m, 1H), 1.12 (d, ] = 1.7 Hz, 3H),
©)H/ 1.10 (d, ] = 1.7 Hz, 3H). 3C NMR (75 MHz, CDCls) 6 152.3 (C), 134.6 (C), 131.9
), 129.2 (CH), 128.5 (CH), 125.6 (CH), 119.8 (q, ] = 322.8 Hz, C), 119.4 (C),

115 1 (CH), 35.3 (CH), 21.1 (CHs).

1,1,1-trifluoro-N-(2-(1-phenylvinyl)phenyl)methanesulfonamide (37d): 85% yield, white

- solid. tTH NMR (300 MHz, CDCls) 6 7.61 (d, ] = 8.0 Hz, 1H), 7.53 - 7.26 (m, 8H),

INH 6.47 (brs, 1H), 5.96 (s, 1H), 5.42 (s, 1H). 3C NMR (75 MHz, CDCls) & 145.5 (C),

@JI\ 138.7 (C), 135.3 (C), 132.2 (C), 131.2 (CH), 129. (CH), 129.4 (CH), 129.3 (CH),
127.3 (CH), 126.7 (CH), 123.0 (CH), 119.74 (q, ] = 323.5 Hz, C), 118.3 (CH>).

N-(2-(1-(4-chlorophenyl)vinyl)phenyl)-1,1,1-trifluoromethanesulfonamide (37e): 94% yield,
white solid. TH NMR (300 MHz, CDCls) & 7.58 (d, ] = 8.0 Hz, 1H), 7.51 -
7.15 (m, 7H), 6.47 (brs, 1H), 5.93 (s, 1H), 5.38 (s, 1H). 13C NMR (75 MHz,
CDCls) 6 144.3 (C), 137.2 (C), 135.3 (C), 134.9 (C), 132.1 (C), 131.2 (CH),

a 129.7 (CH), 129.5 (CH), 128.0 (CH), 127.4 (CH), 123.1 (CH), 119.7 (q, ] =
323.0 Hz, C), 118.6 (CH).

—
=

Z

T

1,1,1-trifluoro-N-(2-(1-(p-tolyl)vinyl) phenyl)methanesulfonamide (37f): 87% yield, yellow
liquid. TH NMR (300 MHz, CDCl;) 6 7.58 (d, | = 8.0 Hz, 1H), 7.46 - 7.28
N (m, 3H), 7.17 (s, 4H), 6.48 (brs, 1H), 5.88 (s, 1H), 5.33 (s, 1H), 2.37 (s, 3H).
1BC NMR (75 MHz, CDCl;) 6 145.3 (C), 139.4 (C), 135.9 (C), 135.6 (C),

132.1 (C), 131.2 (CH), 130.1 (CH), 1294 (CH), 127.2 (CH), 126.6 (CH),
123.0 (CH), 119.8 (q, ] = 323.4 Hz, C), 117.3 (CH>), 21.21 (CHas).

—
=

Zz

T

1,1,1-trifluoro-N-(5-methyl-2-(prop-1-en-2-yl) phenyl)methanesulfonamide =~ (37h): 86%
yleld white solid. TH NMR (300 MHz, CDCls) 6 7.33 - 7.08 (m, 3H), 6.61 (brs,

), 5.38 - 5.28 (m, 1H), 4.94 (s, 1H), 2.4 (s, 3H), 2.12 (s, 3H). *C NMR (75
MHZ CDCls) 6 144.2(C), 142.9 (C), 138.5 (C), 130.4 (CH), 129.1 (C), 1285 (C),

a7n  127.0 (CH), 119.6 (q, ] = 322.4 Hz, C), 117.4 (CH_), 24.01, 19.12 (CH3).
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1,1,1-trifluoro-N-(4-methyl-2-(prop-1-en-2-yl) phenyl)methanesulfonamide (37i): 47% yield,
white solid. TH NMR (300 MHz, CDCls) 6 7.45 (d, ] = 8.3 Hz, 1H), 7.17 - 6.96 (m,
NH 3H), 5.40 (s, 1H), 4.98 (s, 1H), 2.34 (s, 3H), 2.09 (s, 3H). 3C NMR (75 MHz,
CDCls) 6 142.3 (C), 136.4 (C), 129.1 (CH), 128.0 (C), 121.7 (CH), 119.8 (q, ] = 324.3

Hz, C), 117.7 (CH,), 24.54 (CHj), 20.92 (CH.).
37i

Tf\

1,1,1-trifluoro-N-(5-methyl-2-(prop-1-en-2-yl) phenyl)methanesulfonamide (37j): 72% yield,

white solid. TH NMR (300 MHz, CDCl;) 6 7.41 (s, 1H), 7.31 (s, 1H), 7.14 - 7.03
NH (m, 2H), 5.43 (s, 1H), 4.99 (s, 1H), 2.37 (s, 4H), 2.09 (s, 4H).13C NMR (75 MHz,
CDCls) 6 142.2 (C), 138.8 (C), 133.4 (C), 130.5 (C), 128.4 (CH), 127.3 (CH), 121.9
s7j (CH), 1199 (q, ] =323.5 Hz, C), 117.8 (CH>), 24.5 (CHs), 21.2(CHs).

Tf<

S

1,1,1-trifluoro-N-(2-(prop-1-en-2-yl)-5-(trifluoromethyl) phenyl)methanesulfonamide (37k):

56% yield, white solid. TH NMR (300 MHz, CDCls) 6 7.86 (s, 1H), 7.54 - 7.27

NH (m, 3H), 5.56 - 5.49 (m, 1H), 5.10 - 5.03 (m, 1H), 2.16 - 2.04 (m, 3H). 3C NMR

(75 MHz, CDCls) 6 141.1 (C), 139.2 (C) 131.6 (C), 131.13 (q, ] = 33.2 Hz, C),

FsC a7k 129.4 (CH), 123.11 (q, | = 3.7 Hz, CH), 119.8 (q, ] = 323.0 Hz, C) 119.3 (CHy),
117.95 (q, ] = 3.8 Hz, CH) 24.2 (CHb).

Tf\

3

(Z)-N-(2-(but-2-en-2-yl)phenyl)-1,1,1-trifluoromethanesulfonamide (Z-37g): 23% yield,
white solid. tTH NMR (300 MHz, CDCls) 6 7.60 (d, | = 8.1 Hz, 1H), 7.34 - 7.18
TNH | (m, 2H), 712 (dd, | = 7.5, 1.6 Hz, 1H), 6.90 (brs, 1H), 5.88 - 5.76 (m, 1H), 2.02 -
1.96 (m, 3H), 1.47 - 1.42 (m, 3H). 3C NMR (75 MHz, CDCls) 6 132.9 (C), 132.7
2-37g (©),131.4 (C), 129.1 (CH), 128.4 (CH), 126.7 (CH), 126.1 (CH), 119.8 (q, ] = 322.6

Hz, C) 119.1 (CHy), 25.0 (CHzs), 14.66 (CHs).

T

—h

(E)-N-(2-(but-2-en-2-yl)phenyl)-1,1,1-trifluoromethanesulfonamide (E/Z 5.5:1) (E-37g): 47%

yield, white solid. tH NMR (300 MHz, CDCl;) 6 7.69 - 7.46 (m, 1H), 7.57 - 7.52

NH | (m, 3H), 7.06 (brs, 1H), 5.60 - 5.43 (m, 1H), 2.03 - 1.87 (m, 3H), 1.82 (dd, ] = 6.7,

1.1 Hz, 3H). 3C NMR (75 MHz, CDCls) 6 137.9 (C), 133.0 (C), 131.1 (C), 129.3

E-37g (CH), 128.1 (CH), 127.8 (CH), 126.3 (CH), 120.9 (CH), 119.9 (q, ] = 323.3 Hz, C),
17.9 (CHs), 14.06 (CHz).

Tf<

N-([1,1'-biphenyl]-2-yl)-1,1,1-trifluoromethanesulfonamide (44): 86% yield, white solid. TH

NMR (300 MHz, CDCl;) 6 7.74 - 7.70 (m, 1H), 7.61 - 7.55 (m, 2H), 7.55 - 7.50
NH O (m, 1H), 7.50 - 7.44 (m, 1H), 7.43 - 7.36 (m, 4H), 6.79 (brs, 1H). 3C NMR (75
O MHz, CDCl;) 6 137.0 (C), 135.1 (C), 131.8 (C), 131.0 (CH), 129.6 (CH), 129.3

44

Tf
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(CH), 129.2 (CH), 128.9 (CH), 126.8 (CH), 121.8 (CH) 119.73 (q, ] = 323.2 Hz, C).

5.3 General Procedure for the [4+2] C-H annulation leading to
naphtylamides 39aa-39kd exemplified for 39aa.

Tf< Tf
TNH [CP*RNCl], (5 mol%) NH “NH  Ph
Ph NaOAc (0.5 equiv) Ph
+ / +
Ph THF, reflux, 16h
Ph
Ph
37a 29a 39aa 67% 39aa’ 18%

To a solution of [Cp*RhCl:]> (4.6 mg, 5 mol%), o-alkenylaniline 37a (40 mg, 0.15 mmol) and
NaOAc (6.1 mg, 0.5 equiv, 0.75 mmol) in THF (2 mL) under air atmosphere was added the
alkyne 29a (27 mg, 1 equiv). The reaction was sealed with a rubber septum and an air
atmosphere was injected in the flask with a balloon and a needle. The reaction was heated at
70 °C, stirred until completion followed by TLC and then cooled to room temperature. The
solvents were removed in vacuo and the remaining residue was purified by flash column
chromatography on silica gel to afford the corresponding naphtylamides 39aa, 39aa’.

1,1,1-trifluoro-N-(8-methyl-5,6-diphenylnaphthalen-1-yl)methanesulfonamide (39aa): 57%

yield, brown solid. TH NMR (500 MHz, CDCl;) 6 7.78 (dd, | = 8.6, 1.2 Hz,

NH 1H), 7.54 - 7.50 (m, 2H), 7.37 ~ 7.28 (m, 5H), 7.23 - 7.11 (m, 7H), 3.10 (s, 3H).

OO 1BC NMR (126 MHz, CDCls) 6 141.2 (C), 139.0 (C), 137.2 (C), 135.6 (C), 134.1

pn  (CH), 131.8 (C), 131.6 (CH), 130.2 (CH), 130.0 (CH), 129.8 (C), 129.1 (C), 128.1

3%aa  py (CH), 127.8 (CH), 127.6 (CH), 127.1 (CH), 126.6 (CH), 125.0 (CH), 119.8 (q, |

= 322.6 Hz, C), 25.6 (CHs). LRMS (m/z, EI): 441 (84), 309 (53), 308 (100). HRMS calculated for
CosH1sNO,F5S: 441.1019 found, 441.1010.

Tf<

1,1,1-trifluoro-N-(5-methyl-7,8-diphenylnaphthalen-1-yl)methanesulfonamide (39aa’): 24 %

yield brown solid. tH NMR (500 MHz, CDCls) & 8.05 (dd, ] = 8.5, 1.2 Hz,

TNH - Ph 1H), 7.69 (dd, ] = 7.6, 1.2 Hz, 1H), 7.54 (dd, ] = 8.3, 7.7 Hz, 1H), 7.43 (d, | =

OO "M 0.8 Hz, 1H), 7.37 - 7.30 (m, 3H), 7.23 - 7.11 (m, 5H), 7.05 - 6.96 (m, 2H), 6.77

(brs, 1H), 2.79 (d, ] = 0.8 Hz, 3H). 13C NMR (126 MHz, CDCL3) § 141.5 (C),

39aa’ 141.3 (C), 139.8 (C), 134.9 (C), 133.9 (C), 132.0 (C), 131.2 (C), 130.9 (CH), 130.0

(CH), 129.8 (CH), 129.3 (CH), 1285 (CH), 127.6 (CH), 126.5 (CH), 125.63 (CH), 125.57 (C),

124.0 (CH), 121.7 (CH), 119.7 (q, ] = 323.5 Hz, C).20.5 (CHs). LRMS (m/z, EI): 441 (34), 306
(75), 292 (100). HRMS calculated for C24HisNO,F3S: 441.0998 found, 441.1010.

Tf
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N-(5,6-bis(4-methoxyphenyl)-8-methylnaphthalen-1-yl)-1,1,1-

Tf\NH

l OMe
39ab

OMe

trifluoromethanesulfonamide (39ab): 74% yield, brown solid. 1H
NMR (300 MHz, CDCls) 6 7.79 (dd, | = 8.6, 1.3 Hz, 1H), 7.52 - 7.45
(m, 2H), 7.35 - 7.25 (m, 2H), 7.09 - 7.02 (m, 4H), 6.89 - 6.83 (m, 2H),
6.77 - 6.70 (m, 2H), 3.83 (s, 3H), 3.77 (s, 3H), 3.07 (s, 3H). 3C NMR
(75 MHz, CDCls) 6 158.7 (C), 158.4 (C), 138.8 (C), 136.8 (C), 136.2
(©), 1344 (CH), 133.9 (C), 132.7 (CH), 131.6 (C), 131.5 (C), 131.2
(CH), 130.2 (CH), 129.8 (C), 129.2 (C), 127.5 (CH), 124.9 (CH), 119.9
(g, ] = 323.8 Hz, C). 113.7 (CH), 113.4 (CH), 55.3 (CHas), 55.3 (CHa),

25.5 (CHs). LRMS (m/z, EI): 501 (66), 368 (100). HRMS calculated for CasH22NO4F5S: 501.1222

found, 501.1219.

1N-(7,8-bis(4-methoxyphenyl)-5-methylnaphthalen-1-yl)-1,1,1-

OMe

Tf\NH g OMe
! ! 39ab’

trifluoromethanesulfonamide (39ab’): 22% yield, brown solid. H
NMR (300 MHz, CDCls) 6 8.01 (dd, ] = 8.4,1.1 Hz, 1H), 7.68 (dd, | =
7.6, 1.1 Hz, 1H), 7.50 (t, | = 8.0 Hz, 1H), 7.39 (s, 1H), 7.08 (d, ] = 8.6
Hz, 2H), 7.00 (brs, 1H), 6.96 - 6.84 (m, 4H), 6.77 - 6.67 (m, 2H), 3.82
(s, 3H), 3.77 (s, 3H), 2.76 (s, 3H). 13C NMR (75 MHz, CDCls) 6 159.8
(©), 158.3 (O), 141.3 (C), 134.7 (C), 134.0 (C), 133.8 (C), 132.1 (CH),
131.7 (C), 131.6 (C), 1314 (C), 130.9 (CH), 130.5 (CH), 125.5 (CH),

123.8 (CH), 121.0(C), 119.5 (d, ] = 323.9 Hz, C), 115.0 (CH), 113.2 (CH), 55.5 (CHs), 55.3 (CH),
20.3 (CHs). LRMS (m/z, EI): 501 (100), 368 (50), 353 (43), 337 (57). HRMS calculated for
CasHxNOLFsS: 501.1222 found, 501.1222.

N-(7,8-bis(4-methoxyphenyl)-5-methylnaphthalen-1-yl)-1,1,1-

CF3

trifluoromethanesulfonamide (39ac): 64% yield, white solid. 'H
NMR (300 MHz, CDCls) 6 8.15 (dd, | = 7.3, 2.4 Hz, 1H), 7.66 - 7.57
(m, 4H), 7.49 - 7.37 (m, 3H), 7.33 - 7.27 (m, 2H), 7.10 (d, ] = 8.1 Hz,
2H), 6.15 (brs, 1H), 2.81 (s, 3H). 13C NMR (75 MHz, CDCls) 6 144.8
(©), 143.9 (O), 140.2 (C), 136.0 (C), 134.3 (C), 131.1 (CH), 130.3 (O),
130.1 (CH), 130.1 (g, ] = 30.1 Hz, C), 129.7 (d, ] = 38.1 Hz, C), 129.6
(CH), 128.7 (d, ] = 39.6 Hz, C), 126.2 (CH), 126.1 (CH), 126.0 (C),
125.3 (CH), 125.2 (q, ] = 3.6 Hz, CH), 124.8 (q, ] = 3.6 Hz, CH), 123.8

(9, ] =271.2 Hz, C),119.5 (d, ] = 323.1 Hz, C), 20.4 (CHs). LRMS (m/z, EI): 577 (40), 444 (100).
HRMS calculated for CsH16NOFeS: 577.0758 found, 577.0756.
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N-(5,6-bis(4-methoxyphenyl)-8-methylnaphthalen-1-yl)-1,1,1-

CF, trifluoromethanesulfonamide (39ac’): 31% yield, white solid. H
NMR (300 MHz, CDClz) 6 7.72 - 7.53 (m, 4H), 7.54 - 7.34 (m, 4H),
T O cF, 733 - 715 (m, 5H), 3.11 (s, 3H). 3C NMR (75 MHz, CDCL) 6
NH ‘ 144.5(C), 142.6 (C), 137.8 (C), 136.0 (C), 135.2 (C), 133.5 (CH), 133.3
OO (©), 132.0 (CH), 1304 (C), 130.3 (CH), 129.9 (CH), 1299 (q, ] = 32.3
39ac’ Hz, C), 129.5 (C), 129.3 (d, ] = 32.5 Hz, C), 128.6 (CH), 125.8 (CH),
125.4 (q, ] = 3.7 Hz, CH), 125.1 (q, ] = 3.6 Hz, CH), 124.27 (q, ] = 272.7
Hz, C), 119.92 (q, ] = 323.2 Hz, C), 25.5 (CHs). LRMS (m/z, EI): 577 (100), 444 (83), 429 (42),

375 (72). HRMS calculated for CosH16NO,FoS: 577.0758 found, 577.0760.

N-(6-ethyl-8-methyl-5-phenylnaphthalen-1-yl)-1,1,1-trifluoromethanesulfonamide (39ag):

59% yield brown solid. tTH NMR (300 MHz, CDCl;) 6 7.63 - 7.14 (m, 9H),

NH 3.04 (s, 3H), 2.57 - 2.32 (m, 2H), 1.19 - 0.96 (m, 3H). 3C NMR (75 MHz,

OO CDCls) 6 140.3 (C), 139.6 (C), 137.3 (C), 136.0 (C), 133.3 (CH), 131.7 (C), 130.5

et (CH), 129.8 (CH), 129.1 (C), 128.9 (C) 128.6 (CH), 127.5 (CH), 126.7 (CH),

3%ag py, 124.6 (CH), 119.7 (d, ] = 323.7 Hz, C), 26.8 (CH>), 25.6 (CHa), 15.7 (CHa).

LRMS (m/z, EI): 393 (40), 260 (100), 231 (22), 230 (29). HRMS calculated for C20HisNO.FsS:
393.1010 found, 393.1017.

Tf\

N-(7-ethyl-5-methyl-8-phenylnaphthalen-1-yl)-1,1,1-trifluoromethanesulfonamide (39ag’):

29% yield brown solid. tTH NMR (300 MHz, CDCls) 6 7.97 (d, | = 8.4 Hz, 1H),

TNH Ph 7.66 - 7.53 (m, 4H), 7.44 (dd, | = 16.0, 1.6 Hz, 1H), 7.40 - 7.33 (m, 3H), 6.71

OO Bt (brs, 1H), 2.75 (s, 3H), 241 (q, ] = 7.5 Hz, 2H), 1.07 (t, ] = 7.5 Hz, 3H). 13C

NMR (75 MHz, CDClz) 142.2 (C), 1404 (C), 135.3 (C), 133.2 (C), 131.8 (C),

39%ag’ 130.9 (C), 130.1 (CH), 130.0 (CH), 129.1 (CH), 129.0 (CH), 125.6 (C), 124.9

(CH), 123.9 (CH), 120.8 (CH), 119.8 (q, | = 324.1 Hz, C), 26.9 (CH>), 20.5 (CHs), 15.9 (CHa).

LRMS (m/z, EI): 393 (68), 260 (39), 231 (100). HRMS calculated for CaHisNO,F3S: 393.1010
found, 393.1021.

Tf

N-(6-cyclopropyl-8-methyl-5-phenylnaphthalen-1-yl)-1,1,1-trifluoromethanesulfonamide
(39ai): 67% yield brown solid. 1H NMR (300 MHz, CDCl;) 6 7.58 - 7.36 (m,

Tf<
NH 5H), 7.35 - 7.19 (m, 3H), 6.84 (brs, 1H), 2.99 (s, 3H), 1.83 - 1.52 (m, 1H), 1.15
OO - 0.65 (m, 4H). 3C NMR (75 MHz, CDCLy) § 139.7 (C), 139.2 (C), 138.1 (C),
135.7 (C), 131.9 (C), 130.9 (CH), 129.5 (CH), 129.1 (C), 128.7 (CH), 127.5

ai g,V (CH), 127.4 (CH), 126.75 (CH), 126.72 (CH) 124.8 (CH), 119.9 (q, ] = 323.3
Hz, C), 25.7 (CH,), 13.5 (CH), 9.4 (CH.). LRMS (m/z, EI): 405 (57), 272 (100). HRMS
C21H1sNO>FS: 405.1010 found, 405.1028.
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N-(7-cyclopropyl-5-methyl-8-phenylnaphthalen-1-yl)-1,1,1-trifluoromethanesulfonamide
(39ai’): 22% yield, brown solid. tH NMR (300 MHz, CDCl;) 6 7.94 (dd, ] =
8.4, 1.1 Hz, 1H), 7.66 - 7.51 (m, 4H), 7.42 (dt, ] = 7.7, 4.1 Hz, 3H), 6.92 (s,
1H), 6.76 (brs, 1H), 2.71 (s, 3H), 1.64 - 1.50 (m, 1H), 0.84 - 0.67 (m, 4H). 13C
NMR (75 MHz, CDCls) 6 140.8 (C), 140.6 (C), 135.2 (C), 132.9 (C), 132.8 (C),
39ai’ 130.4 (CH), 129.9 (CH), 128.8 (CH), 125.3 (C), 124.6 (CH), 123.84 (CH),
123.79 (CH), 120.9 (CH), 119.5 (q, | = 323.9 Hz, C), 20.8 (CHz), 13.9 (CH), 9.5 (CH.). LRMS
(m/z, EI): 405 (26), 272 (34), 271 (42), 257 (54), 256 (100). LRMS (m/z, EI): 405 (26), 272 (34),
271 (42), 257 (54), 256 (100). HRMS calculated for C1H1sNO»FsS: 405.1010 found, 405.1010.

Tf\NH Ph

1,1,1-trifluoro-N-(8-methyl-5,6-dipropylnaphthalen-1-yl)methanesulfonamide (39ad)

major regioisomer: 63% yield >10:1 inseparable mixture of regioisomers,

NH white solid. TH NMR (300 MHz, CDCls) 6 8.04 (dd, ] = 8.3, 1.0 Hz, 1H), 7.62 -

OO 7.36 (m, 2H), 7.22 (s, 1H), 7.09 (brs, 1H), 3.45 - 3.24 (m, 2H), 2.85 - 2.70 (m, |

pr =8.9,69Hz 2H), 2.65 (s, 3H), 1.78 - 1.61 (m, 2H), 1.59 - 1.45 (m, 2H), 1.17 -

3%ad  pr 0.98 (m, 6H).13C NMR (75 MHz, CDCl;) & 141.2 (C), 134.4 (C), 132.8 (C),

132.2 (C), 131.1 (CH), 129.6 (C), 128.9 (C), 127.5 (CH), 127.0 (CH), 123.9 (CH), 1199 (q, ] =

323.7 Hz, C), 36.8 (CH>), 31.6 (CH>), 25.7 (CH>), 25.0 (CH>), 20.2 (CHs), 14.4 (CH>2), 14.0 (CH>).

LRMS (m/z, El): 373 (44), 240 (100). HRMS calculated for CisH22NO-FsS: 373.1323 found,
373.1322.

Tf<

N-(5,6-diethyl-8-methylnaphthalen-1-yl)-1,1,1-trifluoromethanesulfonamide (39ae) major

regioisomer: 61% yield >12:1 inseparable regioisomers, brown solid. TH

NH NMR (300 MHz, CDCls) 6 7.95 (d, | = 8.3 Hz, 1H), 7.48 - 7.29 (m, 2H), 7.19 -

OO 6.97 (m, 2H), 3.30 (q, J = 7.5 Hz, 2H), 2.75 (q, | = 7.5 Hz, 2H), 2.56 (s, 3H), 1.29

gt - 1.08 (m, 6H). 3C NMR (75 MHz, CDCl;) 6 142.4 (C), 134.5 (C), 133.3 (C),

3%ae gy 133.2 (C), 130.6 (CH), 129.5 (C), 128.8 (C), 127.7 (CH), 127.0 (CH), 124.0 (CH),

1199 (q, ] = 323.4 Hz, C), 27.5 (CHy), 22.4 (CH2), 20.2 (CHs), 16.5 (CHs), 16.1 (CHs). LRMS
(m/z, EI): 345 (39), 212 (100). HRMS calculated for CisHisNO,FsS: 345.1010 found, 345.1013.

Tf<

1,1,1-trifluoro-N-(8-phenyl-5,6-dipropylnaphthalen-1-yl)methanesulfonamide (39dd): 71%

yield brown solid. 1H NMR (300 MHz, CDCls) & 8.04 - 7.83 (m, 1H), 7.64 -

TNH - Ph 7.23 (m, 8H), 7.10 (brs, 1H), 3.40 (dd, ] = 8.1, 5.8 Hz, 2H), 2.83 (dd, ] = 11.2,

OO 4.5 Hz, 2H), 1.93 - 1.47 (m, 4H), 1.31 - 0.89 (m, 6H).3C NMR (75 MHz,

pr  CDCl3) 6 141.1 (C), 141 (C) 139.2 (C), 133.7 (C), 131.1 (CH), 130.4 (CH), 129.8

39dd 5, (C), 129.4 (CH), 128.6 (C), 128.5 (CH), 127.9 (CH), 127.6 (CH), 123.9 (CH),

119.9 (d, ] = 324.0 Hz), 36.9 (CH>), 32.0 (CH>), 25.7 (CH>), 25.0 (CH>), 14.4 (CH3), 14.1 (CHa).

LRMS (m/z, EI): 435 (50), 302 (100). HRMS calculated for CasH24NO,F:sS: 435.1480 found,
435.1479.

Tf
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N-(8-(4-chlorophenyl)-5,6-dipropylnaphthalen-1-yl)-1,1,1-trifluoromethanesulfonamide
(39ed) major regioisomer: 90% yield 4:1 mixture of inseparable
regioisomers, brown solid. 1H NMR (300 MHz, CDCls) 6 7.75 (dd, ] = 8.5, 0.9
T O Hz, 1H), 7.44 - 7.01 (m, 9H), 3.38 - 3.23 (m, 2H), 2.82 - 2.64 (m, 2H), 1.62 (dd,
NH ] =154, 7.6 Hz, 2H), 1.48 (dd, ] = 16.3, 7.5 Hz, 2H), 1.07 - 0.91 (m, 6H). 13C
OO NMR (75 MHz, CDCls) 6 141.0 (C), 139.5 (C), 137.9 (C), 134.2 (C), 133.7 (C),
pr 133.5 (C), 131.7 (CH), 131.1 (CH), 129.9 (C), 129.1 (CH), 128.7 (CH), 128.3
3%ed pr (CH), 128.2 (CH), 124.1 (CH), 1199 (q, ] = 323.6 Hz, C), 36.9 (CH>), 31.8
(CHy), 25.6 (CH), 25.0 (CH>), 14.4 (CHs), 14.1 (CHs). LRMS (EI) (m/z, EI): 471 (19), 469 (50),

338 (34), 336 (100). HRMS calculated for C23H2sNO2 F5SCI: 469.1090 found, 469.1080.

Cl

N-(5,6-dipropyl-8-(p-tolyl)naphthalen-1-yl)-1,1,1-trifluoromethanesulfonamide (39fd): 90%

yield, brown solid. tH NMR (300 MHz, CDCl;) 6 7.88 (dd, | = 8.4, 1.3 Hz,

1H),7.44 (d, ] = 7.3 Hz, 1H), 7.30 - 7.19 (m, 6H), 7.08 (brs, 1H), 3.39 - 3.29 (m,

LN O 2H), 2.82 - 2.73 (m, 2H), 1.74 - 1.60 (m, 2H), 1.60 - 1.45 (m, 2H), 1.07 (t, ] =7.3

Hz, 3H), 0.99 (t, ] = 7.3 Hz, 3H).13C NMR (75 MHz, CDCls) 6 141.04 (C), 139.2

OO (©),138.1 (C), 137.3 (C), 133.8 (C), 133.5 (C), 131.1 (CH), 130.3 (CH), 129.8 (C),

Pr 129.5 (CH), 129.2 (CH), 128.6 (C), 127.9 (CH), 123.8 (CH), 119.9 (q, ] = 323.7

Hz, C), 36.9 (CH>), 31.8 (CH>), 25.7 (CH>), 25.0 (CH>), 21.3 (CHs), 14.4 (CHs),

14.1 (CHs). LRMS (m/z, EI): 449 (53), 316 (100). HRMS calculated for C24H2sNO-F3S: 449.1636
found, 449.1654.

39fd p,

N-(2,8-dimethyl-5,6-dipropylnaphthalen-1-yl)-1,1,1-trifluoromethanesulfonamide  (39hd)

major regioisomer: 60% yield <13:1 mixture of inseparable regioisomers,

NH brown solid. tH NMR (300 MHz, CDCls) 6 7.93 (d, ] = 8.5 Hz, 1H), 7.32 (d, |

OO = 8.5 Hz, 1H), 7.13 (s, 1H), 6.87 (brs, 1H), 3.35 (t, | = 7.5 Hz, 2H), 2.83 - 2.70

pr (m, 2H), 2.61 (s, 6H), 1.76 - 1.60 (m, 2H), 1.36 - 1.20 (m, 2H), 1.02 (t, ] =7.3

39hd p, Hz, 3H), 0.87 (t, ] = 7.3 Hz, 3H).13C NMR (75 MHz, CDCl;) 6 140.8 (C), 137.5

(©), 132.8 (C), 132.7 (C), 131.7 (C), 131.2 (C), 130.4 (CH), 127.0 (CH), 126.8 (CH), 125.7 (C),

119.48 (q, ] = 323.0 Hz, C), 37.3 (CHy), 31.5 (CH>), 24.9 (CH>), 24.6 (CH>), 19.8 (CH), 19.7

(CHy), 14.3 (CHs), 14.2 (CHs). LRMS (m/z, EI): 387 (23), 254 (100). HRMS calculated for
C19H24NO,F5S: 387.1480 found, 387.1486.

Tf<

N-(4,8-dimethyl-5,6-dipropylnaphthalen-1-yl)-1,1,1-trifluoromethanesulfonamide  (39id)
LIS major regioisomer: 72% yield >15:1 mixture of inseparable regioisomers,
brown solid. TH NMR (300 MHz, CDCls) 6 7.28 (d, ] = 7.6 Hz, 1H), 7.15 (d, |

OO = 8.3 Hz, 2H), 7.03 (brs, 1H), 3.36 - 3.23 (m, 2H), 2.86 (s, ] = 7.6 Hz, 3H), 2.83
Pr (s, 3H), 2.80 - 2.70 (m, 2H), 1.67 (dq, ] = 14.9, 7.4 Hz, 2H), 1.44 (dq, | = 15.0,

39idpr 7.4 Hz, 2H), 1.11 - 0.92 (m, 6H). 3C NMR (75 MHz, CDCl;) 6 140.5 (C), 138.4
(C),135.3 (C), 133.7 (CH), 133.6 (C), 132.9 (C), 131.7 (C), 127.6 (CH), 127.1 (C),
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126.8 (CH), 119.8 (q, ] = 324.0 Hz, C), 36.6 (CH), 32.2 (CH>), 26.4 (CH>), 26.1 (CHs), 24.8 (CH.>),
24.8 (CH>), 14.3 (CHs), 14.1 (CHs). LRMS (m/z, EI): 387 (34), 254 (100). HRMS calculated for
C19H24N02F3SZ 387.1480 found, 387.1486 .

N-(3,8-dimethyl-5,6-dipropylnaphthalen-1-yl)-1,1,1-trifluoromethanesulfonamide  (39jd)

major regioisomer: 59% yield >10:1 mixture of inseparable regioisomers,

NH brown solid. tH NMR (300 MHz, CDCl;) 6 7.79 (s, 1H), 7.35 (s, 1H), 7.17 (s,

OO 1H), 7.03 (brs, 1H), 3.34 - 3.23 (m, 2H), 2.78 - 2.70 (m, 2H), 2.61 (s, 3H), 2.50

pr (s,3H),1.75 - 1.41 (m, 4H), 1.16 - 0.97 (m, 6H). 3C NMR (75 MHz, CDCl;) 6

39id Pr 140.1 (C), 134.5 (C), 133.6 (C), 132.1 (C), 132.0 (C), 131.1 (CH), 129.4 (CH),

128.7 (C), 127.6 (C), 126.2 (CH), 119.91 (q, ] = 323.7 Hz, C), 36.7(CH>), 31.6 (CH>), 25.7(CH>),

25.0 (CH>), 21.2 (CH>), 20.3 (CH>), 14.4 (CHz), 14.0 (CHs). LRMS (m/z, EI): 387 (45), 254 (100).
HRMS calculated for C19H24NO> F3S: 387.1480 found, 387.1478 .

Tf<

N-(3,8-dimethyl-5,6-dipropylnaphthalen-1-yl)-1,1,1-trifluoromethanesulfonamide  (39kd)
major regioisomer: 61% yield 5:1 mixture of inseparable regioisomers,
brown solid. TH NMR (300 MHz, CDCls) 6 8.22 (s, ] = 0.8 Hz, 1H), 7.59 (s,

OO ), 7.24 (s, TH), 7.13 (brs, 1H), 3.33 - 3.16 (m, 2H), 2.78 - 2.66 (m, 2H),
F\C br 262 (d, ] = 9.6 Hz, 3H), 1.70 - 1.51 (m, 2H), 1.49 - 1.34 (m, 2H), 1.08 - 0.90
3%kd o (m, 6H).13C NMR (75 MHz, CDCls) & 140.1 (C), 134.5 (C), 133.6 (C), 132.1

(C), 132.0 (C), 131.1 (CH), 129.4 (CH), 128.7 (C), 127.6 (C), 126.2 (CH), 119.91 (q, ] = 323.7 Hz,
C), 36.7(CH>), 31.6 (CHb), 25.7(CH>), 25.0 (CHy), 21.2 (CH>), 20.3 (CH>), 14.4 (CHs), 14.0 (CHa).
LRMS (m/z, El): 441 (43), 308 (100). HRMS calculated for Ci9Hx1NO: F¢S: 441.1197 found,
442.1199
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1. Selected spectra from chapter II.
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2. Selected spectra from chapter III.
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3. Selected spectra from chapter IV
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4. Selected spectra from chapter V.
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Annex 1.

Resumen de la tesis doctoral.

En esta memoria de investigacion se recogen los resultados obtenidos en los estudios sobre
anelaciones basadas en activacién de enlaces C-H y catalizadas por complejos de rodio (III).
Concretamente, este sistema catalitico se ha utilizado en diversos sustratos para obtener
moléculas ciclicas con distintas estructuras. Inicialmente se discute la importancia del
desarrollo de nuevos procesos de activacion de enlaces C-H debido a la baja generacion de
residuos y falta de necesidad de prefuncionalizacién de las sustancias de partida, lo que esté
acorde con los principios de la quimica verde. Se explica ademds, como el uso de grupos
directores supone una ayuda inestimable en esta quimica ya que permite resolver problemas
tanto de selectividad como de reactividad. También se hace hincapié en las ventajas de
acoplar la activacion de enlaces C-H con las cicloadiciones formales en procesos
denominados “anelaciones oxidativas”. Se discuten ademds los mecanismos mas
representativos de la activacion C-H mostrando ejemplos de su aplicacién a diversos
procesos. Una vez enmarcada la tesis doctoral dentro de los trabajos publicados en el campo,
se procede a la exposicion de los resultados obtenidos en la etapa de investigacion.

Anelaciones oxidativas intramoleculares de benzamidas y acrilamidas.

En el primer capitulo se describe la primera reaccién de anelacién totalmente intramolecular
entre benzamidas y alquinos, que da lugar a isoquinolinas triciclicas, un esqueleto de interés
presente en diversos compuestos naturales. Ademads se exponen los diversos estudios
mecanisticos dirigidos a averiguar le camino que sigue la reaccién, enfocdndose,
particularmente, en la forma en la que sucede la etapa clave de insercién migratoria.

Tras una busqueda de condiciones 6ptimas que permite detectar que el precatalizador
[Cp*RhCl:]> en ~AmOH con acetato de cobre como oxidante, se logra la obtencién de
isoquinolinas triciclicas en rendimientos superiores al noventa por ciento.

En esta parte también se describe como la reacciéon tolera diversas funcionalidades en
distintas posiciones de la benzamida sin diminucién importante de los rendimientos.
Ademas se muestra como, cuando hay sustituyentes voluminosos y no coordinantes en meta
a la amida, la reaccion es selectiva hacia el enlace C-H mas accesible estéricamente. Sin
embargo, cuando en esa posiciéon hay un metoxi, la relaciéon de regiosomeros disminuye
drasticamente, la explicacion aportada es debida a la disminucién de los efectos estéricos o a
la actuaciéon del oxigeno como ancla para el complejo de rodio en adicién al efecto del grupo
director de la amida.

También se demuestra como esta transformacion es extensible a otros sustratos mas
exigentes como las acrilamidas aunque, para poder obtener buenos rendimientos, es
necesario afiadir acetato de cesio cuya funcién es desconocida pero se presume que facilita la
C-H activacion.
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2 [Cp*RhClyl, (2.5 mol%) 2
- \l])J\N ) Cu(OACc),-H,0 (2.1 equiv) /f\l N
| H n | )
NP _ t-AmOH, reflujo IS

R =z 62-98%

Ademas, se comenta como la bibliografia presentaba siempre la insercion del alquino a
través de una carbometalacion la cual, en el caso de las anelaciones intramoleculares entre
benzamidas y alquinos, daria lugar a un intermedio altamente tensionado. Para poder
averiguar si, en dicho caso, otras alternativas mecanisticas eran posibles, se realizan diversos
calculos DFT en la que se compara la carbometalacion descrita para casos intermoleculares
con una aminometalacién que, en el caso de que suceda en casos intramoleculares, serviria
para relajar la tensién de los intermedios. Dichos estudios demuestran que, para el caso de
las anelaciones intramoleculares, la aminometalacion es més probable, independientemente
de la longitud de la cadena. Sin embargo, para los casos intermoleculares descritos, los
calculos realizados sugieren que la carbometalacion previamente propuesta es el camino mas
favorable. En ambos casos las diferencias energéticas son relativamente pequefias. Estos
calculos fueron validados mediante la realizacion de estudios experimentales cinéticos que,
de acuerdo con los calculos, indican que la etapa limitante de la reaccién es la activacion del
enlace C-H. Con el objetivo de comprobar si el método de ciclacion intramolecular de la
reaccion podria aplicarse a otros sistemas, se sintetizan anilinas unidas a alquinos mediante
una cadena carbonada y se hacen reaccionar en condiciones analogas a las descritas para
casos intermoleculares. En este caso no se obtiene la reactividad deseada lo que puede ser
debido a la geometria de uno de los intermedios de reaccién, que no permitiria la correcta
aproximacion del alquino. Para comprobar si la hipotesis propuesta es correcta, se sintetiza
una naftilamina unida a un alquino. Este sustrato podria reaccionar a través de un
intermedio diferente, con una geometria que permitiria la insercién migratoria del alquino.
En este caso la reacciéon ocurri6 dando lugar a un producto triciclico fusionado. Para
comprobar que la geometria del intermedio es clave en la formacion de los dos productos, se
afiade un alquino externo y se obtiene la formacién preferencial del indol tal y como estaba
descrito. Este experimento sugiere que la hipotesis de que la geometria es la que afecta a la
formacion de los productos es correcta.

Construccion de benzoxepinas y cumarinas por anelacion oxidativa de o-vinilfenoles.

En el segundo capitulo se expone el uso de 2-hidroxiestirenos como plataformas versatiles
para llevar a cabo reacciones de anelaciéon oxidativa. Asimismo se llevaron a cabo varios
estudios con la finalidad de averiguar el mecanismo de la reaccién y, concretamente, de la
etapa clave de ruptura del enlace C-H.

La bibliografia presentada en el capitulo muestra como los 2-fenilfenoles son sustancias
capaces de participar en procesos de activaciéon de enlaces C-H y cémo, en algunos casos,
esta reactividad se puede extender a vinilfenoles. A pesar de que los precedentes, que usaban
estos compuestos, estaban en su mayor parte realizados con complexos de Pd, trabajos de
Miura sugerian que el complejo de rodio usado previamente podria ser activo para los
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propositos de la tesis. En el caso de los 2-hidroxiestirenos, la reaccién se antojaba mas
problematica ya que existen varios enlaces C-H que podrian ser funcionalizados dando lugar
a benzofuranos, benzoxepinas y cromenos respectivamente. Se describe ademas, como la
sintesis de los vinilfenoles se hace de forma sencilla por tratamiento de salicilaldehidos con
iluros de fésforo mediante una reaccién de Wittig.

Tras unas pruebas de optimizacién se encuentra que el precatalizador [Cp*RhClz]> en MeCN
a 85 °C, con acetato de cobre como oxidante (incluso cuando este tltimo esta presente a nivel
subestequiométrico) permitia la obtencién de benzoxepinas por activacion selectiva de la
posicién terminal del doble enlace del vinilfenol. Posteriormente, el metalaciclo formado
reacciona con un alquino dando lugar a los productos deseados en rendimientos casi
cuantitativos.

Haciendo uso de las condiciones optimizadas, se demuestra que varios grupos funcionales,
situados en diferentes posiciones del vinilfenol o en el alquino, son compatibles con la
transformaciéon otorgando eficientemente las benzoxepinas descritas. Sin embargo, la
reaccion no es efectiva cuando el doble enlace esté sustituido en alguna de las posiciones o el
anillo aromatico presenta alguna cadena en la posicion orto respecto del doble enlace.

Ademas de alquinos, la reaccion también funciona con monéxido de carbono como reactivo
dando lugar a cumarinas, estos productos son descritos como enormemente relevantes con
usos en varios campos de la quimica y la medicina. En el caso de la sintesis de cumarinas, la
sustitucion de la posiciéon interna del doble enlace del hidroxiestireno no afecta a la reaccion,
aislandose el ciclo en rendimientos comparables. Se destaca que esta ciclocarbonilacién
sucede en condiciones relativamente suaves de presiéon y temperatura.

R
CO (globo) R/
[Cp*RhCl5]5 (2.5 mol%) OH [Cp*RhCl5]5 (2.5 mol%)
@) Cu(OAc),-H,0 (1.2 equiv) Cu(OAc),-H,0 (0.5 equiv)

N
CH3CN, 85°C @ CH3CN, aire, 85°C
@ 69-84% 52-99%

En un esfuerzo para entender la selectividad obtenida hacia el enlace C-H externo de la
olefina y el mecanismo general de la reaccién, se realizan diversas pruebas mecanisticas.
Experimentos de competicion por el mismo alquino entre vinilfenoles de electrénicas
diferentes arrojan un resultado muy interesante. Cuando la competicién se realiza en el
mismo recipiente de reaccioén, se obtiene mayor proporciéon de la oxepina que proviene del
anillo pobre en electrones. Sin embargo, la medicion separada de las velocidades de ambos
fenoles da lugar a un resultado opuesto, el vinilfenol electrénicamente rico reacciona a mas
velocidad que el pobre (este experimento se hace con sustituyentes electroatrayentes de
distinta naturaleza colocados en distintas posiciones del anillo aromatico). La explicacién que
se propone es debida a la posible existencia una etapa irreversible de coordinacién del
fendxido (cuya formacion esta favorecida por la presencia de grupos atractores) por lo que,
cuando ambos fenoles compiten por el mismo alquino, el electrénicamente pobre reacciona
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preferencialmente. En el caso de los experimentos independientes, se propone que una, o
varias, de las etapas posteriores a la coordinacion del fenéxido al centro metélico se ven
favorecidas cuando los anillos aromaticos son electrénicamente mas ricos. De forma analoga
al estudio de la influencia de la electrénica del anillo en la reactividad, se estudia la
competicién entre alquinos de sustitucion diferente. Esta muestra que los alquinos pobres en
electrones reaccionan de forma preferente con respecto a los mas ricos. Esta divergencia se
explica en términos de una posible mejor coordinacion del alquino pobre o a la disminucién
de la energia necesaria para llevar a cabo la insercién migratoria cuando el alquino dispone
de sustituyentes electroatractores. Experimentos de efecto cinético isotdépico arrojan
resultados que pueden ser interpretados aduciendo que la etapa limitante de la reaccion es la
activacion del enlace C-H. Una prueba, descrita como muy reveladora en términos
mecanisticos, es la sustitucion del vinilfenol por alilfenol en las condiciones habituales de
reaccion. Cuando se emplea el alilfenol como sustrato en la reaccién, no se observa
conversion, de lo que se puede deducir que la coordinacién del doble enlace al anillo
aromatico es crucial para la reactividad.

A partir de los datos obtenidos, se propone un mecanismo de activaciéon inusual. Este
comprende la coordinacion del complejo de rodio monomérico al fenéxido seguido de una
desaromatizaciéon del fenol que aumenta la acidez del protén a activar. Una posterior
desprotonaciéon genera un intermedio metalaciclico que recupera la aromaticidad. A partir
de dicho rodaciclo se propone una insercién migratoria del alquino seguida de una
eliminacion reductora del intermedio de ocho miembros formado. Esta tltima darfa lugar a
la oxepina y al complejo de rodio reducido que podria ser reoxidado por el cobre con

oxigeno como oxidante final.

Con todos los experimentos descritos, se concluye que lo o-vinilfenoles son plataformas
interesantes para la consecucién de procesos de anelaciéon oxidante y que, ademads, presentan
una forma inusual de activacion del enlace C-H lo que podria resultar en nuevas
oportunidades en el campo.

Anelacion oxidativa desaromatizante de o-alquenilfenoles y alquinos para la sintesis de
espirociclos.

Esta parte de la tesis viene derivada del capitulo anterior en el que se describian los
problemas de la anelacion de vinilfenoles y alquinos cuando los primeros estdn sustituidos
en la posicion interna del doble enlace. Un andlisis de los productos de reaccién permitié
caracterizar el resultado del proceso como una mezcla de benzoxepina, un espirociclo de
anillos de seis y cinco miembros y una azulenona. Habiendo identificado esta mezcla se
propone intentar dirigir la reaccién a la formacion selectiva del producto mayoritario, el
espirociclo. Ademas, se plantea averiguar la razén de la apariciéon de diferentes productos en
funcion de la sustitucion en la olefina.

Para llevar a cabo el primer objetivo, se realiza un exhaustivo anélisis de condiciones de
reaccion en el que se encuentra que, cuando ésta se lleva a cabo en condiciones anédlogas a las
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de la obtencién de la oxepina pero a menor temperatura (40 °C), se obtiene el espirociclo
deseado en rendimientos excelentes y solo con trazas de la azulenona. Una vez llegado a ese
resultado, se procede a estudiar el alcance de la reacciéon. Con dicho objetivo en mente, se
sintetizan los alquenilfenoles de forma similar a la descrita en el capitulo anterior. Estos
vinilfenoles poseen sustituyentes electronicamente diversos en diferentes posiciones del
anillo. Al igual que en el caso de las benzoxepinas, la reaccion tolera sustituciéon en todas las
posiciones del anillo aroméatico menos en orto al alqueno lo que da lugar a la descomposicion
de las sustancias de partida. La metodologia tampoco es efectiva cuando la olefina esta
sustituida en posicion terminal. Cabe destacar que cuando la sustitucion en la parte interna
del alqueno es un anillo aromatico, hay que calentar a 60 °C para obtener buenos
rendimientos. El mismo caso se daba para la sustitucion en para al hidroxilo con un d&tomo de
bromo lo que, en este caso, ademéds conlleva la formacién de un dieciocho por ciento de
azulenona.

Una vez demostrada la robustez de esta metodologia, se procede a investigar su mecanismo.
En esa parte se describe que, como era esperable, el efecto cinético isotépico parece indicar
que la activacion del enlace C-H, al igual que en el caso anterior, estd de alguna manera
involucrado en etapa limitante de la reacciéon. Ademas, siguiendo con el esfuerzo por aportar
pruebas al mecanismo de desaromatizacién y rearomatizacién, se realizan una serie de
pruebas de deuteraciéon que demuestran la reversibilidad de la activacién del enlace C-H en
ausencia de alquino mientras que en presencia del mismo, no se observa ninguna
deuteracién sugiriendo que la insercién migratoria del alquino es mas rdpida que la vuelta
atrds del intermedio metalaciclico. Ademads, en ausencia del alquino se observado
deuteracién tanto en la posicién cis como la trans del alqueno. Este hecho permite teorizar
que puede existir un intermedio en el que ambos protones son indistinguibles, lo que
coincide con la hipoétesis propuesta de la desaromatizacion del fenol Concretamente, la
explicacion aportada consiste en la formacion exclusiva del producto cis deuterado que
puede volver a sufrir un proceso de activacién reversible del enlace C-H en el que protén in
deuterio serian indistinguibles. En este capitulo se muestra uno de los experimentos mas
indicativos de que esta transformacién no ocurre via un proceso de metalacion
desprotonacion concertada (CMD). Este consiste en el uso de una base monocoordinante,
como la trietilamina, en ausencia de una fuente de acetatos externa y con una cantidad
estequiométrica de catalizador de rodio. Bajo estas condiciones, la reacciéon sigue ocurriendo.
Esto indica que la CMD clasica no puede estar formando parte del mecanismo propuesto ya
que, la CMD necesita bases bidentadas, como los acetatos, para poder producirse.

Con las pruebas mecanisticas realizadas, se propone un mecanismo anélogo al de la
formacioén de oxepinas solo que, en uno de los intermedios propuestos, un anillo de ocho
miembros, la repulsion estérica entre el sustituyente de la olefina y el anillo aromatico es tal,
que se produce un reordenamiento de tipo tautomérico que da lugar al espirociclo.

En este capitulo se comprueba ademas, que la azulenona observada en los experimentos
iniciales, asi como en el caso de la reaccién del alquenilfenol bromado a 60 °C, proviene de
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una reorganizaciéon del espirociclo. De hecho, se propone que existe un equilibrio entre
ambos productos en condiciones de reaccion ya que, la disolucién y calentamiento de
cualquiera de los dos por separado, da lugar a una mezcla de espirociclo y azulenona. Para
explicar dicho equilibrio se echa mano de la formacién de un intermedio triciclico
zwitteridnico consistente en dos anillos de seis y cinco miembros fusionados formando un
ciclopropano.

Anelacion oxidativa de o-alquenilanilinas.

El dltimo capitulo de la tesis se centra en trasladar la quimica de alquenilfenoles a
alquenilanilinas ya que una gran parte de los productos farmacoldgicos de interés, poseen
algtin atomo de nitrégeno en su estructura.

En primer lugar, se busca identificar un sustituyente apropiado para el atomo de nitrégeno
que aporte los requerimientos estéricos y electronicos necesarios para que la reaccién tenga
lugar. Entre los diversos grupos probados, se observa que los electroatractores son maés
propensos a reaccionar de forma productiva. Sin embargo, en lugar de las benzazepinas o
espirominas esperados, se obtiene una mezcla de naftilaminas regioisoméricas. Estos dos
isdmeros provienen de una cicloadiciéon formal (4+2) entre el aminoestireno y el alquino y
otra cicloadicion formal (4+2) entre ambos sustratos pero con una migracion formal 1,2 del
alqueno previa a la anelacion.

Una posterior optimizacion de las condiciones permite llegar a rendimientos globales
superiores al ochenta por ciento. Concretamente, cuando se usan 5 mol% de precatalizador
de rodio en dioxano a reflujo con un equivalente de cobre como oxidante. Sorpresivamente,
se demuestra que aunque el catalizador es, previsiblemente, imprescindible para que la
reaccion ocurra, no lo es asi el oxidante de cobre ya que, su sustitucién por acetato de sodio
sigue dando lugar a una mezcla similar de naftilaminas en rendimientos comparables.

Se demuestra, ademds, que la transformacion también puede ser llevada a cabo en
condiciones mas suaves como THF a reflujo sin disminucién apreciable del rendimiento
global.

Al igual que en capitulos anteriores, se estudia el efecto de la sustituciéon en la reactividad
obteniéndose que, con respecto al anillo, tanto sustituyentes dadores como atractores son
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aceptados. En el caso de los alquinos empleados se encuentran diferencias significativas
entre los sustituidos con grupos arilo o alquilo ya que estos altimos, generalmente, dan lugar
a mezclas de regiosémeros mas favorables hacia la anelacion sin migracion formal. También
se describe como la reaccion es incapaz de producirse cuando no hay sustitucion en la
posicion interna del doble enlace o cuando la hay en la externa. Asimismo se comenta que la
reaccion falla cuando se usan 2-fenilanilinas en lugar de 2-alquenilanilinas. Por dltimo
describen un resultado interesante cuando se usan olefinas sustituidas con un grupo
isopropilo, que es la isomerizaciéon del doble enlace hacia el isopropilo generando la olefina

trisustituida.
Tf T
TS\WH R [CP'RACI] (5mol%) ~ NH R SNH R?
_ %R3 NaOAc (0.5 equiv) . R3
@ * R2 THF, reflujo, 16h R3
R2 R

En este caso no se han realizado estudios mecanisticos pero si se proponen varias hipotesis
capaces de explicar como se producen ambos isémeros (para lo cual se postula la formacién
de una espiroimina intermedia) y cémo la reaccién puede suceder en ausencia de un
oxidante “clasico” como el aire o el cobre:

- La primera explicacién consiste en la hidroarilacion del alquino catalizada por rodio
(III) y la posterior formacion del espirociclo mediada por el mismo complejo de rodio
y completada con una p-eliminacién de hidruro. La protonacion del hidruro de rodio
generado darfa lugar a hidréogeno gas y a la recuperacion del complejo
cataliticamente activo.

- En segundo lugar se propone la formaciéon de las dihidronaftilaminas a partir del
dihidroespirociclo las cuales, al entrar en contacto con el oxigeno en la elaboracién, se
oxidan dando lugar a las naftilaminas correspondientes.

- Por dltimo se postula que la reaccion sigue un ciclo andlogo a los propuestos para los
alquenilfenoles y la oxidacién del complejo de rodio (I), formado en la etapa de
eliminacién reductora, por adicién oxidante al acido acético, formado en el paso de
activacion C-H, y protonacion del hidruro de rodio generado como en el caso
anterior.

Conclusion general.

Como conclusién general, en esta tesis se describen varios procesos de anelacién oxidativa
catalizados por rodio (III) dando lugar a diferentes productos y realizando experimentos
mecanisticos  para  elucidar los caminos que siguen las  reacciones.
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